Metadata, citation and similar papers at core.ac.uk

Provided by Warwick Research Archives Portal Repository

Original citation:

Su, Jiang and Bloodworth, Alan G. (2017) Crack development and effect of ageing on
performance of composite shell sprayed concrete tunnel linings. In: World Tunnel Congress,
WTC 2017, Bergen, Norway, 9-15 June 2017. Published in: Proceedings of the World Tunnel
Congress 2017 — Surface challenges — Underground solutions. Bergen, Norway.

Permanent WRAP URL:
http://wrap.warwick.ac.uk/96710

Copyright and reuse:

The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions. Copyright ©
and all moral rights to the version of the paper presented here belong to the individual
author(s) and/or other copyright owners. To the extent reasonable and practicable the
material made available in WRAP has been checked for eligibility before being made
available.

Copies of full items can be used for personal research or study, educational, or not-for-profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.

A note on versions:

The version presented here may differ from the published version or, version of record, if
you wish to cite this item you are advised to consult the publisher’s version. Please see the
‘permanent WRAP URL’ above for details on accessing the published version and note that
access may require a subscription.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwick.ac.uk/lib-publications


https://core.ac.uk/display/143477554?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/96710
mailto:wrap@warwick.ac.uk

Proceedings of the World Tunnel Congress 2017 — Surface challenges — Underground solutions. Bergen, Norway.

Crack development and effect of ageing on performance of
composite shell sprayed concrete tunnel linings

Jiang Su
AECOM, UK.

Alan Bloodworth
University of Warwick, UK.

ABSTRACT: Recent development and application of composite sprayed concrete lining (SCL) in
major tunnelling projects have raised concerns on its short- and long-term flexural performance. Lit-
tle literature has been found on the short-term crack development and the long-term ageing effect on
composite SCL. Understanding of these issues will facilitate the efficient design of composite SCL.
Four-point bending tests were performed on composite SCL beams to examine some aspects of these
concerns. It is concluded that composite SCL beams have high residual flexural capacity; spray-ap-
plied membrane can maintain its integrity under big cracks; although the ageing effect reduces the
ductility ratio of composite SCL beams in the long term, the absolute residual flexural strength in-
creases. Conclusions drawn from the test results are compared with the current SCL tunnel design
methods and the implication of differences is discussed.

1 INTRODUCTION

Sprayed concrete lined (SCL) tunnelling has seen
rapid development over the last twenty years in
the UK (Su 2013). Three of these developments
have been the inclusion of wet-mix sprayed
concrete primary lining as part of the permanent
load-bearing structure, the replacement of the
traditional sheet membrane between the primary
and secondary linings with a spray-applied
waterproofing membrane and use of a wet-mix
sprayed or cast in-situ concrete secondary lining.
This innovative configuration is called a
composite shell lining (CSL) and has recently
been adopted in projects in the UK and other
Europe continent countries (Pickett 2013,
Nermoen et al. 2011, Hasik ef al. 2015) in soft
ground with low permeability.

Due to the lack of understanding of the spray-
applied membrane interface properties and data
from case histories, in most cases the CSL
tunnels are designed assuming an unbonded
(only  compressive  stiffness  assumed)
waterproofing interface (Pickett 2013), ignoring
the tensile and shear bond at the interface. In

order to achieve an efficient design for CSL
tunnels, research has recently been carried out
mostly focusing on the following aspects: (1) the
interface properties of the spray-applied
membrane interface (Su & Bloodworth 2016,
Holter & Geving, 2015, Holter 2015); (2) the
mechanical behaviour of composite beams cut
from SCL panels (Su & Bloodworth 2014,
Nakashima 2015); and (3) The behaviour of a
CSL tunnel when interface tension and shear
bond is considered (Su & Bloodworth 2016, Su
& Uhrin 2016, Pickett & Thomas 2011).

Being designed thick to minimise ground
settlement in urban areas (ICE 1996), the primary
lining of CSL tunnels is usually at low utilisation
(Stark et al. 2016) and working in the pre-crack
stage. Therefore, previous literature has almost
exclusively focused on the lining behaviour at the
pre-crack stage. Meanwhile, although some
research has been carried out on the ageing effect
on flexural performance of the sprayed concrete
beams (Bernard 2015), no literature has been
found on the long-term ageing effect on the
flexural performance of CSL beams or linings.
This paper presents some laboratory test results
on the short- and long-term post-crack behaviour
for CSL beams.
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This paper will first introduce the composite
mechanical behavior for CSL beams and the
research methodology. The procurement of CSL
beam test samples will then described, followed
by the flexural test set up. The short-term post-
crack behaviour of CSL beams will then be
examined, focusing on the relationship between
crack development, flexural capacity reduction
and longitudinal strain variations. The membrane
capacity to bridge different width of cracks is
also commented. The third part of this paper
presents four-point bending test results for beams
tested 4.5 years after the cast. The evaluation of
the toughness and a brief discussion on its
implication are also presented. In the end, a
conclusion is drawn based on the test results
presented in this paper.

2 COMPOSITE MECHANICAL
BEHAVIOUR

CSL beams consist of two layers of component
beams, representing the primary and secondary
linings, and a sandwiched layer of membrane
interface. The pre-crack stress and strain
distributions through the cross-section will
depend on the degree of composite action, as
shown in Figure 1. As this reduces from high
composite to low composite, neutral axes for
each component beam move away from the
membrane until they reach half-depth of each
component. Applying Euler-Bernoulli beam
theory with an assumption of linear elastic
behaviour, the lower the degree of composite
action, the lower the moment (calculated from
the stress blocks) for a given deformation
(curvature), and hence the lower the flexural
stiffness of the lining.

Top component

—>
beam

Membrane —>

Bottom e d
component beam

High composite action  Low composite action

Figure 1. Typical pre-peak stress distribution for
composite beam cross-section

In the latest soft ground SCL tunnel construction,
steel fibre has been widely used as the main
reinforcement. Neither steel bars nor steel
meshes are used except at tunnel junctions and
geometrically difficult locations (Su 2013).
Therefore, at the post-crack stage, the steel fibres
at the crack will sustain a certain amount of
tensile stress. The typical post-crack stress and
strain distribution through the cross section will
be postulated based on laboratory test data later.

3 RESEARCH METHODOLOGY AND
LABORATORY TESTS

To understand crack development and effect of
ageing on performance of composite shell
sprayed concrete tunnel linings, laboratory four-
point bending tests on CSL beams were carried
out 6 months and 4.5 years after the cast of the
beams. The mid-span vertical displacement and
longitudinal strains at selected positions were
measured using potentiometers and strain
gauges. The two sets of results were cross-
examined to ensure the accuracy of the results.

3.1 Procurement of testing samples

Sprayed concrete wet mix specification and
design are given in Tables 1 and 2 respectively.
An EVA-based waterproofing membrane
(TamSeal 800) was used. This product contains
more than 75% by weight of EVA co-polymer,
and its functional properties are expected to be
similar to other EVA-based membranes. The
spray was carried out at the contractor’s plant
facility and the direction of all spray was
perpendicular to the test box (BS-EN 14487-1,
2005). After each spray, the boxes were covered
with plastic sheeting to prevent exposure to
sunshine or cold air, simulating a realistic
environment for sprayed concrete curing in the
underground. The spray was carried out during
the summer (June —August 2011) in the UK, with
daily temperatures ranging from 15-25 degrees
Celsius. A typical CSL beam is shown in Figure

Figure 2. A typical CSL beam
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Table 1. Mix specification for primary and secondary
lining sprayed concrete

Agg Size Cement Targeted Targeted
(mm) Type Slump 90-day
Strength
8 CEM1 S3 40MPa

Table 2. Mix design for primary and secondary lining
sprayed concrete

Materials Type Dry Batch Weights (kg/m’)
CEMI 450
0/4 MP Sand 1300
4/10 Gravel 550
WRA (N) 2250
Target W/C 0.45
Steel fibre 40

Accelerator
Superplasticiser

6% (weight of cement)
0.9% (weight of cement)

Samples were prepared with three alternative
surface types for the primary lining substrate —
as-sprayed (rough), smoothed (float finish flat
surface) and regulated (smoothed by application
of a regulating layer of gunite of smaller
aggregate size without steel fibre. Seven
composite beams, with various combinations of
substrate roughness and membrane thickness,
were tested as well as three pure sprayed concrete
beams (Table 3). Detail of procurement of the
test samples is described in Su & Bloodworth
(2016).

Table 3. Dimensions of test beams

Test Beam Measured Substrate  Thickness of
membrane preparation top / bottom
group Ref. thickness component
(mm) beam (mm)
Al-11 4 smoothed 77/ 69
A2-11 3 regulated 70 /77
A A3-11 3 as-sprayed 67/80
A4-11 6 smoothed 69 /175
AS5-11 10 regulated 70/70
A7-11 N/A N/A 150
B4-12 6 smoothed 65/179
B B4-13 5 smoothed 65 /80
B7-12 N/A N/A 150
B7-13 N/A N/A 150

After transport to the University, the beams
were kept in the lab under ambient temperature
and humidity. Beams were tested in two groups,
A and B, approximately 6 months and 54 months
respectively after spray. Maximum ratio of
membrane thickness to overall beam depth is
6.7% (10 mm/150 mm for beam AS5-11), and
maximum deviation of membrane position from
half-depth is 9.3% (7 mm/75 mm for beam B4-

12). Both are less than 10%, within the
acceptable level of construction tolerance.

3.2 Test setup and experimental procedure

Test setup for Group A is shown in Figure 3.
Machine loading was applied through a yellow
steel crossbeam equally to two roller bearings,
each on a spreader plate to distribute the loads
more uniformly to the beam. One potentiometer
measured vertical downward displacement of the
top of the beam at midspan. Four strain gauges
were attached to measure longitudinal strain, at
half depth of the top and bottom component
beams on each side at midspan.

In Group B the overall setup was the same but
there were differences in the instrumentation.
Two potentiometers were positioned at midspan,
one each side of the beam top surface, to detect
any component of beam torsion. The four
longitudinal strain gauges were arranged to
obtain more precise strain profiles through the
beams, with two at half-depth of the top
component beam (one each side of the beam) and
the third and fourth on the top and bottom
surfaces of the beam on its centreline (Figure 2).
For beam B4-13, one of the strain gauges was
positioned at the top % of the top component
beam. For all beams, machine stroke control was
used with a loading rate of 0.01 mm/s to a vertical
displacement of approximately 10 mm. All tests
were carried out under ambient laboratory
climate conditions (i.e. 15-20° in temperature
and 40-60% relative humidity).

Potentiometer

,\_';:' Secondary lining

0 S A S 5t

% Primary lining : g

“ D ) Lo

50 200 1 200 l 200 I 200 50
900

Section at midspan
Group B beams

Section at midspan
Group A beams Strain gauge Group A

beams

Strain gauge Group B
beams

150

——m Strain gauge both
Group beams

Figure 3. Flexural test set-up

3.3 Flexural behaviour

Load-deflection diagrams for Group A and B
beams are shown in Figures 4 and 5 respectively.
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For Group B beams the data is calculated from
the average of the two displacements measured.
A typical pattern is seen of linear behaviour up to
peak load, followed by a sudden load drop and
then further steady load decrease. The only major
exception is beam B4-12, which has a lower and
much less pronounced peak load, possibly due to
unnoticed prior micro-cracking.

BeamA1-11
=——Beam A2-11
BeamA3-11

—Beam A4-11

Total load (kN)

= Beam A5-11

BeamA7-11

Vertical deflection (mm)

Figure 4. Load-deflection relationship for Group A beams

+++ Beam B4-12

------- Beam B4-13

Total load {kN)
&

------- Beam B7-12

~~~~~~~ Beam B7-13

Vertical deflection (mm)

Figure 5. Load-deflection relationship for Group B beams

3.4 Crack development

All composite beams exhibited similar crack
development. This is shown in Figure 6 for beam
A2-11 and detailed as follows for that beam.

1. First visible cracking was observed when
the load reached 19 kN (90% of peak
load).

2. A single flexural crack was observed and
was approaching the membrane when the
peak load was reached.

3. With the crack having crossed the
membrane and extended to ¥ of overall
beam depth, the beam could still sustain
18.5 kN (88% of peak load), At crack
length 80% of beam depth it could sustain
10 kN (50% of peak load).

4. Steel fibres were observed to fail in the
desired pull-out mode for Group A beams
but rupture for Group B beams.

yure A - 20kN

Figure A - 18.5kN

kN)

Beam A2-11

Figure C -7.5kN

Total load (|

0
0 2 4 6 8 10
Vertical deflection (mm)

Figure 6. Crack development during the test for beam A2-
11(a) approaching peak load (b) passing peak load (c)
residual strength

The crack development of composite beam
A2-11 is compared with that of sprayed concrete
beam A7-11 in Figure 6(a). The first visible crack
for sprayed concrete beam A7-11 develops when
the load reached 20kN, approximately 85% of
peak load (23kN).

Composite beam crack depth under 20kN is
lower than for the sprayed concrete beam, which
is due to a small compressive zone right below
the membrane (reversing strain), as shown in
Figure 2. The existence of the small compressive
zone should help close the crack and thus reduce
the possibility of ingress of groundwater
reaching the sprayed membrane.

Sy . 200

Figure 7. Crack development for (a) sprayed (no
membrane) and (b) composite beams under indicated
loadings
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3.5 Membrane crack bridging ability

Membrane crack bridging ability is a key factor
in determining the watertightness of the
composite SCL tunnel lining system. It was
observed and compared for composite beams
with both thin and thick membrane.

Figure 6 shows the 3mm membrane in
composite beam A2-11 had not broken in the
post-crack region at a load of approximately 19
kN (Figure 6 (b)), but had broken by the time the
load had reduced to 13 kN (Figure 6 (c)).

By contrast, Figure 8 shows the 6mm thick
membrane in composite beam A4-11 had not
broken in the post-crack region at a load of
approximately 16 kN. The test was continued
with loading reduced to 10 kN and beam vertical
displacement reached 9mm. and no membrane
crack was observed. This demonstrates the thick
membrane has better crack bridge ability than the
thin membrane and can bridge large cracks.

For soft ground SCL tunnel, the maximum
allowable crack width is usually 0.3mm at the
tunnel lining surface. This laboratory tests
demonstrate both thin and thick membranes can
bridge the crack of this scale.

Beam A4-11

z
<
o
@
o
©
el
5
Q

0

0 2 8 10

Vertiial deﬂectione(mm)
Figure 8. Crack bridging ability for composite beam A4-
11with thick membrane at residual stress level

3.6 Longitudinal strains

Typical pre-crack longitudinal strains for beams
under 50% of peak load (up to 10kN) are shown
in Figure 9. It can be seen the longitudinal strains
measured at half-depth of each component beam
are very close in magnitude but opposite in
direction. The small differences in magnitude are
likely to be due to discrepancies between the top
and bottom component beam thickness.

Total load (kN)
4 6 8 10 12

o
~
@

eam 3-11 top 1/2
-50

-40

——Beam 3-11 bottom 1/2
-30
-20

10 ——Beam 4-11 top 1/2

0

=
10 \ = Beam 4-11 bottom 1/2

20
30 ———Beam 5-11 top 1/2

40

Longitudinal strain (10e®)

0 Beam 5-11 bottom 1/2

Figure 9. Typical pre-peak longitudinal strains for
composite beams A3-11, A4-11 and A5-11.

Pre- and post-crack longitudinal strains for
composite beam B4-13 are shown in Figure 10.
Three measurements were made for the top
component beam at top surface, % and 72 depth
of the component beam from the top. It can be
found that:

1. Maximum flexural tensile strain for a
composite sprayed concrete beam can
be more than 200 microstrain.

2. Reversible strain on unloading can be
extrapolated for the top component
beam based on its three strain
readings.

3. At the post-crack stage, the strain at
the bottom goes back down the same
path after the cracking, showing the
steel fibres were taking less and less
load during the pulled-out process.

4. The strain at the top surface level is
much larger post-crack than pre-crack
under the same loading.

5. The strain at the upper Y4 depth of top
component beam 1is slightly larger
post-crack than pre-crack under the
same loading.

6. The strain at the half depth of top
component beam is almost the same
for the pre- and post-crack under the
same loading.

The reason for these observations will be
explained in next section.
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Total load (kN)

-300

-200

o B ot S [N Beam 4-13 top

0 ‘_/:'/___.-..,

Beam 4-13 top 1/4
Beam 4-13 top 1/2

oI e Beam 4-13 bottom

Microstrain (10e-6)

100 \

200

300

Figure 10. Typical pre- and post-peak longitudinal strains
for composite beams B4-13.

3.7 Post-crack stress at cross-section

Based on the longitudinal strain data obtained
from laboratory tests, the post-crack stress
diagram for a composite beam is postulated, as
shown in Figure 11, with the crack shown as the
red triangle.

Top component

beam

Membrane e

Bottom —
component beam

Low crack depth High crack depth

Figure 11. Post-crack stress diagram derived from
longitudinal strain data

For the low crack depth scenario (i.e. crack
not reaching the membrane), residual tensile
stress sustained by the steel fibres is shown for
the whole crack depth, above which is a pair of
compression and tension zones of triangular
shape below and above the membrane interface.
Due to the occurrence of the crack, moving up of
the neutral axis and more deflection for the CSL
beam post-crack than pre-crack under the same
loading, the two triangular compression and
tension zones will be smaller in depth, leading to
a compression zone at the upper part of the top
component beam larger in both depth and
maximum strain value at the top surface in
comparison to the pre-crack scenario. This
explains why the compressive strain at the top
surface of the top component beam is larger for
post-crack path than for pre-crack path under the
same loading.

For the high crack depth scenario (i.e. crack
beyond the membrane), residual tensile stress
sustained by the steel fibres is again shown for

the whole crack depth, up to the top component
beam. Therefore, strain reversing will occur only
at the top component beam, with a neutral axis at
the crack tip. Thus, the compression zone at the
upper part of the top component beam will be
smaller in depth but much bigger in the
maximum strain value in comparison to the pre-
crack strain diagram.

4 EFFECT OF AGEING

4.1 Ageing effect on flexural behaviour

From the load-deflection relationships for the
three sprayed concrete beams (Figure 11), the
Group B beams (B7-12 & B7-13), tested 4.5
years after spray, have higher peak load but lower
residual strength than the Group A beam (A7-
11), tested six months after spray. Examination
of the cracked cross-sections showed different
failure modes for the fibres, with those in the
Group A beam failed by pull-out, but by rupture
in the Group B beams. This agrees with the
experience of Bernard (2015), who tested fibre
reinforced sprayed concrete beams at ages from
one to five years and found that concrete
hardening with age changed the failure
mechanism from desirable fibre pull-out to fibre
rupture.

Comparing Figures 4, 5 and 11 shows the
Group B beams have a much higher and more
pronounced peak strength than Group A beams
but similar post-peak residual strength, which
means a much steeper decline after peak stress
compared to the Group A beams. The implication
of this phenomenon is discussed in the next
section.

Beam A7-11

S,
Ve, +eeees Beam B7-12

Total load (kN)

Vertical deflection (mm)

Figure 12. Load-deflection relationships for all pure
sprayed concrete beams
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4.2 Evaluation of toughness

Historically, most fibre-reinforced SCL was used
in rock tunnels, where lining performance criteria
in most standards focuses on the large
deformation stage, whereas in soft ground SCL
tunnelling small deformations are desired.

The performance of fibre reinforced SCL was
traditionally evaluated by post-peak toughness,
which may be expressed either in terms of
energy-,  strength-  or  deflection-based
dimensionless indices (Gopalaratnam & Gettu
1995), all of which were developed for fibre-
reinforced SCL tunnels in rock. Energy-based
indices have been widely used in countries such
as Norway (Norwegian Concrete Association
2011) and Australia (Concrete Institute of
Australia 2010), where thin SCL tunnel linings
are used together with bolts in blocky or unstable
ground, requiring a high degree of ductility and
energy absorption over a significant deflection
range. In contrast, strength-based indices are
used in countries like the UK (ICE 1996) and
Germany (RILEM 2003) where thicker SCL is
used in soft ground, subjected to relatively small
flexural deformation. They have the advantage
of a relatively simple test configuration for their
determination compared to energy-based
methods (a beam compared to a round panel).
The third design method using deflection-based
indices (Ward and Li 1990) needs further
development before practical application. This
section examines whether strength based indices,
which were derived purposely for rock tunnels,
are best suitable for soft ground SCL tunnel
design.

For fibre-reinforced SCL tunnels in any
ground conditions, there are usually two major
considerations on toughness: (a) maintaining
certain strengths at ULS and SLS stages and (b)
achieving the desired pull-out fibre failure
mechanism, avoiding fibre rupture. The former
can be realised by specifying minimum flexural
strength at a particular deflection (or equivalent
crack width) for beams under four-point bending,
and the latter by specifying strength ratio at
different post-peak deflections. Model Code
(2010) adopts both principles and evaluates
toughness from the absolute value of fr; and ratio
between fr; and frs, the tensile stresses at the
bottom of the beam at 0.75 mm and 3.0 mm
central deflection respectively in beam tests
according to BS EN 14488-3:2006 (BSI 2006)
and ASTM A820/820M (ASTM 2011). The fg;
class is determined as the stress value at the lower

end of a range in which the test result fails, and
the frs/fr; ratio is similarly classified by a letter
denoting the range within which the ratio sits, as
described in Table 2. The overall strength class
of a beam is thus denoted by a number followed
by a letter. This assessment methodology is
applied to the composite beams in this study with
the results given in Table 3, although it should be
noted that these are not directly comparable to
tests according to the aforementioned standards
because the beam dimensions are slightly
different.

Table 4. Mix specification for sprayed concrete lining

Class items Class criteria

fr; class 1.0; 1.5;2.0; 2.5; 3.0;
(MPa) 4.0; 5.0; 6.0; 7.0; 8.0;
“a” 1f 0.5< fr3/fr1<0.7;

“b” if 0.7< fr3/fr;<0.9;

fR3/fR] ratio “c”if 0.9< fR3/fR]Sl . 1;

“d”if 1.1< fra/fr1<1.3;
“e”if 1 35 fR3/fR1;

Table 5 shows little variation in strength class
over the Group A and B beams, which all lie
within the range 2.5a to 3.0b. Thus this
assessment method for toughness has not
reflected the impact of ageing causing a more
pronounced peak stress but steeper stress
reduction after peak stress, together with fibre
rupture. This is because this strength method was
developed mainly for rock SCL tunnels and thus
focuses on post-peak strength behaviour after
0.75mm deflection, deriving the strength class
based only on fr; and fr3. For soft ground SCL
tunnels, the lining is normally designed in its pre-
peak state, and it is more pertinent to examine the
ratio between fr; and the peak stress fr, shown in
the last column in Table 3. This ratio is above
0.85 for all Group A beams, but on the contrary
less than or equal to 0.60 for Group B beams
(except for B4-12 which is an outlier as discussed
earlier), and hence is able to distinguish the effect
of ageing in Group B beams in comparison to
Group A beams, unlike the established strength
method based on fr3/fr;. The normalized load-
deflection relationships for all tested beams
(Group A beams tested 6 months after the cast
and Group B beams tested 4.5 years after the
cast) are shown in Figure 13.
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Table 5. Key lining performance parameters, derived
ratios and strength class (MPa)

B St th
Rer S Su S Sulfe e Sl

Al-11 32 277 13.18 0.84 2.5b 0.85
A2-11 3.7 340 12.87 0.68 3.0a 0.91
A3-11 3.6 343 153 0.79 3.0b 0.96
A4-11 34 320 1569 0.87 3.0b 0.92
A5-11 29 263 1197 0.80 2.5b 0.92
A7-11 4.0 358 1683 0.84 3.0b 0.91

B4-12* 29 284 1325 0.82 2.5b 0.98
B4-13 2.1 299 1096 0.65 2.5a 0.60
B7-12 45 256 827 0.57 2.5a 0.57
B7-13 49 295 1199 0.73 2.5b 0.60

*Unusual data possibly due to micro-cracking damage
prior to test

BeamAl-11
= Beam A2-11
Beam A3-11
Beam A4-11
Beam A5-11

Beam A7-11

Noralised total load

wees Beam B4-12
Beam B4-13
Beam B7-12

++++ Beam B7-13
SLS (fR1) ULS (fR3)

0 0.75 15 225 3 375
Vertical deflection (mm)

Figure 13. Normalised load-deflection relationships for all
beams

4.3 Discussion on ageing effect

Essentially, the ratio frs/fr; expresses the rate of
reduction of tensile capacity between small (0.75
mm) and large (3.0 mm) deflections, whilst fr,/ft
reflects the rate of reduction between peak stress
and small deflection. From designers’
perspective, the ideal performance of a soft
ground SCL is linear elastic perfectly plastic,
with both ratios equal to 1.0 and providing the
most effective use of material. For Group B
beams, although the residual tensile strengths fg;
and fr3 are similar to Group A beams, their peak
strengths are much higher so that their ratios
fri/fr are much lower than for Group A beams.
Because the residual rather than the peak stress is
normally used in lining ultimate limit stage
(ULS) design for sprayed concrete flexural
tensile strain up to 2.5% (Pickett & Thomas
2011), a SCL with a very high peak but moderate
residual flexural stress is strictly speaking a
waste of material. Thus the ratio fri/fr is
fundamentally more a material efficiency rather
than ductility or strength index like fr3/fri, and
hence represents the current trend towards more

sustainable design and construction in the
industry. The ratio fri/fr may be maximised and
hence an economical and sustainable SCL mix
design achieved by means of a combination of
moderate strength of both sprayed concrete and
fibres. This shall achieve post-crack strength and
ductility no lower than an SCL mix using only
either high strength concrete or steel fibres.

There is a possibility in the future that with
further increases in achievable concrete
compressive strength, the fibre rupture failure
mechanism will become more pronounced once
the concrete has aged, leading to lower residual
strengths fr; and frs whilst not necessarily
changing the ratio frs3/fr;. This raises concern as
to whether flexural strength and strength class
measurements made in the short term are
conservative or not for a structure with a design
life more than 100 years.

5 CONCLUSION

A series of laboratory tests have been carried out
on fibre-reinforced sprayed concrete beams with
sandwiched spray-applied waterproofing layer,
representing elements of a CSL tunnel lining.
The following conclusions can be drawn from
this research.

1. The tests under ambient laboratory
climate conditions showed clear evidence
of a certain degree of (although not full)
composite mechanical behaviour from
measured deflections and strains both
pre-crack and post-crack.

2. Beams failed by growth of a single crack
at midspan, and showed significant
plateaus of residual stress after peak load.

3. Reversible strain distributions were
observed in composite beams during the
pre-crack stage and post-crack small
crack scenario.

4. A thick membrane can bridge larger
crack width than the thin membrane.

5. The ageing effect on sprayed concrete
and composite beam resulted in a change
of failure mechanism for steel fibres and
a reduction of the ratio between the small
crack stress and the peak stress.

6. The current beam robustness evaluation
method does not reflect the ageing effect
on the residual flexural capacity for CSL
tunnel linings in soft ground.

7. An economical and sustainable SCL mix
design should be achieved by means of a
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combination of moderate strength of both
sprayed concrete and fibres. This shall
achieve post-crack strength and ductility
not lower than SCL only using either high
strength concrete or steel fibres.
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