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In-Service Performance
of Macrosynthetic
Fiber-Reinforced Tunnel Linings

By Ralf Winterberg and Axel G. Nitschke

reinforced concrete (MSFRC) and shotcrete

(MSFRS) for tunnel linings and provides an
overview of state-of-the-art design and testing
methodologies that currently exist. In addition to
the structural load bearing capacity of fiber-
reinforced linings, design considerations with
regard to long-term performance are presented,
which is getting more and more into the focus of
project owners, as well as their designers and
consultants. Actual projects and recent research
are presented with this regard, together with best
practice design principles, including crack width
control, corrosion and durability, and sustainment
of performance with age.

Introduction

MSFRC and MSFRS have reached maturity as
an engineering process and is widely used in all
forms of tunnel linings. The technology is now
commonplace for temporary and permanent ground

A
/A e
"/

This article introduces macrosynthetic fiber-
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support in both mining and civil tunnel applica-
tions. It has for instance become the standard form
of reinforcement in the Australian underground
mining industry, where 2014 literally marked the
end of steel fiber use in shotcrete,' and has been
used for over 80% of permanent tunnel linings in
recent tunnel construction in Norway. Similarly,
macrosynthetic fibers are becoming a standard
solution for initial (or primary) tunnel linings in
the United States. Recent examples are the Devil’s
Slide Tunnel and Caldecott Fourth Bore Tunnel in
California and the Anacostia River Tunnel Inter-
shaft Connector Tunnel in Washington, DC. In
addition, an increasing number of tunnels are
adopting shotcrete permanent linings using mac-
rosynthetic fibers. Examples include the A3 Hind-
head tunnel near Guildford in the United Kingdom
and the North Strathfield Rail Underpass in Sydney,
Australia.?? A recent example of a MSFRC cast-
in-place permanent tunnel lining in the United States
is the Euclid Creek Tunnel in Cleveland, OH.*
Macrosynthetic fibers have the same approxi-
mate size as steel fibers, but are not to be mistaken
with monofilament microsynthetic fibers, which
serve a completely different purpose, as these are
nonstructural fibers. Macrosynthetic fibers have
typical lengths between 0.8 and 2.6 in. (20 and
65 mm) and typical equivalent diameters of 0.016
to 0.039 in. (0.4 to 1.0 mm). Due to their flexi-
bility, they are much easier to handle, pump, and
shoot than steel fibers, which are more prone to
formation of blockages and wear and tear of
pumping lines. The tensile strength and the
Young’s modulus are typically around 45 to
100 ksi (300 to 700 MPa) and 725 to 2000 ksi
(5 to 14 GPa), respectively. The base material of
macrosynthetic fibers is usually polypropylene.
Typical dosages for shotcrete primary ground
support and initial tunnel linings are in the range
of 5 to 10 Ib/yd® (3 to 6 kg/m?). Typical dose
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rates for shotcrete or cast-in-place concrete final
tunnel linings are in the range of 8.5 to 15 1b/yd?
(5 to 9 kg/md).

The physical properties of different macrosyn-
thetic fibers vary greatly. For tunnel applications,
only highly engineered macrosynthetic fibers with
a tensile strength greater than 90 ksi (600 MPa)
and a Young’s modulus greater than 1450 ksi
(10 GPa) should be used. These fiber character-
istics are required to achieve and maintain the
required structural performance.

Structural Considerations for
Initial Tunnel Linings

Initial tunnel linings are applied immediately
after excavation, typically using shotcreting as
the installation process. The initial tunnel lining
acts as a temporary support in combination with
other support measures where it is usually the only
support system installed in mining applications.
In civil tunneling projects, typically an additional
lining is installed which can be either cast-in-place
concrete or a further shotcrete layer, and is
referred to as secondary or final lining.

Applications for tunnel linings with a long
service life have required further research and
study to confirm that macrosynthetic fiber rein-
forcement meets typical project performance
criteria dictated by tunnel designers. Current

research, as well as a number of major tunnel lining
projects recently completed using macrosynthetic
fiber reinforcement, confirm the very good perfor-
mance of MSFRC and MSFRS for tunnel lining
applications and a high potential for broader use.

Since the mid-1990s, multiple national bodies
have developed guidelines for the use of fiber-
reinforced concrete (FRC) and shotcrete (FRS); for
example, in the United States and Canada by the
American Concrete Institute and the American
Shotcrete Association, or in Australia by the Con-
crete Institute of Australia and the Australian
Shotcrete Society.’ These documents provide guid-
ance that is generally independent of the fiber mate-
rial, whether it is steel or synthetic. However, design
principles differ regionally or are owner specific,
and depend on the support system required.

One simplified design approach for FRS for
initial ground support in hard rock mining and
tunneling uses Barton’s Q-chart approach,® which
is based on the energy absorption capacity of the
composite as determined by means of the square
panel test according to EN 14488-5.7 However,
the square panel test (also known as EFNARC
test) used in conjunction with the Q-chart method
is no longer used in many countries given the
numerous problems associated with this test
method. Instead, the ASTM C1550 round panel
test® has become the primary means of assessing
post-crack performance for FRS and is therefore
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the preferred performance assessment tool used in
the design of temporary tunnel linings based upon
the Q-chart and other similar design approaches.
The ASTM C1550 round panel test uses a 3 in.
thick by 32 in. (75 mm thick by 800 mm) diameter
round shotcreted specimen. A conversion factor
of 2.5 was found to correlate the results from the
different panel tests.” This means that, for example,
aresult of 740 ft-1b (1000 Joules) in an EFNARC
panel relates to approximately 300 ft-1b
(400 Joules) in an ASTM C1550 panel.

A classical design approach for fiber-rein-
forced concrete tunnel linings in civil tunneling
applications is the use of Moment-Normal Force
(M-N) interaction diagrams, which are obtained
by equilibrium iterations on a given cross sec-
tion.'%!? The approach adopts and modifies clas-
sical design methods from unreinforced and
reinforced concrete structures. The FRC material
properties are herein derived from beam tests,
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Fig. 3: Stress-strain curve of FRS
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which are eventually used as a basis to supplement
the stress-strain relationship of the concrete on
the tension side using defined procedures.!%!?

This approach generally provides structural
gains for FRC and FRS versus unreinforced con-
crete, but typically the load-bearing capacity is less
than the maximum reached in the elastic stage. The
advantage of FRC versus unreinforced concrete is
that it offers considerable loadbearing capacity in
the post-cracking phase due to the elasto-plastic or
ductile failure behavior of FRC, '*!2 which is
similar to steel welded-wire-reinforced shotcrete.
In tunnel linings, which are statically highly inde-
terminate, this ductile behavior allows for load
redistribution, thereby increasing the structural
capacity of the structure as a whole.

An economic, state-of-the-art tunnel lining
design considers the load redistribution in the
ground and the ground-support interaction. Load
redistribution induces deformations and a ground
support that is flexible enough to withstand this
deformation. Historic lining designs were struc-
turally stiff and attracted a lot of loading, which
in return required heavy reinforcement. Modern
designs allow for controlled deformations
resulting in much thinner and softer linings. How-
ever, the structural integrity of the deformed lining
has to be considered. To take full advantage of
the material properties of FRC, the design
approach of tunnel linings has to move from an
elastic to an elasto-plastic approach, similar to the
consideration of plastic moments commonly used
in steel-structure design. After reaching the elastic
capacity of the lining, the lining cracks but is still
able to provide plastic bearing capacity. The load
is hereby redistributed within the tunnel lining by
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Fig. 4: M-N interaction diagram of FRS
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increasing the bearing capacity of the structural
system as a whole. The driving design factor is
hereby moved from the maximum bearable load
to a maximum allowable deformation or rotation
capacity of a plastic joint (crack), which is pro-
vided by the fiber reinforcement.

Structural Considerations for
Final Tunnel Linings

For the structural design of final (or permanent)
tunnel linings similar methods to the above may be
applied. However, for final lining applications there
are a number of additional factors design engineers
must consider. While cracking and deformations
may well be acceptable for the initial lining or short
term ground support, they may be undesirable for
final linings. Apart from the structural capacity, the
long-term structural behavior becomes more impor-
tant for final lining applications. The driving factors
herein are durability and corrosion, crack width
control, embrittlement, and retaining the load-
bearing capacity with age as well as creep.

Durability and Corrosion

The durability of a tunnel final lining encom-
passes a number of factors including the permea-
bility of the concrete, concrete strength, durability
of the reinforcement, and control of cracks. The
durability of the concrete matrix in FRC is affected
by the same parameters governing plain concrete
when subject to the exposure conditions typical of
an underground environment. However, macrosyn-
thetic fibers are not subject to corrosion. Typical
issues like chloride ion penetration, carbonation,
and to a lesser degree, water impermeability are
therefore of no concern. This simplifies the design
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approach by reducing the number of critical dura-
bility problems, thereby allowing much greater
flexibility in design.

Maximum allowable crack widths when using
steel bars or steel fibers are small, because cracks
act as points of rapid salt ingress to the reinforce-
ment. Maximum acceptable crack widths are about
0.006 in. (0.15 mm) or just 0.004 in. (0.10 mm) as
shown by recent in-place tests by Nordstrom'*
and Bernard." In contrast, crack width control is
not critical for durability when using macrosyn-
thetic fibers since they are not susceptible to corro-
sion. Crack width limits might have to be considered
though for water-tightness or structural capacity.

Most shotcrete mixture designs focus on dura-
bility and corrosion protection to provide high
resistance against chemical attack over their
service life, which in tunneling is typically
between 80 to 120 years. To achieve this goal, the
mix design often contains large proportions of
pozzolanic binders, which can develop significant
post-hardening of the concrete over time. This
leads to embrittlement of the fiber-concrete
matrix, which is responsible for post-crack per-
formance loss when using steel fibers.'>!6

Embrittlement of FRC with age due to post-
hardening and its detrimental effect on the post-
crack performance of steel FRC has been known
for nearly 20 years. Numerous research works
have indicated that aging can lead to a significant
loss of post-crack performance for steel FRC.!>-!”
The change in behavior with age is due to a change
from a ductile high-energy pull-out mode of post-
crack fiber behavior into a brittle low-energy
rupture mode of the fiber itself, because of rup-
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Fig. 5a,b: Corrosion and embrittlement leading to post-crack performance loss in steel FRC with
age (left); where neither corrosion nor embrittlement effects occur in MSFRC (right)'
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turing of steel fibers at crack widths, which exceed
the elongation capacity of the fiber. The fibers
break rather than being pulled out of the concrete
matrix. This effect leads to performance degrada-
tion by primarily affecting the capability to react
to a change of loading conditions while the struc-
ture is aging. Typical examples for changed
loading conditions in tunneling are nearby under-
ground or subsurface construction, seismic
loading, or changes in hydrological conditions or
tidal effects. For this reason, satisfactory perfor-
mance at early ages (around 28 days) does not
guarantee an acceptable performance of the aging
steel FRC. The performance of steel FRC at crack
widths in excess 0 0.04 in. (1.0 mm) can decrease
by as much as 50% compared to the optimum
exhibited at early ages; thus, a performance-
reduction factor should be applied to the long-term
flexural resistance of steel FRC.!>!¢

MSFRC is largely unaffected by this phenom-
enon because post-hardening or changes in paste
hardness make little difference to the behavior of
the fiber within the composite beyond the first few
days of hardening. The performance of MSFRC
evident at 28 days is therefore unaffected over time.

Creep Considerations

In general, the magnitude of creep deformation
in uncracked shotcrete does not depend on the
type of reinforcement and is similar for a centrally
layered light steel welded-wire reinforcement,
steel fibers, or macrosynthetic fibers.!® In cracked
concrete, however, the load ratio (applied creep
load over static capacity) governs creep defor-
mation. There is only a minor difference in the
performance of FRC in combination with rein-
forcement with a light steel welded-wire rein-
forcement or macrosynthetic fibers up to load
ratios of 50% during a loading period of 100 days.

The requirement for long-term testing of
MSFRC is only necessary when long-term tensile
stress is expected to be imposed on a cracked sec-
tion in service. However, this loading regime
seldom exists in tunnel linings, which are typically
loaded under compression. Thus, the concerns
which have been raised about the long-term per-
formance of macrosynthetic fibers in respect of
creep and the associated consequences for crack
width development with time under sustained
flexural loads appear to be significantly overstated.
The results of recent research'® show that the inclu-
sion of macrosynthetic fibers in the concrete has
only a minor effect on the flexural strength of the
cross section, but the fibers reduce time-dependent
in-service deformations and significantly reduce

maximum crack widths when used in combination
with conventional reinforcing bars.

Conclusions

The structural performance of MSFRC or
MSFRS is able to meet or exceed that of welded-
wire reinforcement or steel fiber-reinforced con-
crete for tunnel lining applications. Design methods
for the structural load-bearing capacity are similar.

Macrosynthetic fibers are easy to pump and
apply using the shotcrete process, reduce the wear
and tear on pumps and slick lines and are easier
and safer to handle than steel fibers.

Macrosynthetic fibers are not susceptible to
corrosion and do not have to meet stringent crack
width limitations for durability. High-perfor-
mance macrosynthetic fiber reinforcement is ideal
for aggressive exposure conditions and guarantees
durable performance over the design life cycle
without suffering matrix embrittlement and per-
formance loss with age.

The inherent isolated creep properties of mac-
rosynthetic fiber reinforcement play a subordinate
role in the long-term performance of tunnel linings
because compression forces typically govern
overall behavior. Due to the advantages discussed
in this article, it is to be expected that macrosyn-
thetic fibers will become more common in tunnel
shotcrete and cast-in-place tunnel linings in the
near future.
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