










would offer a raft of benefits. 
Programmes could be shorter, the 
Carbon footprint smaller and the 
capitai cast lower. 

Soti ris Psomas, sen ior technical 
director at Cowi, who has worked 
on the design of the Lee Tunnel 
and the Tideway Tunnel believes 
that in the UK a single lining of 
high-quality SFRC could already 
meet the design life. "Although 
having a secondary lining provides 
some additional redundancy from 
a durability point of view, I believe 
- and other people believe - that 
we wou ld be able to achieve 
the design life and the required 
performance requirements with a 
single one-pass lining," he says. 

The simplest way to add 
redundancy into a single-pass 
segmentai lining would be 
to increase the thickness to 
accommodate section loss due 
to abrasion or corrosion . lt would 
also require the segmentai ring 
to be installed to tight tolerances 
with an assured method of 
tailskin grouting . This approach 
was proposed as an alternative 
design on a large infrastructure 
project recently, says Psomas, but 
at the time was rejected as more 
work would have been needed to 
justify it as a workable solution. 

There's also an argument to 
say that the final product could 
be of higher quality w ith single­
pass. Piek makes the point that 
w here a secondary lining of any 
sort is installed, it is at the end of 
a project when a contractor may 
be low on budget and low on 
supervision : 

"The pipe insta ll might be 
done by the generai contractor 
or a sub, but in almost ali cases 
the backfill grouting operations 
w ill be subbed out. These are 
fi xed-price, production-oriented 
people who at the end of the 
job are trusted w ith arguably the 
most important aspect of the 
project." 

One of the positive aspects of 
the Doha project was that the 
final product was there, visible 
early in the project, says Olliver. 
"Once you have removed the 
TBM and utilities, that is the 
tunnel, the final product. This 
was definitely positive in terms of 
workflow far the contractor but 
also far the client, we could show 
them that this is what the tunnel 
wou ld look like." 

LINING SOLUTIONS FOR AGGRESSIVE ENVIRONMENTS 

Geopolymer concrete looks 
like a good option far a single­
pass lining but it has yet to be 
used in tunnel segments, though 
it has been used in shafts and 
manholes. Some projects are 
considering this option, reports 
Richard Cubeta, MD of SolidCast 
Polymer Technology, w ho hopes 
to have more news w ithin the 
next 18 months. 

A brand-new solution which 
could make the long-term 
durability of single-pass linings 
more durable is the use of 
alternative reinforcement. 
Manufacturer ATP Construction 
Composites has been working 

on the developments of a hybrid 
segment reinforced with Glass 
Fibre Reinforced Plastic (GFRP) 
bars and steel fibres (see box), 
some of wh ich are being insta lled 
as a trial at Tideway West. 

Though tried-and-tested is 
sometimes the best option, 
some wastewater projects are 
driving change and innovation in 
lining systems and technologies. 
ln-built monitoring and remote 
monitoring using remotely­
operated veh icles or even robots 
w ill shed more light on how 
linings are performing . And that 
w ill allow further changes and 
advances to be made. 

Sewage tunnel corrosion 
how does that work? 
What causes corrosion of concrete sewer pipes? 
They are corroded by acids produced in the wastewater from 
chemica l and microbial processes. Microbial induced corrosion 
(MIC) is the main villain. 

How is the acid produced? 
Anaerobic su lphate bacteria which live in the biofilm layers on the 
submerged sewer wa lls combine organic matter and sulphates to 
make hydrogen sulphide and carbon dioxide. 

Some of the hydrogen sulphide makes it out of the biofilm and 
the wastewater to the air above the wastewater. lt then dissolves 
in moisture on the inside of the exposed part of the tunnel to form 
su lphuric acid. 

Does corrosion take piace at a steady rate? 
No. At first the surface of the concrete will be tao alkaline far 
bacterial or fungal colon isation . They_only start living on the surface 
once chemical corrosion has lowered the pH of the concrete. Loss 
of concrete only occurs once the surface reaches a pH of a round 6. 

What impacts on the rate o corrosion? 
Higher concentrations of hydrogen sulphide in the headspace, 
higher temperatures in the air in the headspace and more moisture 
on the exposed tunnel wa lls ali increase the rates of corrosion . 
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New hybrid promises smaller crack widths 
On the West section of London's 
Tideway tunnel. a brand-new 
type of hybrid tunnel segment 
will be under trial: one that is 
reinforced with a combination 
of steel fibres and glass fibre 
reinforced plastic (GFRP) rods. 

Full-scale tests carried out 
by Professor Alberto Meda at 
the University of Rome Tor 
Vergata have already shown 
that segments reinforced with 
high-strength steel fibres and 
GFRP experience significantly 
smaller cracks when subjected 
to bending moments and thrust 
forces. 

In bending tests, on metro 
tunnel-sized segments, the 
SFRC-GFRP segments reached a 
peak load 63 percent higher than 
the SFRC ones and the crack 
widths for the hybrid version 
were 60 percent narrower than 
the fibre-only ones. For point­
load tests, crack widths were 
reduced by 37.5 percent under a 
load equivalent to the TBM shove 
load. 

In a paper given to the Joint 
ACl-fib-RILEM lnternational 
Workshop, Meda comments that 
these hybrid segments could 
be useful in situations where 
bending moments are higher. 
This could beat cross-passage 
locations or where cover is 
shallow. 

Professor Colin Eddie, 
managing director at CECL­
Global and a consultant to fibre 
manufacturer Bekaert Maccaferri, 
believes that the hybrid solution 
could help counter the biggest 
threat to the long-term 
serviceability of tunnels: cracking 
due to the TBM thrust force . 

A study carried out by a major 
infrastructure programme 
revealed that the average rate 
of damage on any segmenta[ 
lining tunnel is that one segment 
will be cracked every six rings, 
says Eddie. "They are cracked 
99% of the time during shoving, 
the transient load case," he 
says. "Often, it's the rings on the 
outside of the curve that are 
damaged." 

Even a small lip of lmm 
between segments can cause 
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uneven forces and hence cracking, 
says Eddie. Cracks dose up once 
the thrust force is removed and the 
rings are acting in compression, 
but the bigger the crack, the less it 
closes up. 

"Putting steel bar into 
underground structures is bonkers 
because if there are any cracks, it's 
difficult to demonstrate any design 
life," says Eddie. "lnstead, we can 
put GFRP in the zone where it's 
doing the most work, that is in the 
peri meter of the gauge." 

Meda's research was sponsored 
by GFRP rod manufacturer ATP 
Construction Composites and 
Bekaert Maccaferri. ATP has been 
making composite products for 
tunnelling for 30 years and its 
GFRP bars already go into many 
soft eyes. A patented technological 
breakthrough - the ability to 
manufacture a hook or stirrup 
in one piece - is what enables 
the segments to withstand high 
bending moments. 

Prior to the hybrid tests, ATP had 
already carried out comparative 
testing between steel bar 
reinforcement and GFRP with the 
help of European funding. Broadly, 
these tests showed that the GFRP 
performed similarly to steel -
exhibiting measurable ductility 
- but cracked at lower ultimate 
loads. lt is the combination with 
steel fibres, specifically Bekaert 
Dramix 4D 80/60BG which show 
strain -hardening behaviour and 

SFRC segment 

crack width contro[, that has 
turned this technology into a really 
promising one, says ATP's general 
manager Nello Giamundo. 

Hybrid segments will be used on 
the West contract for the Tideway 
wastewater tunnel in London, 
albeit in a temporary situation. 
Around 80 rings will be used at the 
launch and at junctions with side 
tunnels. 

One factor blocking the uptake 
of the hybrid fibre and GFRP 
technology is the lack of codes. 
In the UK CIRIA has recently 
published a guide. but this is more 
relevant to structural applications 
such as bridges, with factors of 
safety for permanent rather than 
temporary (shove force) loads. 

'The important thing now is to 
work on some standards," says 
Giamundo. "We have already 
developed a guideline. but that is 
just a start." 

Meanwhile, design assisted by 
testing is permitted in Europe, says 
Eddie, under EN 1990: "We would 
argue that the tests that have 
already been done are a starting 
point. The performance of these 
materials is quite predictable. " 

ATP is also undertaking fire tests. 
The SFRC-GFRP material looks 
promising when looking at the 
fire loading required for rail and 
metro tunnels . The next step will 
be to carry out tests for the more 
onerous performance demanded 
for road tunnels. G 

SFRC+GFRP segment 

Using a hybrid 
of high-strength 
steel fibres and 
glass fibre ­
reinforced plastic 
rods to reinforce 
tunnel segments 
leads to better 
crack control 
than using steel 
fibre reinforced 
concrete only 

Load step 
- !25kN = 160 kN 

- 180 kN 222 kN 

Load step 
- 145kN = 160kN 

- 180kN = 250 kN 
220 kN = 270 kN 

Fai lure 367 kN 
2 10 kN Failure 225 kN 


