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Thin stream conveying can also be
used with a premixed wet concrete
mix, but no water is added at the
nozzle.

Whatever it is called, sprayed
concrete s still popular in tunnelling,
It remains a relatively cost-effective
method of providing support. Some
civils have demonstrated that in cer-
tain circumstances sprayed concrete
can provide permanent rather than
temporary linings.

JLE 104

Some of the most recent innovative
uses of sprayed concrete have been
carried out by CTW, which is cur-
rently working on Contract 104 of
the Jubilee Line Extension (JLE |04)
in central London. Contract |04
forms a very short part of the JLE
from Green Park to Stratford but
what it lacks in length is, according to
the contracrors, "made up for by its
complexity”.

The new Jubilee Line station con-
nects with the existing Northern
Line Underground station and the
existing Railtrack main line and sub-
urban line station. The MNorthern
Line station has been extended with
a new platform and associated run-
ning tunnels, and there are cross pas-
sages and connecting twnnels to the
ubilee Line.

There are five new escalator
shafts, two ventilation shafts, two pas-
senger escape shafts, a new ticket hall

ground ticket hall and a miscellany of
alterations to existing infrastructure.

The majority of the running tun-
nels, station tunnels and ventilation
twnnels were constructed with a
shoterete primary lining to provide
the initial ground support. The venti-
lation tunnels and the running tunnel
step plate junction used steel fibre
reinforced sprayed concrete for the
permanent lining.

When sprayed, the concrete
must, of course, stick to the excavat-
ed surface, and not fall ento the floor
of the tunnel. Once the concrete has
'stuck’ it needs to gain strength rapid-
ly if it is vo provide the initial ground
support it is supposed to do.
Something needs to be done to the
concrete mix to achieve these
requirements.

“That something has traditionally
been an alkali based accelerator”,
said Mr. Sharrocks. "lt reacts rapid-
ly with the cement in the mix to pro-
vide a virtually instant initial set. This
instant reaction does adversely
affect the long term strength and
durability of the shotcrete. It has led
to shotcrete being regarded as a
temporary material with a design life
of 2-3 yrs until some form of perma-
nent lining is installed.” According to
Mr. Sharrocks JLE 104 has demon-
strated that alkali free accelerators
can be used to enable sprayed con-
crete to be considered a permanent
material.

Products, an international manufac-
turer and supplier of concrete
admixtures and cement additives has
a similar view. "All accelerators
reduce the strength of shotcrete
compared to a non-accelerated con-
trol. In my experience the new gen-
eration of alkali free accelerators
have less dramatic strength loss com-
pared to the aluminate type."

More significant is that alkali free
accelerators have been widely used
on such a prestigious project,
Publicity might encourage their wider
specification. Health and safety man-
agers would probably prefer their use
with NATM workers complaining of
chemical burns; attributed to the use
of aluminate accelerators.

Some civils are reluctant to use
accelerators at all and most agree
that the quality control of sprayed
concrete has long been a cause for
concern. According to Mr. Sharrocks
and Ed Pilkingten, a Materials
Specialist who has been working for
CTW on JLE 104, control at the point
of application has advanced consider-
ably over the last 5 yrs. Changes to
the mix design, changes to the accel-
erators, the use of integrated acceler-
ator dosing and concrete pumping
plant, as well as the use of robojets
have all helped wo improve quality
contrel.  The training and manage-
ment systems are also much better;
spraying cancrete is now a recognised
MNVQ (UK specialist skill certification)

beneath Borough High Street, an Richard Young, a Regional 3ales activity.
extension to the existing under- Manager for Grace Construction The increased mechanisation,
Table |. Summary of concrete mix design results
Supplier Hix Free Target Cement OPC Cament Maximum Coarse Fine
description wic Slump type replacement | aggregate | aggregate | aggregate
P ratio (mm) size (mm) (kgim') {kg/m')
E
R WT moneer | Underground works | 037 150 OPC/PFA | 246 164 20 1012 77
: E Willment struciural conerets
N OK | Tarmac Surface works EL] 115 OPC | GGBRS 200 200 mn 10%0 115
E 5| Topmx structural concrete
N Ceoain | Permanent sprayed 04 nia RHPC | PFA I MS | 320 BO kg PFA 1] 875 950
T Taylor concrete wet 0 kg
Woodrow method mecrosilca
Supplier Mix description Free wic | Target Cement oFC Cement Maximum Coarie Fine
T ratio Slump ype replacement | aggregate aggregate aggregate
E {mm) size (mm) {kg/m’) (kg/m'}
MW
O Comin| | Tempararysprayed | 048 iR RHPC 20 10 840 950
Taylor cancrete dry
: '; \Woodrow method
R Coseain | Temporary sprayed 042 nla RHPC | PFA 150 &0 10 Ba0 950
Y Taylor CONCrans Wit
Woodrow mathod
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enhanced control and greater skills of
the operatives have led to an
improvement in the quality of sprayed
concrete and a far higher standard of
finish. The use of robojets and asso-
ciated shotcrete pumps has eliminat-
ed some of the access problems
inherent in the construction of large
diameter tunnels. Machines have also
increased the application rate. This is
a great benefic when large working
areas are available for the construc-
tion of sprayed concrete permanent

linings.
Recalling HEX

Quality control was also high on the
agenda for the Heathrow Express
(HEX) project where sprayed con-
crete linings have been widely used.
According to Tony Deane, Mott
MacDonald's Tunnelling Director, "the
combination of modern accelerators
and better quality control allowed
‘permanent’ shortcrete to be used at
Heathrow."

Robojets were employed to meet
the high level of quality control for
the sprayed concrete required by the
client, BAA plc, and contractor
Balfour Beatty. However, perhaps the
most significant achievement is that
the HEX team has satisfied itself that
fears about the long-term strength of
sprayed concrete are unjustified,

Both aluminate and alkali free
accelerators have been blamed for
causing long term reductions in dura-
bility and strength of sprayed con-
crete, One way to allay such fears is

to simulate ageing using accelerated
rests. "A few such tests exist”,
explained Mr. Deane, "but they are
not easy. It is a complicated long-
term chemical reaction and there are
disputes about how accelerated tests
should be done.”

In fact, the Heathrow Express tun-
nels are among the few projects
which have used data from the latest
ageing tests. Although these tests are
limited in number, their results pro-
vided sufficient evidence to convince
the HEX team that sprayed concrete
could be used to provide permanent
linings on the HEX tunnels for the
120 yr design life required. The use of
sprayed concrete on this project sug-
gests that linings made from the
marterial should no longer be consid-
ered sacrificial.

In addition to the improved chem-
istry, the designers had to consider
the specification of the structural
reinforcement required. Rebar and
steel mesh were ruled out because
most tunnels contain some water
which combines with air o corrode
the untreated steel. "Rather than put
steel in the mix in the form of rebar,
we used zinc plated carbon steel
drawn fibres", explained Mr. Deane,
"Each fibre was 0.5 mm in dia. and 30
mm long. We believe these fibres will
give the 120 yr design life specified by
the client. As they are very small, they
do not affect the constituency of the
shotcrete when it is sprayed” Mr
Deane added that the alkali free
accelerator which was used is not

“sprayed concrete has
been used to eliminate
the need for awkward and
expensive shuttering.”

expected to adversely affect the
fibres. Due to the small diameter of
the fibres, any corrosion which does
take place will not give rise to the
development of stresses which could
cause cracking in the shotcrete,

The steel fibre reinforced sprayed
concrete was the final finish. It was
used in non-passenger areas, such as
the twrnouts {one twnnel widening to
approximately two train widths, split-
ting into two tunnels so allowing
trains o branch off in two direc-
tions). The very few fibres projecting
from the surface were covered by a
thin screed where maintenance
access was required. For most of the
surfaces, particularly in the roofs,
nothing further was applied.

Shuttering

Sprayed concrete application has
developed in parallel at Heathrow
and on the |ubilee line and there are
many commen features, On both
projects sprayed concrete has been
used to eliminate the need for awk-
ward and expensive shuttering.

On JLE 104 a lot of the twnnel lin-
ing has been carried out using con-
ventional in-situ reinforced concrete,
but there has been some creative
thinking to minimise the cost of shut-
tering. The main Jubilee Line tunnels
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Additives Murmber 218-day mean 28-day standard Sé-day mean Sé-day standard Quantity
of test compressive deviation of compressive deviation of used
results strength compressive strength compressive (m")
result (Mpa) strength (Mpa) result (Mpa) strength (Mpa)
4.1 | Conplast 5P 337 1235 513 52 584 581 28 000
5.6 | Conplast 5P 337 550 552 7.0 26 000
20 kg Emsac 500 5 microsilica 7 51 gl 3500
4.1 | Delvocrete smbiliser (retarder)
8.2 1 Rheobild 2000 PF superplasticier
4 %/ wx Cement Meyco 5A 145 accelerator
Additives Mumber 28-day mean 18-day standard Sé-day mean Sé-day standard Quantity
of test eompressive deviation of compressive deviation of used
results strength compressive strength compressive (m?)
result (Mpa) strength (Mpa) resule (Mpa) strength (Mpa)
7.5% { wx Cement 15 19.0 7.0 ] 59 10000
Delvocrete 55| activator
4.1 | Delvocrete stabiliser (rewrder) 135 21 44 n 59 20 000
8.2 | Rheobild 2000 PF superplasticiser
& % [ wr Cemant Delvocrewe 551 activator
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INVESTING IN NEW ACCELERATORS

Advances in ining materfals and techniques have been demonstrated
on JLE | 04 at London Bridge: Dave Sharrocks charts the change from
dry 10 wet methods and ‘explans why a new accelerator was used,

ontract 104 started to use sprayed concrete as a means

of providing temporary support in tunnels in January
1994, Initially a dry process method of application was cho-
sen. This was familiar technology as it had been used exten-
sively in the Channel Tunnel and A27 tunnel on the Brighton
and Hove b)rpm,

Approximately 10 000 m’ of dry sprayed concrete was
used for temporary tunnel linings on JLE 104 in tunnel diam-
eters ranging from 2 - |[3 m. In July 1995 a wet spray
process was adopted as a means of applying temporary lin-
ings and 20 000 m' was appli

In August 1996, CTW started to use concrete as a sec-
“ondary (permanent) lining material applied inside a temporary
“sprayed lining. Significant changes were made to the sprayed
concrete mix ingredients to enable it to be used as secondary

lining material. In particular, Delvocrete § 51, a sodium alumi
nate based liquid accelerator supplied by Master Builders
Technologies, was used throughout the temporary lining
works. Aluminate based accelerators react instantaneously

with the C A of the cement to form ertringite. This rapid set

is a requirement when applying sprayed concrete overhead

There is a price to pay for the decrease in setting time
and that price is an overall reduction in the rate of harden-
ing of the concrete. At London Bridge. CTW found that 28
dﬂmngmmnbammmdhyumudtusﬂ‘xwhenm
paring accelerated and unaccelerated mixes, Over time this
difference decreases, but the periods required for recovery
are years not days.

To overcome this problem of strength decrease CTW
used a new accelerator called Meyco Sa 145 supplied by
Master Builders Technologies. Sa 145 is an aluminium hydrox-
ide based accelerator. The reaction between the cement and
accelerator is slower and is less detrimental to the hydration
phase of the C.5, the phase of the cement hydration where

are 500 mm larger than the Northern
Line ones. Instead of using two dif-
ferent sizes of shutter CTVV designed
the shutter as a number of panels
with joints and hinges batween panels
as in normal practice. "However,
instead of making the panels to the
theoretical radius of the tunnel”, said
Mr. Sharrocks, "they were a compro-
mise between the radius for the larg-
er tnnel and the radius of the small-
er one.”

CTW used the shutter first in the
smaller tunnel and then inserted
extra make-up panels before using
the shutter in the larger tunnel. In
each case the shape of the shutter
inevitability differed from the design
shape of the tunnel, but the maximum
deviation berween the shutter profile
and the theoretical profile of the tn-
nel did not exceed 10 mm.

Another way that CTW
improved efficiency of the in-situ
work on JLE 104 concerned the
invert pours. "Something which is a
lictle bit unusual was the traveller
beam used to support the invert
shutter”, pointed out Mr. Sharrocks,
"It was twice the length of the shut-
ter. The beam straddled two pours
and enabled us to fix the steel on
pour two before stripping the shut-
ter for pour one."

Conclusion

Pouring of in-situ concrete has, over
the last 12 months, presented con-
tractors working on large tunnelling

Money was saved on JLE [04 by carefully designing the shuttering. The shutter used in the
4.35 m dia. Jubilee Line Running Tunnel with the extension pieces fitted in the crown and at
the bottom of the side panels Is shown,
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Table 2. London Bridge: tunnels and shafts with concrete primary or secondary lining

Running wnmels: 4400 10, 2 Mo, 1200 m long

Precast concrete segmental driven with Dosco Shield

Running tunnely: 4350 10,6 No. average 160 m long

MNATM primary - in-situ reinforced concrete secondary

Seation tunnely: TT00 0.2 Mo, 140 m long

MNATM primary = cast iron secondary

Station concourse: 10 000 1D, | Mo, B0 m long

MATM prinury = cast iron secondary

Step plate junction: 4350 - 10 000 1D, IMo., 60 m long

MATM primary — reinforced concrete (sprayed steel fibre reinforcnd concrete secondary

Venulation tunnels: 6500 0.2 Mo, average B0 m long

MNATM primary — sprayed steel fibre reinforced secondary

Crons passages: 4800 wide, B Mo & varicans sizes 4 Mo

MNATH primary - reinforced concree recongular section secondary

Vensilation shafc | | 500 1D & chimney 37 m deep

Boled precast concrete segmental by underpinning & contiguows piled box

Venulatian shaf 4 cell, 4000 x 4000, 33 m deep

Diaphragm wall & underpmning, Shiplarmed secondary lining

Escape shaf 10 670 10, 32 m deep

Bolted precast concrete segmental & partial NATH primary lining

Escape shafe: 4700 x 10 550, 26 m decp

Contiguoas pibed box - in-titu reinforced concrete tecondary

Orther shafts: & No. various diameters/depths

Diaphragm wall/NATM/segmental by underpinning'segmental by caistan/piled

hm&ﬁqdmnghkﬁmd

To assist in applying what is a less reactive material Sa
145 also contains polymers that cancelled out the effect of
the superplasticiser in the concrete. This is an instanta-
neous reaction often referred to as 'slump killing'.

Sa 145 has not reduced the 28 day compres:
by more than 15%. Another benefit of using Sa 145 was the
relatively harmless pH of 5.5 as opposed to 12 for S 51.This
ytupwmﬂm'bumwammh:ﬂﬂwﬂnganﬂrman

e strength

‘Enquiry no: 3

projects with some problems they
had never encountered before.
However, sprayed concrete technolo-
gy presents arguably the most fertile
area for further improving non pre-
cast types of concrete in tunnelling.

One pass, permanent linings are
now feasible. Vet sprayed concrete
has made the addition of steel fibre
reinforcement commercially viable in
producing reinforced sprayed con-
crete linings.
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