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INTRODUCTION

The International Tunnelling Association (ITA) Wang Group 12 on Shotcrete Use was
formed in Toronto, Canada, in 1989. The Group’stfiask was to issue a status report on
shotcrete technology in different countries. Thporé “Shotcrete in Tunnelling — Status

Report 1991” [1] was published as a first resultlog effort. The report contained a brief

presentation of the status in some fifteen coustrimcluding references to current

developments, existing guidelines and local workgrgups. Bibliography and abstracts

covering major papers were also included.

The next step was to compile a comprehensive repomational codes and standards and
guidelines and recommendations in use. The Swethsional group of ITA took on the
responsibility of compiling this report with Bo Maberg, M.Sc., as the author. The report
was ready end of 1992 and contains 83 pages cgveomiributions from 15 countries [2].

The compilation of guidelines and recommendatiores valso presented in a paper in
Tunnelling and Underground Space Technology in 1983

What has happened within the shotcrete technolétgy 84993 is the focus of this new State

of the Art Report. The further development_of nasibcodes and standards and guidelines
and recommendations has not been specifically adédethis time. One reason being that
documents with a wider basis are now availablenaleu preparation. The already published
EFNARC technical specifications and Guidelines e e@xample, but the new European
Standards will also soon be ready. Two parts updeN 14487, seven parts under prEN
14488 and prEN 934-5 are planned for publishin@0d04 and 2005. In North America the

ACI Shotcrete Guidelines will soon be ready as well

With this background the WG12 meeting held in Darli@ and 15 May 2000, decided to
produce a new State of the Art Report to supplentt@tnow more than 10 years old first
Reports. There has been a rapid development wi#bueral aspects of shotcrete for rock
support and it was considered helpful for manyregted parties in the industry to get
information about the current status. The Repost li@en worked out by summarizing and
referencing contributions submitted by ITA Natioi@&loups, members of the WG12 and by
organizations and individuals submitting informatiaf value for the task at hand.

The following key issues were highlighted in theitation and request for input to WG12:

We want to document current usage of shotcretenderground excavations and also as far
as possible to show development trends withiniddissof this technology.

The main aspects to cover under the above heading a
* Temporary and permanent tunnel linings

* Method of reinforcement

* Method of application:

Including type of equipment, manipulators, accdtardosage systems, concrete
batching and transport, accessories like nozzteapeessors, hoses etc.

* Materials technology:
All concrete components including accelerators, iatimes, and additives with
concrete property parameters achieved from batchiogigh to hardened state.
Information regarding shotcrete durability.
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* Codes and standards:
Which specification documents are being used,leeetnew under development,
experiences made, comments about suitability agdesied improvements.

» Design; rock and shotcrete interaction, establidimeitations of usage

There are probably more issues that could be mediobut the above list is general
enough to cover the most important ones and ibtsnmeant to be excluding. Submittals
are invited as National contributions as far as thipossible, but supplements in the form
of selected and recommended papers and reportalsoewelcome. It is a priority to
receive submittals providing a good geographicatlecage and the form of submittal
therefore has second priority. The final Reportl Wwé quality assured by review among
WG12 members, before publication.

In total, 21 countries have contributed to thisorepHowever, the received documents cover
a very wide range, from a short note stating thatactivity within underground rock support
is very low, until 20 page documents and more.

Quite some effort has entered into getting a brodmese of contributing countries, by

repeated email, telefax and postings on the WGiMaterForum (ITA web-site). This Report

has about 40% more contributors than the first bneémany important countries and regions
are still missing.

The Working Group 12 decided in its Amsterdam nmgein 2003 to integrate the Report on
Sub-Task 3 (shotcrete and rock interaction, supp@thanisms of shotcrete) into this State
of the Art Summary Report. This has been done Ipeaging the report named “Design of
Shotcrete Support”, compiled by Japan. Also appéndethe report submitted by France,
“Design of Underground Support Systems made wittayg Concrete”.

OVERVIEW OF CONTRIBUTIONS RECEIVED

Twenty-one countries have sent information contiitguto the Report. The content varies in
length and scope between short notes and extetisiaded reports. In short, WG12 has
received the following contributions:

* Australia: A two-page presentation given by the Aalgin Shotcrete Society [Al].

* Belgium: Three different papers have been receipgdharily covering aspects of steel
fibre reinforcement in shotcrete [B1, B2 and B3].

* Bulgaria: A very short information notice about lastivity in the field of tunnelling and
shotcrete for rock support in the country. No techinnformation provided.

» Brasil: A three-page presentation covering tempoaay permanent tunnel linings,
shotcrete materials, standardization and rock ma$®tcrete interaction [BR1].

« Canada: Four pages suggesting to clarify the dishimdetween placement of shotcrete
and application of shotcrete. Furthermore, therdaution presents shotcrete usage in
mining in Western Canada and in the Sudbury Basgie.use of boltless shotcrete in
mining is described [C1].

» Czech Republic: Has delivered a six-page contriloutiescribing general shotcrete
usage, following the outline given by the WG12 Taisk 1. Most of the suggested themes
have been covered [CZ1].
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Denmark: A three-page presentation of the shot@etiorks carried out in Copenhagen
Metro [D1].

Germany: A five-page paper covering developmentserman tunnelling technology
over the last 20 years was actually submitted eyainVG12’s Swiss participants.
However, the paper being about German tunnelliogrtelogy and written by a German
author, the liberty has been taken to include & &erman contribution [G1].

Greece: The country has submitted a paper titledri@ents on the draft National
Specification for Sprayed Concrete and relevanp@sals based on quality control data
from the surveillance of Sprayed Concrete applcain Athens”. The paper is 6 pages
and presents suggestions regarding how to takelsarigp quality control and testing
[GR1].

Italy: A SIG National Working Group Report with aagbcoverage of the most
important issues of shotcrete usage in Italy. Tdrgrdoution contains five pages
following the outline given by WG12 [I1].

Japan: A Japan Tunnelling Association Shotcrete Wigrroup contribution
containing a comprehensive seventeen-page covefdlge Japanese shotcrete market.
The special aspects of shotcrete methodology iardape well illustrated. Also the new
airless spraying method is presented [J1].

Korea: A three-page contribution has been receigethg an overview of the
extensive tunnelling in South Korea and the develet of shotcrete for rock support for
this purpose [K1].

Lesotho: A ten-page paper on the Matsoku Diversiomel has been submitted. The
paper gives an in-depth presentation of the ushaiicrete at this 5.6 km tunnel project
(part of Lesotho Highlands Water Project) [L1].

Mexico: A two-page report presenting the currenigesaf shotcrete in Mexico with a
focus on the need to bring more users up-to-date wodern shotcrete technology [M1].
North America: "Guide Specification for Shotcrete tinderground Support” under
preparation by the ACI 506 Shotcrete for Undergtb8npport Committee. This is a
comprehensive document covering all aspects otsttetusage of more than 100 pages
in total. Because the document is the only alltisisle comprehensive guide of this kind
submitted to the WG12, it belongs in a differemissl than the other submittals and is
therefore discussed under separate heading inejist [NA1].

Norway: Contributions have been received in threpstThe final document contains
seven pages, where the first two are summariziegtinrent status of shotcrete usage in
tunnelling and the next 5 pages give highlightsualeaght different tunnel projects. One
of them is the World’s longest road tunnel [N1].

Russia: A short two-page activity summary has bedmsted with some comments
on technical issues [R1].

S. Africa: The twenty-page document gives a comprgive presentation of shotcrete in
deep level hard rock mining, rounding it off witirée selected practical examples. The
section about identified support mechanisms ofgbt#¢ deserves special attention and
credit, for being highly useful and educational [$A

Sweden: Has submitted two papers on the Southetrbad tunnel project and the
main document contains eight pages primarily abock support and shotcrete. There is
also a section about blast vibration effects origkte and research on shotcrete
durability and corrosion problems [S1].

Switzerland: A set of five project-description papbas been submitted, covering a
range of practical shotcrete application examp#s$l, CH2, CH3, CH4 and CH5].
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 Turkey: A five-page paper describing the Bolu Tunprelject has been submitted. The
paper compares wet mix shotcrete with two diffetgpes of accelerator and the
influence on long term Young’s modulus and compvesstrength [T1].

1. GUIDELINES, SPECIFICATIONS, STANDARDS
1.1 Statements from the contributing countries

1.1.1 Australia

Australia has presented in their contribution andytsignificant development in relation to
testing and specifying the properties of fibre f@icement in shotcrete. The statement reads:
“Another significant Australian development relatedshotcrete has been the development of
the Round Determinate Panel (RDP) test in 1997s Tést was developed as specification
T373 by the RTA of NSW as their preferred methogaos$t-crack performance assessment,
and following its introduction and use during couastion of the M5 East Motorway tunnel in
Sydney it has become the pre-eminent means ofsasggserformance in Fibre Reinforced
Shotcrete for both civil and mining projects. lalso used extensively for the development of
new fibres and admixtures for shotcrete on accotittte low within-batch variability typical

of results using this test. The round panel testdeen developed into a standard test method
within the American Society for Testing and MatigASTM) and will be published in
November 2002. Other testing standards used inrélissare the EFNARC panel and beam
test, and the ASTM C-1018 beam test.”

It is interesting to note that in Australia Qualfgsurance systems previously typical for only
civil construction projects have also been adoptechany mines after 1990. Since large rock
deformations are common in many mines, the RDPtéesheck on post crack behaviour of
the shotcrete layer was quickly accepted for peréorce assessments. Typical level of failure
energy according to the RDP test has been 300aalédles (typically equal to 600 to above
1000 Joules in EFNARC panel tests).

1.1.2 Belgium

Belgium (like Australia) is making reference to BENARC panel test for ductility testing of
fibre reinforced shotcrete. This test method wast fideveloped and suggested by
SNCF/Alpes Essais (France) and have received veidegnition world wide. The EFNARC
organization has approved this method and inclutea its Technical Specifications and
Guidelines for Sprayed Concrete and it is alsouidet! in the new European Standard for
Sprayed Concrete (as stated in the Belgian conimipu Normally, three different
performance classes are recommended, dependirgeauality of the ground: 500 — 700 or
1000 Joules.

A quick presentation of older testing methods thate based on different types of beam
tests, conclude that these are less appropriatsirfarlation of the membrane action of thin
layers of fibre reinforced shotcrete. The developitke last few years seems to confirm this
view (EFNARC test and RDP test, both based on gaartl center point deflection). In

support of this view the Belgian contribution sgatéThe slab test is much more appropriate
than the beam test to determine the performaneeSHRS:

1. A slab corresponds much better than a beam wigalatunnel lining; the slab support on
the 4 edges simulates the continuity of the shtednaing.
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2. As in reality, steel fibres act in at least twedtions and not just in one direction, which
is the case in a beam test; the fibre reinforciifigcein a slab is very much similar to the
real behaviour of a SFRS lining.

3. SFRS can be compared very easily with a meslioregd shotcrete to be tested in the
same way.”

1.1.3 Brazil

Brazil is in the final stages of publishing natibnrecommendations for shotcrete: “ABNT —
the Brazilian Association for Technical Norms - rissponsible for the preparation of
standards in the Country. In recent years, 9 stdimiag texts have been produced about
shotcrete, including guidelines, testing methods$ @rocedures for placement. Feedback from
construction works has shown the need to prodwts te spread the use of shotcrete.

For that purpose, the technical committee CT-306 established 3 years ago by ABNT and
IBRACON - the Brazilian Concrete Institute. A “Sbite Manual” is being prepared,
including several aspects related to the matesath as: application, processes and
equipment, component materials, mix design, praggertand characteristics, quality,
performance, health and safety.

After publication of the Manual, the committee walirsue the production of texts related to
testing methods.

1.1.4 Czech Republic

The Czech Republic standards CSN 73 2430 (Construand Inspection of Sprayed
Concrete Structures) and CSN 73 2400 (ConstruetimhInspection of Concrete Structures)
are currently in use and have not been revisedampast years. However, European standards
are increasingly being used and the details witlethel on the project requirements and the
owner in question (rail or road authority etc.) rejowith the opinions of the consulting
company being used.

1.1.5 Denmark

Denmark has given the complete list of codes aaddsirds used at the Copenhagen Metro
project, primarily German and European Codes:

“DIN 267 Fasteners and similar parts technical Bpations generalities

DIN 488 Reinforcing steel, definitions, quality tegements, identification marks

DIN 1164 Portland -blast furnace -pozzolanic cemeetinitions components,
requirements, delivery

DIN 4100 Welded steel structure with predominasthtic loads; proof of competence to
weld structural steel work.

DIN 18200 Control (quality control) of constructiomaterials, construction components,
and construction designs, general principles.

DIN 18800 Steelworks.
DIN 1045/EVN 206 Structural concrete.

EC 2 Design of concrete structures.
EC3 Design of steel structures.
EN 196 Methods of testing cement.

EVN 10080 Reinforcement Steel.
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Guideline Shotcrete "Final Draft" Issue 20. Febyue®97, Austrian Concrete Society.

1.1.6 Greece

Greece has submitted a paper starting with theviidlg Summary: “The present paper deals
with factors affecting the performance and qualitgpayed concrete based on the experience
of sprayed concrete application in Construction K§pmainly tunnels, in Athens/Attika. The
national Specification for sprayed concrete in Geers still in draft form and it follows the
philosophy of the Concrete technology Regulatio@RE7). The authors propose changes
with respect to quality control after the applioatiof the sprayed concrete.”

The authors are pinpointing the fact that sprayetefs (that everybody knows will be tested)
can be manipulated. Even if this is not happeningy still report a wide variation in quality
parameters depending on the nozzleman and theregquigusing the same mix design). One
of the most important influence factors reportethesvariation in accelerator dosage.

It is concluded and suggested to only use confgrariteria based on cores drilled from the
structure. One additional reason mentioned is #oe that curing conditions may vary and
frequently no special efforts are made in this eespThis can cause another difference
between the shotcrete in the tunnel and panelatkateing treated with water for curing.

The final paragraph sums it up quite well:
“The results show that:
a) Accelerators affect seriously the 28 days stiebgtreducing it by 25 to 3®IPa.

b) The standard deviation of 28 days strength etedl to the use of the accelerator by the
nozzle-man.

The lack of adequate curing conditions in the timeduces the 28 days strength biPa.
The moisturizing methods inside the tunnels areeasty to apply. A solution would be the
use of curing materials on the wet mix but it stilan expensive solution in Greece.”

1.1.7 Italy

Italy has its own official national shotcrete stardl “Owing to the lack of a standard

specification, in 1989 SIG (Societa Italiana Gadlerssued a guideline for the production and
control of shotcrete, which was similar, in its Bggtion method, to the relevant DIN norm

and to the AFTES guideline, ten years later, pretfty SIG, it has been issued the official
Italian standard:Calcestruzzo proiettato UNI 10834 -99

We want to draw attention to the praiseworthy atitie introduced by thdtalferr , the
consulting engineer of the Italian Railway (FS) e¥hhas inserted in its standard specification
the control of the shotcrete production procesanmihg the various controls by means of a
Quality Control programme.

This control programme includes the material qieatfon phases as well the study of the
mixture, the application and the controls on sttergvelopment.

This production process control is included in @ality Plan for tunnelling in compliance
with Quality Assurance.”
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1.1.8 Japan
Japan presents the following information about saated standards:

“(1) JAPANESE STANDARD FOR MOUNTAIN TUNNELLING —Théth Edition. This
standard was published by (c) Japan Society off Emgineers in 1996, where standard mix
proportion, recommended materials, suitable devares$ so on are announced for tunnel
constructions. There is also an English version.

(2) Guideline to execution of tunnel concrete (fgrafhis guideline was published by (c)
Japan Society of Civil Engineers in 2000, whichlsledth not only shotcrete for tunnels but
also tunnel lining concrete. In this guideline, &splly focused on long-term durability.

(3) Guideline to design and execute high qualitytstete (Shotcrete to be applied viscosity
by mixing fine powder components). This guidelin@swpublished by Japan Railway
Construction Public Corporation in 1996. In thisidgline, low rebound shotcrete is
interpreted, which is so called “high quality shiete”. It is essential for high quality concrete
to improve viscosity by mixing silica-fume and listene powder. It can also improve
strength of shotcrete.

(4) A guideline on countermeasures to dust in tlimge This guideline was published by the
Ministry of Health, Labour and Welfare, in 2000.€eTguideline recommends the maximum
dust concentration value should be less than 3/@nfrig order to prevent pneumoconiosis.”

1.1.9 Norway

Norway has had national Guidelines for shotcrefdiegtion dating back to the 1970s. The
current status is: “The guidelines "Sprayed Comcifet Rock Support” were reviewed in
1993, revised in 1999 and are under revising ir8200

2. DESIGN

The subject of tunnel support design is a comgitaine and the subject is treated more in
depth in Appendices 1 and 2 to this Report. Theeeséill some relevant comments in the
received submittals that are directly linked to tshete design considerations that we
therefore include.

1.2 Statements from the contributing countries

1.2.1 Belgium

“One of the main breakthroughs was the change intatisy when designing a tunnel.
Observational methods, such as NATM (New Austriamrielling Method) and NMT

(Norwegian Tunnelling Method), are strengthenitize underground to become self
supporting instead of supportitige rock mass above the tunnel opening.

This of course made it possible to build undergbuwonstructions in a much more
economical way and much faster than what was dotieei past.

Shotcrete has become a standard technique anddsassa major tool to stabilize the rock in
the early stage of the tunnel construction.
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Shotcrete has a double effect; it glues the loaseep of rock together forming a continuous
outer shell and it develops strength in order tatd and support the rock in it's early

movements. Both effects contribute to create a eewilibrium and to help the rock to

become again self supporting.”

1.2.2 Brazil

Brazil seems to support the ideas presented abovés also showing that there are diverging
opinions:

“There has been a wide variety of assumptions daggrthe role of the rock mass when
designing permanent lining, as already mentiondtem 2. However, it is worth mentioning
that some agencies and engineering companies lexetoged designs based on assumptions
that have led to very economic linings.

These assumptions not only have taken into coraides the proper interaction with the
rock mass, but also the role of the primary linimghe evaluation of the long term safety.

A recent comparison of single-shell tunnels cormséd in the 80’s in Brazil and in Germany
(Franzén & Celestino, 2002) showed much more enénalesigns in Brazil. However, as
mentioned before, this is not a generally acceptdd and the design criteria of the
forthcoming Line 4 of she S&o Paulo Subway disgdhe role of the primary lining for
long term purpose.”

At this point it seems appropriate to diverge friira alphabetic listing and insert a statement
found in the Norwegian submittal (since it also apeally links design and economy,
involving shotcrete for rock support):

“In the context of road and rail tunnels, the Nogiee Method of Tunnelling, NMTis a
collection of practices that produce dry, drainpetmanently supported and "lined " (fully
cladded) tunnels for approximately USD 4,000 to USD00 per meter (1996). These low-
cost, high-tech Norwegian tunnels may range inszeestion from about 45410 110 ni for
two-lane roads and three-lane motorways. The @Bys$ the most commonly used design
method. The updated Q-system of rock mass claasdit (revised 1994 and 2001) and use
of seismic investigations, is used in NMT, consigtof high quality robotically applied steel
fibre reinforced sprayed concrete and corrosionegted rock bolts. Cast concrete linings are
not used unless rock conditions are exceptionatlgr gand concrete is needed locally for
stability against squeezing or swelling rock. (A&96).”

1.2.3 Czech Republic

Czech Republic highlights the importance of progeological conditions knowledge, which
is combined with FEM calculations to determine whble deformations. The design will
then specify lining convergence over time and thisombined with models for the strength
and stiffness increase of the applied shotcreterlaplso normal NATM approach is

sometimes used and these tunnelling methods availimg over the use of TBM for design

and excavation.

1.2.4 South Africa

South Africa has included an excellent presentatioth good illustrations of supporting
effects arising from the placement of shotcreteuimderground excavations. A proper
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understanding of these basic mechanisms is the feenydation of any design work and is
included in full below:

“At deep level, the rock surrounding any openinglimost certainly fractured immediately
upon excavation, due to the high stress levelsmany mining situations, these stress levels
will change over time as a consequence of changimgng geometry. In addition, rock
surface temperatures at these depths are higlrefohe, any shotcrete used will be applied to
a hot surface of fractured, possibly broken rocid & will often be subjected to increasing
levels of stress after application. Further, thetsrete may be subjected to dynamic loads
due to seismicity, and also to mechanical damagsechby machinery and equipment. This
paints an extremely severe picture (which is natealmstic), and it is therefore of value to
consider the requirements that might be demandediaf support. It can be envisaged that
the shotcrete support will be subjected to a wariet different types of loading and
deformation, and will have to withstand these withariety of behaviour mechanisms.

It is considered worthwhile for this report to suamme mechanisms of behaviour of shotcrete
support, and mechanisms of loading of this supp®tacey, 2001a). These mechanisms
might occur individually and in combination. Thdentified mechanisms of support
behaviour, which are illustrated in Figure 2-1, are

* Promotion of block interlock: the effect of thissohanism is the preservation of the rock
mass in a substantially unloosened condition. &laee several sub-mechanisms involved
in the promotion of block interlock: the interlothkat is promoted by the bonding of the
shotcrete to the rock, and the tensile strengtthefshotcrete, preventing shear on the
interface and restricting block rotation (a); thevelopment of shear strength on the
interface between the shotcrete and the rock assaltrof irregularity of the interface
surface (b); the penetration of shotcrete matent joints and cracks (c), which will
inhibit movement of blocks, which is particularkglevant in very high stress situations in
which some loosening and stress fracturing willehtaken place (d); prevention of block
displacement by two mechanisms — the shear straigtie shotcrete (e), and the tensile
strength of the shotcrete (f).

» Air tightness: for a rock mass to fail, dilation shiake place, with opening up occurring
on joints and fractures. If such dilation can Wwevpnted, failure will be inhibited (g).
Coates (1970) suggested that, if the applied sairgapport is airtight, entry of air will be
prevented or limited, and hence dilation will bstrigted. This mechanism is identified
as a contributory support mechanism by Finn ef899). Although this is unlikely in a
static loading environment, in dynamic loading &itons, in which rapid entry of air into
the rock mass will be restricted, it is possiblattlair tight shotcrete might promote
stability.

» Structural arch: deformation of the rock mass imdustresses in the support, which then
resists further deformation of the rock mass (h)portant in this structural mechanism is
the strength of the shotcrete and its flexuradrtgi

» Basket mechanism: when the surface support devéthgpform of a basket, which then
contains the failed rock, it will be acting maimtytension. In this situation there are three
considerations: firstly, the flexural rigidity atuctility, which will serve to resist the
deflection of the liner to form a basket; secondhg tensile strength of the shotcrete
itself; and thirdly, in the case in which there &m® constituents, such as mesh or fibre
reinforcing in shotcrete, both the tensile strengtithe matrix material and the tensile
strength of the cracked matrix. In this case, liedaviour of the reinforcement is
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particularly important - it may undergo materiatlg or, more importantly, the liner may
yield by progressive pull out of the reinforcemel@ments from the matrix material.

» Slab enhancement: slabs or incipient rock slalymyéd under high stress conditions, may
fail due to buckling. The application of shotcredepport effectively decreases the
slenderness of the slab and increases its budldsigtance (j).

» Beam enhancement: this is similar to slab enhaneemeshotcrete support on the
underside of a roof beam may enhance the bendirigrpeance, and hence stability, of a
roof beam.

* Extended “faceplate”: shotcrete support will extehd area of influence of rockbolt and
cable faceplates (k).

* Durability enhancement: some rock types deteriooatexposure and when subjected to
wetting and drying, and the mechanism of the skttcsupport is to seal the rock to
prevent exposure and hence preserve the inherengst of the rock.

* Mechanical protection: this is an extremely impottanechanism, since mechanical
damage will quickly destroy the effectiveness aftstete support.

The most common mechanisms of surface supportigadihich are illustrated in Figure 2-
2, are:

* Wedge and block loading: when a block or wedgeooktris defined by fracture or joint
planes, it may displace and load the liner locaMyith “rigid” and bonded liners, shear
stresses will be induced in the shotcrete along geemeter of the block (a). If
breakdown of the bond occurs, the mechanism willl t)ewards a localized or point load
acting on a “basket” (b). These loading mechanisamsbe both static and dynamic.

» Distributed surface loading: shotcrete supportuisjected to a distributed load imposed
by the rock. The retention of the shotcrete walhgrally be by point supports provided by
rockbolts and face plates. The distributed loady rba due to several alternative
situations: failed rock, under the action of gra\(gtatic); squeezing rock conditions, due
to high stresses or swelling (static); rockbursadiog - about a 1m thickness of
fragmented rock is often ejected at high velocitying rockburst events (Ortlepp and
Stacey, 1993). Distributed loading causes thecsétat to provide support with a basket
mechanism. Localised deformation may occur attiona of fractures and rock joints,
which will particularly be the case when the shetieris well bonded to the rock surface,
and when the roughness of the rock surface preghets on the interface. In such cases
the value of high quality bonding between shotceetd rock is questionable. A lower
quality bond, which allows yield and shear disptaeat on the interface, may be
preferable.

» Stress induced loading: well bonded shotcrete élsubjected to the same deformations
as the rock. It may be stiffer, or more brittlea the jointed, fractured rock mass, and
therefore may fail prematurely under the imposeirdeations. Shear (c), bending (d),
buckling (e) or tension, or more complicated falunechanisms, such as combinations of
these, and possibly others, may also occur. Tdtreould be stress induced spalling of
the shotcrete ().

» Water pressure loading: water pressures will bérildiged pressures which may be
sufficient to fail undrained shotcrete support.

* Bending loading: in mining excavations it is veaye that support is installed in the floor,
with the implication that support tends to be itiethin the roof and sidewalls only. The
result is that, although deformation may be comigim these three areas, the floor may
deform freely. The consequence could be greatevergence at floor level than roof
level, and hence bending loading on the shotcpaticularly in the haunch areas (g).
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Figure 2-1: Mechanisms of shotcrete support behaviour
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April 2007

29



ITA REPORT - WG12 : SHOTCRETE FOR ROCK SUPPORT

It is important to highlight several effects of thigove loading mechanisms:

» Localized deformation of shotcrete support may ldadlocalized failure. The
localization of deformation of well bonded shoteratay result in failure after very small
local “opening”;

e The shotcrete is one component of the support mystehich usually also includes
rockbolts. The interaction between the shotcrated #he rockbolts is extremely
important. The behaviour of the rockbolts influes¢he behaviour of the shotcrete and
may dictate the characteristics desired of thipettp

It is probable that all of the above mechanismiedfaviour and of loading are applicable in a
hostile mining environment, the implication beirlgat very severe requirements will be
demanded of shotcrete support, and it will be stubgeto very severe loading.”

1.2.5 Sweden

Sweden presents the following about design isstiHsere are still no specific national
standards for sprayed concrete, but authoritieschadts make their own specifications, and
again the Southern Link where the National Road Wdtration is the Client, is a good
illustration of today’s normal practice. The critefor strength and stability are still much
based on experience and rock classification, btgnebed with design considerations for
certain loading cases and assumptions.

The interaction between rock and sprayed concregipporting a deforming rock mass is a
very complex system, which is governed by the ntagei of displacements, the strength and
elasticity properties of both rock and concrete] #reir interaction. Many researchers have
been trying to learn more about this and to desdhle mechanisms, to arrive at a better basis
for the design. There is still a lot to do as welgably over-reinforce parts of our tunnels
today. The complexity of the system and the vameiof rock conditions make it very
difficult to come up with any simple design rul&ther we have to accept the uncertainties
and apply reasonable safety factors, or we haves& more sophisticated design criteria
based for instance on probabilistic consideratidwgaiting any major steps in that direction,

it is most valuable to learn more about single congmts of the supporting system.

That is why large scale laboratory tests were dorfeweden already in the 1970-80s, which
demonstrated the importance of bond between rodkshntcrete for the support of possible
loose blocks in a hard rock mass. These findingsilted in requirements on adhesion
strength and a general concern about cleaning sadiaces before spraying, to achieve as
high bond as possible. Recently, high-pressure rwatecleaning, up to 22 MPa, has been
tested with positive results at the LKAB iron oremin northern Sweden.

Further considerations about the support system thedinteracting mechanisms under
different geological conditions, have been preskrdgeg by Stille 1992. Some theoretical
studies have also been performed to investigatehehéhe use of partial coefficient methods
could be a feasible way to treat the stochasticader of many of the governing parameters.

In parallel with trying to understand the behaviadrthe system as a whole, we are now
performing further laboratory tests in a doctoqatgject at the Royal Institute of Technology.
Here the bearing capacity of fibre reinforced sheitc as one component of the system is
being tested and the results are compared withopoped calculation model. Preliminary
results from this project were presented in HobAustralia, last year (Nilsson, Holmgren
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2001). The tests were performed on circular film@forced shotcrete panels (actually cast
concrete in the first test series). The aim watesh a proposed calculation model, base on
yield line theory.

The main conclusion was that the calculation moadel to be considerably modified to take
into account the actual boundary conditions of thsted slabs, which were arranged to
simulate the real situation. The first calculatiam®wed to highly underestimate the bearing
capacity, because the fixed support of the slabentrihat a “compressive arch action”, even
for these fairly thin slabs, had a dominating dffeich had to be taken into account. Thus,
the tests revealed factors of great importance tiaak not been fully realised when the
calculation model was first proposed. Later caliofes, where the “dome effect” was
included, have now demonstrated good agreementtinatkest results.”

3. CONCRETE TECHNOLOGY

1.3 Statements from the contributing countries

1.3.1 Australia

“Accelerated wet mix shotcrete is increasingly tireferred choice for ground support in
mining and civil construction work in Australia. the majority of civil sites and mines, alkali
free accelerators are used due to the stringenugational Health and Safety practices
typical of the Australian workplace.

These accelerators can be divided into the twopgo2nd generation or normal performance
alkali-free, and third generation high performantiali free accelerators. Three international
admixture producers support these markets. Theedss a very small residual amount of
alkali and sodium silicate accelerators being usady dwindling number of project sites. The
reasons appear to be tradition more than perforeyamith the contractors preferring to use
what they are used to, what they have had no prabieith, and from a cost perspective.

Among batch plant (pre — mix) admixtures there @kagoing on to reduce expensive Silica
Fume from the mix and to utilize man made or mactuf@d sands and aggregates for cost
and environmental reasons. Pumping aids, are notine are used in some instances, though
a properly designed mix is the first priority. Nmieal mixes can be assisted with these aids,
but these are predominantly used in lower spetifinavork where durability is not a major
concern.

Almost all shotcrete produced for mining and coohstruction industries contains some form
of set stabilizer / hydration control admixture tqr to 4 hours control in normal applications.
Along with this they would use a high range wattucer /superplasticiser to control water
demand, as most contractors prefer reasonable sliowpwater cement ratio shotcrete to
control the dose rates of accelerators to the mimth

1.3.2 Belgium

Belgium has included some details regarding thle tiatween concrete technology and the
use of fibres. It is clear from the documents tinat bond between fibres and the shotcrete
matrix should be as good as possible, providedfibite tensile strength is high enough to

avoid breaking the fibres under load (they showdblled out). The shotcrete mix design as
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such is not discussed, but it is well known thattiigher concrete qualities (high compressive
strength) tend to improve the fibre/matrix bond.

It is stated that: “The steel fibre length has wib the range of 3 times the maximum
aggregate size in order to bridge the gap betw&eraggregate particles, where a crack uses
to start. The fibre length also has to be sufficienprovide enough bond to the matrix in
order to avoid too easy pull out. Taking into acdainat shotcrete mixes usually have coarse
aggregate of maximum 10 to 12 mm, steel fibres ned® 30 to 35 mm long.

A small diameter increases the number of fibres yat weight and densifies the fibre
network. The fibre spacing is reduced when theefigpets thinner and the fibre reinforcement
becomes more efficient.

In order to achieve a homogeneous reinforcemeatsgfacing (s) between fibres calculated

as.
3 2
:Ss : s = i"t4del

Example

s = distance between 2 fibres

d = fibre diameter 0.50 mm
I = fibre length 30 mm
e = fibre dosage 40 kg/m3 = 0.5% = 0.005

Input in the formula: s =10.56 mm

must be smaller than 0.45* |.
The minimum dosage required to meet the spacinigfiamdifferent fibre types (length and
diameter) is indicated below:”

Table 3-1

d | =25 mm | =30 mm [-35 mm
s=11.25 s=13.5 s =15.75

0.45 22 20 20

0.50 27 20 20

0.55 33 23 20

0.60 39 27 20

0.80 69 48 35

1.3.3 Czech Republic
Czech Republic submittal outlines the aspects n€e technology as follows:

“Aggregate containing two fractions, i.e. 0-4 an@mm, which are available at concrete
batching plants for production of cast-in-situ aate, are used for sprayed concrete.
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As to the Mrazovka tunnel and some other constracsites in Prague, single-fraction
aggregate from the Uhy locality is used, whichpedfied as an atypical fraction 0-11.2 mm
(to achieve a reduction of material costs). Becaists mineralogical origin, about 1,700kg
of the aggregate is needed for®lofishotcrete. The grading curve is compared wigtingsize
limits recommended by CSN standards or the Ausgiadelines for sprayed concrete.

If the detailed design does not specify differentlgmestic portland cements grade 42.5 and
52.5 are used. If the higher grade sprayed con®2te after 28 days is required and all
effects potentially reducing the shotcrete streragth taken into consideration, the concrete
mix (without other improving admixtures) usuallyntains 400kg of cement per irof
shotcrete as a minimum.

To achieve the required development of shotcrdtengeand hardening in the course of initial
minutes after application, domestic liquid alkabkd additives are used. The speed of the
green concrete hardening process is assessed iplianoe with the Austrian Guidelines,
according to the range. Btrength values are examined by means of caddbrpenetration
needle and by Hilti DX 450 cartridge hammer andtdied. Special attention was paid to
monitoring of shotcrete temperature under diffex@nditions of its application and its age in
the course of monthly carried out check testinghatMrazovka tunnel. The method of the
shotcrete testing by means of the MEYCO KAINDL agtion method was refined in the
Klokner’s Institute of the Czech Technical UnivéysiThe height of the truncated cone was
introduced into the assessment diagram (MEYCO KAIMDnomogram contains the
truncated cone height of 50mm only). It was detagdithat the measurement results exhibit
a large scattering, therefore 5 measurements hbd tarried out as a minimum for each age
of concrete.

Durability of sprayed concrete, being an aggregétproperties, has not been described for
sprayed concrete applied in the Czech Republic. tRat reason, particular measurable

properties (e.g. strength, watertightness, sulptesistance, frost resistance etc.) are specified
by the design of a final lining individually, frooase to case.”

1.3.4 Denmark

Denmark presents the requirements for the Copenhdgiro project under the heading
Materials Technology:

“The temporary shotcrete used on the CopenhageroMets classified as shotcrete Class T
and was not designed to carry permanent loads.

The cement content conformed to the following regmients:

e Chrome content (C: Not more than 2mg/kg
* Fineness: Not less than 340m2/kg
* Bleeding: Not more than 20ém

» Comp strength after 3 days (of cubes): Not less figMmnt

Aggregates were a nominal 10mm in size, were charg not frozen and it was stipulated to
the batcher that the size of particles under 7,59hould not exceed 3%.
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The shotcrete characteristic strengths were aswell

After 24 hours: 6N/mrh
After 28 days: 22N/mrh
1.3.5 ltaly

Italy gives this account of current concrete ted¢bgy for shotcrete:

“As mentioned earlier, 98% of shotcrete in Italypreduced by the wet process, and 95% of it
is put in place by using Na Si,Owaterglass”, its low cost and its easy availapilias
favoured the spread of its use.

In order to maintain this supremacy, waterglasslpeers, to respect the new ltalian standard
specification are looking for new formulas whichllwnaintain this substance comparable
with the new products that have been introducetheritalian market.

These new products can be subdivided into:

» alkaline accelerators, such as sodium and potassiwmnates,
» alkali free and non-caustic accelerators
» thixotropic agents, which cause an almost immediatedening of concrete

Superfluidizers are used to reduce the W/C ratio.

New technologies for the application of shotcretd the control of its characteristics are now
developed in research centres established in Italy.

The salient technologies worth mentioning are:

Delvo Crete system for a total control of workiapi

Sika Tard system for a total control of workdlgili

SGI system of Sika Italia

MAPEI HWPS 2000 (High- workability and Performarshotcrete) Technologies

NS

Thefirst system, which permits to stop the hydration in eetup to a maximum of 72 hours,
is now being applied in particularly demanding wsork

The secondsystem, which is known as the slump killing systésmappreciated owing to the
high reduction of rebound under any conditionsthe possibility of preparing shotcrete
mixtures with a low W/C ratio, and the possibilit/finishing the surface.

The third system allows to adapt shotcrete to the cliergsda, by using colloidal and or
alcali free accelerators, to the high reductionrebound under conditions and to the
possibility of finishing the surface.

The fourth system, which includes superplasticizer and lasegation accelerators, allow to

manufacture shotcrete with a high fluidity for arywdong time: These products reduce
rebound to a percentage less than 10% and allavsgdow dosages and accelerators which
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have a very short setting time and a high mechhstoangth. This system is recommended,
above all, in presence of water.

However, research in Italy has mainly developedeiation to the production of special
cements, which permit to reduce the quantity oftadss, or even to do without them.

In this connection, it can be mentioned that "CeimBnzzi" company produces a special
cement for shotcrete, in which hardening has begulated in such way as to allow adhesion
and to limit rebound.

The said cement can be classified as IV/A Pozzoldi5, with a low hydration heat and a
high degree of resistance to chemical attacks.

As regards admixtures, this is quite another goestith respect to both the flying ashes and
the more effective silica fume. These products wed only in the construction of few
tunnels. The reason why their use is so limitedlzee high cost.”

1.3.6 Japan

Japan is presenting an overview of the normallyliegpconcrete technology approach for
recent projects, starting with what is termed “8tad Shotcrete”:

“The standard mix proportion of shotcrete in Jagashown in Table 3-2. The compressive
strength of the standard shotcrete is more thaW/a8r’ at the age of 28 days.

Table 3-2 Standard mix proportions of shotcrete in Japan

Maximum size Slump Water-cement Sand-total Unit cement Accelerator
of coarse (cm) ratio aggregate ratiq weight (C x %)
aggregate (WIC) (%) (Sfa) (%) (C) (kg)

(mm)
10-15 8-12 55-60 60-65 360 5.5-7.0

Silica fume and/or Lime stone powder is begun ® lscause of reducing rebound and dust
emission. The shotcrete admixed with both silicamduand limestone powder is adopted in
the Shinkansen tunnels.

Recently, it is reported shotcrete mixes with #hdecause of recycling.

Setting and hardening time modifier can control $k&ing and hardening time of the base
concrete of shotcrete, is begun to use. When tltengeand hardening time modifier is
admixed, the concrete consistency can keep fresit &4 hours after mixing.

The base concrete of shotcrete with silica fumknoe stone powder stiffens. To improve the
pump-ability of the concrete, high range water oialg agent admixture is admixed into the
shotcrete.

Powder type accelerator is generally adopted irmadaphe annual use of the powder type

accelerator is about 60,000 ton. In recent yeapspeskind of alkali free liquid type
accelerators are begun to use.”
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The contribution continues by presenting what reneel “high strength shotcrete and fibre
reinforced shotcrete™

“The cross-section area of the tunnels of th&@mei- Meishin expressway is about 200 m
In the tunnels, high strength shotcrete and/oefii@inforced shotcrete are adopted. The mix
proportions of the shotcrete are shown in Table 3-3

Table 3-3 Examples of mix proportions of shotcrete addpitethe expressway tunnels

Mix G2 C W S G Admixture | Accelerator| Steel
proportion (MPa) (kg/m?) | (kg/nT) (kg/m?®) | (kg/n?) (%) (kg/m?) fibre
(kg/m?)
Standard 18 360 194 1161 624 - 25.2 -
High
strength 36 450 202.5 1052 567 1.6 45
Steelfibre | 44 450 | 2025 | 1114 478 1.76 45 78.5

* Case of Shimizu third tunnel

Japan Railway Construction Public Corporation hasetbped high quality shotcrete to

improve concrete quality and workability, and touee rebound and dust emission. As for
the concrete, the target slump for air-conveyamotaify type) system is 8 cm and that for
pump-conveyance system is 14 cm. The mix propoxiomgh quality shotcrete is shown in

Table 3-4.

Table 3-4 Mix proportion of High quality shotcrete adogtie the Shinkansen tunnels

Gmax | Slump | Air | Binder- Sla Unit content (kg/rf)
(mm) (cm) | (%) water (%) .
ratio (%) w C S.F. S L.S.p* G Admixture
10 8+2 - 57.8 64 208] 342 18 1039 98 644 1.8

1.3.7 Lesotho
The describedlesotho project had the following shotcrete specification:

“The specification for both plain and SFRS contdinmany requirements that were
designed to ensure a quality end product. Thesee wer addition to the usual
acceptance, routine and operator testing; equipmbatching; surface preparation;
placing generally in accordance with good practase detailed in ACI-506- R ‘Guide to
Shotcrete’; checking applied thickness and remed@k to areas of failed shotcrete.

The wet mix process was mandatory. Surfaces wetetcde trowelled, touched up or
smoothed off unless instructed otherwise by the ifeeg's staff. As usual, the
Engineer's staff retained the right to have shdtrapplied as soon as an excavated
surface was barred down. Between 30 and 50 kg Silica Fume was required in the
shotcrete mix with a total cementitious content 480 to 480 kg n? whilst
water/cement ratios were to lie between 0,35 td @dmarily to achieve the specified
characteristic strength of 40 Mpa at 28 days.

Aggregates with gradings falling outside the spedifgrading envelopes were permitted

provided that satisfactory results were obtainemmfrfull scale site trials. Nevertheless
an aggregate/cement ratio of 3 to 5 was specifi8teel fibores had to comply with Type
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1 deformed, exhibit an equivalent diameter of 0 rand an aspect ratio between 40
and 80. A steel fibre content between 30 kg® and 60 kg m® was also specified.
Accelerators had to be non-caustic and non- coreoswth dosing limited to 3% of
cementitious material, all backed up by manufaaturproof of satisfactory long term
performance. A 3 day curing period during which dirthe shotcrete surface had to be
kept damp was also specified.

Performance requirements are summarized in Talle 3-

Notes:

1) The values are all “minimum” acceptable limits¢cept for boiled absorption
and volume of permeable voids, which are “maximatceptable limits.

2) N/A indicates “not applicable”.

Table 3-5 Shotcrete performance requirements

Sprayed Concrete Class A B C D
Mix Description Test Method Plain Steel Fibre Steel Fibre Plain +
Reinforcement| Reinforcement| Accelerator
+ Accelerator

Cube Strength ASTM C42
MPa at 8 hours N/A N/A 5 5
MPa at 24 hours N/A N/A 9 9
MPa at 28 days (BS 1881) 35 40 40 40
Peak Flexural Strength | ASTM C1018
MPa at 28 days N/A 3.2 3.2 N/A
Toughness Indices ASTM C1018
I0 at 28 days N/A 16 16 N/A
I3 at 28 days N/A 22 22 N/A
Iso at 28 days N/A 30 30 N/A
Boiled Absorption % ASTM C642 8 8 9 9
Volume of Permeable 17 17 19 19
Voids, % at 7 days
Setting Time ASTM C403

(BS EN 1963)
Initial Set, mins. N/A N/A 3 3
Final Set, mins. N/A N/A 9 9
1.3.8 Norway

Norway started using wet mix shotcrete already he early 1970s. Development and
updating of the technology has been an ongoingtedfoillustrated in the following:

“The Norwegian Wet Spray Method was modernized detely in 1996/97 by means of a
new generation of _alkali-free liquid acceleratorpolymer based non-retarding
superplasticizers, and special set-retarding agektspecially in bad rock conditions, with
water ingress, it is of great importance to obtafe conditions for the workers at the tunnel
front. Using sprayed concrete with traditional wagkass accelerator, it takes usually up to 3
hours to obtain early strength for adequate roakikty. It has been shown through recent
studies, that high early strength of sprayed cdacreith these new liquid alkali-free
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accelerator and admixtures could imply safer wagkoonditions almost immediately after
finishing the spraying process. In 1998 a projectHealth and Safety during spraying was
initiated. The Health tests performed showed lessgnal dust exposure by the use of alkali-
free accelerators compared to silicate based aetete The durability tests performed
indicate a good, homogeneous and durable matednl afl alkali-free accelerators
investigated, better early strength developmentslfahe alkali-free accelerator compared to
water-glass, but wet conditions delayed the eaylyrdtion reaction, and the early strength
development depended strongly on the alkali freelacator type chosen.

Use of recycled aggregates in fibre-reinforced ywtaconcretevas demonstrated in a project
in Oslo 1999. The project was a full-scale on-sitel laboratory test of sprayed concrete
containing up to 20 % recycled aggregate. On-Sdgeuthentation showed that sprayed
concrete with recycled aggregate obtained excefipraying and compacting properties, and
adheres to the substrate very well, no sprayinicdifies occurred due to the use of recycled
aggregates and the need for accelerator decreasedllfsprayed concrete -mixes with
recycled aggregates. The compressive strengthrafeg concrete with recycled aggregate
was reduced compared to a reference mix withougcled aggregates, but the strength
obtained still exceeded 45 MPa at 28 days.”

1.3.9 South Africa

South Africa has submitted a mining related accaumck regarding actual concrete technology
there are descriptions of three different case® Siotcrete used was quite similar in all
three, so the South Deep shaft development hasdadected:

“The specification called for a shotcrete strengtht60 MPa, with an energy absorption of
1000 J in an Efnarc test, and a life expectancyediong the projected 60 year life of the
mine. After a test programme, the mix finally atémp included the following main
components (Erasmus et al, 2001): cement, supdhfimsh (Superpoz), quartzitic aggregates
complying with a defined grading envelope, 40mnyglstainless steel fibres (Bekaert) as the
main reinforcing elements, and microfilament pobgpylene fibres (Fibrin 23) in small
guantities. Additives were Delvocrete (MBT), whialas used to extend workable life and
assist in dispersion of fibres, and Meyco TCC 7&5,internal curing agent and concrete
improver. The accelerator used was Meyco SA 16@e rbck surface was subject to running
water and the mix was designed to prevent wash&piraying was carried out in very wet
conditions. In all, about 7500°nu0f shotcrete were sprayed during the project.”

1.3.10Sweden

Sweden presents the concrete technology issuethéoiSouthern Link highway tunnels,
starting with pre-construction trials:

“The designers and contractors had no prior expeeieof any project where the shotcrete
properties were as stringent as for these tunkelsexample, frost-durability has usually not
been specified in other tunnelling projects in Saredt was therefore necessary to conduct
pre-construction trials under site conditions tondestrate that the required FRS properties
could be achieved.

An initial mix-design was determined from availabterature on materials. See Table 3-6.
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Table 3-6: Initial mix-design for shotcrete.

Ingredient Quantity
(kg/n?)
Aggregate (0-8 mm) 1600
Portland Cement (SR) 480
Silica Fume 5
Water/cement ratio 0.45

It was also decided that Dramix RC 65/35 hooked-srdl| fibres would be used at a dosage
rate of 55 kg/m Superplasticizer and alkali-free acceleratorsfi@escon, Sika, and Master
Builders were tried. Test spraying was performed aintunnel under construction in
Stockholm. The pre-construction trials started987 and were completed in 1998.”

The results of pre-construction trials and consioacperiod follow-up were presented as
follows:

“Vattenfall Utveckling AB, Alvkarleby, undertook bmratory testing of shotcrete properties.
All the requirements were fulfilled after only twounds of trials. It was especially satisfying
that freeze-thaw tests showed acceptable resuits.fifal mix included Rescon Superflow
2000 as superplasticizer and Rescon AF 2000 asesat®. The results from laboratory-tests
for this mix-design are shown in Table 3-7.

Table 3-7 Test results for trial-mix shotcrete.

Property Method  Specified Result
Compressive SS 1372 40 60
strength (MPa) 20

Post-crack ASTM 4.0 4.5
flexural strength C1018

fs10(MPa)

Post-crack ASTM 3.0 4.0
flexural strength C1018

f1030(MPa)

Frost resistance SS 1372 0.5 0.15
(kg/n7) 44

A number of tests were required to be carried auttlte in-place shotcrete for Quality
Assurance during construction. These were all requin the project specifications. The tests
included:

* Fibre content

* Thickness, measured in 25 mm diameter drilled holes

» Compressive strength, based on cubes sawed froefspggrayed during construction
* Flexural strength of beams sawed from panels sdrdyeng construction

» Adhesion, based on cores drilled and pulled oSito-

* Freeze-thaw resistance
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Frequency of testing depended on risk estimationd geological conditions. The
compressive strength-tests were normally carrigconae per 1000 frof in-place shotcrete,
and flexural tests once per 2000. ®aidhesion tests were done once per 1080Rmeeze-thaw
tests were only necessary in zones where frosewpaected.

To date, more than 95 % of the contract has beewplated, which is equivalent to about
26000 n shotcrete. Some changes in the mix-design weressaty during construction, the

most important involved changing the superplasticio Master Builders Glenium 51. This

was done because of some unexpected variationisansity in the concrete that influenced
pumpability. More than 200 strength tests, inclgdbooth compressive and flexural strength,
have been completed during construction to datd, ahshow satisfactory and uniform

results.”

1.3.11Turkey

Turkey is presenting a very interesting comparisbehotcrete mixes based on use of alkali
free accelerator and silicate accelerator, as shiowre following tables 3-8 and 3-9:

Table 3-8 Shotcrete mix design

Component/ Property Alkali-Free Shotcrete | Sodium Silicate Shotcrete
Kg/m?® Kg/m?

Portland Cement 42.5 500 500
Water 215 205
Water-cement ration 0.43 0.41
Water cement ratio including Microsilica 0.41 Not dse
Slump (mm) 180 180

Sand 0-1mm (13%) 21p1% 211
Aggregates Sand 0-5mm (57%) 873892 878

Gravel 5-12mm (30%) 47P4482° 474

Rheobuild 716 (2% of cement wt) 10 Not used

CV-1 (1.2% of cement wt) Not used 6
Admixtures MEYCO MS 610 Microsilica (5% of 25 Not used

cement wt)

Steel fibre 50 50
Accelerators MEYCO SA 160 (7% of cement wt 35 Not used

Sodium silicate (15% of cement wt) Not used 75

a MBT Mix 34 (original mix) applied between 17-02-8021-04-99
b MBT Mix 34A (revised mix) applied after 21-4-99
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Table 3-9 Strength properties summarized

MBT Mix 34 MBT Mix 34A Sodium silicate s/c
Age strength Age strength Age strength
Penetromg 2 min 189N 2 min 152-267 1 2min 276-3140
ter testing 5min 237N 5 min 203-347 N 5min 402-455N
10min 307N 10 min 305-417 N 10min 529-534
Lab cubed 3day: 33.6MP: NA NA NA NA
(15xx15x1| 7 days 61.1MPa 7 days 55.7 NA NA
5cmy 28days 75.0MPa 27 days 67.3 NA NA
56days 79.6MPa NA NA NA NA
lday 17.8MP: 1 day 12.t NA NA
3days 29.5MPa NA NA NA NA
In-situ 7days 41.6MPa 7 days 322 7days  14.8-
cores 21.6MPa
(10x10cm)| 28days 55.7MPa 27 days 37.6 28 days 20.0-
3 22.2MPa
56days 56.8MPa 58 days 42.3 56 days 18.1-
23.9MPa
Masterkur | 7day: 44.7TMP: NA NA NA NA
e In-situl 28days 49.9MPa NA NA NA NA
cores 56days 50.6MPa NA NA NA NA
(10x10cm)
4

1 Proctor penetrometer CN 419, with 9mm plunger pdstbmm into shotcrete (average of 8 readings tekidsn 60secs
given)

2 reference mix, without accelerator

3 Cores taken from in-situ tunnel lining after atay, then cured in water at’®0for 10 days, then cured in air areaill
crushing age — as recommended in clause 12.4.ti@t®oGuidelines “final draft”.

4 Cores taken from lining at crushing age and tesbait cured prior to this by applying “MasterkdrE2” material to the

lining

A diagram showing tests made on sodium silicateclacated shotcrete illustrates quite
negative long term developments. Measured Youngduius at 28 days gives 20 GPa and a
normal projection until 1000 days would give 22 GRawever, at 1000 days it has dropped
to a mean value of about 9 GPa. Also the compressrength shows a reduction from 28

days to 1000 days.

4. EQUIPMENT AND APPLICATION METHODS

As could be expected in this investigation, equipimesage is covering a variety of different
set-ups. The small jobs are often executed by lotpud dry mix machines with hand-held
nozzle, sometimes even manually mixing the conapat¢he tunnel invert. At the other end
of the scale there are the integrated completetimbgstems mounted on different types of 4-
wheel carriers.

Materials transport in the delivery hose is eittien stream (with compressed air, or dense
stream by positive displacement). The first systermostly used for dry mix (adding the

water in the nozzle), while the dense stream cdw lo@ used on wet (pumpable) material.
However, wet mix is sometimes placed using thieastr and in Japan they frequently use
dense stream from the pump about 50% of the wélyetmozzle, injecting compressed air for
thin stream transport the last part of the wayheoriozzle.
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Adding to the complexity on the equipment sidehis fact that even though most users use
liquid accelerators, there are also powder prodoictshe market. Depending on the choice of
accelerator type, this may have a significant ¢féecthe overall equipment solution.

1.4 Statements from the contributing countries

1.4.1 Australia

“Practically all major wet shotcrete that is apglien Australia in the mines and in civil
tunnelling projects is done by robotic shotcretaipopent. The equipment complexity varies
depending on the specific projects, with the highcdication civil tunnelling projects often
requiring more state of the art equipment for dualontrol. Integrated dosing of accelerator
with shotcrete output is seen as a major issuleerhigh specification tunnel projects.

Most robotic shotcrete equipment have facilitiesnanitor the dose rate of accelerator that is
being applied. This would be seen as a minimumireauent.”

1.4.2 Canada

“Other developments in shotcrete usage for minm@anada include a shift from dry mix
materials and shooting methods towards wet mix wigmy operators using dry mix material
supply with wet mix shooting in what is referredas ‘hybrid’ shotcreting. There have also
been successes in the use of shotcrete for shafyli Recent results include a completely
robotic, continuous placement of 75 mm of shotcrete 415 metre deep, 2.4 metre diameter
shaft using wet mix materials and placement. As tixchnology is developing, so are the
applications using robotic placement for primargkranass support.”

The submittal is not describing the equipment iagdlin the presented development into wet
mix fibre reinforced boltless shotcrete, especiallithin INCO in the Sudbury Basin.
However, as a matter of fact there has been a iapidase in the use of robotic shotcrete
application and even computer controlled or compassisted placement of shotcrete. The
majority of the shotcrete is still being placeddry mix equipment.

1.4.3 Czech Republic

“Considering the short-term stability of an excawatand the extent of water saturation of
grounds encountered mainly at excavation of gakemnd tunnels, there prevails a dry
process of shotcrete application in the Czech Repub

Using of the wet process of shotcrete applicatias een introduced recently thanks to larger
extent of contracts for construction of transpeittted tunnels. Those projects are associated
with upgrading of traffic networks for which longemnels with higher overburden, driven in
more stable geological conditions, are designeda Asnsequence, big volumes of shotcrete
require deployment of highly productive mechanipddnt and availability of certified
production plants with a sufficient capacity, cdpatf ensuring production and transport of
specialist wet mixes. It is possible to state that way of shotcrete application is, at its very
beginning, considering the rather slow start-ughefabove referred to projects funding.

Similarly as in other European states, productélafa and Meyco companies are used for

application of shotcrete. This applies to concrspeayers, shotcrete pumps, hose-type
accelerator additive dosage units and manipulatGiseaper and less efficient domestic
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shotcrete sprayers and domestic plunger dosing puomliquid accelerator additives are
used for smaller structures, which are built by lEEn@ompanies.”

1.4.4 Denmark

“The shotcrete spraying equipment used was the ALRG0 shotcreting unit applied by a
super silenced compressor capable of delivering 24m¥/min and thus supplying two
shotcreting units at one time. The shotcrete wmése each capable of delivering 5m3/ hour.
The shotcrete itself was delivered as a premixgdtgjse in 10 ton kiln dry silos from an
external, local supplier (GH Beton). The silos weemnsported by road on the suppliers own
specialist vehicles.”

1.4.5 Germany

The summary of tunnelling works in Germany durihg tast 20 years [G1] also gives some
insight into the use of shotcrete. What is callegl $hotcreting construction method accounts
for a high percentage of the tunnelling undertake@ermany. For years, it has been used for
65 to 70% of all long distance road and rail tuhngl

The advantage of flexible primary linings placed bkotcreting, allowing controlled
deformation concentrated to open convergence sieés highlighted as an innovative
solution for heavily squeezing ground conditions.

The paper also describes the change from dry ntx mechanized wet mix shotcrete
application, specifically mentioning the outputrease from typically 8 #h to 20 ni/h and
the reduction of dust and eluates (which was preshoa problem).

The use of specially developed cements for shat@pplication, used as dried and pre-mixed
silo material is also described. This system all@mg mix method spraying of shotcrete
without accelerator or admixtures.

1.4.6 ltaly

“Most of shotcrete produced in Italy, 98%, is prasthdy "wet process". There are many
reasons for the choice of this process insteadhefdry process, we want to mention them
according to the preference given by the Italiaidiong companies and designers:

» the composition of the mixture can be controllethvaertainty, if it is entirely prepared in
one installation and the relationship between carepts remains the same as fixed
during the design stage;

» the wet process produces less rebound, particutedruse the shooting pressure can be
easily regulated;

» the pumps used for the wet process give a highgub(cm/h);

» the wet process produces a very small quantityust evhich is harmful to the human
body;

* it is more and more difficult to find nozzlemann avare able to operate a nozzle in the
case of a dry process;

» the machinery manufactured in Italy for pumping apdaying of shotcrete is exclusively
designed for the wet process;

* industrial-safety norms are very strict in ltalypdain the safety planshe use of
manipulators is imposed These manipulators are at present only producethe wet
process. (Emphasis added).
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Today, 35 years after the first Italian manufacturésuch equipment made their appearance,
90% of the Shotcreting machinery is produced bjyalbacompanies.

The most widespread pumping system uses the wee¢gspabout 98%.

After opening the way to the setting acceleratavasserglass” prevailed for years in all
tunnel site in Italy. Today, new solutions are imipg themselves, which allow to obtain
better strengths and structural qualities in thekwachieved. Moreover, they cause no
environment pollution problems. With the use of tlesv fluid products, the high quantities of
waterglass needed may be replaced by definitelylentuantities of additives, which require
a higher proportion accuracy and higher pumpingsuees for a better spreading in the
projected concrete.

The pneumatic pumps, or fluid pumps of independgpe, were discarded and pistons
pumps, peristaltic or diaphragm pumps, directlyrmmted with the hydraulic circuit of the
shotcrete pump, began to be used.

At the same type, some products in powder form Hmsaen put on the market, which are to
combine with the liquid ones and with require spkeproportioning and pumping units that
are still at setting up stage.

As regards manipulators they are always used asreglgby the severe lItalian rules about
safety.”

1.4.7 Japan

Japan has a special situation on the equipmentisadeshould be kept in mind when reading
the presentation about equipment and methods. Alalbthe huge quantity of more than 2
mio m?® of shotcrete per year is placed by the wet mixhoet What is special, is the
extensive use of thin stream concrete conveyarrdiédast 10 to 15 m up to the nozzle. This
technique is frequently combined with the additodrpowder accelerator also transported by
compressed air. The Japanese focus on dust maarthelmked to this special situation.

“Spraying manner:

The ratio of Wet process and dry process in exdcubdume are 99% and 1% respectively.
Wet process is easy to obtain stable quality ofcshte. Dry process is mainly adopted with
small diameter tunnel of long range, because thwcele are compact and has long-range
conveyance ability.

Conveyance system:

Pump (+air) conveyance system and air conveyarsterayare adopted by spraying manner.
Table 4-1 shows kinds of shotcrete machine by cgsrvee system. Percentages of materials
conveyance devices are piston 69 %, rotary 27 %landther 3 %.
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Table 4-1: Types of shotcrete machines

process Conveyance discharge
feeder pocket SBS TS
dry Air :
rotary Aliva280, 285
Need Gun 400, 2000
squeeze Squeeze-crete
wet Pump i i
piston Putzmeister
Schwing
Techman
Symtec MKW-25SNT
air rotary Aliva 280, 285

Need Gun 400, 2000

Feeder pocket type is used in small diameter tyrbeglause the machine is compact. It has

discharge ability of 10 #h and materials conveyance ability of maximum @,00 with
horizontal distance.

Accelerator supply device

Both powder and liquid type accelerator are useglre 4-1 shows an example of powder

accelerator supply device. Figure 4t®ws system flow of both wet and dry sprayingesyst

using powder accelerator. In case of wet proceswdpr accelerator is conveyed with air,
and is mixed with concrete at the point of Y-shpjpe forward to nozzle by 2 to 3 m.

Figure 4-1: Powder accelerator supply device
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Figure 4-2 System flow of shotcrete (a and b)

Generally, shotcrete machines of one body type wimpressor deployment are used.
Shotcrete machine with discharge ability of ovem28 is adopted for spraying in the tunnels
with large cross section.

Air-less spraying device:

Air-less spraying devices which compressed aitsused for have been developed in order
to reduce rebound and dust emission. In the As-B®aying devices, concrete is conveyed
from the pomp to the head of material hose by pammressure and throw out by the
rotation force of impeller blade shown in Figur&.4The discharge abilities of the spraying
devices are as same as usual pomp type devices.réported that dust concentration is
reduced into 1/2-1/4 by changing spraying devioenflusual one to these ones. On the other
hand, they have problems of their operation ancellapexhaustion.
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Figure 4-3 Example of airless spraying device

1.4.8 Korea

“Since 1995 design of rock support in road tunmes changed to wet shotcreting with steel
fibre using robot.”

1.4.9 Lesotho

Lesotho water transfer project: “The shotcrete wasd sprayed by a trained nozzleman
using Aliva Duplo wet/dry shotcrete machine rategp to 20 n¥hour, to the
satisfaction of the Engineer. It is worldwide expace that manual spraying of
shotcrete has many disadvantages. Such disadvaniagjade dust emissions that may
impair the nozzleman’s vision, increased chancesnofe rebound than with robotic
application and increased health hazards to workkrs to close proximity of the
application. Rebound for both plain and steel fim@nforced shotcrete were not
materially different. The measured rebound constduan average of 8 %. The problem
of ventilation was ongoing arising from the time emhthe tunnel heading exceeded 1
km. There was no potential threat to workers lmeal$ confirmed by measurements of
oxygen content, dust and noxious fumes, which veerngied out regularly. The poor
quality of ventilation adversely affected the olkiguality of applied shotcrete simply
because it was difficult to see what was on the&k.foc

1.4.10Mexico

“The use of dry mix shotcrete is the main applmatmethod. The equipment used dry mix
shotcrete is essentially the same as use in othertiies, compressor, drum mixer, cement
gun (continuous feed type), nozzles, houses asdrre cases water pressure pump.

The wet mix process utilizes positive displacemeqgtipment (concrete pump) with the
continuous load characteristics, air compressazles and pressure hoses.

The main application method is by hand. There ag ¥ew robotic equipment units for
shotcrete applications.

In most of the cases the mix is made on the j&b Sibme field mixes are well formulated and
applied properly obtaining a very good shotcretg,umfortunately this is not always the case.
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For wet mix the use of ready mix concrete from@laoncrete plant is very common, with
better quality control of the mix.”

1.4.11Norway

Norway is reporting that wet mix robotic sprayinghwthe use of steel fibres and silica fume
was introduced in the late 1970s. As a matter cf f@botic equipment was in use even from
the beginning of the 1970s. From about 1980 praityi@ll shotcrete has been placed by the
wet mix method using robotic equipment of the tgesteration all the time.

1.4.12Russia

“In general shotcreting is performed with domesguipment, machines of rotor type and
with output 4 — 6.5 m3/h.” (It is assumed that thisans dry mix machines).”

1.4.13South Africa

South Africa is not specifically describing the gmuent usage (since the focus is on other
aspects in the submitted document). Regarding #seribed modern wet mix example

projects, the two shafts were both sprayed withdHaeld nozzle and small piston pumps.

Also in many other applications in SA mining, smaiton pumps are being used, partly in
combination with robotic equipment.

In the described kimberlite case the following retting observation was made: “It was
subsequently found that shotcrete thicknesses natr¢o the required standard and it was
concluded that hand held application should nothaertaken. From testing carried out on
the four shotcretes, a recommended wet shotcrsigrdéor Premier Mine was chosen.”

About the general situation in SA: “Although thesea described represent the state-of-the-art
in shotcreting in South African mines, the sophated techniques used will not be applicable
in all situations. It is likely that the dry mixrgress will continue to be used in many
applications. This technology has also been deeelp and, as a result of significant
improvements made during the programme of resezaoied out by the Shotcrete Working
Group, many of the disadvantages of the method eoedpwith the wet mix method have
been removed (Snashall, 1998). It is expected ithatany of the “conventional” and smaller
mining operations in which small quantities of sinete may be required, dry mix will
continue to be used on a significant scale.”

1.4.14Sweden

“In parallel with the pre-construction trials tow#dop the shotcrete mix for this project,
machines were developed to suit the conditionstexisin this project. Aliva AG,
Switzerland, was contracted to supply concrete @Jmgbotic arms, and the additive pump
for shotcreting. AB Besab, Sweden, completed theieza compressor, and electrical
equipment.

The maximum capacity of the concrete pump was 2penhour. However, this was reduced
to 10-15 n¥h during practical spraying. The total verticabeck of the robot arm was
15 metres, and the unit could move five metresaliie tunnel during spraying before re-
location of the equipment was necessary.”
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1.4.15Switzerland

The 6 different project descriptions submitted hwit&erland are confirming that the main
volume of shotcrete under ground is now executedobytic equipment and by the wet mix
method. Switzerland has also more or less complsteitched to alkali free accelerators and
fibres are used a lot for reinforcement.

As an example, the description covering the new IEpRrticle accelerator project, reads as
follows on shotcrete:

“At the planning stage, the following requiremewsre made on the shotcrete:
* Non-alkaline setting accelerator
» Automatic dosing of the accelerator
e 10 mm maximum aggregate
* Minimum drill core compressive strength:
-lday: 8 MPa

-7 days: 23 MPa
- 28 days: 28 MPa

The mix design contained 40 kg steel fibres penifshotcrete.
The description of the Thalwil TBM tunnel enlargemestates as follows:

“Immediate support comprises rockbolts, wiremestl kayers of wet mix shotcrete applied
using 4 Aliva AL-500 mobile wet mix shotcreting sigin the headings of the single track
spur tunnels, instead of wire mesh, the wet mixt@hte is reinforced with 40 kghrof
Dramix steel fibres.

Liquid alkali-free accelerator is dosed automalycedto the moving stream of shotcrete from
the nozzle by the Aliva AL-404 dosing unit and fréime on-board liquid container.

Tests regularly achieve results of up to 20 to 2mi after 24 hours, with 30 to 35 N/nmim
after 7 days and 40 to 50 N/mafter 28 days. The minimum design specificatioshistcrete
of B30 average quality with a minimum 20 N/rfeth 28 days.”

1.4.16Turkey
Turkey presents the Bolu tunnel project equipmenable 4-2.
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Table 4-2 Wet mix shotcrete plant and equipment

4 No. SCAMAC SC271/160 Chassis & Robot Arm

Max. Pump Capacity 20 m3/hr.
WET SHOTCRETE ROBOTS] SCAMAC Doseage System (for use with Sodium Silicate Accelerators)
2 No.SCAMAC SC271/160 Chassis & Robot arm fitted with MEYCO Suprema CPL Pump

Max. Pump Capacity 3 - 14 m3/hr.

MEYCO TDC Doseage System (for use with MBT SA 160 Accelerators)

CONCRETE BATCHER: 2 x CIFA PD5 Batching Plant
Max. Batching Capacity: 90m3/hr.
TRANSMIXERS: 8 No. ASTRA TRUCKMIXERS
Capacity: 9m3
4 No. ATLAS COPCO GA 1407(Electric)
COMPRESSORS: Normal Working Pressure: 100 psi/7 Bar
Max. Air Delivery: 750 cfm/355 I/s
NOZZLES: MEYCO NW80

Diameter: 3"/80cm

5. METHOD OF REINFORCEMENT

Reinforcement of shotcrete has been a subjectseigdsion for decades. More than 20 years
back it was a question about which kind of steetime use, how to combine with bolts, steel
beams or reinforcement ribs, shadow effects wheayspy the concrete and a number of
other details.

These questions are still there (with no resolutiegarding shadow problems and poor
compaction locally), but now there is much moreumoon fibre reinforcement. This

development started already in the 1970s and faiisto say that practical experience and
conclusive research documenting the properties advbhntages of fibre reinforcement
became available during the 1980s.

Pioneers in the research and development as wéilghsvolume practical use of steel fibre
reinforced shotcrete (SFRS) were Scandinavia, Geynamd Canada. Certainly there were
also countries and people with special intereshfother regions involved in this field and in
the 1990s this technology was extensively acceptetl used. The previous Animateur of
WG12, Tomas Franzen, has described this developmembre detail [3].

There is still discussion about fibre reinforcemehshotcrete for rock support and there are
still defenders of the traditional mesh reinforcaimdhe arguments are sometimes technical
(e.g. what happens at large deformations, how turenreinforcement continuity through
construction joints) and there are various econonews as well. Today, the plastic fibres are
also on the market (primarily polypropylene) ant tis further complicating the picture as
well as adding new possibilities.

One of the possible problems of using fibres fanfeecement has been the question mark on
reinforcement continuity through construction jeinin many tunnelling projects using
shotcrete for primary (and partly final) supportc@vation and support takes place in steps
(e.g. two top headings and a bench) and this questierefore becomes very important. A
substantial contribution to remove the questionkweas presented at the Fourth International
Symposium on Sprayed Concrete in Davos, Switzerl&egtember 2002 by J-F Trottier [4].
The conclusions given are far reaching and dederise copied in full:

Based on the results generated by this testingrarogon large jointed and un-jointed South
African Water Bed panels, the following conclustan be made:
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* The presence of construction joints did not have detrimental effect on the cracking
behaviour of plain, monofilament fibrillating syetic and hooked-end steel fibre
reinforced shotcrete panels. It is anticipated tkatilar trends will be observed in the
field. It is therefore concluded that when steebgnthetic fibres are used in the field, no
particular precaution, other than the proper falaton and preparation of the joint
itself, is required at the construction joint loats.

* The presence of a construction joint on a meshfoeied shotcrete panel, in which the
mesh has been overlapped at the joint locationeappto have a detrimental impact on
the initial cracking load and behaviour at smallfieetions of the panels. It is possible
that the mesh may cause voiding during the shogtingess and create a weakness at the
construction joint location. Based on the resultéained with the plain jointed shotcrete
panels, the authors conclude that the overlappihthe mesh at the construction joint is
not required. The reduced amount of mesh at th& jocation should also reduce the
potential of voiding behind the mesh.

* The performance of both fibre types investigatedhis program offered similar or
superior performance, as measured with the Soutlbakf Water Bed Test method, to the
performance of the 102mm x 102 mm 4.1 mm / 4.auge welded wire mesh.

1.5 Statements from the contributing countries

1.5.1 Australia

Australia has in many ways been in the front of tleev developments the last few years,
especially regarding plastic fibres. From the dbaotion: “A number of developments have
taken place within the shotcrete industry in Augiraetween the late 1990's and 2002. These
changes have occurred both within the mining amd enderground construction industries,
and to a lesser extent in pool construction.

One of the most significant developments to ocawer dhe last 2 years has been the rapid
increase in usage of structural synthetic fibremmared to steel fibres and mesh. Australia
witnessed the widespread adoption of steel fibweghie reinforcement of shotcrete during the
1990’s, especially within the civil constructiordumstry; the rate of acceptance was somewhat
slower in the mining industry. However, the emeigerof high performance structural
synthetic fibres that have proved an effective fafmeinforcement for shotcrete at the high
levels of deflection typical of mine roadway deymleent has promoted acceptance of this
type of fibre within the mining industry. This typéd fibre has only seen sporadic use within
the civil construction industry because crack comtent with this type of fibre is not as good
as for steel fibres at present.”

We may also add what was written under the heddange Civil Tunnel Projects: “Although
experiencing a low level of activity, the Australimnderground construction industry was
very busy in the late 1990’s through to 2001, anlll soon see the start of several major
underground infra-structure projects, particularlySydney. Almost every project recently
designed or commenced has included the use of ERSnaajor or principal form of ground
support. The advantages of using FRS in combinatitimrock bolts in the jointed sandstone
underlying the Sydney basin have become obviowd! tmbservers familiar with the industry
within Australia. As a result of this, the level étpertise among contractors has risen and an
awareness of the benefits and economies availatheRRS has increased markedly among
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consulting designers. The activities of AUCTA ahd Australian Shotcrete Society have also
assisted in educating the industry to these beiefit

Since it is not quite clear from the text of thetlguote, SFRS has actually been used for
permanent support. The Eastern Distributor andMbeEast tunnels in Sydney were all
permanently lined by SFRS.

1.5.2 Brazil

“Fibre reinforced shotcrete has been widely usegntty. This is a new trend, as mesh has
been almost the only reinforcing element until regears.

For the tunnels of a sample of 5 hydroelectric seg under constructions (Itapebi, Campos
Novos, Barra Grande, Sonora and Corumba IV) sibed freinforced wet mix shotcrete is
being used in 4 (tunnel spans ranging from 15 ton},7and mesh is being used in one case
(8-m tunnel span).”

1.5.3 Belgium

Belgium has submitted three different papers [B2,d8d B3] on the subject of steel fibre
reinforced shotcrete (SFRS). As is generally asmkpun-reinforced shotcrete is a brittle
material and there are many rock support situatwmsre this needs to be overcome by the
use of reinforcement. One statement from refer¢Ba¢ illustrates why the use of fibres is
increasing:

"Traditional wire mesh is difficult to fix to theregular substrate of the blasted or excavated
cross section. Also this meshing operation takdst af time. Job data have shown that

installing the mesh lasts 3 times more than shtigreéhe same surface. The continuously
changing position of the reinforcement within th®terete lining does not guarantee at all a
uniform bearing capacity.”

Reference [B1] describes the development of staliwkzd testing of ductility of SFRS in
Europe, expressed as energy absorption duringaesple deformation. The square slab test
originally suggested by SNCF/Alpes Essais (Framae adopted by EFNARC and has also
been included in the new European Standard on 8gr@pncrete. Typically, test results are
classified as follows:

500 Joules failure energy  for sound ground coowlti
700 Joules failure energy  for medium ground cooialit
1000 Joules failure energy for difficult ground caimhs

The third paper submitted by Belgium discussesptioperties of steel fibres in shotcrete in

more detail [B3]. Ductility testing methods likeettASTM C1018 (USA), the JSCE SF4

(Japan) and the French/EFNARC tests are shortlyugs®ed. One conclusion given is that
beam tests are less representative of the real siasgtions than slabs. The paper also
highlights that specifications for SFRS should foom basic quality parameters and required
performance of the shotcrete layer:

* minimum fibre length (3 times maximum coarse aggtegize)

» aspect ratio (range 45 — 80)
* minimum fibre tensile strength (minimum 800 MPa)
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* required ductility (500 — 700 — 1000 Joules, EFNARC
Another important factor discussed is the need doiexe a homogeneous reinforcement

effect by limiting the spacing of fibres. The spari(s) can be calculated according to the
following formula (by MacKee) and example:

)/'<‘ S:sﬂ-’d
N 4

15

1]

Example
s = distance between 2 fibres
d = fibre diameter 0.50 mm
| = fibre length 30 mm
e = fibre dosage 40 kg/im3 = 0.5% = 0.005

Input in the formula: s =10.56 mm

The requirement is that steel fibres are dosedatrthan 20 kg/fand that the distance
between fibres (s) must be smaller than 0.45 tithedibre length. In the above example all
requirements are fulfilled.

1.5.4 Canada

"Over the years, ground control strategies haveeddwom timber sets in the 1950s, to rock
bolts in the 1970s, to an increased use of shetthebugh the 1990s. By the mid-1980s, the
standard support for a new development heading geetpa 1.2 metre x 1.2 metre staggered
pattern of 1.8 metre long, mechanically anchoredhi® diameter rock bolts, together with #6

gauge welded wire mesh with 100 mm x 100 mm openiogmmonly referred to as screen.

As the acceptance of shotcrete improved, some nstesed looking at extending the
applications past a replacement for screen andnate areas. At deep levels within some
Sudbury mines the rock mass stresses are equivi@enoick mass strength. Under these
conditions rock mass failure is occurring on a ourdl basis and readjustments of stresses
lead to localized dynamic failure known as ‘rockrdis’. It has been found that this is an
excellent application for shotcrete, especially whainforced with mesh that has the capacity
for high levels of energy absorption and residoatl bearing even after it has been “hit” by a
rock burst event.”

And regarding INCO and the Sudbury area: “INCOrgates that 65% of the 8,650 cubic

metres of wet mix shotcrete for the Stobie/Froadparea is supplied with steel fibres (50
kg/cu metre of Dramix ZC 30/.50) for the purposédaltless shotcreting. This amounts to
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some 5,622 cubic metres of steel fibre reinforc@tba fume wet mix shotcrete or just less
than 8% of the total usage by INCO.

Results of the trials in boltless shotcrete at INKCStobie Mine are making ripples across the
mining industry. It has been reported that INCOanlloba Division in Thompson is
reviewing the results with a view to initiatingatis at the new 777 Orebody. Other mines in
Eastern Canada have also been keeping a closenetye drials to evaluate the potential for
similar applications in other mines.”

1.5.5 Czech Republic

"A method of reinforcing shotcrete primary lining means of steel mesh and lattice girders
prevails. The use of steel rolled sections decee&otcrete final lining is reinforced by steel
mesh and additional distance or reinforcing steet lor prefabricated reinforcement cages.
Application of steel fibre reinforced shotcrete Imas been utilized for lining structures in the
Czech Republic yet. Steel fibre reinforced concristeused as a reinforcing layer at
refurbishment to existing rail tunnels and on spleaccasions where special requirements on
tightness and prevention of concrete shrinkagenduttie process of hydration exist (e.g. at
sealing plugs of an underground gas storage catistnj.”

1.5.6 Denmark

Denmark’s contribution presents the usage of shtador the Copenhagen Metro. Shotcrete
was used for primary lining and regarding reinfoneat the following was stated:

“Reinforcement Wire mesh and connection steel bars
Steel grade : 460N/mim
Longitudinal and cross pitch : 150mm
Diameter for longitudinal and cross wires : 6 mm
Wire mesh and connection steel bars consistedgbf tensile steel
complying to EVN 10080.
The mesh was applied with a minimum spacing tetteavated
ground of 100mm with a mesh overlap minimum of pitches (or
300mm).”

1.5.7 ltaly
“About 30 % of the shotcrete produced in Italy ibré reinforced (out of 115’000
shotcrete in 2000). The first fibre type to be usexs metallic fibres, because these were

well-tested. Many tests have been carried out enutie of synthetic fibres in shotcrete and
some very interesting results have been obtained.

For a better understanding of how technology hasas) it is worth mentioning that, even
before the improvement of the mechanical charastiesi of shotcrete, the reasons that drew
the designer to introduce and to accept the fibirdarced shotcrete were the following:

* labour saving in comparison to laying the weldedime
* less rebound
* areduction of the thickness of the applied shitcre

The lack of an official methodology for determirettiof the characteristics of fibre reinforced
shotcrete has been the cause of an insufficieneag@pion of the advantages produced by the
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use of fibres. In addition, the price of good qyafibres was too high in comparison with the
price of conventional electrowelded mesh. The cphoéfibre reinforced shotcrete evaluated
according to mechanical shotcrete has been intemtido technical specifications only few
years ago.

According to the newly issued technical specifimasi, the fibre qualification tests foreseen
and the determination of the optimum quantity toused are now carried out following the
plate test described in the Italian standard (Galaezo proiettato UNI 10834 -99).

The required compressive strength value is 25 MP2Badays. The absorbed energy till a
deflection must be > 500 Joules.”

1.5.8 Japan

Japan produces an amazing about 2'100'08@fnshotcrete per year. About 2.4% or 50’000
m? is currently executed as fibre reinforced shogcret

1.5.9 Korea

Korea has rapidly accepted fibre reinforcement hotsrete. This is illustrated by the
following statements: “Since 1995 design of rockEart in road tunnels has changed to wet
shotcreting with steel fibre using robot.”

The reasons were to improve the quality of shatclieings and for cost saving. Decreasing
rebound and improving workmanship were confirme@daditional effects. Even large cross
sections in subway projects have been supported stitel fibre shotcrete since then. The
same applies to high speed and conventional raitwaryels.

Now wet shotcrete with steel fibres are more commtiftan dry shotcrete in Korea and
improving compressive strength of wet shotcretsi¢ghe main subject for Researchers. Steel
sets are also being replaced by lattice girdensnfrove the quality of rock support and to
improve economy.”

Korea is also already trying out synthetic fibneshotcrete.

1.5.10Lesotho

Lesotho submitted a paper about a 5.6 km waterslive tunnel. Steel fibres were used for
reinforcement: “The sidewalls of the tunnel areirey lined with a 75 mm thick steel
fibre reinforced shotcrete to the height of maximealculated water flow levels. The
SFRS for lining was applied in parallel to excawatiactivities so as to recover some of
the time lost due to slower than expected excamatades. The Contractor applied SFRS
lining on the sidewalls during a window when thecaation team was drilling the face,
a period of 2 hours when there was not much tra#iguired in the tunnel. During this
period approximately 10 linear tunnel metres wasdi”

1.5.11Mexico

Mexico is stating the following regarding reinfongent: ‘One of the biggest problems is
the use of steel fibres in dry mix shotcrete. Hardlexico this is a common practice. The
problems are the low dosage of fibres pér less than 5 cm thickness of the shotcrete layer
with fibres and the very high rebound of fibresisTleads to layers of shotcrete with lower
fibre content than required. The shotcrete techgylwas arrived to Mexico with the use of
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new admixtures, silica fume and alkali free acatas. Synthetic fibres and steel fibres have
been use for a few years and is now more oftenfsgbt

1.5.12Norway

Norway has been using steel fibre reinforcemenghiatcrete since the early 1980s. Where
heavier reinforcement was necessary, shotcretewiths4 to 6 rebars of typically 12 mm
diameter would be installed. The rebars would Istaifed in two layers. All kinds of steel
mesh are practically excluded from shotcrete farkrgupport. The following statement
illustrates the extensive use of this reinforcemagoproach (and in this case for permanent
linings): “In the context of road and rail tunnetise Norwegian Method of Tunnelling, NMT
is a collection of practices that produce dry, med, permanently supported and "lined
" (fully cladded) tunnels for approximately USD @®to USD 8,000 per meter (1996). These
low-cost, high-tech Norwegian tunnels may rangerivss-section from about 450 110

m? for two-lane roads and three-lane motorways. They€em is the most commonly used
design method. The updated Q-system of rock massitication (revised 1994 and 2001)
and use of seismic investigations, is used in NMdnsisting of high quality robotically
applied steel fibre reinforced shotcrete and casrogprotected rock bolts. Cast concrete
linings are not used unless rock conditions aresgttanally poor and concrete is needed
locally for stability against squeezing or swellirggk. (Gol, 1996).”

1.5.13Russia
Russia is mentioning the use of lattice girders stedl mesh for reinforcement in shotcrete.

1.5.14South Africa

South Africa has submitted an extensive and exwtelleport on shotcrete in deep level
mining. With the high loads and rock burst situasicencountered in these mines it is no
surprise that fibre reinforcement has been sernjousiestigate in research and also used in
practical cases under ground. Research on fibrdoreed shotcrete has been executed both
for static loading and for the rock burst situafistarting in 1994 and ongoing for more than 5
years. Excerpts from the received submittal illtgtrthe very advanced level of fibre
knowledge in SA:

“Under the auspices of the “Shotcrete Working Groeptensive testing of shotcrete beams,
Efnarc panels and large panels reinforced withouaritypes of reinforcing fibres was carried
out. The ductility criterion established earlytime research programme related directly to the
large panel test method. The criterion was thateu the uniformly distributed loading
applied to the 1fmcentral area of the 1.6m x 1.6m panel supportedobigbolts on a 1m
spacing, the load capacity of the panel up to &rakdeflection of 150mm should not be less
than 50% of the peak load capacity of the panel.

In the early testing carried out, panels reinforoedh various types of steel and
polypropylene fibres tested. These tests showatl Dinamix steel fibres performed better
than other steel fibres as far as ductility was ceoned. Similarly, monofilament
polypropylene fibres performed better than fibtaéld fibres. The test method and results of
these tests have been included in several puldita{ffor example, Kirsten et al, 1997), and
the summary results are given in Figure 5-1.
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Figure 5-1 Summary panel deformation test results

Recent testing concentrated on the two fibre typkgh demonstrated the more successful
performance. Monofilament fibres with a star sliapeoss section, developed to provide

greater fibre surface/matrix contact area, were @sted as a variation. The results of these
tests showed that Dramix fibres performed bestodicdd by the star shaped polypropylene

fibres. Comparative results are shown in Figu 3n this figure, the pressure is normalized

- the applied test pressure divided by the squdrthe average depth of the panel and

multiplied by the square of a normalized depthhad panel (taken as 75mm in this case).
These results also show clearly that the panedénrsubstantial load carrying capacity after

150mm of deflection, demonstrating the ductilitytloé fibre reinforced shotcrete.
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Figure 5-2 Comparative performance of different fibres

The results in Figure 5-2 are for the followingrélrzontents in the mix before spraying:
* Polypropylene: 0.5% by dry mass (12 kg/dr§);m
e Dramix: 2.0% by dry mass (48 kg/dry’m

The actual polypropylene fibre contents in thesailte for the sprayed panels varied from
0.25% to 0.4%. The actual fibre content was ddtegthfor only one of the three results in
Figure 5-2, and this was 1.21%.

Two panels were also sprayed with a mix contairit®9%6 of polypropylene fibres and an
actual content of 0.12% was measured for one paretse panels (not included on Figure 5-
2) gave a lower initial capacity, and neither pasweVvived to a central deflection of 150mm.
These results, and the results presented in Figt2eindicate, logically, that there is a
significant increase in support capacity with irase in fibre content.

Early tests showed that the longer the fibre thtebéhe performance from a ductility point of
view (Stacey et al, 1998). This is directly relevéo the basket mechanism of behaviour,
since longer fibres can pull out of the matrix tgraater extent across a crack, whilst still
bridging the crack. As long as they are bridgingack, they are providing support. Results
for Dramix reinforced shotcrete panels are showifrigure 5-3. The results in this graph
illustrate the effects of both fibre length andélzontent.

In the more recent testing, fibre length has nenbearied, and 40 mm long fibres were used
in all of the tests whose results are shown in féidi42.
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Figure 5-3 Panel deformation tests illustrating effectdilofe length and fibre content

Research into the performance of large shotcratelpainder simulated rockburst conditions
has been carried out over a period of about 5 yeHnese tests have been carried out on plain
shotcrete, mesh reinforced shotcrete, fibre reggfdrshotcrete, and fibre reinforced shotcrete
enhanced with wire rope lacing. The same size@lpasf shotcrete as described above for
the static testing were used for the dynamic te3tse panels were suspended by means of
four rockbolts spaced 1m apart, and an artifimakrmass and pyramid of steel clad concrete
blocks distributed the impact load onto the pan®ldrop weight provided the energy input,
and impact velocities of up to about 8 m/s weraea@ble. The maximum energy input was
70 kJ/nmt. This testing method has been described by Qrteep Stacey (1996). In this
method, determination of the total input energgimple, but it was not possible to determine
the energy actually imposed on the panels themselWde aim of the testing was to allow
comparative results to be obtained for differemfesie support systems.

The results of the tests have been described bggprand Stacey (1999) and are summarized
in Figure 5-4 in terms of centre deflection of thst panel against the total energy input. The
results of tests on other surface support linees @so shown for comparison. The
unreinforced shotcrete has the poorest performascenight be expected. Dramix fibre
(30mm long) shotcrete was stiffer than monofilam@iypropylene shotcrete, and performed
slightly better in terms of energy absorption.islpprobable that, with longer Dramix fibres,
the performance would have been even better. En®rmance of these fibre reinforced
shotcretes was approximately equivalent to thaiahond (chain link) mesh and to shotcrete
reinforced with weld mesh.
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Figure 5-4 Behaviour of shotcrete under dynamic loadingdtibons

A concern from observations of the testing was, thfier the first impact on the panel, in
which the impact energy was absorbed and the gaaeked, a second impact destroyed the
panel. The implication is that the effectivenes$dilore reinforced shotcrete as a surface
support on its own in dynamic conditions is quesdlnle, in particular if it is subjected to
repeated dynamic loading, or to dynamic loadingerait has been cracked by static
deformation.

The addition of wire rope lacing more than douliles capacity of the panel. The result
plotted in Figure 5-4 does not represent complatieire of this support, and the capacity
indicated is therefore conservatively low.

More recent testing has been carried out to deteritiie effects of different rockbolt spacing,
and different shotcrete panel thicknesses, ondpadities of the panels. The results showed
that the performance was very sensitive to bottofacand that, for rockburst conditions, a
rockbolt spacing of greater than 1.2m, and a shtedhickness of less than a nominal 75mm,
would not be acceptable.”

The submittal also contains detailed descriptiohgeoy successful applications of wet mix
SFRS in two deep shafts and in a very demandingédihite environment.

1.5.15Sweden

Sweden has submitted an account of the Southet Road tunnel project and SFRS was
used as stated: “Steel Fibre Reinforced Shotc&fFRES) and bolts were used as primary rock
support. The rock support mainly consisted of ursigned rock-bolts and shotcrete. The
crown of all tunnels was supported with fibre-reimtled shotcrete, while most of the tunnel
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walls were sprayed with plain shotcrete. The fiteimforced shotcrete was covered with a 20
mm thick unreinforced shotcrete-layer. In frozeraa, temporary support was provided by
shotcreting, and the final support consists ofeagast lining with a thickness of 0.8 m.

1.5.16Switzerland

The different papers submitted by Switzerland nyosttlude the use of steel fibres in wet
mix shotcrete for reinforcement. The one from tleegBBock tunnel is describing this choice
as follows:

“Advantages relating to working safety were theed®mining factor for applying steel fibre
shotcrete. The construction site was particulatyvinced by the fact that it was not
necessary to attach the mesh reinforcement ovet-imea still unsecured working area. A
further governing aspect was that there was no faadtilling operations, which would have
possibly resulted in additional disaggregations.

A reduction in working stages furthermore promidiest time and cost could be saved.
Instead of:

e Dirilling

* Installing the mesh

» Attaching the mesh

» Placing the shotcrete

Only a single stage was required:

» Installing the steel fibre shotcrete

In this way it was possible to reduce the time eeetbr installing the support by around
30%.”

1.5.17Turkey

Turkey has submitted a paper presenting the vanadding Bolu highway tunnel excavation
comprising twin tunnels of 18 m excavated diameRagarding the primary shotcrete lining
and its reinforcement, the following has been stdf€he original lining design was based on
the New Austrian Tunnelling Method (NATM), with &atcrete primary lining augmented
with rock bolts and light steel ribs. The shotcretaeinforced with wire mesh (8mm dia,
150mm x 150mm square mesh), or with steel fibrpi¢glly 50kg/ni utilizing 30 mm long
Fibrocev Fibra Due). Ductility of steel fibre ream€ed shotcrete is being assessed from plate
tests. Beam tests are considered unrepresentdtithee @D fibre distribution in the tunnel
lining.”

6. SHOTCRETE FOR PERMANENT LININGS

Permanent lining of tunnels and other undergrourcheations was for many years not an
alternative at all in many countries. Shotcrete wsed for primary and temporary support, a
sort of first aid only, and then some sort of itusioncrete lining would follow.

April 2007 61



ITA REPORT - WG12 : SHOTCRETE FOR ROCK SUPPORT

As the cost of shotcrete in place has dropped thesyears and the concrete quality and its
uniformity has improved, there has been a clearease in the use of shotcrete permanent
linings. Already in 1985 John Sharp wrote the failog in the conference summary note for
Shotcrete for Underground Support V — Uppsala, ®wefll]: “The increasing use of
shotcrete as a final lining for machine cavernangportation tunnels and the lining of
waterways, has been emphasized.”

There is still quite a spread in the view abouttstete for final linings and therefore also in
its use. The development has still continued andcdelerated during the last 10 years.
Working Group 12 of ITA (Shotcrete Use) has conupike reference list of projects where
permanent lining shotcrete has been used. This liat from complete, but it is still covering

610 km of tunnels at this stage (compiled by WGAR@ahese members).

1.6 Statements from the contributing countries

1.6.1 Belgium

Belgium has not given any specific examples of @aremt tunnel linings, but the following
general statement connected to the use of steekfib relevant: “Steel fibres are being used
both in the first and the final shotcrete layer,itbfer different purposes. Ductility is required
in the first stabilizing layer, while in the finddyer crack control improves the durability of
the lining.

The single shell method offers the advantage afighable to apply the final layer shortly
after the first layer. This allows to shorten dicaty the total construction time. In the double
shell method very often the final cast lining oobn be applied after the breakthrough as the
mold obstructs the normal traffic in the tunnel.”

1.6.2 Braazil

“Shotcrete permanent tunnel linings have alread3nkedopted in Brazil since decades ago.
Such decisions depend on both the characterisfionaterials available, and on design
assumptions.

It is interesting to note, however, that such dens have depended very much on different
attitudes adopted by different agencies responddsléunnel construction, and engineering
companies responsible for design. For examplehennid 70°s the important decision was
taken for substituting the permanent lining of #&m span Paulo Afonso IV Underground
Powerplant for shotcrete, at the same time théwagi tunnels were being constructed with
40-cm cast in place concrete lining, some of whiith geology similar that of the
powerplant. For the powerplant, the original desighed for a 1.50 m heavily reinforced cast
concrete. Substantial economy was achieved whemmilShotcrete was adopted instead.

In the early 80’s the first NATM tunnels were cansted for the Sdo Paulo Subway, with
shotcrete as permanent lining. Specifications wetitten at the time with tight criteria for

porosity, permeability and electrical resistivityith the purpose to reach durability. Recent
inspections of those tunnels have shown that thesdte is in good shape. Leakage is within
standards (Celestino et al, 2001). Ground wateel lesas up to 20 m above tunnel crown.
During the 90’s, other subway tunnels were congtdialso adopting shotcrete for final

lining. Some of those tunnels were excavated iwipes ground masses with severe water
pressure. No water proofing measures were takeer atfan tight shotcrete specifications.
Water leakage in some of these tunnels is abovepéadale limits. This fact led the Sdo Paulo
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Subway Company to a decision contrary to the usshofcrete as permanent lining. All the
tunnels of the forthcoming Line 4 are designed &wehcast concrete for final lining and
sealing membrane.

On the other hand, the recently completed Westaseof the S&o Paulo ring road includes 3
twin tunnels with large cross-sections (200 m2ftmrr lanes in each direction). Permanent
shotcrete linings were adopted. This decision wasen during construction due to
predictable problems of meeting the schedule, iseceast concrete had been adopted.
Localized grouting of the rock mass has been adopte well as spot drainage between the
two linings. Leakage is negligible, if any.”

1.6.3 Czech Republic

“Shotcrete as a final structural layer sprayed omary lining or intermediate insulation has
been applied namely at construction of urban wtiiithnels till now. For road and metro
tunnels, it was used as an optional technique orteshsections.”

1.6.4 Lesotho

“Shotcrete was used extensively for support, prtitacof degradable basalt rock and as
the permanent lining in this 5.6 km long raw wateansfer tunnel. Shotcrete once
again proved to be a flexible solution that coull used to provide immediate support
to the tunnel, prevent ongoing deterioration of rddgble basalt, arrest minor stress
related spalling of brittle NAB and provide a hydliaally smoother surface to tunnel

sidewalls. In addition, when the Contractor’s rafetunnel excavation became a concern
with a real possibility of time overrun, it was pdde to start the SFRS lining operation
in parallel with the tunnel excavation. Practicainstraints determined that the lining
had to be placed during a 2 hour window whilst faee was being drilled. This action

helped to mitigate delays.”

1.6.5 Norway

The Norwegian Public Roads Administration (NPRAitiated in 1995, due to the dramatic
increase and the systematic use of sprayed cona®tépermanent) rock support, a
comprehensive project to broaden our knowledge wabhility aspects. The project “Proper
use of sprayed concrete in tunnels” was managékhbyPublic Roads Administration and the
work is performed in co-operation with The Publi@ilbads. The investigations in
Norwegian road tunnels clearly conclude that thedden of sprayed concrete is generally
good. At some spots with thin layers (less than deterioration and delamination has
nevertheless taken place.”

1.6.6 Russia

Russia is highlighting the interest in questionsatezl to durability and reliability of
permanent shotcrete structures. It is also repoebdut shotcrete for temporary and
permanent support between the Kievskaya and Paskdyostations in the Moscow Metro.
Totally 1300 m running tunnel and access tunnel tnested this way. In Dagestan a 63 m
road tunnel has been permanently lined by 15 cmhmeisiforced shotcrete and rockbolts
over a length of 2000 m.
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7. HEALTHAND SAFETY

1.7 Statements from the contributing countries

1.7.1 Canada

Canada is using a large volume of shotcrete inutheerground mines, with the primary
purpose of improving safety for the miners. Thisagaaph from the submittal gives the
background: “Although ground control strategies areluded within the mandate of the
Mines Act, many of the day-to-day activities of ividual mines already exceed minimum
legislated requirements. For example, it is notnpied to allow workers to enter an
“unsupported” heading in an underground mine. Téfendion of “unsupported” is somewhat
vague and allows for a high degree of variatiortha conditioning of the opening. If a
particular mining company wishes to reduce the arhoof installed ground support
(rockbolts and welded wire mesh, for instance) theletailed review could be carried out and
signed off by a professional engineer to attedttti@aconditions did not warrant the normally
installed support. When a rockfall event takes @laand especially if the event leads to
injury, an enquiry takes place from which recommnagimhs are commonly made to ensure
that a similar event is prevented in the futuras lthis process that has led to the installation
of a “standard” support in the mines of the SudBagin in Ontario.”

1.7.2 Italy

Italy has also presented a very clear account ef dituation in this important field:
“Subsurface work in ltaly is regulated by preciged astrict norms which are constantly
updated and which are today in compliance withaseEEC Directives.

Before starting any excavation work, a building amy must prepare and submit to the
Client the following documents:

* A safety handbook
» Safety plans for each type of processing.

Besides, an employer must take the necessary nesafsurworker's safety and the protection
of their health, including the prevention of occtipaal hazards, as well as information and
training activities. He must put into action mea&suto be foreseen on the basis of the
following main principles and facts:

» struggling against hazards at source;

» adapting work to man as regards the conceptionask ylaces and the choice of work
and production equipment, taking into account tloggess of technology;

» planning prevention;

* giving adequate instructions to workers;

» considering the specificity of the process, in¢hse of shotcrete;

» fall of rock pieces moved by shotcrete

* being hit by the rebound of the nozzle which canvbengly diverted;

* reduction of the noise produced by the machinedytha nozzle;
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These assumptions have brought to the manufactarnidghe spreading, in Italy, of modern
machinery complying the said principles.

As regards environmental protection, this is heldjieat consideration, and for some, in all
technical specifications, insistence has been glacethe fact that the choice of the products
to compound mixtures must comply with the limitattlare now prescribed by the European
norms.

Manufactures of additives and cements have thexefmdified the composition of materials,
in order that they are not harmful to worker's treahd to the environment.”

1.7.3 Japan

Japan Ministry of Health Labour and Welfare essdi#id new regulations for acceptable dust
limits during shotcrete application in 2000. Thierion is maximum 3.0 mg/frair measured
50 m behind the tunnel face (except for small ceegion tunnels). Persons working in the
tunnel must wear a dust-tight mask and the subthdteument shows such a mask equipped
with a filter, battery pack and an electric fan $oipply of clean air.

8. OTHER ITEMS

1.8 Shotcrete Terminology

Canada has suggested that WG12 should try to peomatore uniform use of two specific
terms:

“Over the last few years considerable effort hasnbmade to ensure that terminology in
various fields of engineering is clear, precised amnambiguous. Within shotcrete
technology, however, there is one term that is usglder indiscriminately and that is the
expression shotcrete “application”. In order teolge some of the communications
difficulties that arise from the use of this woletfollowing proposal is made. Two distinct
and separate terms should be used in shotcretedledy to refer to two discrete components
of this wonderful material.

Shotcrete ‘placement’ should refer to the act @cplg shotcrete. This includes various
components of mixing, pumping and spraying both-waet dry mix products. It is suggested
that the term ‘applying’ shotcrete should be drapm®mpletely in favour of the term
‘placing’. For example:

“Typical placement strategies for the XYZ Tunnetdsteel fibre reinforced, silica fume wet
mix shotcrete with a maximum 9 mm diameter aggefdfhe shotcrete was placed at an
average rate of 12 cubic metres per hour.” “Th&amas able to place shotcrete at a uniform
thickness of 75 mm using the laser profiling systemthe robotic nozzle.”

Shotcrete ‘application’ should refer to the engnregguse to which shotcrete is put, the role it
is intended to play, or the conditions in whicksiised. Examples of this include:

“Improvement in ground control stability is onetb& main applications of shotcrete.” “It has

been found that highly stressed ground is an agpdic in which shotcrete provides
significant benefit.”
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1.9 Selected recommendations from Czech Republic
Regarding temperature conditions, the followinguggested:

» Sprayed concrete can be applied up to the ambampdrature of —5°C, under the
condition that concrete mix is used with a tempestbove 10°C, measured just before
spraying. At the same time, accelerated procesgheoetting build-up according to the
range dhas to be ensured for a period of 3 hours afeeisgitaying at least (even for thin
layers of sprayed concrete).

* Temperature ranging from 15 to 25°C can be consttl@s an optimal temperature of
concrete mix in the hopper of a concrete sprayer gitotcrete pump. Should the concrete
temperature be lower and also the background tehyer and ambient temperature
lower, it is necessary to count with an increasesirdy of accelerator additive and higher
volume of rebound.

1.10Activity of the Italian Tunnelling Society Working Group
Shotcrete
The Italian contribution outlines the last 15 yeasdollows:

“The SIG (Italian Tunnelling Society) constitutdaetWG "Use of shotcrete” in 1988, after
the ITA meeting in Toronto. On that occasion, thesaof its activity were defined, following
the programme of the parallel ITA WG.

Our activity has always been directed towards prealing of research of Italian and foreign
products, also through articles published in tHé Blagazine "Gallerie"

At present, the WG programme includes a collabomatiith UNI (the Italian organization for
standardization ) which is revising the Europeamdard on shotcrete.

In November 1994, the working group, in the contaixts information work and to conclude
a cycle of activity, organized a meeting on Shaecr@Jtilization technologies and new
products) in Milan.

We can say with pride that this meeting, which wWaesfirst of its kind in Italy, marked the
beginning of a new interest in shotcrete, which whewn by building firms as well by
designers and owners in relation to subsurface svork

In these fifteen years of activity, Italian buildicompanies, additives and cement producers,
as well as equipment manufactures have continuechpoove their products, also availing
themselves of the experiences of their foreigneagiles, and the result of their work can be
seen in the number of tunnels and subsurface wehksh we have been able to carry out in
Italy and all over the world.”

1.11Dynamic effects on shotcrete linings

Sweden reported very interesting research resoitiatahis frequently discussed subject. The
whole section from the contribution reads as folow

“As mentioned above shotcrete is used also in anesn Even if design requirements may be

somewhat different in a mine, where some of thenmgs are more or less temporary, the
general concerns are basically the same. Thus s@stigations and tests have been done in
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the LKAB mine in Kiruna and at the Technical Unisi¢y of Lulea, in northern Sweden. Plate
tests have been performed by Malmgren, 2001, e.study fibres in comparison with mesh
reinforcement. He also looked upon the dynamiccegfdrom blasting. This is important
because the mining method, which is used in Kiruna. sublevel caving - involves huge
blasting rounds with heavy dynamic effects.

Particle velocities of up to 1100 mm/s were measatet.5 m distance from the blast holes in
the production blasting. Calculations showed tHainp unreinforced shotcrete would be too
brittle to support loose blocks, whereas fibre fiiced layers would have the strengthening
capacity.

The dynamic effects were also tested in a fieldeerpent, set up in a drift in the mine, to see
what vibration levels that young shotcrete coulthstand, Ansell 2000, Ansell & Holmgren
2001. This test was part of SveBeFo’s researchranogne and was related to the restrictions
referred to earlier in this paper, and thus a bamkgd to the tests later carried out in the
Southern Link tunnels. Shotcreting was done akrhfit times so that the blasting affected
the young shotcrete at different ages, 1 to 25 108l tests resulted in ejection of large
volumes of rock, creating 600 - 1000 mm deep csaterthe rock wall, c.f. figure 8-1.
Acceleration measurements showed that the shotanetgeneral withstood high particle
velocities without being seriously damaged. Howgvérumminess over certain areas
indicated that adhesion failure could occur at atiion levels above 500 mm/s. Numerical
simulations of the behaviour showed that thin lgsimight be less sensitive to vibrations than
thicker layers. It could also be concluded thatd¢heng of shotcrete goes through different
stages, where it is most vulnerable to vibratioesvieen 2 to 12 hours of age, whereas it is
less sensitive when very young or fully mature.eAf24 hours of curing, the shotcrete was
resistant to vibrations up to 500 mm/s. Theselteshould be compared with the findings in
the tests done in the Southern Link, where vibretiovere less than 80 mm/s, as close as 5 m
from full blasting rounds at the tunnel face.
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Figure 8-1 Dynamic effects on young shotcrete from testléi"runa, Anders Ansell.
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9. ACI-506.XR  GUIDELINES FOR UNDERGROUND SHOTCRETE

WG12 has received a Preliminary Draft of this doeamas an input to the Report. This
version already consists of more than 100 pagegeokral and specific guidelines for
shotcrete for underground support.

The document is covering e.g. wet mix and dry ralksorts of accelerators and admixtures,
plain shotcrete and fibre reinforced, along withsm@nd other reinforcing elements. Under
requirements and testing of fibore concrete ASTM8EFNARC and Round Determinate
Panels are covered, with the choice left to theifpes. This is the nature of such guidelines,
that all alternatives are described, but thererareecommendation about the choices that
must be made.

It is beyond the scope of this Report to go throtigdse Guidelines in any detail and it is
recommended to rather read the document in its e form. Bits and pieces will not show
the real value of the Guidelines and many cha@e¥sso closely linked that they should not
be separated. However, to give an indication ofstape of the Guidelines, the 24 Chapters
are headed as follows:

OVERVIEW

SCOPE

DEFINITIONS

SUBMITTALS

MATERIALS

ANCHORAGE AND REINFORCING

MATERIALS HANDLING AND STORAGE

SHOTCRETE PROPORTIONING

PERFORMANCE REQUIREMENTS

10. QUALITY ASSURANCE AND QUALITY CONTROL

11. PRE-CONSTRUCTION TRIALS AND TESTING

12. CONSTRUCTION ACCEPTANCE INSPECTION

13. BATCHING, MIXING, AND SUPPLY

14. PLACING EQUIPMENT

15. AUXILLIARY EQUIPMENT

16. SAFETY

17. PREPARATION FOR SHOTCRETING AND GROUND WATER COROL

18. REINFORCEMENT INSTALLATION

19. SHOTCRETE APPLICATION

20. CURING AND PROTECTION

21. SHOTCRETE ACCEPTANCE/REJECTION

22. SHOTCRETE FOR THE REPAIR AND REHABILITATION OFNDERGROUND
STRUCTURES

23. MEASUREMENT AND PAYMENT

24. REFERENCES

©CoNoO~WNE
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