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Sprayed Concrete 11.-14. June 2018
Abstract for Jerund Gullikstad, Nye Veier — Wednesday 13. June

HIGHWAY TO HELL

- 106 km of new E6 through Trendelag in mid Norway

Nye Veier AS is a public company founded in 2015 by the Norwegian Authorities, with the
task to execute 530 km of national road, with overall and cost-effective focus to achieve more
national road per invested public money.

In Trendelag 106 km of road shall be executed, split in two sections on each side of the city of
Trondheim:

- E6 North (42 km) from Ranheim to Asen
- E6 South (64 km) from Melhus to Ulsberg

The presentation of the new main road through Trendelag will include the following main
tasks:

- Description of the total project
- Measures to increase the economic benefits for the society
o Road optimisations and cost reductions
o 4-lane highway and increased speed to reduce travel time
- Tender method: Best Value Procurement
- Execution model:  Early contractor involvement and integrated collaboration
- Focus on the 40 km of tunnels being part of the project
o 32 km of new tunnels
o 8 km of existing tunnels to be rehabilitated



ABSTRACT

EXPERIENCE WITH WET SPRAYED CONCRETE LAST TWENTY YEARS AND
EXPECTATIONS FOR THE FUTURE

Authors:
Ove Ugelstad, AF Anlegg, Norway
Jan-Erik Hetlebakke, Entreprenerservice, Norway
Bernt Kristiansen, AF Anlegg, Norway

Wet sprayed concrete has been used in Norway at least 50 years as rock support.
During the 90s it was developed a new accelerator called “alkali-free accelerator” (AFA). The
AFA gave a good early strength. What has happened after millennium?

New requirements to the environment have given a lot of different binders with pozzolanes
instead of and in addition to portland clinker. The aggregates are not only nature sand from
rivers, but often crushed rock.

What is the experience with wet sprayed concrete last 20 years with new materials, binders
and aggregates and what is the expectations for the future?



DESIGN AND CONSTRUCTION OF A SHALLOW COVER TUNNEL
JUNCTION USING SPRAYED CONCRETE, SYDNEY AUSTRALIA

B. Aitchison', D. Oliveira?, D. Backhouse?® and R. Netterfield*

E-mail: 'brodie.aitchison@aurecongroup.com

Abstract: A unique solution was developed to provide construction access to the WestConnex
New M5 Tunnels at Kingsgrove, Australia. The access junction involves the development of an
intersection between a 10 metre span adit and a 16.5 metre span motorway tunnel at shallow
depth below Wolli Creek. Adaptation to geotechnical uncertainty was a key consideration in
the design with a meandering palaeochannel running through the construction site, shaft and
tunnels. The selected design involved the construction of a sprayed concrete lined adit which
was developed into a large span low cover sprayed concrete lined intersection with an effective
span of approximately 19 metres. Optimisations to the tunnel geometry were required to
promote arching of the soil and rock and to maintain compressive stresses in the tunnel lining.
At locations gantry pile footings are supported by the sprayed concrete lining to facilitate
removal of materials and machinery from the tunnels. Geotechnical and structural 3D finite
element analysis was undertaken to assess the complex interactions of the junction including
the design of the permanent primary lining and a permanent secondary lining for water
resisting treatment. Composite lining interactions were considered between the primary and
secondary linings for a sprayed membrane and sheet membrane waterproofing options.

1 Introduction

WestConnex is a 33-kilometre underground motorway currently being constructed in
Sydney’s Inner West (Figure 1). The New MS5 is one of the three stages of WestConnex and
comprises of approximately 10-kilometres of dual underground motorway from Kingsgrove
to St Peters. Early access to construct the tunnels on the New M5 was a key focus for the
design and construction teams. At the Kingsgrove tunnelling site access to the shallow cover
tunnels is provided by a shaft and adit from a small industrial site adjacent Wolli Creek and
the existing M5 East Motorway.

Geotechnical uncertainly and shallow overburden ultimately led to the development of a
sprayed concrete junction. This was aided by developments in recent years on the application
of permanent sprayed concrete tunnel linings. Advancements in 3D design analysis tools
allowed a greater understanding of the lining actions during the stages of construction.

Figure 1 WestConnex motorway



2 Geology and Site Investigations

The WestConnex tunnel is located within the Sydney Basin which is comprised of Permian
and Triassic sedimentary rocks. The tunnel alignment intersects two main formations, the
Ashfield Shale and Hawkesbury Sandstone. Geotechnical investigations revealed that the
construction site is intersected by a palaeochannel associated with Wolli Creek which was
converted from a natural creek to a concrete lined channel in the early 1940’s (Figure 2).

Borehole logs indicated that the base of the alluvial channel has been infilled with loose
sands, soft to stiff alluvial clays and residual clayey sands overlying the rock head. Due to the
nature of the sandstone, the incision of Wolli Creek channel was inferred to have left several
buried shelves/cliffs along the base of the channel which will locally reduce the thickness of
rock in the tunnel crown over a relatively short distance before cover is regained. The
preferential weathering and development of Wolli Creek alignment could also indicate the
presence of the geological feature (joint swarm, faulting, dykes) that has not been intersected
by the project investigations.

Limited geotechnical investigations had been conducted in the site compound where the shaft
and adit were constructed due to access constraints. Given the uncertainty in the top of rock
level discussed above only limited confidence could be gained from the boreholes. A
subsequent geophysical investigation using Multi-Channel Analysis of Seimic Waves
(MASW) was conducted to improve the understanding in the rock level. Results from the
analysis indicated a varying rock head across the site dipping to the north-east.
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Figure 2 Inferred geotechnical cross section through shaft and adit during design

3 Concept / Background

The final design for the adit is a product of managing geotechnical uncertainty and project
constraints:
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3.1 Alignment

The tunnel alignment passes very close to the construction site boundary and directly
adjacent the shaft location (Figure 3). A solution to simplify construction access was to alter
the tunnel alignment to pass directly beneath the construction site and shaft such that the
tunnels could be developed from the shaft invert, however, this was not feasible due to the
additional cross passage length and subsequent changes to the fire and life safety design and
alignment constraints at the portals. The vertical alignment of the tunnels was fixed by a
maximum 4% road grade exiting the portals and constrained by a nearby pedestrian
underpass which the motorway needed to pass over. The shaft location was also restricted by
existing 3™ party authority services and contaminated ground. The shaft and adit option
therefore remained as the preferred option to provide access to the 16.5 m span mainline
tunnel.

=

APPROXIMATE ALIGNMENT OF
WOLLI CREEK (INFERRED FROM
HISTORICAL DRAWING)

| s &
- Y =2

Figure 3 Tunnel alignment

3.2 Construction methods

The adit and mainline tunnels were constructed utilising roadheaders with the initial section
of adit developed using a 14-tonne excavator fitted with a hydraulic hammer. The adit
excavation was completed using a Mitsui S220 roadheader which was replaced by a Mitsui
S300 machine for development of the mainline tunnels. The working limits of the machines
(Maximum cutting heights, cutting profiles, angles and machine movements) set the
geometrical constraints for the adit.

33 Geology and development of the tunnel profile

Geotechnical investigations uncovered varying rock head levels with up to 3.0 m difference
in the top of rock between two boreholes separated by only 8.0 m. Although there was
uncertainty in the top of rock level, the boreholes did reveal limited weathering profile with
the site underlaid by slightly weathered to fresh Hawkesbury Sandstone. This created
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somewhat favourable conditions by having competent rock to foot a sprayed concrete tunnel
lining on.

By capitalising on the underlying Hawkesbury Sandstone a unique mushroom shaped adit
profile was developed using a top-down construction sequence. The initial heading drive was
pre-supported with @139 mm fully grouted canopy tubes and lined with a reinforced sprayed
concrete lining. The sprayed concrete lining was founded on sandstone abutments with
subsequent bench and invert excavation. The heading profile was heavily arched to promote
ground arching and to minimise bending and maximise axial compression within the lining.
The breakout location for the mainline tunnel excavation also needed to be considered to
provide sufficient space and capacity to redistribute stresses within the sprayed concrete
lining.

4 Primary Lining Design

4.1 Geotechnical analysis

The primary support for the adit consisted of heading excavation pre-supported by 26 m long
2139 mm grouted canopy tubes. The primary lining consisted of a 350 mm thick reinforced
steel fibre sprayed concrete lining. Development of the mainline tunnels commenced via a
split heading from the adit with a 300 mm thick steel fibre sprayed concrete lining reinforced
with P130-20-30 lattice girders at 1.25 m centres.

The construction sequence, ground movements and primary lining design was assessed using
3D Finite Element Analysis (FEA) software. Geotechnical FEA software Plaxis 3D was
employed to assess the proposed excavation sequence and ground-structure interaction
including tunnel convergence and surface settlement. The structural design of the primary
lining shell was performed using Strand7. The model staging is described in Figure 4.

Stage Description
1 Initial stage (no excavation, initialise in-situ stress,
solve to equilibrium, reset displacements)
2 Install shaft support (sheet piling) and excavate
3 Continue excavation of shaft to the adit heading level
4 Excavate and support the adit heading in cycles.
5 Excavate and support mainline tunnel heading 1 in

cycles. Terminate 20 m east of the adit.

6 Excavate and support mainline tunnel heading 2 in
cycles. Terminate 20 m west adit
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7 Excavate and support mainline tunnel heading 3 in
cycles. Terminate 20 m east adit

8 Excavate and support mainline tunnel heading 3 in
cycles. Terminate 20 m west adit

9 Excavate and support the adit invert in cycles.
10 Excavate and support the mainline tunnel bench in
cycles

Figure 4  Plaxis 3D model staging

Staged material properties were adopted for the sequenced model. The build-up of shotcrete
thickness was modelled including the strength gain by-virtue of elastic modulus. An elastic
modulus of 10 GPa was used for early age shotcrete, 15 GPa for intermediate age and 32 GPa
for 28-day strength shotcrete. The effect of shrinkage in the shotcrete was not modelled; the
shotcrete lining is quite thick and shrinkage was not expected to be significant. In addition,
in a lining analysis with high axial compression, ignoring shrinkage is a conservative
assumption.

The geotechnical units were modelled with elasto-plastic elements with Mohr-Coulomb
properties derived from the ground investigation.

4.2 Structural analysis

The staged construction sequence of the primary lining was modelled using the Stages
function in Strand7. The design of the primary lining was conducted for short and long-term
load cases. Short-term load cases considered the primary lining during the construction
period prior to the installation of the secondary lining. Long-term load cases accounted for
load sharing between the primary and secondary linings and creep of the sprayed concrete
lining.

Loads considered on the primary lining included self-weight, ground load, construction loads
(ventilation ducts, cabling and services) and surface surcharge. The tunnels were designed as
drained therefore groundwater pressures on the primary lining were managed using weep
holes and exposed rock faces.

The interaction between the tunnel lining and surrounding ground was modelled using
springs after Duddeck and Erdmann [1]. The spring stiffness was assessed based on the
expected ground type. The frictional effects between the extrados of the primary lining and
the surrounding rock was considered by tangential shear springs.

Structural design actions (bending moments, axial forces, shear forces and displacements)
were analysed from the models. The development of tensile forces above the mainline tunnel
breakout zones was a focal point of the design (Figure 5). The staged modelling approach
highlighted the development of the tensile forces as portions of the adit lining were
demolished. Assumptions regarding the connection between the adit lining and the mainline
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tunnel lining affected the magnitude of forces developed. The assumption of a fixed
connection between the two linings generated unmanageable connection forces. The joint
between the adit lining and mainline tunnel lining was treated as a zero-moment connection.
Compression forces between the linings could be transferred without bending moments. This
assumption leads to the development of a controlled hinge / crack between the two sprayed
concrete shells. The opening tensile forces were managed by the inclusion of horizontal
reinforcement above the mainline tunnel openings.

ZERD MONENT CONNECTION TENSLE OPENING FORCES  —,

Figure 5 Tensile forces above mainline tunnel breakout zones

A late addition during the design phase was the loading from @750 mm gantry crane piles
designed by a temporary works sub-consultant. The toe level from one gantry pile clashed
with the adit heading and resulted in the pile cage needing to be suspended (Figure 6). The
design of end bearing gantry piles indicates the limited rock cover and thickness of alluvium
above the tunnels.

Figure 6 Isometric view showing gantry piles

Because of the pile loading, the first section of the adit lining was strengthened by 200UC52
steel sets to support the 280 kN pile toe load. During construction a 110-tonne crawler crane
was used for spoil removal and a 250 tonne mobile crane was used to remove equipment until
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the initial section of adit had been constructed and reached a minimum 30 MPa compressive
strength.

5 Secondary Lining Design

5.1 Water resisting design

The WestConnex New M5 Tunnel is a drained tunnel and employs a Water Resisting
Strategy for managing groundwater ingress through the tunnel roof. The strategy treats
groundwater ingress according to inflow rate and geological structures which have the
potential to be water bearing features. Because the Kingsgrove tunnels are located at shallow
depth beneath Wolli Creek, the tunnels required a mandatory waterproofing membrane and
secondary lining. Two membrane options exist under the project Water Resisting Strategy; A
double bonded sprayed membrane option and a traditional sheet membrane option. The
secondary lining design needed to be compatible with both membrane options.

5.2 Composite lining design approach

The composite lining approach considers that although reinforcement elements embedded in
the primary shotcrete lining may compromise the long-term durability of the primary lining,
the lining does not completely deteriorate and maintains the ability to carry load.

Over time, after the completion of construction, a portion of the ground load which is
supported by the primary lining may be transferred to the secondary lining due to
deterioration of the primary support which contains embedded reinforcement and lattice
girders. Additionally, the modulus of the primary lining will reduce over time causing
relaxation and loading of the secondary lining. This deterioration and relaxation of the
primary lining causes loading of the secondary lining (i.e. load sharing).

The degree of load sharing between the primary and secondary lining is complex and depends
on a range of factors, the main of which are:

- Relative stiffness between the primary and secondary linings including the timing of
loading of the primary and secondary linings

- Bond between the primary and secondary lining (e.g. unbonded or bonded)
» Ground conditions such as rock strength and stiffness

+ Tunnel shape

+ In-situ stress conditions

- Effects of concrete creep under sustained load

« Durability of the primary lining

5.2.1 Composite lining approach 1 — sheet or spray membrane

Traditionally the most common composite lining approach is to account for some load
sharing between the primary and secondary linings (Figure 7). The amount of load sharing
depends on a range of factors (Key factors listed above) but is typically between 15 and 50%
[2,3]. For example, a higher share of load could be expected where a double bonded spray
applied membrane is used and lower share of load where a unbonded sheet membrane is
used, however, the author notes that the load sharing mechanisms are complex and the
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assumption of a bonded condition may lead to significantly lower loads carried by the
secondary lining with an increased risk of cracking of the secondary lining due to higher

bending stresses as highlighted by Su [4].

It should be highlighted that the degree of load sharing be assessed on a case-by-case basis
considering the in-situ ground conditions. For example, a tunnel in soft ground (clay) exhibits
a change between short-term and long-term behaviour which changes the ground load.
Additionally, ground water pressures in clay can re-establish slowly over time.

Short tm loads
100% 100%

: Long term loacs
) 50.85%

Gl o VG
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' Secondary
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Figure 7 Typical composite lining (partial composite with no shear or adhesive bond) [2]
5.2.2 Composite lining approach 2 — double bonded spray applied membrane

Recent developments in composite lining design on tunnel projects such as London’s
Crossrail have examined the primary and secondary lining as a true composite material which
is bonded by the spray applied membrane. This can only be performed where there is a bond
between the primary and secondary lining such as a double bonded spray applied membrane
(Figure 8).
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Figure 8 Left) Typical fully composite lining (shear and adhesive bond) [2], Right) Stress diagram for varying shear
modulus [6]
The findings of recent studies [5,6,7,8] do however highlight shortfalls in the availability and
reliability of long-term data for spray applied membranes, current industry standards and
applicability of design codes to composite lining design. Further research, testing and
development of applicable design standards are required before the composite action depicted
in Figure 8 can become an industry standard and adopted on major transport projects such as
WestConnex. Some of the issues which require addressing:

« Although the spray applied membrane contributes negligible stiffness to the overall lining
system the composite action of the primary and secondary lining increases the lining
stiffness which causes higher bending moments in the lining.

« Since the shear stiffness of the spray applied membrane is relied upon in the long-term
case, effects of creep and aging need to be understood.

« The design of a composite tunnel linings raises issues in the non-linear analysis and code
compliance.
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+ Depending on the bonding assumption, the groundwater may either be considered to act
on the composite primary and secondary lining or the secondary lining only.

+ A composite lining which relies upon bond between the primary and secondary lining
tends to cause the primary lining to be more heavily loaded that the secondary lining. This
increases the risk of cracking of the secondary lining.

« Experience has shown that the spray applied membrane can be difficult to apply when
there is running ground water and that the membrane can debond/blister if there is a
prolonged period between spraying or casting the secondary lining.

For these reasons the traditional composite lining approach (#1) was adopted for the design
which allows for some load sharing between the primary and secondary lining, the degree of
which depends upon if a PVC sheet or spray applied membrane is used. The approach was
considered acceptable as it reduces the overall lining thickness compared to double shell
lining approach, uses industry standard and best practice which has been proven on similar
tunnel projects.

To quantify the amount of load sharing between the primary and secondary lining a 2D
sensitivity study was performed. The results of the assessment show that between 10% and
60% load sharing between the primary and secondary loading can be expected considering
either a PVC sheet membrane or double bonded spray membrane. When a PVC water
resisting membrane is used between the primary and secondary linings, an unbonded analysis
shows that there may be between 10-15% load sharing for the situation analysed. In the case
of a bonded analysis which is relevant to a double bonded spray applied membrane between
the primary and secondary linings, the results show between 50 and 60% load sharing
between the primary and secondary lining.

The finding of the study shows a reasonable agreement with industry standard and loading
conditions adopted on other similar tunnel projects and recent research [2,3,9]. Typically, 15-
70% sharing of load between the primary and secondary lining is considered reasonable.

The secondary lining design was performed considering a higher percentage of long-term
load sharing (50%) with checks conducted for 10% long-term load sharing also.

53 Structural analysis

The design of the secondary lining was performed using 3D finite element analysis software
Strand7. Because of the complex geometry and time available the secondary lining was
modelled in isolation without the primary lining shell. The structural analysis of tunnel
linings is well documented [1,10] including established industry standards and will therefore
not be discussed in this paper. The proceeding section will discuss the fire design approach
for the secondary lining.

The secondary sprayed concrete lining was designed to withstand the standard 4-hour fire
curve (Cellulosic ISO 834 as per AS1530.4 [11]) and 2-hour hydrocarbon fire curve
(Eurocode 1: EN1991 1-2 [12]) (Figure 9).
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Design Fire Curve

Temprature |-C)

Time [min)

Figure 9 Design fire curves

To derive the thermal and mechanical properties of the sprayed concrete lining a two-
dimensional FEA was performed for the project using Strand7 (Table 1). The transient heat
solver was used to assess the non-linear temperature profile within the concrete section at
various time increments. The thermal actions for the temperature analysis of concrete
structures exposed to fire followed BS EN 1991-1-2:2002 [12], and BS EN 1992-1-2:2004
[14].

Table1  Equivalent thermal and mechanical properties

Fire Equivalent | Equivalent | Equivalent | Equivalent | Equivalent temp. | Heat affected

case elastic thickness width (mm) | node temp. | gradient (°C/m) zone (mm)
modulus (mm) (°C/m)
(MPa)

2-hr 20,100 211 1305 44 496 35

HC

4-hr 14,800 203 1353 82 220 55

ISO

To provide enhanced thermal resistance the secondary lining was specified to contain micro
polypropylene (PP) fibres. The addition of micro PP fibres mitigates the risk of explosive
spalling of the sprayed concrete lining under fire loading by expanding at a different rate
compared to the concrete matrix, creating small openings between the cement paste matrix
and the fibres. These openings relieve some of the vapour pressure that builds up in the pores
of the concrete. At approximately 170 °C the fibres melt and above 360 °C evaporate [13].
The evaporation of the fibres provides voids which further relieve vapour pressures and help
prevent concrete spalling.

To assess the requirement for explosive spalling a project study [13] was undertaken
examining the results of fire testing completed on projects such as London’s Crossrail
Project, North West Rail Link in Sydney and the Clem?7, Airport Link and Legacy Way
Tunnels in Brisbane. The objective of the study was to limit the spalling depth to 25 mm
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under the 4-hour ISO fire curve. Statistical analysis of the data showed that the addition of 1
kg/m?> of PP micro fibres would limit the average spalling depth to 25 mm with a 99.99%
confidence interval. The level of spalling resistance provided by the inclusion of 1 kg/m? of
PP fibres was evident after the completion of independent fire testing undertaken at CSIRO’s
laboratory (Figure 10).

Specimen A: Steel fibre mix without PP fibre: Speci.men B: Steel fibre mix with 1 kg/m3 PP fibre:
Spalling depth: max 170 mm Spalling depth: 0-1 mm

Figure 10 Left: Specimen containing no PP fibres after 120 min test following 4-hr ISO curve; Right: Specimen
containing PP fibres after 120 min test following 2-hr HC curve
The structural assessment of the shotcrete lining was performed following the principles
outlined in BS EN 1992 1-2:2004 [14]. The structural design for fire is considered as an
extreme event with the objective to confirm structural stability. Therefore, load factors of 1.0
are applied and the member capacity determined using a reduction factor of 1.0. Hinges are
gradually introduced into the model to simulate the cracked concrete lining until structural
capacity is satisfied.

6 Construction Overview To-Date

6.1 Primary lining

The sprayed concrete mix adopted for the primary lining was a 180 mm slump steel fibre
reinforced mix with a 28-day compressive strength of 40 MPa. A fibre dosage of 35 kg/m>
was adopted to achieve the minimum 3.0 MPa flexural strength CMOD4 in beam tests. The
mix design was in accordance with standard practice for Australian Civil/Tunnel applications.
Additional reactivity testing was completed to verify the compatibility of the accelerators
proposed for use with the hydration control additives and superplasticisers.

In the heading excavation cycle a minimum 2.5 MPa concrete strength was required prior
personnel entry. Prior to advance the tunnel lining was required to have a minimum strength
of 8 MPa. Tamshot 80AF alkali-free accelerator was used with a dosage rate of 6% to
achieve a shotcrete strength of 8 MPa in 13 hrs. To reduce time waiting for strength gain this
was optimised during the construction phase to 6 MPa based on tunnel convergence data and
geotechnical information gained from the drilling of canopy tubes and face mapping records.
A summary of the measured strength gain is provided in Table 2.

The sprayed concrete mix design was constrained to the mix design that would be used
project wide for permanent primary sprayed concrete. The mix design was based on a 25%
fly ash as supplementary cementitious due to durability requirements. This significantly
limited the ability to target early age strength and had implications for accelerator reactivity.
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The competing target strengths of 6 MPa for advance and 30 MPa for crane loading presented
a challenge of optimisation of accelerator dosage. Significant site testing was conducted to
assess the interaction of hydration control and accelerator additives from different suppliers.
The hydration control was proven to have a slightly detrimental effect on early age strength
however was retained in the mix due to the positive effect on the strength gain to 30MPa
target and overall shotcrete quality.

Site trials for sprayed concrete mix design also included trials comparing the performance of
a specialised accelerator that is typically better suited to handle blended cements, Normet
110AF [15]. The results of this indicated significantly faster strength gain in the 0-2.5MPa
range with a corresponding reduction in 7 day and 28 day strength. Accelerator dosage of
80AF was assessed to be suitable to achieve specification requirements in the range of 4%-
8%. On site testing confirmed that a dosage of 6% minimised cycle time loss during
excavation and maximised the 7-day strength gain for the target 30 MPa requirement.

Table 2 Shotcrete strength gain

Age Compressive strength (MPa)
6 hours 2.5 MPa

11 hours 6 MPa

13 hours 8 MPa

1 day 12 MPa

3 days 18 MPa

7 days 28 MPa

28 days 49 MPa

6.2 Instrumentation and monitoring

Instrumentation and monitoring installed during the construction phase consisted of
automated surface settlement monitoring, borehole extensometers, convergence prisms and
groundwater monitoring.

Current observations of surface settlement show that approximately 13 mm of settlement has
occurred. During the design phase up to 24 mm of surface settlement was predicted which
comprised approximately 14 mm caused by tunnel convergence and up to 10 mm by from
ground water draw down. The effects of consolidation settlement occurring from
groundwater draw down are expected to occur over the medium to long-term (months to
years).

A borehole extensometer installed directly above the adit shows that the measured
movements agree reasonably well with the predicted movements from the design phase
(Figure 11). The amber trigger level shown in Figure 11 is set slightly before the predicted
design value.
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Figure 11 Extensometer readings

Convergence monitoring arrays attached to the tunnel lining showed high horizontal
movements characteristic of the Hawkesbury Sandstone. The high horizontal stresses
contained within the Hawkesbury Sandstone are well documented [16,17,18,19], the major
horizontal stress can be up to 4 times higher than minor vertical stress, although, during the
design phase high horizontal stresses were not predicted at such shallow depths (7 m cover)
particularly considering the crown of the tunnel was predicted to be partially excavated in
alluvium. The incision of Wolli Creek which had eroded through the upper layers of rock
leaving buried sandstone cliffs creating the variable rock head levels encountered in the
geotechnical investigations was considered to have relieved some of the stresses in the rock
mass.

Up to 14 mm of lateral movement was recorded which confined the tunnel lining and causing
only 5 mm vertical crown sag at some locations. At the beginning of the adit where the
shotcrete lining was strengthened by steel sets, 10 mm of crown heave was recorded. A
similar phenomenon was also observed on the South West Rail Link Underpass in South-
West Sydney [20]. The invert and sidewalls of the tunnel were founded in the Minchinbury
Sandstone of the Wianamatta Group. The sprayed concrete lining containing steel sets was
squeezed as the stresses were relieved from the Sandstone causing up to 24 mm of heave.

At the time of writing this paper, benching in the adit area has been completed and
preparations have commenced for waterproofing and secondary shotcrete trials.

7 Summary and Conclusions

The final design of the Kingsgrove construction access adit was driven by managing
geotechnical risks and project constraints. The main geotechnical risks included the
construction of a large intersection at shallow depth beneath 3™ party assets (Existing M5
motorway and Wolli Creek) and uncertainty in the rock head level caused by the presence of
an incised creek channel and associated palacochannel. Project constraints included
constructing the tunnels from a small industrial property with fixed shaft and tunnel
alignments and the ability to provide sufficient space to excavate the tunnels. Development of
the design involved consideration to roadheader excavation profiles, bolting arm clearances
and articulated dump truck clearances.

The design of the primary sprayed concrete lining was driven by the shallow overburden
conditions. The tunnel profile was heavily arched to promote ground arching and to maximise
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compression within the shotcrete lining. The intersection between the two arched profiles of
the adit and mainline tunnels created high tensile stresses above the openings which required
conventional steel reinforcement.

The design of the secondary sprayed concrete lining followed a traditional composite lining
approach where by load sharing between the primary and secondary linings is considered.
Uncertainty in long term bond performance of sprayed waterproof membranes and lack of
standards and guidelines regarding composite lining design methods resulted in the true
composite lining approach, as shown in Figure 8, not being adopted for the design.

Fire testing conducted for the project confirmed the significant benefits that the addition of
micro PP fibres provide for the fire performance and spalling resistance of sprayed concrete
linings. Almost no spalling was observed in concrete mixes containing micro PP fibres which
were exposed to thermal conditions matching the 2-hour HC curve. The marked improvement
in fire resistance from the addition of micro PP fibres is outweighed by the comparatively
small increase in cost per cubic metre of sprayed concrete (approx. $15/m?).

A close relationship between the design and construction teams allowed an observational
approach to be adopted for the tunnels. Geotechnical records obtained from the installation
canopy tubes, face mapping and geotechnical probing combined with the instrumentation and
monitoring records allowed for the design to be verified. Optimisations were made to the
design during construction including refinement of the minimum concrete strengths required
prior to advance from 8.0 MPa to 6.0 MPa and the change from a split heading excavation
sequence to full heading excavation sequence for the development of the mainline tunnels
from the adit.

Automated surface settlement monitoring has recorded up to 13 mm of settlement above the
adit to date. This is expected to increase by approximately 10 mm due to consolidation
settlement caused by groundwater draw down. It is anticipated that this will to occur over the
medium to long term. The settlement impacts on 3¢ party infrastructure such as Wolli Creek
remain on track and are predicted to be well below the maximum acceptable limits of 40 mm
settlement and 1 in 250 angular distortion.
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ABSTRACT

A laboratory method for investigation of cored samples of steel fibre reinforced sprayed concrete
(shotcrete) is described. A pilot study on computed tomography (CT) has been conducted, with focus
on how the technique can be used for non-destructive testing where the cores remain intact after
scanning and evaluation. The CT method require advanced integrated equipment for X-ray scanning
and image detection, together with a computerized visualization system that can reproduce a three-
dimensional virtual, transparent model of the studied object. The method is well suited to describe
orientation and distribution of steel fibres within the concrete. Interfaces between rock-concrete and
concrete-concrete, between layers of different sequences of spraying, can also be identified. The results
from the CT investigations can be presented as qualitative data that in 3D shows locations of steel
fibres, aggregates, etc., and also as quantitative data showing relative distributions of cement paste,
aggregates, steel fibres and voids, which is here demonstrated by a selection of examples. The method
is well suited for practical analysis of sprayed concrete in situ specimens and it is recommended that
it is established as a standard method for special inspections and performance evaluation of rock
support in tunnels and subspace structures.

INTRODUCTION

The ability to optimize the composition of sprayed concrete (shotcrete) for use in efficient tunnelling
and rock construction depends on knowledge of the material properties, its structure and distribution
of aggregates, air voids and steel or synthetic fibres if added. For rock engineering and tunnelling,
more cost-effective, sustainable and safe tunnels and subspace structures would then be the result. The
most common investigation methods for the interior of in situ samples of standard cast or sprayed
specimens are today slicing or sawing followed by microscopy. This is time consuming and also
prevent further investigations since the specimens are destroyed. Computed tomography (CT), which
is an advanced method based on X-ray scanning and image detection, now provides new possibilities.
Integrated systems with equipment for computerized visualization can reproduce three-dimensional
(3D) virtual, transparent models of the studied objects. The results from tomography investigations
can be analysed and presented in the forms of qualitative and quantitative results for the test specimens.
The quantitative data that can be calculated for a concrete specimen at a macro or meso scale are
typically distributions of cement paste, aggregates, steel fibres, voids and air pores within the studied
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volume. Of particular interest is to study steel fibre reinforced concrete, cast and sprayed, and how the
fibres are orientated inside the concrete and also how they work in shrinkage, tensile stressing and
cracking [1]. As young concrete hardens, its strength and bond to the fibres increases, which affects
the cracking process [2]. The boundary layers between different materials, such as rock and concrete,
are of great interest, see e.g. [3] and [4]. Through samples taken in situ it will also be possible to
continuously monitor any degradation of the material, for example by corrosion in steel fibre
reinforcement, see e.g. [5]. A laboratory pilot study [6] has been carried out at the KTH Civil and
Architectural Engineering laboratory to describe the possibilities and limitations of the technique and
also the procedures for an examination. Examples demonstrate how the method can be implemented
for examination of standard size cast concrete cylinders and drilled core samples of cast and sprayed
concrete, with a focus on finding practical routines for investigations to obtain the qualitative and
quantitative data. The included literature review of previous research in the area shows very little
published work focusing on analyses of laboratory samples of normal size and of in situ cores drilled
directly out of existing structures. There is little or no previous research attempts on adapting the
technique for use with sprayed concrete specimens. This paper summarizes, demonstrates and
comments the result of the pilot study [6], with focus on the possibilities of conducting investigation
of sprayed concrete in situ samples of the type used in civil engineering rock work and tunnel
construction. A shorter summary with comments on the pilot study is also given in [7].

X-RAY COMPUTED TOMOGRAPHY

X-ray computed tomography (CT) is a digital technique for visualizing the interior of solid objects
down to microscopic detail level. Medical X-ray CT systems are e.g. used for acquiring images of
bones and soft tissues. Furtheradvancementofthe medical CT technique have today also led to the
development of industrial CT systems. High-resolutionindustrial X-ray CT differs from conventional
medical CT-scanning in its ability to utilize higher energy X-rays. This increase in penetrative power
makes it possible to detect details as small as a few tens of micrometres in size, also in high density
materials. In the following, a brief summary of the CT technique is given. For a more detailed
description see e.g. [8], on which part of the summary is based.

Industrial tomography systems

Industrial X-ray CT systems are today used for studies of materials within geo-sciences, engineering
and manufacturing. The ability of the X-rays to differentiate materials depends on their respective linear
attenuation coefficients, which basically is proportional to the material density. The volume studied is
described by constant thickness slices, series of stacked CT images represented by volume elements
(voxels),andnottwo-dimensional picture elements (pixels). The quality of the scanned pictures depend
on the noise level, the slice thickness, the lowandhigh contrastresolutions, which in turn depend on the
X-ray source, detectors used and the geometry of the scanned material specimen. The variables that
determine how effective an X-ray source will be for a particular task are size of the focal spot, the
spectrum of the X-ray energies generated and the X-ray intensity. The energy spectrum defines the
penetrative ability of the X-rays, as well as their expected relative attenuation as they pass through
materials of different density. Higher-energy X-rays penetrate more effectively than lower-energy ones, but
are less sensitive to changes in material density and composition. The X-ray intensity directly affects the
signal-to-noise ratio and thus the image clarity. The scanning configuration refers to the source-object-
detector distances and the resolution of the scanned object is magnified by minimizing the source-object
distance and maximizing the object-detector distance. The main sample preparation prior to a CT
scanning is to position the object inside the field of view and secure it against displacement during the
scan. The full scan field for CT is a cylinder and therefore, when possible, it is advantageous to have a
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cylindrical sample geometry — see Figure 1.

Computed tomography system

The X-ray CT system used in the pilot study is stationed at the laboratory of the KTH Department of
Civil and Architectural Engineering in Stockholm. It is of the type NSI X5000 [10], an advanced system
integrating computerized visualization and image detection with equipment for X-ray scanning, see
Figure 2. The system is controlled from a workstation with software for CT calibration, 3D real time
visualization and numerical analysis tools. There are 225 kV and 450 kV X-ray tubes within an
adjacent radiation-shielded enclosure. These have focal spot sizes of 5 um and 400 um, respectively,
and there is also an integrated high-resolution digital detector with 200 um pixel pitch (Figure 3b).
Data with voxel sizes down to 5 um can thus be obtained, depending on e.g. specimen size and the
tube used. An MTS Uniaxial Test System for up to 100 kN force and 150 mm displacement is mounted
in the enclosure and it is also possible to use a small climate chamber for testing temperatures from -
20°C to +80°C.

Investigation procedure

The first step of the investigation of a test sample is to place this on the rotating turntable between the
X-ray source and the detector. X-rays are then sent through the sample while the table undergoes a full
rotation at constant speed. The resulting digital three-dimensional image will consist of a "stack" of
horizontal 2D images with equal thickness that together defines the 3D volume. Each 2D CT image is
thus composed by 3D elements, i.e. voxels. Details on the complete procedure of sample preparation,
calibration, data acquisition and reconstruction are e.g. found in [8], but are here in the following

briefly summarized.
Cone Beam Configuration \

p Sample "

>, o
detector
Turntable

X-ray point source

Figure 1: X-ray scanning of a rotating, circular test sample [9].
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Figure 3a: Detector with 200m pixel pitch. Figure 3b: X-ray sources, 225kV and 450kV.

Calibration is necessary to establish the characteristics of the X-ray signal as read by the detectors under
scanning conditions, and toreduce geometricaluncertainties. The principal variables in collection of CT
data are the numberof views and the signal acquisition time per view. The number of views used ranges
from 600 to 3600 or more, each representing a rotational interval equal to 3608 divided by the total
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number of views. Each line of this raw data contains a single set of detector readings for a view, and
time progresses from top to bottom. In this so-called sinogram is every single point in the scanned
object corresponding to a sinusoidal curve. Reconstruction is the mathematical process of converting
sinograms into 2D slice images. The most often used technique is filtered back-projection. During this
reconstruction, the raw intensity data in the sinograms are converted to CT numbers that have a range
determined by the computer system. Industrial CT systems are sometimes calibrated so that air has a
value of 0, water of 1000, and aluminium of 2700, so that the CT number corresponds roughly to the
density [11]. These values are then coupled to the grayscale in the image files created by the system. A
complete analysis of a tested sample also requires subsequent post-processing in which the images are
interpreted and information extracted with additional numerical calculations carried out using a general
numerical procedure. A typical workflow for post-processing includes the four main steps; image de-
noising and correction, materials segmentation, quantitative analysis and volume meshing. The
correction procedure is demonstrated for a sample of asphalt concrete in Figure 4, which shows the
gradual transformation from the original CT image via a corrected image with enhanced contrast and
more clearly identifiable borders to a segmented picture with sharp borders between identified
materials. In this final image, the material with the highest attenuation coefficient, i.e. for concrete the
aggregate, will be bright grey, the material with the lowest attenuation coefficient, i.e. air voids, will be
dark (here black) while the cement paste will be shown in darker grey that falls between these limits.
Steel fibres would appear as bright light (“white”) lines or dots, depending on their orientation.

Figure 4: Correction of a CT image. From left to right: original image, corrected and de-
noised image, identified pre-defined material types. From [12].

IN SITU AND LABORATORY CASES

Computed tomography has previously been used mostly for studies of microstructures in materials
other than concrete and cement pastes, see e.g. the compilation by Sharma et al. [13]. Early examples
of computer tomography performed on concrete are e.g. [14] and [15]. The pilot study summarized
here investigates the possibilities and limitations of the technology as an investigation method for
especially young and old sprayed concrete in tunnels. The focus is on methods of full-size cylinders
cast of concrete with steel fibre content or test cores taken in the field or from laboratory beams.
Important for the practical use of the method is that concrete with full size aggregates can be
investigated and not only small specimens of cement paste. No previous documented tomography
investigations of sprayed concrete specimens has been found, but there are some interesting studies on
e.g. steel fibre concrete.
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Previous investigations

Most studies on concrete and cement paste in which computed tomography is used focus on the
structure and properties of the porous system, see e.g. [16] and [17]. A study in which in situ samples
are examined with regard to clogging of the porous system is presented in [18]. Concrete cores with a
diameter of 100 mm from outdoor parking spaces show significantly lower porosities for older
concrete. Interesting are also an investigation of concrete taken from a 40 year old water channel, [19].
Computed tomography was used to determine the degree of seasonal frost degradation and cracking in
75 mm diameter test cores. The effect of fibre corrosion in connection with tensile testing has also
been investigated, see [20]. First, short-term tensile loads and then long-term load during ongoing
corrosion attacks where applied. The first damage was noted after about 5 weeks and after 44 weeks
of exposure, samples with steel fibres showed multiple cracks while samples that also contained PVA
fibres remained un-cracked. An interesting study on fibre content, distribution and orientation in steel
fibre reinforced concrete is presented in [21]. The CT scanned specimens were 600 mm long beams of
a concrete type containing 78 kg/m?, 36 mm long steel fibres and aggregate in fractions up to 16 mm.
The beams were first exposed to three-point bending, after which 100 mm of the centre sections were
scanned. The orientation of shorter steel fibres in concrete has been investigated, for samples taken
from fibre reinforced concrete floors, [22]. The directions of the fibres were assessed based on a 3D
skeleton image derived from the tomography results. The compilation showed that the fibres are mostly
horizontally oriented near the centre of the slabs but more vertically close to the edges where the
casting moulds have had an impact. More details and further relevant projects are summarized in [6].
The X-ray CT equipment at KTH Civil and Architectural Engineering was first used to investigate the
internal structure of asphalt concrete, [12] and [23]. Results from these investigations are shown here as
examples of the type of presentation of material data that also are relevant for full size samples of
sprayed and cast concrete. The characterization of the internal structure of the asphalt concrete was
designed to determine parameters for aggregate orientation, distribution and geometry as well as
interaction in the contact zones between stones, binders and air pores. Examples on visualized 3D
results are given in Figure 5, where the pore structure and aggregate configurations within an asphalt
concrete cube are shown. These illustrations have been post-processed using a CAD program. The
cubes were later further analysed using a finite element program for stress state analysis of the cooling
asphalt material, [12].

Figure 5: Pores (left) and aggregates (right) within an asphalt concrete cube. From [23].
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Long time field exposure

A Swedish project with long-term field exposure of cracked steel fibre reinforced sprayed concrete
have now been going on for 18 years, [5] and [24]. More than 300 sprayed concrete beams have been
exposed in situ at three different sites; submerged in a river, along a motorway and inside a tunnel, see
Figure 6. The goal is to define time to initiation and rate of corrosion, to investigate relevant parameters
on the corrosion process and to study the long-term residual strength capacity with respect to ongoing
corrosion. Thus far, it has been concluded that the durability against corrosion of the steel fibre
reinforcement is good, especially in concrete specimens without cracks. The time for initiation depend
on the crack widths but these have only a limited influence on the corrosion rate. It has also been found
that due to the larger cathode area, longer fibres will corrode faster. As part of the pilot study here
summarized, CT investigations of samples from the beams submerged in river water were investigated,
see [6]. As will be demonstrated by a following example it was possible to detect degradation at the
ends of cores taken from the test beams. The possibility to use tomography investigation to evaluate
the status of the aging test samples will be further evaluated within the project.

Figure 6: Steel fibre reinforced test beams mounted in traffic tunnel. From [24].

In situ samples

The ability to investigate in situ core samples is of particular interest because the interaction between
temperature, humidity, spray technology and the quality of the rock surfaces has a direct impact on the
sprayed concrete quality. For young and hardening sprayed concrete it is of particular interest to study
steel fibre content and orientation of these and the concrete homogeneity with respect to aggregate
distribution and the presence of pores and possible cavities. For older concrete, the effect of freezing
and penetrating water can be studied. The nature of the bonding interface is also of interest, between
rock-concrete and between different layers of concrete. From cores containing both concrete and rock,
the bond interface can be identified and studied. It is usually complicated to investigate the
microstructure in the transition zone between rock and sprayed concrete, e.g. with scanning electron
microscopes, see e.g. [3] and [4]. Even though there are a number of established test methods for
estimating the bond strength between sprayed concrete and rock, there are relatively few detailed
studies of how the properties of the boundary layer affect that strength. It is known that the structure
and texture of the rock surface affects the bond strength between rock and shotcrete, see e.g. the
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summary in [4]. Mechanical bond-test results often shows a variation in failure types, from pure tensile
concrete failures to complete bond failures and combinations of the two. As shown by the examples
presented in the following, it is possible to use this type of CT results to study the interface topography
and how the cement paste fills out and penetrate irregularities in the rock. This technique can thus
contribute to and be an important part of analyses of the mechanisms that governs the bond between
rock and sprayed concrete, together with microscopy and mechanical testing.

EXAMPLES

In the following, examples of results from CT analyses of cast and sprayed concrete cylinders are
shown. These are laboratory cylinders, cores taken from cast concrete beams and in situ cores. All tests
specimens are of concrete qualities and compositions that are either sprayed or would be sprayable. In
all examples are steel fibres included. Detailed description of test specimens, system settings during
tomography investigation, etc. are given in the pilot study research report [6].

Cast laboratory samples

The first example in Figure 7 show a cast concrete cylinder, 220 mm high and with 100 mm diameter.
The volume is made up from 1982 slices, each 0.111 mm thick. The lighter colour represents a higher
density in the material, whereas darker colour show lower densities. To distinguish between the four
main components of the concrete, i.e. aggregate, cement paste, air pores and steel fibres, the colour
scale (or grayscale) corresponding to the materials densities are defined so that the steel fibres are the
brightest (white) points while the very dark areas are voids, cracks or air pores. The intermediate grey
areas consist of aggregates (lighter grey) and cement paste (darker grey), which here also contains the
minimum aggregate fractions since these are difficult to distinguish due to dissolution. The left sub-
figure shows the outer surface of the cylinder, where some steel fibres appear clearly, and in the centre
figure the steel fraction only, where the orientation of the fibres is clearly visible. The third sub-figure
shows a vertical cut across the CT-generated 3D volume. Figure 8 shows diagrams on how the fractions
of the three sub-materials (including void/air) vary along the cylinder. Here, it is clear that the steel
fibres are unevenly distributed with a variation within 31-78 kg/m? in the cylinder. The figure also
shows two of the 1982 sections included in the representation.

Cracked laboratory sample

Figure 9 shows a cast cylinder of the same type as in the previous example, but which has been cracked
in an MTS test machine before the CT investigation. The purpose was to study a crack in an otherwise
still intact steel fibre reinforced concrete volume. A local impression after the applied load is visible
in the photo to the left. The crack propagation through the cylinder is shown in the centre sub-figure
where an oblique section cuts through the cylinder. There and in the right sub-figure, the crack width
decreases downwards in the cylinder where the fibre content is higher. The main crack is also shown
in Figure 10, where the blow-up figure shows steel fibres that bridge the crack and corresponding
measured crack widths.
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Figure 7: Three-dimensional presentation of CT-scanned concrete cylinder. Exterior surface,
steel fibres and a vertical centre-cut. From [6].
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Figure 8: Distribution of aggregates, cement paste, voids and steel fibres along a 160 mm
length of a CT-scanned concrete cylinder. From [6].
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ar

Figure 9: Cracked 200 mm long, 100 mm diameter concrete cylinder, with diagonal and
vertical cuts through the CT-generated volume. From [6].

Figure 10: Cracks and bridging steel fibres in cracked concrete cylinder. From [6].
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Core from sprayed beam

An example of a drilled out core from a laboratory tested sprayed concrete beam is shown in Figure
11. The specimen come from the long-term observation project and was exposed to flowing
freshwater [24], after which the cylinders were cored for examination in the laboratory. The cylinder
is 125 mm long, of which the upper 50 mm has been immersed in water, and with a diameter of 50
mm. To the left is a photo and to the right 3D CT images of the specimen exterior and the steel fibres
only, with a fibre orientation that is highly variable. The variation of the concrete composition within
the volume is given in Figure 12. Here it can be seen that the fibre concentration is somewhat higher
towards mid-height of the core and that there are significantly small aggregate contents towards the

ends of the core and loss of fibres towards the top.

a)

Figure 11: Shotcrete core from a laboratory test beam (a), CT image of its outer cylinder

b

surface (b) and of the steel fibre configuration only (c). From [6].
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Figure 12: Variation in concrete composition over the 125 mm long concrete core. From [6].
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Figure 13: CT image of an in situ core with three layers of sprayed concrete (a) and steel
fibre and mesh configuration (b). From [6].
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Figure 14: CT image of an in situ core with two layers of sprayed concrete and a section
of rock. The steel fibres are shown in the right sub-figure. From [6].
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In situ cores

The forth example is shown in Figure 13, a core drilled through a three-layer sprayed concrete lining.
Two bond interfaces are here clearly seen, between a lower un-reinforced layer and an intermediate
layer with steel mesh reinforcement, and between the latter and a thinner layer with steel fibre
reinforced concrete. Most likely, the lower layer was first sprayed and on top of this was then the steel
mesh mounted. This was later over-sprayed and then also covered by a layer of steel fibre reinforced
concrete. The core show no remains of fractured rock at the inner surface and it can thus be assumed
that there was tensile concrete failure, or possibly a pure bond failure, during the extraction of the core.
Only the steel material is shown in the 3D figure (b), with sections of the reinforcing mesh and fibres.
The concrete is anisotropic with a significant reinforcing effect in the surface plane, since the fibre
orientation here coincides with the tunnel surface direction. A further, and last example also shows an
in-situ core, but here containing two layers, with fibre reinforced and plain concrete sprayed on an
inclined rock surface that also is part of the core, see Figure 14. In the left sub-figure the interfaces
appear clearly and there is also a visible crack in the rock. In the two 3D images, the outer structure of
the core is shown and also the content of steel fibres present in the outer part of the core. The fibre
orientation are here more isotropic than in the previously shown core, see Figure 13 for comparison.

CONCLUSIONS

The pilot study [6] here summarized shows that the method of computed tomography (CT) is suitable
for practical analysis of in situ sprayed concrete specimens. The examples presented demonstrate that
the technology and equipment has great potential as an investigation method of full size sprayed
specimens. It will be possible, by regular testing and analysis, to follow degradation of concrete
materials in situ and also to optimize concrete materials for rock construction through laboratory
investigations. The results from the CT investigations can be analysed and presented as quantitative
data showing distributions of cement paste, aggregates, steel fibres and voids, and as qualitative data
that shows 3D locations of fibres, aggregates, etc. It is recommended that the method is established as
a standard method for non-destructive testing of sprayed concrete cores taken in situ, as an advanced
tool to be used in special inspections and performance evaluations. The further development of the
method depends on the possibilities to compare analysis results from various types of concrete and
environments. It is therefore recommended that an open database with results from major construction
projects is started, based on CT test data grouped in a standardised way to facilitate comparisons.
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SUMMARY

Twin 8.5 m diameter, approximately 10 km long parallel headrace tunnels under overburdens
ofup to 1 870 m with high horizontal stresses were excavated for a hydroelectric project located
in north-eastern Pakistan using two open gripper Tunnel Boring Machines (TBMs).

This paper presents an assessment of the plant used to apply the permanent shotcrete (sprayed
concrete) lining for the headrace tunnels excavated by the TBMs. The shotcrete operation was
observed over a period of four months, during which time extensive data was collected on the
final shotcrete application. Most of the shotcrete in the TBM tunnels was applied as the
permanent lining about 65 m behind the cutterhead and is referred to as the ‘L2 shotcrete’.

The assessment found that in terms of the plant, a different layout of pumps to that which was
originally installed on the TBMs was required. This was necessary to better capitalise on the
operational ranges of different pumps employed for installing different sections of the lining.

INTRODUCTION

General

The hydroelectric project is located in the Muzaffarabad district of Azad Jammu & Kashmir
(AJK), in northeastern Pakistan. Geographically, the area consists of rugged terrain between
500 m and 3200 m in elevation within the Himalayan foothill zone known as the Sub-
Himalayan Range.

The project is a run-of-river one, employing 28.6 km long headrace and 3.6 km long tailrace
tunnels to cut off a major loop in the river system, transferring the waters of the Neelum River
into the Jhelum River, for a total head gain 0of 420 m (Figure 1). The headrace tunnels comprise
both single (31%) and twin (69%) tunnels, while the tailrace tunnel consists of a single tunnel.
Design capacity of the waterway system is 283 m?/s.

The project will have an installed capacity of 969 MW, generated by four Francis-type turbines
located in an underground powerhouse.

When construction commenced in 2008, all tunnels were to be excavated using conventional
drill & blast techniques. However, after excavation began, it soon became apparent that with
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the equipment being employed, a 13.5 km long section of the headrace twin tunnels overlain
by high terrain that precludes construction of additional access adits, would take too long to
excavate.

Consequently, the construction contract was amended to allow the operation of two 8.5 m
diameter open gripper hard rock TBMs to excavate approximately 10 km of the twin headrace
tunnels (Figure 1). The open gripper design was selected to give the most flexibility for the
expected conditions — possible squeezing ground given the relatively weak rock mass and
overburdens up to 1 870 m, and the potential for rockbursts in the stronger beds. Excavation of
the TBM tunnels started in January 2013 in the left tunnel (viewed looking downstream), and
a month later in the right tunnel. During the assessment which this paper describes, the TBM
in the left tunnel was ahead of the TBM in the right tunnel by distances of approximately 100 m
to 350 m. The TBMs in the left and right tunnels are hereon referred to as the ‘Leading TBM’
and ‘Trailing TBM’ respectively. Excavation was completed in the left tunnel in October 2016
and in the right tunnel in April 2017.

MURREE FORMATION

FALAE OIOICAMESOTTIG
ME PWM{H o ROCHS

Figure 1: Project layout showing TBM Twin tunnels (in green), major faults (dashed) and
simplified alignment geology
Objective of Assessment
This paper outlines both the successful investigation into assessing the effectiveness and

efficiency of the plant employed for the application of L2 shotcrete and the recommendations
made for improvements to the plant and logistics.
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SHOTCRETE APPLICATION

Overview
Shotcrete was applied at the following three zones on the TBMs:

e L1 zone
e L2 zone
e Invert zone

Initial support was applied at the ‘L1 zone’ just behind the TBM shield, primarily to secure any
loose rock and limit the convergence of the rock mass. Initial support typically consisted of
rock bolts and mesh, although shotcrete was also used in poorer quality rock masses. Shotcrete
was installed systematically at the ‘L2 zone’ and formed the upper 260° of the permanent lining
of the tunnel. The invert shotcrete was sprayed systematically between the L1 and L2 zones and
formed the lower 100° of the permanent lining of the tunnel. Figure 2 shows a typical schematic
of an open gripper TBM.

o Thiis Invert
IBM L1 zone '.'lN Grippers Installation

Cutterhead shield cylinders

Figure 2: Schematic of gripper TBM (indicative only) (Courtesy of Herrenknecht)

L2 Shotcrete Zone

The L2 zone was located 65 m behind the cutterhead. The system consisted of two spray robots
mounted on lifting beams, one on the left and one on the right hand side (Figure 3). The lifting
beams moved radially, perpendicular to the direction of the tunnel. Each lifting beam could
cover the 135° on its own side as well as overlapping by 45° past the crown to the other side if
need be. A spray robot was mounted on each lifting beam and moved longitudinally in the
direction of the tunnel. The overall maximum coverage of the L2 zone system was 270° of the
tunnel circumference. The spray robot was outside of a cylindrical shield that protected workers
and equipment and allowed unhindered access to the front of the TBM from the upper deck of
the TBM. It also deflected shotcrete rebound and fall-out to the tunnel invert.

In the longitudinal direction, the spray robots could travel 7 m along the lifting beams. The
cylindrical shield itself could move 3 m independently of the TBM it was mounted on. This
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gave a total reach of 10 m. Shotcrete was sprayed systematically at the L2 zone over the initial
support installed at the L1 zone. The thickness of the shotcrete sprayed at the L2 zone typically
varied between 125 mm and 250 mm and was dependent upon the quality of the rock mass.
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Figure 3: Shotcrete application at L2 zone [1]

Stages of Shotcrete Application at the L2 Zone

The flow chart in Figure 4 shows the different stages of shotcrete transport and application.

Underground
Batching TBM Pumps L2 zone
Plant Assembly (TBM) (TBM)
Chamber

Figure 4: Stages of shotcrete application

The shotcrete was first mixed at the TBM Batching Plant. It was then loaded into concrete mixer
trucks and driven from the Batching Plant to the Assembly Chamber and up a ramp. A
locomotive was then manoeuvred into position on the tracks so that a shotcrete transit car could
be positioned directly beneath the point of discharge of the truck. The shotcrete was then
discharged from the truck into the shotcrete transit car. The locomotive was then driven from
the Assembly Chamber to the TBM while the shotcrete was agitated in the shotcrete transit car.
Upon arrival at the TBM the shotcrete transit car was lifted from the locomotive and positioned
above one of the shotcrete pumps on the TBM. When ready the contents of the shotcrete transit
car were discharged and the shotcrete was pumped to the L2 zone where it is applied as the
final lining.

The shotcrete transit cars were manufactured by Maschinen Stahlbau Dresden (MSD). They

had a dead weight of 3.8 tonnes and a load capacity of 6 m®, and were typically filled with 5 m®
of shotcrete. Shotcrete transit cars at the L2 zone are shown in Figure 5.
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Figure 5: Shotcrete transit cars in use
Pump Types

At the time of the assessment, there were two types of shotcrete piston pump employed on the
TBM: s to deliver shotcrete to the L2 zone, 20 m*/hour capacity pumps and 25 m>/hour capacity
pumps. Both pumps had a maximum working pressure of 70 bar (7 MPa).

Concrete piston pumps operate on the same principle as a twin cylinder reciprocating engine.
One cylinder draws concrete from the hopper on the return stroke and another pushes it on the
forward stroke into the line. Pistons in both cylinders operate in opposite directions, so there is
uninterrupted flow and constant pressure on the concrete in the line. The pistons were driven
by a hydraulic pump. [2]

The pre-excavation grouting pumps used at the L1 zone were single plunger type pumps with
a maximum capacity of 7.5 m*/hour. These pumps had a maximum working pressure of 50 bar
(5 MPa). Assessment of the pre-excavation grouting pumps is outside the scope of this paper.

Initially Installed Layout of Pumps

A schematic of the initially installed pump arrangement is shown in Figure 6.
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Figure 6: Initially installed pump arrangement

Empty sholcrele transli car sborage
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SHIFT REPORTING

Pumping Statistics

The parameters recorded during the shift reporting are outlined in Table 1.

Table 1: Parameters recorded during the assessment

Volume of shotcrete pumped

This is the volume of shotcrete from any particular shotcrete
transit car applied at the L2 zone

Rate of pumping

This is the volume of shotcrete pumped divided by the
duration of the discharge and is given in m*/hour

Number of strokes per hour

This is the rate of pump strokes per hour, based on the rate
of pumping

Piston speed

The piston speed is calculated from the number of piston
strokes in one hour and the length of the piston

Stoppage duration

This is the duration of stoppages experienced while
applying shotcrete from that particular transit car

Stoppages

This refers to any interruption in the application of shotcrete that occurs during the discharge
of a shotcrete car. A differentiation has been made between blockages and disruptions for the
analysis of the results, since the blockages are mainly related to the pumps while disruptions
are due to other factors. Table 2 outlines the categories of stoppages:

Table 2: Categories of stoppages recorded during the assessment

A. Solid Pipe

Blockages in the solid pipe between the pump and the
flexible hose

Blockages B. Flexible hose

Blockages in the flexible hose between the solid pipe and
the robot

C. Nozzle/
Manipulator

Blockages at the nozzle or along the length of the lifting
spray beam

D. Accelerator

Blockages in the pipe supplying accelerator to the nozzle

Disruptions | (not  related
pumps)

E. Other/unspecified

to

¢ Changing over from one spray robot to the other

e Power cut

e Repairing existing rock support before shotcreting
e Issues with the air compressor
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RESULTS FROM SHIFT REPORTING

Pumping Statistics

Volume of shotcrete pumped
The volume of applied shotcrete observed for each TBM and pump is shown in Table 3.

Table 3: Volume of shotcrete observed for each TBM and pump

Average volume

pump

Volume of shotcrete Number of shifts . .
applied (m®) observed app (lrlzgl/ spheirﬁs)hlft

All shifts (total) 344.3 26 13.2
Trailing TBM 214.8 17 12.6
Leading TBM 129.5 9 14.4
20 m*/hour capacity 703 6 11.7
pump

25 m’/hour capacity 274 1 20 137

Rate of pumping

The results for the rate of pumping of shotcrete are shown in Table 4 and Figure 7.

Table 4: Rate of pumping of shotcrete for each TBM and pump

Minimum rate of

Maximum rate of

Average rate of

pump

pumping (m>/hour) pumping (m>/hour) pumping (m>/hour)

All shifts - average 2.8 12.6 8.6
Trailing TBM 6.0 12.6 9.2
Leading TBM 2.8 12.5 7.9

3 -
20 m°/hour capacity 71 107 8.8
pump

3 -
25 m°/hour capacity 23 12.6 3.6
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Figure 7: Minimum, maximum and average pumping rates for each TBM and pump

The 20 m>/hour and 25 m*/hour capacity pumps operated at an average efficiency of 44% and
34% respectively. This is shown in the Figure 8.

60
Maximum
rate of
50 pumping
efficiency
9 (%)
E: 40 = Average
5 rate of
;g pumping
T 30 efficiency
& %)
E-' 20 Minimum
g rate of
= pumping
2 10 efficiency
k. %)
0

20 m*hour capacity pump 25 m*/hour capacity pump

Figure 8: Minimum, maximum and average pumping efficiency rates for different pumps

Figure 8 shows that the 20 m*/hour capacity pump operated within a much more steady range
of pumping efficiency than the 25 m*/hour capacity pump. The former had a range of 18.3%
between the maximum and minimum values while the latter had a range of 39.2% between
these values.
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The large range of pumping efficiencies for the 25 m>/hour capacity pumps meant that they
were not working at a steady rate. This made it more difficult to predict the duration required
to pump the contents of a transit car of shotcrete and hence limited the ability to plan shotcrete
deliveries and logistics effectively. The 20 m’/hour capacity pumps worked within a much
smaller range of pumping efficiency, allowing for better planning of shotcrete deliveries.

Number of strokes per hour
The results for the number of pump strokes per hour are shown in Table 5.

Table 5: Number of pumps strokes per hour for each pump

Minimum number of | Maximum number of | Average number of
pump strokes per pump strokes per pump strokes per
hour (strokes/hour) hour (strokes/hour) hour (strokes/hour)
20 m’/hour capacit
pactty 630 960 790
pump
25 m’/hour capacit
pacity 120 890 375
pump
1200

_ Maximum

5 number of

=

g 1000 pump strokes

_9:3 per hour

3 (strokes/hour)

i 800

5 = Average

. 600 number of

= pump strokes

= per hour

%’ 400 (strokes/hour)

:_ Minimum

E number of

2 200 pump strokes

S

5 per hour

g o (strokes/hour)

2 20 m*/hour capacity 25 m*/hour capacity

pump pump

Figure 9: Minimum, maximum and average pump strokes per hour for each pump

Piston speed
The results for the pump piston speed are shown in Table 6.

47



Table 6: Pump piston speed for each pump

Minimum pump

Maximum pump

Average pump

piston speed (m/s) piston speed (m/s) piston speed (m/s)
3 :
20 m’/hour capacity 0.12 0.19 0.15
pump
5 :
25 m°/hour capacity 0.03 0.25 0.10
pump
0,3
Maximum
0,25 pump
piston
speed (m/s)
R 0.2 m Average
- pump
E piston
? 0.15 speed (m/s)
2 Minimum
5 pump
% 0,1 piston
& speed (m/s)
£
£ 0,05
0

20 m*/hour capacity pump

25 m*hour capacity pump

Figure 10: Minimum, maximum and average pump piston speeds for each pump

Stoppages Statistics

Duration of pumping and stoppages
The results for the average duration of pumping and stoppages recorded during the assessment

are shown in Table 7.

Table 7: Average duration of pumping and stoppages for each TBM and pump as percentage
of shotcrete discharge cycle

Average duration of Average duration of
pumping (%) stoppages (%)
Average 72.9 27.1
Trailing TBM 76.3 23.7
Leading TBM 68.5 315
20 m’/hour capacity pump 75.2 24.8
25 m’/hour capacity pump 72.3 27.7

Figure 11 shows that there is little variation in the average duration of stoppages with respect
to TBM and pump type. The following general observations were made:
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e The trailing TBM experienced slightly fewer stoppages than the leading TBM.
e The 20 m3/hour capacity pump experienced slightly fewer stoppages than the 25 m*/hour
capacity pump.
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Figure 11: Average duration of pumping and stoppages for each TBM and pump

The results for the average duration of various stoppages are shown in Table 8 and summarised

in Figure 12.

Table 8: Average duration of stoppages for each TBM and pump as percentage of shotcrete
discharge cycle

Average . B.
duration A. SOhd Flexible C. Nozzle D. E.
Pipe Accelerator . .
of Hose blockage Disruptions
. blockage o blockage o
pumping %) blockage (%) %) (%)
(%) (%)
Average 72.9 2.3 8.1 7.9 1.8 7.1
Trailing
TBM 76.3 4.0 6.6 1.1 32 8.7
Leading
TBM 68.5 0 9.9 16.5 0 5.1
20
3
m*/hour 75.2 0.8 13.6 0 0 10.4
capacity
pump
25
3
m*/hour 72.3 2.6 6.8 9.8 22 6.3
capacity
pump
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Figure 12: Duration of pumping and stoppages for each TBM and pump

Analysis of duration of stoppages

The results for the analysis of the duration of stoppages are shown in Table 9 and summarised
in Figure 13.

Table 9: Duration of stoppages for each TBM and pump type as percentage of stoppage time

A. Solid . D.
Pipe B. Flexible | C. Nozzle Accelerator | Blockages | ... E. .
blockage Hose . bloc;kage blockage | (A-D) (%) Dlsrlll)ptlons
(%) blockage (%) (%) %) (%)
Average 8.3 29.8 29.0 6.6 73.8 26.2
Trailing
TBM 17.0 28.0 4.8 13.5 63.3 36.7
Leading
TBM 0.0 31.6 523 0.0 83.9 16.1
20
m*/hour 32 54.8 0.0 0.0 58.0 42.0
pump
25
3
m/hour 9.4 24.5 35.2 8.1 77.2 22.8
capacity
pump
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Figure 13: Duration of stoppages for each TBM and pump

The following general observations were made:

mE.
Disruptions
(%)

mD.
Accelerator
blockage (%)

C. Nozzle
blockage (%)

= B. Flexible
Hose
blockage (%)

= A. Solid Pipe
blockage (%)

e On average, the most common blockage was in the flexible hose, followed by the nozzle
(these contributed to 29.8% and 29.0% of the blockages respectively).
e The 20 m’/hour capacity pump did not experience any nozzle or accelerator pump
blockages.
e More than half of the 20 m*/hour capacity pump stoppages were caused by flexible hose
blockages.

As mentioned previously, it is important to distinguish between blockages and disruptions. On
average, blockages accounted for 73.8% of the stoppages although this number is as high as

83.9% for the leading TBM and as low as 58% for the 20 m3/hour capacity pump.

The 20 m*/hour capacity pump experienced a higher proportion of disruptions than the 25
m>/hour capacity pump and therefore a lower proportion of blockages. The disruptions were
not related to the pumps, they were caused by other factors, such as changing over from one
robot to another or repairing existing rock support before applying shotcrete. Therefore the rate
of pumping for the 20 m3/hour capacity pump could be further enhanced by improving the
management of logistics, and thereby reducing these disruptions.
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Rate of Pumping and Age When Shotcrete Discharge Started

Figure 14 shows the rate of pumping (not including any stoppages) against the age of the
shotcrete when discharge was commenced at the L2 zone. Figure 15 shows the average total
time of discharge (including stoppages) against the age of the shotcrete when discharge was
started at the L2 zone.
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Figure 14: Rate of pumping (not including any stoppages) against the age of the shotcrete
when discharge was started at the L2 zone
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Figure 15: Average total time of discharge (including stoppages) against the age of the
shotcrete when discharge was started at the L2 zone (higher values signify lower efficiency)

These results show a trend of a slightly reduced rate of pumping with increased shotcrete age
when shotcrete discharge started at the L2 zone. It also shows that the shotcrete took slightly
longer to pump, (more minutes per cubic metre) as the average age of the shotcrete in the wagon
discharged at L2 increased.
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CONCLUSIONS AND RECOMMENDATIONS
The following recommendations were made and implemented for the shotcrete plant:

e 20 m’/hour capacity pumps rather than 25 m3/hour capacity pumps should be used for the
application of shotcrete at the L2 zone as they have a narrower operational range, allowing
for better planning of shotcrete deliveries.

e 20 m3/hour capacity pumps should be used for application of shotcrete at the L2 zone as
they experience fewer stoppages and blockages than the 25 m*/hour capacity pumps.

e 25 m3/hour capacity pumps are preferred for the application of invert shotcrete because the
invert offers a less challenging working environment than the L2 zone, given that it is larger
in area (typically 10 m in length sprayed in one shift) and drop out of the shotcrete is not
possible because gravity acts to stabilise the freshly-applied layer. This environment was
therefore more forgiving of the larger operational range and more frequent blockages that
the 25 m>/hour capacity pumps experienced.

e The recommended pump layout is shown in Figure 16.
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tramsit car storage
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PP | Power Pack
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Figure 16: Recommended pump layout

e [t was recommended that logistics were managed to both minimise the age of the shotcrete
when discharged at the L2 zone as well as implement trials to extend the life of the shotcrete
using retarder.
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SUMMARY

For many years, a particular concern among engineers has been the possible creation of
imperfections behind reinforcing bars when shotcrete is inappropriately applied and how their
presence affect the behavior of structural elements. However, despite the serious effect
imperfections behind the reinforcement might cause, only few research studies have been
completed on the subject. To this day, engineers are limited to codes that do not have specific
guidelines regarding the design of reinforced shotcrete elements. Moreover, the current
guidelines for the evaluation of the encasement quality of reinforcing bars are based on
empirical data. For these reasons, the aim of this paper is to review a comprehensive research
(on-going) that was undertaken as part of a doctoral program to 1) enhance the current
evaluation methods used to assess the encasement quality of sprayed bars and 2) propose
modification factors for the development length equation when shotcrete is used. Initially, a
brief historical review of the past encasement quality evaluation methods and the development
of the current modification factors for the development length equation (accounting for other
phenomena such as bleeding, and the size and coating of bars) will be discussed. Thereafter, a
detailed review of the experimental program, which included “pull-out” and ASTM A944-10
“beam-end” specimens, and a description of the analytical methods used to derive modification
factors will be presented. Also, the range of applicability of the developed modification factors
will be discussed based on the results of a FE model of the “beam-end” specimen. Finally, the
situations in which the aforementioned modification factors can be used and how to apply them
will be reviewed.

INTRODUCTION

The use of sprayed concrete has become a viable and practical alternative in comparison with
cast-in-place (CIP) concrete to build complete reinforced concrete elements. Indeed, improved
mixtures developed over the past few years have considerably helped to reduce the amount of
rebound whilst increasing the possible buildup thickness of shotcrete [1-4]. In addition, the
equipment has also evolved considerably [5] allowing the optimization of the entire spraying
procedure. However, imperfections such as voids or entrapped aggregates could be created
behind the reinforcement if, among others, the experience of nozzle operators is not adequate,
if the elements present heavily congested zones of reinforcement, or if the job site conditions
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make it difficult to spray the concrete. In wer-mix shotcrete, imperfections could be created
mainly if the dosage of set-accelerating admixtures is excessive whereas in dry-mix shotcrete
they are mainly created by the inadequate experience nozzlemen (refer to Fig. la and 1b).
Unfortunately, the issue has not been properly addressed and reliable guidelines for the design
and the evaluation of shotcrete structures whenever imperfections at the bar-concrete interface
are expected have not been established.
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Figure 1 — (a) correct and (b) incorrect shotcrete placement method resulting in voids
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In the past years, the first official attempt came with the introduction of the core-grading system
in the American Concrete Institute’s (ACI) document “506.2-95: Specification for shotcrete”
[6] in which the imperfections behind reinforcing bars were visually graded from 1 (perfect
encapsulation) to 5 (poorest encapsulation). Nonetheless, despite the effort, the reliability of
the core-grading system was widely questioned [7-9] and it has even led some engineers to
make unsupported design decisions [10]. Consequently, the core-grading system was removed
in the 2013 version of the document (ACI 506.2-13) [11] and was recently replaced (up to a
certain level) by the ACI’s technical note “506.67-17 Visual shotcrete core quality evaluation
technote” [12] in which the size of the imperfections (if any) is reported as a percentage of the
bars’ perimeter. Still, the adopted percentage limits in the “506.67-17" technote defining
different qualities of encapsulation (from “very good” to “poor”) were established based on
experience and not on the actual bond strength performance of reinforcing bars with varying
encapsulation qualities.

In that regard, an alternative (and perhaps a more advantageous way to deal with possible
imperfections behind reinforcing bars) is to use modification factors for the development length
(¢4) equation of reinforcing bars in tension, as expressed by Eq. la and 1b (in SI units)
according to the ACI 318-14 design code [13]. These modification factors could be based on
the expected inadequately encased perimeter of the bars, i.e. the un-bonded perimeter (u.p.).
Making use of the factors during the design phase of shotcrete structures would allow the
evaluation of cores taken from pre-construction panels' (or even actual structures if needed) to
be less severe since preventive actions would have been taken during the design phase.

4= L PERAAR dy (la)

'Pre-construction panels are replicas of the actual members of the structure that are sprayed, cored and evaluated
in complex projects to verify if the mixture, equipment, and the crew can guarantee the quality of shotcrete.
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Where:

K= 2t (1b)
And the restrictions expressed in Eq. 2a, 2b, 2¢ and 2d must be respected.

£4>300 mm (2a)
yiye< 1.7 (2b)
(co+Ku)/dp<2.5 (2¢)
f’c<69 MPa (2d)

Eq. la incorporates modification factors (yt, ye, and ys) which were added by ACI Committee
318 to the original equation proposed by Orangun et al. [14]. The “top-bar” factor (y¢) [15-17]
accounts for the adverse effect on bond of bleeding water accumulating under the reinforcing
bars, the “bar coating” factor (ye) [18, 19] accounts for the adverse effect on bond of epoxy or
zinc bar coatings and lastly, the “bar size” factor (ys) [13] acknowledges the more favorable
bond performance of small size bars. Historically, modification factors have been established
by computing bond performance ratios between “control” bond specimens (“beam-end”,
“beam-splice”, “development length” or other specimen) and those accounting for the variable
under study. For such purpose, the ultimate loads, the ultimate slips or the loads at a given slip
have been used. However, since the adverse effect on bond of inadequately encased bars (as it
may occur in shotcrete) is not explicitly accounted in Eq. 1a, a comprehensive doctoral program
was undertaken to overcome the shortcoming of the current design and evaluation procedures.
Thus, the aim of this paper is to review the procedure of such investigation [20-24] that led to
establish a set of modification factors for the £4 equation when shotcrete structures are designed
and the recommendations proposed to enhance the bar encasement evaluation methods when
imperfections can be expected to be created behind bars.

GLOBAL METHODOLOGY

The complete procedure of the investigation, shown in Fig. 2, included an experimental,
analytical, and a Finite Element (FE) modeling phase in order to achieve the objectives of the
investigation. During the experimental phase, “pull-out” specimens (built with shotcrete and
cast-in-place concrete -CIP-) and “beam-end” (built only with CIP concrete) specimens were
tested. The “pull-out” specimens were only used for screening purposes as their stress field is
representative of only a few real-life situations. In contrast, the “beam-end” specimen was used
for the actual proposal of modification factors since their stress field is representative most
reinforced concrete members (both the bar and the concrete are placed in tension) [25].

In order to obtain different qualities of reinforcing bar encapsulation, the shotcrete “pull-out”
specimens were built using the dry-mix process so that the nozzlemen could intentionally create
imperfections by changing the consistency of the mixture. The “beam-end” specimens were
not built using shotcrete because an early attempt showed that imperfections were created in
other reinforced parts of the specimen; the solution was to use silicone inserts encased with
CIP shotcrete mixture to recreate actual shotcrete voids. The main advantage of using artificial
voids was that they allowed to obtain precise bond strength values whilst testing a reduced
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amount of experimental specimens. Then, to account for the inherent size variability of
shotcrete voids (the un-bonded perimeter) along the reinforcement, principles of possibility
theory were applied and ultimately bond performance ratios (similar to those used to establish
the current modification factors for €q) were computed. The Finite Element (FE) model, of the
“beam-end” specimen only, served to establish reasonable limits for the use of the proposed
modification factors based on the ultimate load (linked to the un-bonded perimeter of voids)
and the type of failure of specimens (i.e. a change from a splitting to a pull-out failure mode).

[“Pull-out” specimens [20]] LEGEND

|

v
Cast-in-place ’ Method H Sub-method ‘
Shotcrete with artificial voids over v

entire bonded length | | pooeemeteeeeeeey

,,,,,,,,,,,,,,,,,

Study of load — slip
curves & failure mode

L . —>[“Beam-end” spfcimens [21-22] ]7

: Proof of equivalency :
1 between placement Cast-in-place \ 4
| methods | with artificial voids over | | Finite Element Model [23] |
entire bonded length i
Possibility theory |_[;1 ti_m_jt; 1;) a_d_' Localized voids,
>| Size variability of <—: & failure mode concrete cover
shotcrete voids | 00— S22 ! and transverse reinforcement

: Ultimate load :
1 & failure mode ;

Recommendations 1 ---- —l’ ————— |
for the evaluation & ! Limits on bona_f |
modification factors for € [24]J‘ |performance ratios |

Figure 2 - Global methodology of the investigation

EXPERIMENTAL METHODS

Bond specimens

The “pull-out” specimen consisted of 150 x 150 x 285 mm prisms cut from wooden rectangular
panels; the same molds were used for either sprayed (refer to Fig. 3) or CIP specimens. A single
16.0 mm nominal diameter (dy) test bar concentric with the longitudinal axis of the prism and
a 40 mm (2.5dy) bonded length were used. The specimens were tested by pulling the bar
vertically whilst the top of the specimens was retained with a 322 MTS testing frame at 1.0
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mm/min displacement control. The displacement of the bar was measured with two linear
position sensors with return spring attached to the test bar at the loaded end.

)
] So
80 & N

(shotcrete only) 2 PVC

] 1 50&, Sleeve
Water valve Bonded
length
Water ring installed
e [mm)]

2.2 m upstream

Figure 3 — “Pull-out” specimens [20]

The remaining concrete in the panels was cored to measure the mechanical and durable
properties of the concrete and only in the case of shotcrete specimens, two concrete plates were
cut to obtain five values of the un-bonded perimeter as the one shown in Fig. 4a. In CIP
specimens, the un-bonded perimeters that were studied corresponded to 0, 10, 20 and 30% of
the bar’s dy as shown in Fig. 4b and only a single value was measured at the bottom of the
specimens.

Figure 4 — (a) u.p. of shotcrete specimen and (b) of CIP specimens with artificial voids [20]

The “beam-end” specimens, as shown in Fig. 5, were built in accordance to the ASTM A944-
10 standard [26] and consisted of 210 x 600 x 450 prisms with a test bar passing through a PVC
sleeve at the loaded end and through a second sleeve at the un-loaded end. The sleeves served
to control the bonded length of the test bar whilst avoiding a conical concrete failure at the
loaded end. Test bars of 15.9 and 19.1 mm dy, were used and the bonded length was set to 100
and 120 mm for each bar size respectively (6.3dp); the concrete cover above the test bars was
set to 2.5dp. Moreover, the specimens incorporated flexural bars and stirrups to assure an
adequate behavior in flexure and in shear and transversal PVC sleeves were placed in between
the stirrups to facilitate moving the specimen. The specimens were tested by pulling the test
bar whilst retaining the specimen with a compression reaction plate (simulating the internal
compressive force in flexural members) and with a tie-down plate (simulating the shear
gradient of an infinitesimal section in a flexural member) using a 311 MTS testing frame at 0.5
mm/min displacement control. A similar shotcrete mixture (either sprayed or CIP) was used
for both types of specimens. However, in the case of the “beam-end” specimens, a water-
reducer was used to avoid as much as possible an additional bond strength reduction due to
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possible bleeding water accumulating under the test bar. Moreover, the same un-bonded
perimeters shown in Fig. 4b were studied.

Tie-down plate
(210x220)

450
Compression —>»
reaction plate
(210 x 150) 600
210 o [mm]

Figure 5 — “Beam-end” specimens

Partial results and discussion

The results of CIP “pull-out” specimens with artificial voids were extremely valuable in
depicting tendencies, especially with regard of the un-bonded perimeter threshold beyond
which the load was considerably reduced in comparison with perfectly encapsulated bars; the
results suggested the threshold to be around a 20% u.p. The same value was supported by
results obtained with shotcrete “pull-out” specimens despite the results were harder to interpret
because of the size variability of shotcrete voids. Nonetheless, it was found that only the
absolute ultimate load values obtained with CIP specimens were equivalent to the ones
obtained with shotcrete specimens (based on a statistical hypothesis testing comparison).
Indeed, the slope of the load-slip curves of shotcrete specimens always resulted higher than
those of CIP specimens because of the better-compacted mixture around the bar as a
consequence of the velocity at which the mixture is sprayed.

For such reasons, the ultimate load (normalized to the cross-section of the test bars, or Pmax/Abp)
obtained with the “beam-end” specimens was chosen for the creation of modification factors
for the development length equation (refer to Eq. 1a). However, one of the challenges that
needed to be addressed at that moment concerned the inclusion of the size variability of the
voids found in actual shotcrete elements. Since only artificial voids with “crisp” (precise) sizes
had been tested using the “beam-end” specimens, a simple ratio computed between the average
ultimate loads would imply that 50% of the time, the ratio (if used as a modification factor for
L4) would be insufficient to guarantee the same bond performance as perfectly encapsulated
bars. Such issue did not seem to be crucial when the current modification factors (i, Ye, and
ys) were developed because the parameters (i.e. the position, size and coating thickness of the
bars) are well-known before the concrete is placed. In shotcrete, voids may be created over the
entire length of the bonded length or only in localized areas. In addition, wherever they are
present, their un-bonded perimeters (u.p.) may vary from as low as 10% up to 60% away from
the mean u.p. as revealed from the measurements in “pull-out” specimens [20]. The approach
to solve this issue included computing bond performance ratios using the ultimate loads of the
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“beam-end” specimens to which the size variability of the voids was added using principles of
possibility theory.

ANALYTICAL METHODS

Possibility theory

Possibility theory [27, 28] refers to an approach to model the epistemic uncertainty (lack of
knowledge) of a phenomenon or variable. With this theory, the uncertainty of a variable (x) is
defined using a possibility function (n(x)) which varies from 1 to 0. When n(x) = 1 it is
considered that the value of x is “unsurprising” or the “closest to the #7ue” value and when n(x)
= 0 its value is not considered as possible. The concept can be extrapolated to two variables (x,
y) as shown in Fig. 6 for the un-bonded perimeter (u.p.) and the normalized ultimate load
(Pmax/Ab) to which the range of uncertainty can be specified based on experience. In the present
study, the uncertainty (i) associated to the u.p. was randomly assigned to each single “crisp”
CIP result in between i = +10 to £60% in line with the variability observed with “pull-out”
specimens. Moreover, a fixed i = £2% was added to the Pmax/Ab. The distribution function
between = 1 and 0, which in this case was chosen as linear, defines the set of values that are
plausible from those that are less plausible (the projection of values obtained for a given
horizontal cut of the pyramid in Fig. 6). As such, each pyramid represents a pseudo-shotcrete
result built with CIP specimens having artificial voids. Such types of values have been
normally called fuzzy numbers (and represented with a tilde over them) since they do not
incorporate random but epistemic uncertainty. In many areas of civil engineering, this approach
has already been successfully applied to, among others, model the variability of cable tension
measurements in bridges [29] and model the variability of grades assigned to structural
elements to assess their physical condition [30].

T (u.p., Pmax/As) . . - . ;
Single “crisp” value obtained with one CIP specimen

Pmax/ Ay

Locus of possible shotcrete results

Punax/Ap + i > wp

Figure 6 — Possibilistic representation of “crisp” values

Plotting all of the pseudo-shotcrete values, as shown in Fig. 7, makes it possible to depict a
tendency of the bond strength reduction as the u.p. increases whilst incorporating the
uncertainty linked to the size of actual shotcrete voids. Thus, the tendency can be used to
compute bond performance ratios that can eventually be used as modification factors for the
L4 equation (refer to Eq. 1a) if voids are expected to appear in shotcrete structures. Tracing
tendencies using fizzy data can be accomplished using fizzy regression techniques in which
the imprecision is linked to the observations and not on the model as it is the case of classic
regression techniques. The fuzzy model that was used in Fig. 7 was the one proposed by Hong
et al. [31] as expressed in Eq. 3.
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Figure 7 — Polynomial regression using fitzzy input-output values

As can be seen, the fuzzy polynomial model considers outputs, inputs, and regression
coefficients to be fuzzy numbers (all represented with a tilde over them). Accordingly, the
tendency lines are linked to a possibility function in the same manner as fuzzy numbers meaning
that the central line corresponds to the “closest to the true” tendency and values that fall beyond
the outer bounds are considered as impossible outcomes. The model links the uncertainty of a
normalized ultimate load resulting from the presence of an u.p. “close to” a certain value. For
a 20% u.p. for instance, the normalized ultimate load of pseudo-shotcrete values might vary
from 166 and 260 MPa (with its “closest to the frue” value being 213 MPa) because in reality
the void might vary in size from one section to another (not to mention the normal variation of
the concrete properties from one specimen to another). Although no shotcrete specimens were
tested to verify the model’s accuracy, a similar model built with the results of “pull-out”
specimens proved to properly encompass the ultimate loads of most shotcrete specimens [24].

Bond performance ratios

The polynomial model developed previously can be used to compute bond performance ratios
(BPR), as defined by Eq. 4, representing the bond performance of test bars with voids relative
to the bond performance of perfectly encapsulated test bars. Moreover, since they are computed
using arithmetic operations rules on fizzy numbers, the result is also a fuzzy number [27].

BPR = P~ @)
Y(u.p. >0%)

Based on Eq. 4, the BPR for the 20% u.p. was calculated and is presented in Fig. 8. In that case,

the “closest to the true” value represents a BPR of 1.1 but this does not mean that higher values

should not be considered. However, the challenge resides in selecting the most appropriate

value for a specific job and doing so based on a possibility representation may not be the easiest

way to do it.
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Figure 8 — fizzy BPR for a 20% u.p.

Alternatively, the information contained in a fuzzy number can be transformed to a probabilistic
representation which is perhaps a more comfortable way for most engineers to deal with
uncertainty and make decisions. Here, the possibility — probability transformation method
proposed by Dubois et al. [32] (and described in detail by Aven el al. [33] using numerous
examples) expressed by Eq. 5 was used to obtain the probability density function of the BPR
(Pro(BPR)) and thereafter the cumulative probability function.

n=1 da
Pro(BPR) = [, o] %)

Where:
Lo« = the length of the interval at a given possibility function value between 1 and 0.

The transformation method conservatively chooses a single probability distribution with the
highest uncertainty possible and ensures consistency to the extent that there is no violation of
the formal rules connecting possibility and probability (interval-valued probabilities to point-
valued ones). In reality, the procedure enables us to compute the probability that a bar with a
given u.p.(over its entire bonded length) will perform as a bar having a perfect encapsulation
for a given BPR. The cumulative probability of equal performance for bars having a 20% u.p.
is presented in Table 1 based on BPR’s from 1.0 to 1.5.

Table 1 — Cumulative probability of equal bond performance for a 20% u.p.

Bond performance ratio, BPR 1.0 1.1 1.2 1.3 14 1.5
Cumulative probability 35%  T72% 87% 93% 98% 100 %

The cumulative probability, albeit based on subjective data, has a more meaningful value for
decision-makers. In this particular case, if a modification factor of 1.0 was to be used with the
L4 equation, the designer needs be confident that voids would not appear regularly when
considering, among others, the congestion of reinforcement, the experience of the spraying
crew, the extent of the quality control campaign or even the experience of both if the structure
is to be built in a different location from where the structure was designed. In such instances,
it may seem a safe option to use a factor of 1.1 and reduce the risk by 72%/35% = 2 whilst
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having a good absolute probability of equal performance (72 %). Higher factors can be used
according to the engineers’ judgment using Table 1 based on the importance of the structure
for instance but actual recommendations regarding this area are out of the scope of the
investigation. The actions taken during the design phase in regard of the £q equation can be
verified during the inspection of cores taken from pre-construction panels; the acceptance or
the specification of corrective actions could be determined based on the modification factors
used and the size and frequency of the voids observed.

FE MODEL OF THE “BEAM-END” SPECIMEN

Geometry and modeling technique

A “rib-scale” representation of the “beam-end” specimen using a 15.9 mm dy test bar was
modeled using Abaqus 6.13 [34] as shown in Fig. 9. The concrete was defined using the
Concrete Damage Plasticity (CDP) constitutive law and the steel was defined as an elastic
perfectly-plastic material. For simplicity, the ribs were modeled normal to the longitudinal axis
of the bar and the interaction between the test bar and the concrete was defined through a
general contact algorithm. The adhesion component of the bond mechanism was defined with
a “zero-thickness” cohesive law that was assigned in the normal and in the tangential direction
of the interface. The friction component was defined with a Coulomb friction law in the
tangential direction and a “hard” pressure-overclosure relationship which allowed separation
in the normal direction. The mechanical component of the bond mechanism was guaranteed by
ribs of the bar. Thereafter, the different sections of the bar-concrete interface were
progressively placed on a contact/stick, a contact/slip or a separation state as the load was
applied.

7=\

30% u.p.

Figure 9 — FE model of the “beam-end” specimen

The concrete and the test bar elements were modeled using 8-node linear brick elements with
a one-point integration scheme (C3D8R) and a relaxed stiffness hourglass control method. The
flexural bars and the stirrups were modeled using 2-node linear truss elements (T3D2) and
were embedded in the concrete assuming perfect bond. The imperfections were modeled by
removing the concrete elements around the test bar needed to uncover its ribs as shown in Fig.
9. The translational degrees of freedom of the nodes covering the same area of the compression
reaction plate and the tie-down plate were restrained in the Z and in the Y direction
respectively. Moreover, the load was uniformly applied on the test bar by imposing a “smooth”
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displacement function. The model was conceptualized as a dynamic problem and was solved
using Abaqus/explicit. Thus, the ratio between the kinetic (Ex) and the internal energy (Er) of
the whole model needed to be kept below 5% to minimize as much as possible inertia effects.
For this purpose, the time period in which the load was applied was set to 10 times the lowest
fundamental period of vibration (Ty) of the specimen which resulted in 10T, =0.02 s. Once the
model was calibrated, the parameters that were studied included localized voids (voids
covering only a partial part of the bonded length of test bars), the concrete cover, the presence
of transversal reinforcement over the test bars (see Fig. 9) and un-bonded perimeters of 40%.

Limits on bond performance ratios (BPR)

Over a first phase, the strategy was to gradually reduce the length of the void over the bonded
length of the test bar to determine at what point the behavior became similar to a perfectly
encapsulated bar. In the case of a 20% w.p. for instance, it was found that only voids covering
the majority of the bonded length would be important enough to consider the use of a BPR. In
practical terms, this means that the structural integrity of an element would not be compromised
if a modification factor of 1.0 was used in conjunction with the 4 equation and voids “close
to” 20% u.p. were observed, even frequently, in cores from pre-construction panels. However,
if voids of such size were observed in every core, the sagacious use of a 1.1 modification factor
(at least) during the design phase would guarantee a reasonable bond performance of the bars
and whilst reassuring inspectors and owners that no corrective measures are needed.

Over a second phase, the contribution of the confinement over the test bar was studied to detect
and set limits based on the failure mode change of the specimens. For this purpose, the concrete
cover was increased from 2.5dp to 5.0dp and transverse reinforcing spaced at 50 mm were
placed over the bonded length. Consider the case of'a 2.5d, concrete cover as shown in Fig. 10.
As can be seen, a change from concrete splitting to a pull-out failure occurs as the u.p. increases
from 30 to 40%; this was also suggested in Ref. [21] based on experimental results. Therefore,
it would be then unsafe to accept un-bonded perimeters larger than 30% as the elements might
behave in a brittle manner. In any case, the creation of such sizes of voids would usually imply
a considerable increase of rebound. It is presumed (as some results are still to come) that
increasing the concrete cover would result in a reduction of the acceptable u.p. as a pull-out
failure might develop earlier. The idea is to include restrictions of this type when the complete
set of BPRs (as developed earlier) would be used. Such restrictions would be equivalent to the
one expressed by Eq. 2¢ which was set to avoid a pull-out failure as the amount of transverse
reinforcement and concrete cover increases.

0% 20% 30% 40%

Figure 10 — Cracking pattern at the front surface of the “beam-end” FE model
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CONCLUSION: IMPLICATIONS FOR DESIGN AND EVALUATION

A comprehensive research program was undertaken with the objective to enhance the current
evaluation methods used to assess the encasement quality of reinforcing bars and to propose
modification factors for the development length equation specified by North American design
codes when shotcrete is used. This was accomplished by designing an extensive experimental,
analytical, and a Finite Element (FE) modeling phases. The bond strength and the failure mode
of specimens were analyzed based on different sizes of voids, concrete covers and the presence
of transverse reinforcement. Then, by applying principles of possibility theory in combination
with the results of the FE model, the way to create bond performance ratios for shotcrete
structures was demonstrated and example limits for their adequate use were set.

The proposed method is intended to give structural engineers a set of modification factors for
the €4 equation so shotcrete can be explicitly considered during the design phase of structural
elements and avoid costly corrective measures for the structure if voids are foreseeable.
Imperfections behind reinforcing bars can result, among others, from the excessive congestion
of reinforcement, the insufficient experience of the spraying crew or the use of excessive set-
accelerating admixtures. The informed selection of modification factors will significantly
increase the confidence level by which pre-construction panel evaluators accept a certain level
of imperfections to be present behind reinforcing bars. Reassuringly, preliminary results show
that the current evaluation method (ACI “506.6T-17” technical note), albeit established based
on empirical evidence, is on the right track as its qualitative grades essentially capture what it
should and should not be acceptable in practice.
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LIST OF SYMBOLS FOR THE ta EQUATION

Iy = specified yield strength of reinforcing bars

A = lightweight concrete modification factor

fe = specified compressive strength of concrete

Cb = lesser of a) the distance from the center of a bar to the nearest concrete surface or b)
one-half of the center-to-center spacing of the bars being developed.

K = transverse reinforcement index

dv = nominal diameter of the bar

Ay = total cross-sectional area of all transverse reinforcement within spacing s that crosses

the potential plane of splitting through the reinforcement being developed
= center-to-center spacing of transverse reinforcement
n = number of bars being developed or lap spliced along the plane of splitting

w
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ABSTRACT

In the project of avalanche securing road 13 between Odda and Lofthus on the west-coast of
Norway, sprayed concrete has been used in huge amounts in combination with self-drilling
anchoring bolts in the open day. The amount of sprayed concrete was originally estimated to
be 1 000 m3, but has exceeded 10 000 m3. Since the spraying operation has been carried out
continuously through the year, there has been spraying operation at days with temperatures
below freezing point. Discussions if the sprayed concrete could freeze to damage have led to
lab-tests to verify that sprayed concrete which is sprayed with alkali free accelerator does not
freeze to damage. Specially designed spraying equipment has been developed for this specific
project in order to increase the range of the nozzle in the partly high rock walls to be secured.

PROJECT DESCRIPTION

Highway 13 along the fjord “Serfjorden” has partly steep mountain sides adjoined to the road.
In order to increase safety and reduce the risk of avalanche of rock and soil mass onto the
road, Public Roads Administration (PRA) in Norway started the project of securing 2650
meters of the road. Project started in January 2016 and is going to be finalized in June 2018.

The road will be given an increased width, and main securing method is soil nailing, where
combination of steel fiber reinforced sprayed concrete is used in combination with self-
drilling anchors.
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Figure 2: Soil nailing as main securing method.

The contractor, Contexo, used a specially designed spraying machine for having a large range
in the spraying in the quite high rock and soil walls in the open day. A Volvo excavator was
re-built and a trailer connected to the back of the Volvo carries the compressor, concrete
pump and accelerator dosage system. See pictures 3 and 4.
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Figure 4: Long range spraying machine.
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Figure 5: Well suitable range for working in the open day.

BACKGROUND/RISK DEFINITION

Challenges with frost and concrete spraying are mainly present in Arctic areas and in areas
north in Europe, North-America and Russia. In Norway, Norwegian Concrete Association’s
Publication no. 7 (NB7) [1] is stating that spraying have to be carried out onto a rock surface
with temperature of minimum +2 °C. The exception is spraying in permafrost rock and zones
which have been mechanically stabilized with frost. The risk is reduced or no adhesion and
bonding between sprayed concrete and rock surface.

In general, frost and temperatures below 0 °C is seen as a threat to concrete, as water inside
air pores and capillary system inside the concrete is in risk of freezing before the concrete
hydrates and consumes most of the water. When water freezes, the water volume expands
with 9 % by volume and can therefore be leading to expanding processes inside the concrete.

A photo showing frost exposed concrete on ground in a parking place can be seen below.

For ordinary cast concrete air entrain agents, which converts the natural air bubbles in matrix
to smaller micro air bubbles, is used to prevent frost erosion. The surface tension of water is
so strong that water cannot manage to fill a micro air bubble completely. In this way, the
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micro air voids are not completely saturated with water and when the water freezes there is air
space for the frozen water to expand into.

Figure 6: Ordinary cast concrete on ground in a parking place. This concrete is probably not designed
with air entraing agent to obtain micro air.

In sprayed concrete, micro air from air entraining agents are not commonly used for making
frost durable concrete. Micro air is sometimes used in sprayed concrete, but then for
achieving improved pump-ability and to reduce cement and improve economy in mix design.

Studies of tunnels with older sprayed concrete, done by PRA [2], has not revealed any
durability challenges due to frost. Some older tunnels showed reduced adhesion between
sprayed concrete and rock in zones of permanent water leakage. Modern sprayed concrete
with more durable mix design (lower w/c-ratio and use of pozzolans) indicated improved
performance.

In the actual project ~11 000 m3 of sprayed concrete have been sprayed in open day, during
all four seasons, and therefore in temperature conditions below 0 °C. All the sprayed concrete
is installed in the open day and will therefore be exposed to water and frost in the coming
years.

There were discussions during the first winter if frost could harm the freshly sprayed concrete.
Reduced bonding was not seen as a challenge due to the use of self-drilling anchors, which
bond the fiber reinforced sprayed concrete to the rock.

For ordinary cast concrete, there is a general rule that the concrete should be protected against
frost, until it has reached a compressive strength of 5 MPa. Theory is that once reaching 5
MPa, the hydration of cement has come so far that the water consumption from the chemical

73



reactions between cement and water has lowered the water content in pores and capillary
system in concrete to a low enough level.

LAB EXPERIMENTS

In order to verify if frost can damage sprayed concrete within the first hours, a lab experiment
was designed.

Sprayed concrete was mixed in lab, with the following raw materials:

e OPC

e Microsilica

e Natural sand 0-8 mm
o  Water

e Superplasticizer

e Alkali free accelerator

All raw materials were stored in refrigerator over-night in order to obtain a temperature of +5
°C. Mortar prism molds were kept in freezer over-night to obtain a temperature of -10 °C.

Two mix designs were made, both with water/binder-ratio of 0.45.

One of the samples was added alkali free accelerator, and the other one had no accelerator.
With +5 °C in all raw materials, it is easier to mix 5 % alkali free accelerator into the concrete
without achieving stiffening at once. Because of the low temperature in the fresh concrete it
was possible to cast the concrete, even with 5 % alkali free accelerator, in the mold.

Both samples, with and without accelerator, were put into a freezer containing -10 °C
immediately after casting in mold.

RESULTS

After 24 hours, both samples were taken out from freezer and surfaces were inspected. See
picture below.
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Figure 7: Reference without alkali-free accelerator above, and sample with alkali-free accelerator
below.

There is an obvious visible difference in surfaces of the two samples. In the reference, there
are ice crystals along the whole surface. In the sample containing alkali-free accelerator, no
ice crystals can be detected.

The only difference of these two samples is the addition of 5 % alkali free accelerator.

SOLUTION

What mechanism is making up the huge difference of surface after 24 hours at -10 °C? The
answer lies in the chemical composition of the alkali-free accelerator. Alkali-free accelerators
are made from various chemicals, but the chemical which is most present is aluminum sulfate,
Aly(SOy4)3. Aluminium sulfate lead to immediate formation of ettringite crystals in the cement
paste [3].

Ettringite formula: (Ca0)3(A1,03)(CaS04); x 32 H,O

The underlined last part, indicates that etteringite is a crystal material containing so-called
crystal water, which is basically water “trapped” inside the crystalline material.
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Figure 8 [4]: Scanning Electron Microscope picture of fractured hardened cement paste, showing
plates of Calcium Hydroxide and needles of ettringite (micron scale).

Ettringite leads to a rapid stiffening and water consumption. Even though the strength
development of the sprayed concrete with alkali-free accelerator is not achieving high early
strength, due to temperature below freezing point, it still doesn’t freeze to damage.

CONCLUSION

Spraying concrete using alkali-free accelerator during temperatures below freezing point is
not causing frost damage to the final sprayed concrete product. This is mainly due the
chemical composition of alkali-free accelerator and the following formation of large amounts
of ettringite crystals in the cement paste.

The etteringite is consuming large amounts of water, making the remaining part of free water
in the concrete so small that frost damage can-not occur.

Spraying concrete with alkali-free accelerator below freezing point will likely cause low
adhesion between concrete and rock surface, caused by potential ice and frost layer on rock
surface. In this specific project this is not a problem, because the fiber reinforced sprayed
concrete was connected to rock mass through self-drilling anchors, as soil nailing.
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From the supplementary cementitious materials only metakaolin is produced in larger quantities
on purpose. Due to different calcination methods and kaolin qualities from different sources
many different types can be generated. This allows the production of defined materials that may
suit many purposes in the mortar and concrete industry. The material is based on natural kaolin
available in many locations around the globe.

Metakaolins react with available firee lime to bind it to new CSH, CAH and CASH phases that
develop a higher mechanical strength. Through the platelet structure they also partly act as
reinforcement for the cement matrix.

Using the right metakaolin it is possible to improve the early mechanical strength of shotcrete
and reduce the amount of free lime that will lead to sintering in the effluent of tunnels. Due to its
thixotropic effect the addition of metakaolin will also reduce the rebound of shotcrete
applications.

By giving concrete a finer pore structure, the durability of concrete will be extended, and the
effect of possible chemical attacks reduced.

BASICS

Concretes and mortars using Ordinary Portland Cement have the problem that cement clinker is
producing about 15 to 32% of hydrated lime in the hydration process.

This hydrated lime is water soluble and can migrate through the material to the surface. There it
can generate efflorescence and sintering in contact with the CO> of the air, producing calcium
carbonate deposits. In tunneling these deposits can fill the drainage pipes.

With time the drainage may get clogged and the water is unable to flow of. As a result, the
pressure in the system increases and can lead to damage in the tunnel. The cleaning of the pipes is
the major costs in tunnel maintenance [1]. Any reduction in sintering should therefore reduce the
maintenance costs strongly and keep it to a minimum.
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Figure 1: PP drainage pipe with precipitations, Picture: M. Testor, BEG

SOLUTION

Pozzolanic materials can bind the hydrated lime developed by the OPC and produce more
cementitious binders as CSH, CAH and CASH. The most reactive pozzolanic material is
metakaolin reacting along the chemical equation:

CH + A/S (Metakaolin) + H = CSH + CAH + CASH

If the reaction between the free lime and the type of metakaolin is fast enough, a major part of the
soluble lime is transformed to an insoluble binder thereby reducing the leaching and sintering to a
minimum.

ANALYSIS

One way to prove the higher density of the cement matrix produced using metakaolin, is to look to
the diffusion of chloride.

The most accepted test to measure the chlorine diffusion is the NT BUILD 492 Nordtest method.
In this test methods chloride diffusion coefficient are defined as:

Chloride penetration resistance Dcl [m2 /5]

Very good Dcl < 2 x 1072
Good 2 x10"%>Del < 8 x 10712
Medium 8 x 10712> Del <16 x 10712
Poor Dcl >16 x 1072
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Table 1: chloride diffusion coefficient depending on OPC replacement by metakaolin

Designation of con- M1 M2 M3
crete

Short description of Concrete without Concrete with 8% Concrete with 12%
the mixture Metaver Metaver Metaver

Medium compressive
strength after 28 days 74.4 88.0 91.4
(N/mm?)

Medium chloride dif-
fusion coefficient (x 9.61 2.53 1.37
1012 m?/ s)

As can be easily seen the penetration resistance of the concrete improves from “medium” to
“good” and “very good”. This is because the pore diameter is reduced by the higher amount of
cementitious binder formed [2].

To prove that this reaction works well we can have a look at the mechanical strength of a 10%
OPC replacement of a typical metakaolin in a EN 196-1 test:

Table 2: typical mechanical values of a 10 % OPC replacement by metakaolin

Tests according to EN 196: 1/7 and 28 days
w/b=0,5 1 5
Standard sand % 75 75
CEM 1 42,5 R Holcim Romania (%) 25 22,5
Metakaolin O 0 2,5
Total 100 100
FLEXURE - 1 days (N\/mm?) 3,97 2,74
COMPRESION - 1 days (N/mm?) 13,03 9,00
FLEXURE - 7 days (N/mm?) 7,87 8,19
COMPRESION - 7 days (N/mm?) 35.37 39,06
FLEXURE - 28 days (N/mm?) 9,23 10,99
COMPRESION - 28 days (N/mm?) 41,16 53,93
K-Factor 1 1,3102527
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These mechanical improvements can also reduce shrinkage, creep and thixotropy. The denser
structure will give acid and sulphate resistance, reduce chlorine migration and the aluminium
content will reduce the alkali silica reaction [2].

TEST METHODS

To define the total lime binding capacity of a pozzolanic material there is the modified Chapelle
methods that defines the maximal amount of Ca(OH) that can be bound by 1.000 mg of
pozzolan. For metakaolin the values are normally between 1.000 and 1.400 mg. Similar values
can also be obtained by slower materials as microsilica and slag.

The big difference is how fast these materials react as unreacted Ca(OH); will invariably be
leached out and transform to CaCOs3 when in contact to CO>. We therefore developed a method to
measure the reactivity of pozzolanic materials with hydrated lime adding some potassium
sulphate to accelerate the reaction. This alkali addition is similar to the alkali of the cement. The
mix is:

Pozzolan (metakaolin, fly ash, microsilica) 3750¢g
K>SO (water free) 75¢g
Hydrate of white lime (CL 90) 1250 g

Water w/b-ratio 0,5 - 1,3 (to get a slump of 150 + 2 mm)

First put the water to the Hobart mixer than add the premixed powder and start mixing process
for 30 s at speed I, then 30 s at speed II, then stop for 30 s to remove adhering material from the
wall and continue mixing for 90 s at grade II.

Test the slump of the mixture on the slump table (Higermann, 15 strokes). Repeat the test proce-
dure with different levels of water additions until a slump of 150 mm is reached.

After obtaining the right slump pour the wet mix into a Vicat ring and start the setting test proce-
dure with a testing step every 15 or 30 minutes, depending on reactivity.

The usual reaction time with metakaolin lies between 2 and 15 hours, fly ash 15 to 30 hours and
microsilica even slower.

METAKAOLIN IN SHOTCRETE

To test the leaching behaviour a test given by the Austrian code of practice “Festlegung des
Reduzierten Versinterungspotentials” (Determination of the Reduced Potential for Precipitations)
is used [3].

According to test performed at the University of Applied Sciences, Regensburg, Germany [4] the
Ca-Release of shotcrete usually used with more than 400 kg/m? lies around 1 kg/ton. In Austria
several tunnels have already been sprayed with reduced cement content to achieve values of 0,7
kg/m? at sufficient strength development.
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Figure 2: Ca-Release from mortars with different binder compositions after 56 days

As can be seen from these results the Ca- Release can be strongly reduced by using pozzolanic or
latent-hydraulic materials. Using slow pozzolanic materials it is necessary to add high quantities
of replacement to get a decent reduction in total release. For HRM (highly reactive metakaolin) a
15% replacement already leads to a higher reduction in Ca-Release because of fast lime capture.

Nevertheless, under wet conditions slower pozzolanic additives can in a later stage bind the
smaller amounts released in time but the major amount of hydrated lime released in the early
cement reaction will not be bound and remain in the effluent.

Analysing the rebound in practical shotcrete tests a reduction of 25% could be obtained. This is
slightly lower then with the use of microsilica.

CONCLUSION

The use of HRM high reactivity metakaolin in shotcrete reduces strongly the precipitation of
Ca(CO)s that usually comes with the formation of free lime in the reaction of Portland Cement.
Through the fast binding of hydrated lime, the concentration can be kept low and leaching
reduced.

This reduction in precipitations reduces the costs for the clearing of the water evacuation pipes in
tunnels.

It also reduces the efflorescence of sprayed concrete in visible applications and repair works.

Because of its denser structure the concrete produced with HRM will be more resistant to
chemical attack and have a longer life time.

Reduction in chloride migration will reduce the chloride attack on rebars and prolong life cycles
of reinforced structures.
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ABSTRACT

In the framework of the ongoing experimental program at the URL (underground research
Laboratory) of Andra (French National Radioactive Waste Management Agency), sprayed
concrete is mainly used for the primary support of different experimental drift.

The aim of this study is to experimentally investigate the evolutions of the basic mechanical
properties of sprayed concrete with respect to time (1, 7, 14, 28 and 90 days), specially at early
age. The experiments are carried out with cylindrical samples (37mm in diameter) produced on
the real site and cored in the same direction as the projection (parallel direction) and in a
perpendicular direction. So far, compressive tests have been performed and analysed to obtain
information about the mechanical properties of sprayed concrete: compressive strength,
Young’s modulus and Poisson’s ratio. Ultrasonic measurements have also been realized to get
additional data on its mechanical behaviour and its evolution in time.

The obtained results demonstrate that samples extracted in the perpendicular direction (to the
projection) have better basis mechanical properties than those extracted in parallel direction in
function of time. Perpendicular specimens have better compressive strength and a higher
Young’s modulus value than parallel ones and this was also proved with the ultrasonic
measurement results. The difference is about 10%: the setup procedure has an impact on the
properties and should be carefully analysed in the future mechanical tests such as shrinkage and
creep.

1. INTRODUCTION

Sprayed concrete is often used in underground construction. It could be used for different kind
of retaining structures in Cigéo project (Industrial Center for Geological Disposal). It is
therefore crucial to know, understand and model the behaviour in the short and long terms of
such specific material to guarantee the provisional or long term stability of the facility.

Until now the knowledge of this very particular material is still fragmented. The relationships
between formulation, implementation and short- or long-term in situ mechanical characteristics
of the material are often poorly known. Few basic scientific studies have attempted to make the
link [1-2]. In addition to this, the study of deferred behaviours is very incomplete and the link
between material and structure, particularly in terms of convergence of the surrounding argillite,
the effect of shrinkage and creep, adhesion properties or long-term permeability remain quite
challenging.
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The purpose of this global study is therefore to propose an engineering model that can be used
for the dimension of the shotcrete structures. This model will take in account the evolution of
basic mechanical properties such as Young’s modulus, Poisson’s ratio, resistance parameters
such as adhesion and compression with respect to time from young age (since three hours after
the projection of shotcrete) up to the lifetime of the construction.

In this paper, we are going to focus on the evolutions of the basic mechanical properties of
sprayed concrete with respect to time that are mentioned above. In addition, the knowledge of
the mechanical behaviour is restricted to the properties of the material in the same direction as
the projection (parallel direction) [1-2]. No study has been performed in the perpendicular
direction but the shotcrete setup could imply anisotropy of the properties. An experimental
campaign was therefore carried out with samples that were cored in a parallel and in a
perpendicular direction as shown in figure 1 below.

2. EXPERIMENTAL PROGRAM
2.1 Shotcrete composition

The sprayed concrete used and tested in all experimental tests is a concrete which is issued from
real manufacturing on site at the URL of Andra. The method used for the projection is the wet
shotcrete spraying.

The composition of the sprayed concrete used for the experimental tests is as follows:

» Non-alkaline high performance liquid accelerator for wet shotcrete with high
mechanical resistance at young age with a ratio of accelerator/cement of 0.06
Hydration stabilizer for sprayed concrete
Polypropylene reinforcing fibers for shotcrete with a dosage of not more than 6 kg/m3
Water/cement ratio of 0.5
Dry mix of cement for wet projection in an aggressive environment (Exposure classes
according to EN 206-1: XS1, XA2, XD2, XF2):

1. 400 kg/m3 of cement CEM 152.5N

2. Granularity: 0/8 mm (recommended by AFTES [3])

3. Weight of dry mix: 1800 kg (for 1 m’ of concrete)

VV YV V

The slump class of the concrete is S2 and has a characteristic compressive cylinder strength of
about 30 MPa at 28 days.

2.2 Sample preparation

First of all, the sprayed concrete is projected in crates of dimension 45 cm x 45 cm x 12 cm
depth. The figure 2 below illustrates the layout that has been put in place during concrete
spraying. The crates were fixed on the template with a fixing system so that they do not move
during the projection and that will also serve to ensure the inclination of 10° with the vertical
plane as recommended by ASQUAPRO [4-5].
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Figure 1: Parallel and perpendicular cored samples

Once the concrete sprayed, the samples are cored parallel and perpendicular to the direction of
projection as shown in the figure 1. The cored samples are cylindrical with a diameter of 37
mm (about 4-5 times the maximum diameter of the aggregates which can be regarded as
representative of the material) and a height of 74 mm and all tests afterwards were realized with
this geometry. Both coring and sawing were carried out under water, so it could be assumed
that no desiccation occurred during sample preparation. Coring form crates is performed
between 3 and 6 hours, 7, 14, 28 and 90 days after the projection to study the effect of the
maturation with respect to time.
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Figure 2: Crates fixing system

3. DISCUSSIONS OF TESTS RESULTS

3.1 Compression strength

3.1.1 Experimental procedure
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In order to ensure that the experimental results can be statistically considered representative, a
minimum of three samples were tested for each time sequences. The experimental tests were
performed with an ENERPAC® 10T hydraulic press to obtain the compressive strength. The
use of this relatively small equipment is explained by the need to perform compression tests as
close as possible to the projection site.

3.1.2 Tests results

The mean compressive strength (Rc) values of the wet sprayed concrete 3-6 hours after the
projection for samples cored in the parallel and perpendicular to the projection direction is 3.8
MPa and 4.5 MPa respectively. The averages were calculated on the basis of 3 specimens cored
in each direction of projection that were produced on site at the URL of Andra. Afterwards the
remaining tests were carried out in our laboratory and with 6 to 12 specimens in each direction
for each maturity date.
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Figure 3: Evolution of compressive strength with time

The average compressive strength (figure 3) at 28 days is equal to 33.4 MPa with a variation of
29.2 to 36.4 MPa in the parallel coring direction and 36.6 MPa with a variation of 31.3 to 39.9
MPa in the perpendicular coring direction. The values obtained are greater than the current
requirements and the dispersions on the results are low (less than 10%). It can be observed,
after 14 days, that samples obtained in the perpendicular coring direction of projection have a
greater compressive strength than that obtained in the parallel coring direction. The difference
in values is more than 10% and it can also be noticed that this evolution trend continues with
time.

Another observation is that in the perpendicular coring direction, shotcrete has a compressive
strength value equal to 45.2 MPa at 90 days, which represents a rise of more than 20% to that
of 28 days, whereas the increase was only about 10% in the parallel direction. The anisotropic
behaviour in compression is well shown. This also is very interesting for the mechanical
properties of sprayed concrete in the long term. This anisotropy induced by the direction of
projection can be explained as follows: during projection, a certain stratification is induced in
the concrete. This stratification creates interfaces within the specimens where many defects
concentrate. In the compression failure test, in a direction parallel to the projection, these
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defects play a major role and do not contribute to limiting lateral extensions. Local shears
induced near the aggregates will be partially affected by these defects. On the other hand, during
a test in a perpendicular direction, the compaction of the concrete linked to the dynamic
projection of the material will induce a better mechanical behaviour: the specimen will then
behave like a set of juxtaposed columns, made of a higher performance material. Since the
stratification interfaces are not flat, lateral extensions will be limited and local shears will be
better taken up.

The obtained values (at t = 90 days) have been compared with the ones measured by another
apparatus (a triaxial cell only used with an axial loading, without confining pressure, see figure
6) in order to ensure that the measured values with the manual hydraulic press is similar and,
thus, reliable. With the triaxial cell (named also hydraulic press), the test is carefully controlled
in loading (constant loading rate), so fewer errors are occurred comparing to the manual pump
of the ENERPAC® device, but it takes more time than a conventional test with a hydraulic
press. As a result of this comparison, two relevant conclusions on the methodology used can be
drawn:

1. In regards to the methodology of measurement, whether the hydraulic press or the triaxial
cell, the difference in the values obtained for the compressive strength is less than 5%.

2. Dispersion from the mean value is of the same order of magnitude for both methods that is
of about 10%. Some values were quite far from the mean value regardless of the methods used,
therefore this is probably due to possible material heterogeneity and not to the methodology
used to measure the compressive strength. The measurement accuracy with the hydraulic press
seems therefore reliable.
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Figure 4: Evolution of the compressive strength of the Andra sprayed concrete in comparison
with other sprayed concretes

In the figure 4, the tested shotcrete has been compared to other shotcretes data found in the
literature [1]. T1 to T5 are in fact five different shotcretes with different composition mixture
but that should give the same compressive strength at 28 days as the shotcrete of the present
study. They are all composed with a dosage of 400 kg/m> of cement and a water/cement ratio
of 0.41. Which differs for each shotcrete (T1 to TS) is the amount of aggregates, the types of
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fibers and the quantity of admixtures. The graphs (T1 to T5) shown in the figure 4 were obtained
from the literature and samples tested were cored only in the parallel direction. From the figure
above it can be observed that all the sprayed concretes have the same evolution trend with
respect to time. There is a sharp rise in values up to 24 hours (50% of the value at 28 days) then
a progression attenuated up to 90 days (see figure 4). However, the tested shotcretes represented
by the red and green curves have an evolution of the compressive strength less important than
the others. This can be explained by the differences between the formulations (water/cement
ratio is greater in the present study, fiber quantity ...) and in the projection setup.

3.2 Young’s modulus
3.2.1 Experimental procedure

For the Young’s modulus measurement, the tests were realized with a triaxial cell (figure 6)
and each samples tested were equipped with four strain gauges, two in the longitudinal direction
and two in the transversal direction (Poisson’s ratio) as shown in figure 5. The Young’s modulus
is determined by submitting the cylindrical specimen to a uniaxial compression and measuring
the deformation by means of two longitudinal strain gauges fixed opposite to each other. A
series of reading are taken and then the stress-strain relationship is established. Regarding the
experimental test procedure for the Young’s modulus, each sample is submitting to 3 cycles of
loading-unloading up to 10% of the compressive strength corresponding to the time given, then
a loading-unloading cycle up to 30% of this compressive strength and finally the sample is
loaded till failure. Afterwards the Young’s modulus value is calculated from the series of
reading taken from the unloading cycle up to 30% of the compressive strength corresponding
to the time given.

Figure 5: samples with 4 strain gauges Figure 6: Triaxial cell

3.2.2 Tests results

Measuring the elastic modulus is a test that is rarely done for sprayed concrete. So there is not
a lot of reference on the allowable values for this quantity. The knowledge of the evolution with
respect to time of the Young’s modulus is limited by the test methodology. The Young’s
modulus was measured using strain gauges and as a result, this methodology limit dispersion
in the results obtained. However, it is still an unsuitable test procedure for shotcrete at young
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age, which will explain the absence of data at early age in the graphs below. For wet sprayed
concrete, it is commonly accepted that the measured value for the Young’s modulus is reliable
only from 24 hours [3].

In this study the tested shotcrete samples have a mean Young’s modulus value at 28 days equal
to 25.3 GPa with a variation of 22.8 to 28.2 GPa in the parallel coring direction of projection
and a value of 28.7 GPa with a variation of 27.0 to 30.0 GPa in the perpendicular coring
direction as shown below in the figure 7. Generally speaking, the value obtained at 28 days
gives us a good estimation of the Young’s modulus value of the shotcrete in the long term.
Dispersion on the results are weak that is less than 10% at 28 days and the averages were
calculated on the basis of 3 specimens in each coring direction of projection and for each time
sequences.
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Figure 7: Evolution of the Young's modulus with time

According to the curves in figure 7, the Young’s modulus increases after 28 days. Again for the
Young’s modulus, it is worth noting that samples cored perpendicular to the direction of
projection have a Young’s modulus equal to 28.7 GPa at 28 days which is an increase of more
than 10% than those cored in the parallel direction. Since the difference in values between
parallel and perpendicular coring is more than 10%, the effect of the direction is not negligible
concerning the mechanical properties of shotcrete in the long term.
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Figure 8: Evolution of the Young's modulus of Andra sprayed concrete in comparison with
other sprayed concretes

In the figure 8, the Young’s modulus values obtained from experimental tests are compared
with other shotcretes data found in the literature [1]. T1 to T5 are the same shotcretes as above
used for comparison in the study of compressive strength. The curves plotted in figure 8 show
that the shotcrete tested, regardless of the direction of the projection, follow the same trend of
evolution with respect to time as the other sprayed concretes. However, the tested shotcrete has
greater Young’s modulus values with respect to time than the other shotcretes. With regard to
the expression of the Young’s modulus based on the compressive strength at 28 days for
sprayed concrete, it does not highlight a simple relationship between these two quantities as for
a conventional concrete (the higher the strength, the higher the value of the modulus).

Another phenomenon is that the red curve (Andra / /) exhibits an increase of the modulus at 7
days and then a slight decrease of the modulus at 28 days. But this phenomenon occurs also in
other shotcretes that have been compared (Figure 8). Finally, the evolution of the Young’s
modulus is gradually done till 28 days and then a progression attenuated up to 90 days for
almost all shotcretes. The progression in time of the values of the Young’s modulus (quite
chaotic before 28 days) and the methodology for the test procedure (gluing strain gauges) tend
to show that measuring a reliable modulus at early age is still not achieved. However, the test
is very reliable for long term tests as seen above and compared to the tests and the results found
in the literature [1].

3.3 Poisson’s ratio

3.3.1 Experimental procedure

For the Poisson’s ratio experiment, the tests were realized with the same procedure as for the
Young’s modulus experiment as shown in figures 5 and 6. Given that the samples were

equipped with two strain gauges in both longitudinal and transversal directions, it allows
determining the deformation in both directions and therefore the Poisson’s ratio.
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3.3.2 Tests results
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Figure 9: Evolution of the Poisson's ratio with respect to time

The measure of the Poisson’s ratio is very rare in the literature that is done for the control of
shotcrete. Thereby there is a lack of references on the allowable values for this quantity. In
practice, mechanical calculations on such a material usually ignore the actual value of the
Poisson’s ratio of sprayed concrete. Calculations related to repairs of structures take into
account a Poisson’s ratio equal to 0.2 which is a value taken from cast concrete.

According to the experimental tests, the mean Poisson’s ratio value measured for the tested
shotcretes is equal to 0.2 regardless of the coring direction at 28 days as shown in figure 9. Here
also, the methodology is adapted for long term test (from 7 days or more) and not for young
age test. Between 7 and 14 days’ intervals, in both coring directions, there are irregular values,
but this phenomenon also occurs with the Young’s modulus experiment. Generally speaking,
the Poisson’s ratio value at 28 days gives a good estimation of the value of the Poisson’s ratio
of shotcrete in the long term. Dispersion of the results is less than 10% at 28 days and the
averages were calculated on the basis of 3 specimens in each coring direction. Following the
curves (see figure 9), the values of the Poisson’s ratio after 28 days do not seem undergoing
great changes regardless of the coring direction. During the elastic phase, the presence of
interfaces or defects does not play an important role in the evolution of elastic parameters after
28 days (10% deviation on the Young's modulus, none on the Poisson’s ratio). This reflects the
quality of the interfaces with regard to the mechanical behaviour of the material: it is therefore
necessary to test the materials to destruction in order to observe differences in behaviour
between the two directions of loading. Future studies will determine whether this conclusion
extends to the delayed deformation of these concretes.

3.4 Ultrasonic measurements

3.4.1 Experimental procedure

The method of dynamic measurement is a non-destructive test that is frequently used to take
measures without causing any damage to the tested samples. An important feature of non-
destructive test is that it can be remade with the same sample, which allows us to monitor

changes in the properties of the concrete with respect to time. Another interesting feature is that
this method is suitable for very young age test (before 24 hours for example).
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However, it is important to note that the use of the dynamic monitoring method has some
drawbacks. It gives results that are underestimated in the presence of pores or cracks. And other
factors that can influence the results given by the dynamic monitoring method are uncertainties
created by the operator, the calibration, the contact condition at the surface of the concrete, the
length of the path of the ultrasonic wave and the operating instructions (direct, indirect and
semi-direct). Also known as the ultrasonic test, it is used to determine the velocity of
propagation of longitudinal (in compression) waves through the concrete sample. The
ultrasonic device displays the time that represents the passage of the ultrasonic wave through
the concrete considered between transmitter and receiver (length of specimen). As a result, the
velocity of the longitudinal wave of ultrasound through in the sample can be calculated. Then
the dynamic modulus of elasticity (Ed) can be determined by the direct transmission of
ultrasonic pulse which is given by the following equation [6-10]:

_(1+v)(A1-2v)

Ed = v
a-v !

where E; is the dynamic modulus of elasticity, v the Poisson’s ratio, V' the ultrasonic
longitudinal wave velocity and y the density of concrete

3.4.2 Test results

The mean dynamic modulus values of the shotcrete tested at 28 days is equal to 36.4 GPa with
a variation of 35.1 to 37.2 GPa in the parallel coring direction and a value of 37.1 GPa with a
variation of 36.8 to 37.7 GPa in the perpendicular coring direction. The mean values were
calculated on the basis of 3 specimens in each direction of projection. Note that with this
method, dispersions on the results are very low that is less than 5% at 28 days but also for other
sequences of time (see figure 10). The difference between the mean values of the dynamic
modulus following the two coring directions is small.

However, the dynamic modulus values for samples coring in the perpendicular direction are
higher than those from parallel direction. For the dynamic modulus like for the Young’s
modulus or the compressive strength, a same trend appears: samples cored in the perpendicular
direction have greater mechanical properties values than for parallel direction.
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Figure 10: Evolution of the dynamic modulus with respect to time

Following figure 10, the evolution of the dynamic module is progressive up to about 14 days
then a slower progression up to 90 days. The evolution trend for the dynamic modulus is the
same regardless of the coring direction. It can be observed that the Ed for every specimen is
greater than the Ec (elastic static modulus).

Nowadays in the literature, lots of correlations [8-10] relate the dynamic modulus (Ed) to the
elastic modulus (Ec). According to Lydon and Balendron [11], there is a simple linear
relationship that has been developed between the modulus of elasticity (Ec) and the dynamic
modulus (Ed) for a concrete and it does not apply to concrete containing more than 500 kg/m?
of cement. Given that the shotcrete used contains less than 500 kg/m® of cement, so the
relationship below (eq. 1) is valid in such a case.

| Ec = 0,83 Ed (Eq. 1) |
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Figure 11: Evolution of the modulus of elasticity of the shotcrete tested with respect to time
following two different methods: samples cored in the parallel direction with ultrasonic measure
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(red curve) or strain gauges (black curve), samples cored in the perpendicular direction with
ultrasonic measure (blue curve) or strain gauges (green curve).

Figure 11 shows a comparison between the evolution of the elastic modulus of the shotcrete
tested obtained following the stress-strain loading method and the ultrasonic measurements
method (corrected by the eq. 1). It can be observed that the results of the modulus of elasticity
obtained by the stress-strain load method is very close to that obtained by the ultrasonic
measurements method. So, it seems possible to find a good estimation of the modulus of
elasticity from the dynamic modulus, even at early age. However, the elastic modulus calculated
from the ultrasonic measurements test exceeds that calculated from the stress-strain load test.
The difference between the dynamic modulus and the elastic modulus of the shotcrete tested is
due to the fact that the heterogeneity of sprayed concrete affects the two moduli in different
ways [12].

4. CONCLUSIONS

The main experimental results are summarized as follows:

a) From this study, it can be deduced that sample obtained from the perpendicular coring
direction of projection has a compressive strength 10% higher than those from the
parallel coring direction of projection with respect to time.

b) Even for the experimental results with the stress-strain load method, the Young’s
modulus for sample obtained from the perpendicular coring direction of projection is
10% higher than for the parallel coring direction at 28 days. The method used is suitable
for long term test.

¢) However, the value of the Poisson’s ratio for the shotcrete tested can be considered to
be equal to 0.2 at 28 days, regardless the coring direction of projection.

d) The ultrasonic measurements method allows using the dynamic modulus to obtain an
approximation of the elastic modulus, even at early age.

Later on the evolutions of shrinkage and the creep (endogenous or coupled with desiccation) of
this material in the short and long terms, as well as the determination of the thermo-hydro-
mechanical behaviour of shotcrete depending on time will be studied [13-14]. Here also, the
tests will be performed with samples cored in the parallel and perpendicular direction of
projection. For a thorough understanding of shotcrete, other parameters such as the mode of
implementation (characteristics of projection: wet or dry projections), type and percentage of
fibers will also be taken in consideration, so that a numerical model can be developed to predict
short and long term evolutions of the sprayed concrete used in the real underground disposal.
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SUMMARY

The paper discusses control and inspection of wet-sprayed fibre reinforced sprayed concrete
according to today’s Norwegian Concrete Association’s Publication no. 7 “Sprayed concrete
for rock support”. On-site inspection results are presented, as well as laboratory test results on
FRSC-panels studying the development of the energy absorption capacity over time, i.e. under
hydration and the associated increase in compressive strength.

From the on-site data, it is evident that the fibre content and fibre distribution taken from fresh
basic mixes are largely within the given tolerance limits. The energy absorption capacity from
FRSC-panels may vary greatly from site to site, even though binder composition and fibre
content can be more or less the same (whereas the type of aggregate is different). The series
of laboratory tests showed that the energy absorption capacity can change significantly with
time and strength level, especially this was shown for steel fibre. However, an adequate steel
fibre dosage and fibre tensile strength can secure sufficient energy absorption capacity over
longer times and significant increase in concrete compressive strength.

INTRODUCTION

In Norway the Norwegian Concrete Association’s Publication no. 7 “Sprayed concrete for
rock support” (NB7) has been the premise provider for production and execution of wet-
sprayed fibre reinforced sprayed concrete (FRSC) since the early 1990-ies. NB7 has also been
an “export article” worldwide in various mining and infrastructure projects.

The last edition of NB7 was in 2011 (NB7:2011) [1]. The former edition was from 2003 [2].
The paper discusses work done in connection with the last revision and the shift towards more
intense control prior to start of each project and also that more inspection is now addressed
earlier in the production process in the project.

The paper also presents site inspection results on fibre content on fresh basic mixes and on
energy absorption capacity on sprayed panels. Results from a laboratory study is also
presented showing aspects regarding the ability of the fibre to secure lasting toughness
(energy absorption capacity) of the FRSC over longer times/curing ages. Regarding the latter,
the state of knowledge on this issue is limited and information is lacking in the literature.
Panel tests, measuring the toughness/the ability to stabilise and withstand rock deformations,
is normally performed after 28 days of curing. The property is however important also early
(safety for workers in a period when the rock deformations normally are at the highest) and at
longer times (durability, long-term stability).
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QUALITY CONTROL; BEFORE AND TO DAY

Before 2003, a 4-point loaded beam (residual flexural stress) was described in NB7 as the test
method to verify the fibre action in FRSC. From 2003, NB7 opened also for the use of, at that
time, the new panel test method (energy absorption). The practice was then a general
declaration of a particular fibre and its effect on energy absorption and not documentation on
the specific FRSC in the given project. Hence, at that time one single laboratory test showing
satisfactory result more or less opened for general use of a fibre. Today’s NB7:2011 requires
both pre-documentation and quality control of energy absorption in each project.

When it comes to control of fibre content and fibre distribution the method before (NB7:2003,
and previous editions) was to take out samples of newly sprayed concrete or drill cores from
the hardened sprayed concrete lining. The sample volume was determined and then it was
washed/crushed for the fibres to be extracted and quantified. The method involved generally
small sample volumes and, consequently, the scatter was experienced to be high. In addition,
the control was done at a late stage and any discrepancies gave rise to disagreements and
disputes. From NB:2011 the control of fibre content and distribution is done on basic mix
samples of larger volumes taken on arrival to the site; three 8 litres samples are collected from
the concrete truck — one early, one in the middle and one late during emptying the truck. This
control, prior to spraying, verify the fibre dosage and make probable a uniform distribution of
fibres and sufficient toughness of the final sprayed concrete lining (provided normal rebound).
Before project start, pre-documentation showing earlier results on fibre content in the basic
mix and energy absorption capacity are required.

In other words, more of the quality control in projects involving sprayed concrete is now
focused earlier in the process. NB7:2011 requires (for control frequencies, see NB7:2011 [1]):

- Pre-documentation of:
o energy absorption, for each given energy absorption class (E700, E1000). This
then states the target fibre dosage for the FRSC to be used in the project.
o fibre addition method and earlier results on fibre content and fibre distribution
through concrete loads based on 8 litre basic mix samples. Serves as a check
of the concrete supplier’s ability to deliver evenly distributed fibres in the mix.
o compressive strength of basic mix (standard documentation).
- Regular inspection during the project:
o mass ratio (mixing plant’s control system + spent accerator)
compressive strength (cast, basic mix)
fibre content/-distribution (basic mix)
energy absorption capacity (sprayed panels)
compressive strength (drilled cores from final lining)
bond control, final lining
thickness control, final lining

O O O O O O

The bullet points in italic represent the control tasks that became subjects to largest revision in
NB7:2011. Fibre content/-distribution measurements on the basic mix was a new requirement.
Pre-documentation of energy absorption capacity in every project was another. The test
procedure for panel tests is now much more detailed formulated than before. NB7:2011 do not
describe control of fibre content of drilled cores from the final lining. Today’s control of fibre
content/-distribution in the fresh basic mix is believed to be more sensible.
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BRIEF SUMMARY OF PREVIOUS WORK AND FOLLOWING CONTENT

The following list gives an overview of the various investigations and considerations dealt
with in connection with the revision of NB 7 and today’s 201 1-edition:

- The content and distribution of fibres through a concrete load

- Panel production method

- Panel test methodology: Effect of friction against the support fixture

- Panel test methodology: Panel test method comparison and variability

- Panel test methodology: Test and analysing procedure

- Effect of concrete parameters on energy abs. capacity (age/strength, fibre type and content)

Results have been reported in numerous Norwegian Public Roads Administration reports, and
more summarizing overviews have been published in, for instance, [3, 4, 5, 6, 7, 8]. These
tests comprised totally 52 individual test sets of round panels (continuous support) and 14 sets
of square panels (continuous support). For the round panels the average coefficient of
variation among the sets was 8.5% and for the square ones it was 12.1%.

The panel test method described in NB7:2011 equals to the EFNARC square panel test, EN

14488-5, but NB7 opens for both square and round panels (as they have shown to give equal
results) and NB7 also describes the test procedure much more detailed (including correction
for a 25% panel-support friction effect).

Lately, site inspection data have been collected on fibre content in basic mixes and on panel
tests (energy absorption capacity) on sprayed concrete. In addition, all results from the
investigation on the effect of age/strength on energy absorption energy have now been
finalized and gathered (lower bullet point in the list above). In the discussions below, the
following results have been brought together:

* Site measurements on fibre content and —distribution

* Site measurements on energy absorption capacity of various FRSCs

* Laboratory test results on the effect of strength increase over time on the
development of energy absorption capacity

SITE DATA ON FIBRE CONTENT AND FIBRE DISTRIBUTION

Fibres are generally added to the basic ready-mix through the top opening of the concrete
truck. Various methods are used to bring the fibres to the top; it can be manual, use of
conveyer belt or air blown. Further mixing in the truck, its mixing efficiency and the transport
length to the site will then decide the final degree of homogenization of fibres.

Fibre content and fibre distribution has from the release of NB7:2011 been controlled
regularly on basic mixes on arrival of the truck to the tunnel site. Each control involves three
measurements from a concrete truck; early, mid and late during emptying/pouring to the
pump. By contribution from some contractors and concrete suppliers, we have been able to
collect a respectable number of results from recent projects. The results add up to 213 controls
on basic mixes with steel fibre and 5 controls on basic mixes with macro PP-fibre. The limited
amount for the latter is due to the ban of macro PP-fibre in Norway from 2015, see [9]. The
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213 mixes with steel fibre covers dosages from 19 to 55 kg/m® (both E700 and E1000). The
PP-fibre dosages varies from 6 to 8 kg/m?.

Before we look at the site data, the NB7-requirements for fibre content and fibre distribution
should be clear:
- Fibre content (average of the three measurements): Not below 15% of intended dosage
- Fibre distribution (every single measurement): Not below 20% of intended dosage
- In addition, fibre control shall always be carried out on the same concrete truck
delivering concrete for panel production. For such cases there are both minus and plus
tolerances: £15% for fibre content and £20% for fibre distribution

The collected fibre control results for basic mixes with steel- and PP-fibre are presented in
Figure 1 and Figure 2, respectively. The results are presented as % deviation to the
agreed/intended fibre dosage. Both the minus and plus tolerances are indicated as dotted lines
in the figures.

For the large amount of data for steel fibres it can be seen in Figure 1-a that only 4 of the (213
x 3 =) 639 single measurements fall below the generally valid lower tolerance. Moreover, for
the upper tolerance also 4 single measurements fall outside. For the average fibre content in
each truck, Figure 1-b, the results are also very satisfactory; only 2 results falls below and
only 1 is above the tolerances. Hence, both the fibre distribution and the fibre content must be
regarded generally as very satisfactory. Figure 1-c gives separate average results for early,
mid and late single measurements, respectively, as well as the overall average of all single
measurements. The overall picture is that the fibres are evenly distributed, but there is a trend
that there is slightly more steel fibres in the mix in the beginning (early) of emptying the
truck. This picture is somewhat different from what was reported before NB:2011 was
released [5, 6]. The “overall average” shows that the concrete mixes on average appear to
contain more fibres than the intended/agreed dosage. The reason for this not entirely clear, but
is likely to be twofold: The concretes are intentionally added slightly more fibres than agreed
(due to conservatism or due to practicalities such as using a given/rounded number of fibre
bags), and/or the fibres are not entirely cleaned after being extracted from the fresh concrete
mix.

From the results for the limited amount of mixes with PP-fibre, Figure 2, it can be seen that
both the fibre distribution (Figure 2-a) and the fibre content (Figure 2-b) are well within the
tolerances. Figure 2-c (and Figure 2-a) shows that there is a tendency of decreasing PP-fibre
content in the mix during emptying the truck. This is similar trend as experience gained prior
to the release of NB7:2011 [5, 6]. As for steel fibres, the “overall average” for PP-fibre also
indicate that there is on average more fibres in the mixes than the agreed dosage, of reasons
probably similar to steel fibre mixes as suggested above.

It is unclear whether the submitted results have been “adapted” in any way, for example if any
disallowed results have not been included. However, we must rely on the general pattern
shown here indicating good procedures for adding fibres and further mixing of the basic mix,
giving good homogenization of fibres in the trucks.
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Figure 1: Steel fibre content measurements on sprayed concrete basic mixes taken from 213
concrete trucks on arrival to various tunnel sites; three measurements pr. truck. a) Single
measurements from each truck, b) Average fibre content for each truck, c¢) Average of all
measurements taken early, mid and late during loading, and overall average (incl. std.dev).
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SITE DATA ON EFFECT OF FIBRE CONTENT ON ENERGY ABS. CAPACITY

When FRSC panels are produced, they are sprayed and stored for some days at the site, then
transported to a certified laboratory and tested, normally after 28 days. The laboratory then
makes a test report.

When it comes to sprayed FRSC panels only (not cast), we have received totally 32 panel test
results from different sites of which 20 are with normal strength steel fibre and 12 with PP-
fibre. To our knowledge all the FRSCs are made with a w/b of 0.45. Figure 3 shows the
results where energy absorption capacity has been plotted vs. fibre content. FRSCs with steel
fibres is shown in Figure 3-a and macro PP-fibres in Figure 3-b. The regression line with the
best fit was linear, as indicated (still, the fit is not very good). The relation is not fair in many
ways since many of the results are from different concretes made with different concrete
constituents and fiber types. Anyhow, the figure shows (as expected) the trend that higher
fibre dosage gives higher energy absorption capacity. The figure also shows, for these
different concretes, that the energy absorption capacity may vary greatly for a given fibre
dosage. The lesson to learn is that a relation between fibre dosage and energy absorption
capacity for a given concrete in one project/site is not particular transferable to another
project/site using another concrete/constituents, even if the fibre product is the same. Even
though concrete compositions may be quite similar (cement type, w/b and fiber content and
even fibre type), the type of aggregate will vary. The bond between fibre and concrete is
likely to be influenced by a number of factors, including aggregate grading, -strength, -shape,
etc. And, of course, the equipment used for concrete mixing, transport and execution also
influence, as well as the personnel involved.
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Each result in Figure 3 is the average of sets of three panels. The average coefficient of
variation among the sets is quite the same for the steel fibre and the PP-fibre FRSCs. The
average coefficient of variation among all 32 sets is 6.7%.
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Figure 3: Energy absorption capacity vs. steel fibre content (a) and vs. macro PP-fibre content
(b). All panels are sprayed on-site.
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Figure 3 also show a “regression line if friction was not corrected for”. As mentioned earlier,
the panel test procedure in NB7:2011 requires that the effect of friction between panel and
support must be corrected for; this effect is found to constitute 25% of the energy uptake
measured during each test. When final results are reported this correction is carried out.
Therefore, if the same results were not corrected for friction, all results would be
(1/0.75=1.33) 33% higher and the higher regression line (indicated) would then be the case.
Previously, friction was not corrected for and the higher regression line is quite in line with
the (low) fibre contents that were used previously to conform with E700 and E1000,
respectively. After releasing NB7:2011, introducing the correction for friction, the fibre
contents had to be increased to conform to the same E-classes.

EFFECT OF CONCRETE STRENGTH ON ENERGY ABSORPTION CAPACITY

Compressive strength and energy absorption capacity is normally determined at 28 days,
while the ability of a sprayed concrete lining to work as rock support is dependent on these
properties over the whole lifespan from very early (preliminary safety during tunneling) and
over years (permanent support). Data is lacking in the literature on this issue. A laboratory
study was therefore undertaken to determine the development of strength and energy
absorption capacity over time. Table 1 gives a brief overview of concretes and fibre types.

For four of the concretes, with water-to-binder (w/b) ratio 0.45, compressive strength and
panel tests were performed after 2, 4, 7, 30, 91 and 365 days (cured at 20 °C). The “steel fibre
2” is an exception as this series consists of three concretes with different w/b-ratios tested at
one given test age, namely 49 days. Hence, in the “steel fibre 2” series different strengths
were generated with the use of different w/b-ratios, and not with the use of the time
component.

Table 1: Tested concretes; fibre types/dosage and characteristics

Fibre type in the . Tensile
concrete w/b Shape Length / diameter strength Dosage
Steel fibre | 0.45 End-hooked | 35mm/0,55 mm | 1250 MPa | 35 kg/m’
Normal strength
0.37,0.40
Steel fibre 2 and 0.45 End-hooked | 35 mm /0,50 mm | 1100 MPa | 30 kg/m’®
Normal strength
(test age: 49 days)
Steel fibre 3 3
. 0.45 End-hooked | 35mm/ 0,55 mm | 2400 MPa | 30 kg/m
High strength
3
PP-fibre 1 0.45 Embossed | 54 mm/ - 640 MPa [ig/m_
6 kg/m

The results, given as energy absorption capacity vs. strength, are shown in Figure 4. “Steel
fibre 2” is discussed separately, see later discussion below. For each curve the results with
lowest strength levels is for test age 2 days, while highest strength levels is for the latest test
age 365 days. It can be seen that the energy absorption capacity very early reaches significant
levels (around 600-800 Joule). From around 7 days on (from around 45 MPa strength), the
energy uptake of the concretes develops quite differently.

For the concrete with “steel fibre 1 (35 kg/m3) the energy absorption capacity declines
significantly (17%) as the strength increases from 50 MPa (7 days) to 77 MPa (28 days). On
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further curing the decline continues with increasing strength and at 94 MPa strength (365
days) the capacity is only 55% of that at 7 days. This steel fibre (with normal tensile strength)
could obviously not cope with such high strength levels, and fibres were observed to develop
tensile failure in the cracks during the panel tests (perhaps a higher fibre dosage would have
improved the performance). The energy absorption capacity is the energy uptake from zero to
25 mm central displacement during panel tests. It is notable that the reduced capacity over
time discussed above is not present if the energy uptake was calculated only up to around 10
mm displacement, i.e. “steel fibre 1 performed well at smaller cracks.
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| M
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Figure 4: Energy absorption capacity vs. strength for various fibre types (standard deviation is
indicated). For all concretes (except “Steel fibre 2”) increasing strength is due increasing
concrete age. Each result is the average of 3 panels

The concrete with the high tensile strength “steel fibre 3 (30 kg/m®) shows completely
opposite behavior as the energy absorption capacity increases continuously with time and
strength. At the final strength level at 365 days (93 MPa), the capacity becomes very high
(1200 Joule) which is around 40% higher than at 7 days (53 MPa). The high tensile strength
of this fibre has obviously promoted bond failure in the cracks during loading of the panels, in
contrast to the normal strength “steel fibre 1”.

The two concretes with the macro “PP-fibre 1 (5 and 6 kg/m?, respectively) show quite
similar behavior, except in the early age where the one with the lowest fibre dosage has
somewhat lower energy absorption capacity. Somewhere beyond 7 days (beyond 50 MPa),
the two PP-fibre concretes more or less stabilize at energy absorption capacity levels of 850-
900 Joule.

The three concretes (different w/b-ratios) with “steel fibre 2” display much the same feature
as “steel fibre 17; both are normal strength fibres. For “steel fibre 2" decreasing w/b-ratio
systematically led to increased strength, as expected. It can be seen that there is a dramatic
drop in the energy absorption capacity from the middle strength level (w/b=0.45, strength=62
MPa) to the high strength level (w/b=0.37, strength=83 MPa). For the latter it was observed
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after testing of the panels that the vast majority of the fibres were broken due to tensile
failure.

Overall, the results show that the energy absorption capacity for FRSC can change
significantly with time and strength level. Hence, the 28 days standard age for panel tests may
not necessary give a representative energy absorption capacity. For normal strength steel
fibres, a potential sensitivity to high strength levels was detected. However, an adequate steel
fibre dosage and fibre tensile strength were shown to secure sufficient energy absorption
capacity over longer times and over great increases in concrete compressive strength.

CONCLUSIONS

In NB7:2011 there is increased focus on pre-documentation and early control in the
production process of FRSC.

Site data show satisfactory results for fibre content and fibre distribution of fresh basic mixes
on arrival to the tunnel site.

Other data for panels sprayed at the tunnel site show that the energy absorption capacity may
vary greatly from site to site even though the fibre content and the binder composition of the
concrete is quite similar. The trend is, as expected, higher energy uptake on increased fibre
dosage.

The laboratory programme on energy absorption capacity showed that normal strength steel
fibres might give a potential sensitivity to high FRSC strength levels, which particularly can
be the case at longer curing times. However, it was also shown that an adequate steel fibre
dosage and fibre tensile strength could eliminate this sensitivity.

Looking on different national investigations, the coefficient of variation among sets of three
parallel round panels lie around 7-9% and the standard variation range for COV is from
around 3% to around 14%.
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Introduction

Macro synthetic fibre is by far the most sustainable solution for use as a reinforcement in
concrete lined tunnels, offering a significantly lower carbon footprint, longer term durability
and cost reductions compared to steel fibre. Due to the nature of sprayed concrete and its
application there will always be a percentage of rebound which will include a small amount
of fibre.

During the tunnel waste rock removal cycle, when waste rock is removed together with the
concrete rebound, there will invariably be macro synthetic fibres and other contaminants such
as the concrete itself, chemical admixtures, earplugs, detonator cords and a multitude of other
non-organic waste material.

When this contaminated waste rock is irresponsibly disposed of into the environment,
particularly into water environments, there will be negative environmental impact, the most
obvious a contribution to plastic pollution, which is a major global concern. While some
sources of plastics are extremely difficult to control, such as car tyre dust, ship paint and
household laundry discharge, potential plastic pollution from projects such as tunnel
construction can be solved with a properly administered environmental management plan.

Further, when designing any environmental plan, we must fully consider all potential risks.
Tunnel discharge material contains a multitude of other contaminants that are less obvious
but are more harmful, such as the ingredients of freshly sprayed concrete and associated
chemicals which are highly alkaline and will therefore negatively affect the delicate
biosphere in Fjords and oceans in particular.

This paper explores some of the solutions that can be employed to remove these contaminants
so that the waste rock can be recycled or disposed of in a responsible manner, without
contaminating the disposal area with undesirable materials and thereby removing the negative
impact that these materials have on the environment. This allows the project to minimise its
construction COz emissions and benefit from the long term life cycle durability provided by
macro synthetic fibre.

Keywords

Macro synthetic fibre reinforced concrete, shotcrete, plastic, environment, tunnels,
responsible disposal.
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Background

Macro synthetic fibre has been used in the Norwegian tunnel market for well over 10 years
with thousands of metres of tunnels successfully completed. Significant research was
undertaken by the Norwegian Roads Authority (NRA) in the mid 2000’s to assess the
performance characteristics of macro synthetic fibre compared to steel fibre ['1. This research
showed that not only could equivalent performance be reached in panel tests but macro
synthetic fibre (MSF) exhibited much higher durability characteristics. This research was also
well supported by investigations undertaken in other countries 31, The NRA subsequently
changed their concrete specifications to include macro synthetic fibre as an alternative to
steel fibre for shotcrete reinforcement. Their extensive research showed that macro synthetic
fibre was much more durable than steel fibre where shotcrete is subjected to corrosive
environments such as in a subsea tunnel. The use of a non-corrosive fibre reinforcement
eventually became mandatory in subsea tunnel construction.

For any tunnel construction project the disposal of tunnel excavated rock is always a high
consideration and much thought is given to this prior to project commencement. The removal
of waste rock can incur significant costs particularly where project sites are isolated and/or
restricted by inner city truck movements. In Norway this is particularly so because of the lack
of flat ground for fill sites and the cost involved in extra transport time for trucks traversing
mountainous terrain to suitable disposal locations. Thus the predominant method for the
disposal of waste rock in Norway, after appropriate environmental consideration and
approval, has become to dump into nearby water bodies such as fjords or the ocean. In some
cases this is a benefit as it allows for the extension of land for use as new industrial areas,
harbours or similar applications.

Since the early 2000’s, when macro synthetic fibre was able to meet the performance of steel
fibre, suppliers of the product have always been open about the possibility of fibre floating in
water sumps and collecting ponds. This was particularly the case in the mining industry
where this type of reinforcement gained early acceptance in 2002. In many cases where
projects used MSF it was a chance for them to review their pumping, dewatering facilities
and waste management for the better by installing simple barriers to remove not only fibres
but a whole array of contaminants from their waste water. This process stopped fibre and
similar materials from becoming an environmental issue.

From the mid 2000’s, MSF was the most widely used reinforcement in tunnelling projects in

Norway, primarily due to its high durability and lower life cycle cost. As such, the possibility
of MSF floating in tunnel pumping stations, batching plant wash out bays or any other water

courses was well communicated to projects and batching plants by their suppliers.

On larger projects during this period tunnel sites implemented environmental practices (see
Figure 1) to eliminate any contamination of waterways around infill sites and water dumping
grounds.

il Cwrtsin Sysiem

e

Figure 1: Examples of floating barriers to manage floating debris.
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In 2015 the discovery of macro synthetic fibre floating on the ocean caused the NRA in a
knee jerk response to restrict the use of MSF without due consideration of the real
environmental impact of irresponsible dumping while also dramatically increasing the Co2
footprint of the projects by the reintroduction of steel fibre, reversing their environmentally
responsible decision from a decade earlier.

Although simply removing the use of macro synthetic fibre would seem a resolution to the
problem, it is merely turning a blind eye to the more serious problem of project sustainability
and environmental responsibility. Over a project’s life the use of steel fibre reinforced
concrete substantially increases the project’s carbon footprint and raw material volume. It is
in fact more detrimental to the environment than using MSF with a properly adhered to waste
management plan.

Shotcrete tunnel waste

On closer scrutiny of waste material from a tunnel, which comprises mainly of broken rock,
there is also an element of bio chemicals (shotcrete rebound that contains cement, chemicals),
and anything else that has been discarded on the tunnel floor. Although the quantities of these
materials are small within the volume of the waste material, little thought has been given to
their removal, presumably due to the cost, even though they all have a detrimental effect to
the environment. We argue that all these contaminants should be removed before the waste
rock is dumped. Table 1 below sets out the constituents for a typical 1.0 m> of concrete used
for tunnel lining.

Table 1: Typical concrete mix and environmental impact of constituents

Constituent | kg/m3 | Carbon Pollution Percentage Comment
kg potential of total
COse/kg
Cement 400 2.5 High 86.7% Reacts with water, impossible

to clean. Can Negatively
change water PH

Silica fume 30 2.5 Low 4.3% Does not react with water,
impossible to clean

Chemical 6 2.0 High 1.0% Reacts with water, impossible
additives to clean
Plastic fibre 5 2.5 Medium 0.9% Floats, can be cleaned, can

degrade to microplastics

(Steel fibre) (30) (2.5) (Low) (4.3%) Sinks, rusts, very difficult to
clean

Accelerator 40 2.0 High 7.0% Reacts with water, impossible
to clean. Can negatively change
water PH

TOTAL 451
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Although the focus has been on macro synthetic fibre, the other individual constituents have
far more potential to do significant harm to a water body. Each constituent has been assessed
with a potential to pollute (High Medium Low) where a factor of HIGH indicates potential of
high pollution and a constituent with LOW indicates a low pollutant risk level. High alkali
constituents like cement which contains lime and is toxic to aquatic life ¥ [ and accelerator
would have an extremely negative impact if they were to come into contact with local water
bodies for example from dumping. Although we must consider that only a percentage
(usually 5-7%) of the total concrete used becomes rebound and therefore available to
contaminate, over the length of even a small tunnel project this can be significant as shown in
Table 2.

Table 2: Potential dumped rebound for tunnel length

Shotcrete | Tunnel length | Total Concrete | Rebound Potentially Dumped
per lin. m [lin. m] [m?] [%] rebound [m® / (t)]
5 5,000 25,000 5 1250 (2750)
5 10,000 50,000 5 2500 (5500)
5 15,000 75,000 5 3750 (8250)
5 20,000 100,000 5 5000 (11000)

Durability

The purpose of using macro synthetic fibre for concrete reinforcement in tunnelling
applications, and even more so in subsea tunnels, is to increase the durability of the lining and
so increase the life of the tunnel, which will be exposed to various corrosive environments,
including leeching ground water, moisture and heavy salts ['].

One of the main shortcomings of concrete is its brittleness, i.e. its poor resistance to crack
development and propagation due to its low tensile strength [ Randomly distributed fibres
are introduced as reinforcement to bridge cracks and counteract the brittleness, thereby
yielding a material with considerable toughness and strain capacity.®® Fibres essentially, just
like conventional rebars, lay dormant in concrete until a crack occurs at which point the fibres
that bridge the crack will provide the concrete a post crack capacity, i.e. ductility (or
toughness).

However, the crack will allow the fibre to come into contact with the corrosive environment
and if made of steel, corrode it away, effectively rendering the fibre that is meant to be
working useless. Recent research over a period of 17 years has found that steel fibre
reinforced concrete exposed to an environment like in a European road tunnel that it is not
realistic to expect a service life of 100 years . This severely compromises the tunnels
integrity and negatively impacts the expected tunnels design life.

The ultimate result of this cycle is rehabilitation of the tunnel lining which is costly for the
tax payer in monetary terms and also environmentally by using yet more material that
increases the carbon footprint of the tunnel.

The European commission on climate action has set in place a low carbon economy road map

that suggests by the year 2050 the EU should cut greenhouse gas emissions 80% below 1990
levels. The milestones to achieve this include 40% emissions cuts by 2030 and 60% by 2040,
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with all sectors required to contribute.

Using a conservative estimate of two rehabilitations over a 120 year design life, the carbon

footprint of these works is outlined in Table 3 for 50 km of tunneling works with a

Norwegian T8.5 profile showing a substantially greater carbon footprint for the steel fibre
reinforced concrete lined tunnel.

Table 3: Carbon Footprint Comparison of FRS Tunnel Lining

Steel Fibre Rehabilitation Concrete | Rehabilitation Steel 2 | Total COz over
kg COgze [19 2 x 25% (kg CO2e) ¥1 | x25% (kg COz¢) [ 120 yrst™! (kg
COze)
6,973,670 22,422 881 3,486,834 32,883,385
BarChip Fibre | Rehabilitation Concrete | Rehabilitation Steel | Total BarChip (kg Total Carbon
kg CO2¢e '] CO2e) Saving (kg COze)
1,414,022 Not Required Not Required 1,414,022 31,469,363

A potential saving of 31,469,363 kg of embodied carbon emission exists over 50 km of
tunneling works simply by choosing macro synthetic fibre over steel fibre.

That is equivalent to;

6,647 passenger cars driven for 1 year.

9,987 tonnes of waste recycled instead of land filled.

4,647 homes electricity use for one year.

72,858 barrels of oil consumed.

815,565 tree seedlings grown for 10 years.

251 acres of forests preserved from conversion to cropland for one year. [13]

e o o o o o

It is clear that macro synthetic fibre reinforced concrete is a much more sustainable
reinforcement to use than steel fibre. It has a significantly lower carbon footprint and reduces
the amount of raw material used over the life of a tunnel.

Dumping contaminated materials into water bodies is the most cost effective and convenient
way of disposing of this material but individual materials cannot be cherry picked arbitrarily
from a basket of materials as a token gesture, while leaving some of the most contaminating
materials to be dumped into the water.

By working with owners, material suppliers, tunnelling contractors and environmental
groups, it should be feasible to find a practical solution where harmful waste material is

separated and dealt with in an appropriate manner.

In order to facilitate this discussion this paper presents a number of potential solutions to
eliminate the dumping of these contaminants.
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Practical solutions for preventing environmental contamination

Contaminated waste separation and stockpiling.

It is possible to implement a plan whereby after blasting at least 80% of the waste rock is
removed from the tunnel prior to shotcreting works, for direct dumping where experience and
common sense could increase the amount of initial removal to a higher percentage of 90 —
95% leaving a small amount of blasted rock across the base of the tunnel floor.

Once the shotcrete cycle is completed then the tunnel floor would be cleaned completely.
This waste element would consist of rebounded shotcrete and other associated contaminants
together with the remainder of the blast residue. This material should be stockpiled separately
where it could be cleaned and/or sent to appropriate fill sites.

Where excavated tunnel masses are used in sea filling, masses can be cleaned by using a
cofferdam where all tunnel masses are processed in a closed washing operation before loaded
into open seawater.

Studies of the material could prove that after crushing it could be incorporated into road base
for the tunnel and/or used as aggregate for any non-structural concrete works or precast
elements where it could meet the appropriate standards for this type of application. Binding
the contaminated waste into works would be a simple, economical yet environmentally
friendly method of disposing this waste.

Waste material research

There are many instances where waste by-products have been successfully converted or used
in applications to ensure that there is no environmental contamination. To this end waste
concrete could be crushed and used for road fill, subbase or other similar applications.

Education

Education of the tunnel workforce to understand the importance of minimising rebound and
optimising the waste rock removal process is imperative. “Buy in” from the tunnel crews is
critical for them so they understand the reasons behind efficient waste rock removal, the
location of contaminated waste rock stockpiles and how to reduce rebound in the shotcreting
operation. Educational awareness programmes of littering, oil spills and other environmental
hazards that could end up in the ocean or landfill along with the waste rock should also be put
in place.

Filters and Screens

Where concrete may come into contact with free-flowing water or the ocean the appropriate
on shore containment / bunding should be put in place along with the appropriate filters and
screens to capture any liberated macro synthetic fibre from escaping into the environment.
Where face pumps are used a face pump, such as the diaphragm pump (see Figure 3) that is
also capable of pumping fibre should be utilised with the outlet water running through a large
filter bag (see figure 3) to catch any fibre and other contaminants.
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Figure 2: Diaphragm Pump Figure 3: Filter bag set up

Conclusion

Tunnelling projects inevitably bring with them many technical and environmental challenges
influenced by a number of factors including the design specification, excavation type,
location, etc. These factors heavily influence how the project manages its environmental
requirements across a range of tunnelling activities including the disposal of waste rock from
a tunnel. The approach to this must be consistent across all contaminants not just those that
can be seen.

It is imperative that the stakeholders work together to find a solution that truly benefits the
environment. Out of sight out of mind is not good enough.

It is clear that removing macro synthetic fibre has made a short-term gain for the environment
in preventing water contamination but has a much greater negative affect on the overall
environment by significantly increasing the carbon footprint of the tunnel over its lifespan
which could easily be solved by the implementation of relatively simple practical methods to
stop contamination of the ocean by irresponsible disposal. Rising Co2 emissions are a major
contributor to global warming with negative implications for the Ozone layer, melting polar
ice caps, rising sea levels, famine and population displacement, this is arguably a much more
serious threat to the global environment and this should be addressed by all stake holders in
the Tunnelling Industry.

Elasto Plastic Concrete as an environmentally aware supplier of BarChip fibres has compiled
a comprehensive Environmental Management Plan (1] which sets out measures and waste
management concepts that seeks to protect the environment from possible environmental
impacts resulting from the use of macro synthetic fibre in concrete applications. Elasto Plastic
Concrete is willing to work together with all stakeholders to further develop environmentally
friendly strategies incorporating BarChip Macro Synthetic Fibre for the longevity and
environmental sustainability of the Norwegian Tunnelling Industry.
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ABSTRACT

The mechanisms through which FRSC(Fibre Reinforced Spray Concrete) controls deformations and
absorbs energy are complex and involve the technicalities of both the spray concrete process and
the fibre properties.

Toughness is generally the main criterion for FRSC as ground support. However, for the FRSC to have
the highest strength and toughness, there must be an optimal design and combination of concrete
strength, fibre anchoring and placement method.

Consequently, the choice of fibre type and content must correspond to the ground
conditions of a specific area and the expected concrete mixture design. There is no unique design
method broadly accepted for the design of FRSC for ground support. General guides exist, but there
is no specific/complete design guide accepted for FRSC as ground support.

Multiple performance criteria: flexural strength, residual flexural strength after cracking,
moment-normal force (M-N) behaviour, energy absorption (toughness).

This paper will underline, as mentioned in the European standard EN 14487-1 (ref 3) the
different ways of specifying the ductility of FRSC in terms of residual strength and energy absorption
capacity.

It also mentions that both ways are not exactly comparable:

= The energy absorption value measured on a panel can be prescribed when - in case of rock
bolting - emphasis is put on energy which has to be absorbed during the deformation of the
rock. This is especially useful for primary sprayed concrete linings

= The residual strength can be prescribed when the concrete characteristics are used in a
structural design model.

This paper will presents the majors results on a research project undertaken this year at Laval
and Bochum University.

= To evaluate the energy absorption of fibre reinforced wet-mix spray concrete mixtures by
testing specimens following two standards: the ASTM C1550 and the EN 14488-5.
= To evaluate the residual strength of fibre reinforced wet mix spray concrete mixtures by

testing the two standards: EN 14488-3 and the EFNARC three point bending test on square
panel with notch.

Key words: Fibre Reinforced Spray Concrete (FRSC) Performance Testing

1. INTRODUCTION
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Sprayed concrete technology has dramatically improved in terms of the use of advanced admixtures
and application methods to give durable and high performance concrete.

With this improvement in sprayed concrete quality, tunnel linings were constructed using
permanent steel fibre reinforced sprayed concrete instead of conventional in-situ concrete within
the temporary sprayed concrete linings, lowering costs and significantly reducing the construction
time, particularly in sections of complex geometry such as step plate junctions.

Currently modern sprayed concrete technology equips the tunnelling industry with a more
economic tunnel lining system in the form of a single shell of permanent sprayed concrete. This
technology provides a structural lining that is durable, watertight and can be surface finished to a
degree that is similar to cast concrete.

The use of Fibre Reinforced Permanent Spray Concrete Lining (FRPSCL) allows to eliminate

the traditional reinforcement in the final lining precastsegment-production. Over the last few years,
the use of this technology has increased.

One of the aspects that are boosting the use of FRC is the introduction of guidelines for the
design of FRC. In 2013, the fib presented the fib Model Code 2010 (Ref 1) in which a specific part
related to FRC is inserted. This document has sparked great interest in the tunnelling community and
several documents consider fib Model Code 2010 as a reference.

The present paper would like to support the designer, contractors and clients in introducing
FRSCL in future projects referring to the existing state of art in order to specify right performance
and the right testing method.

This paper will underline, as mentioned in the European standard EN 14487-1, the different
ways of specifying the ductility of fibre reinforced sprayed concrete in terms of residual strength and
energy absorption capacity.

2. THE MATERIAL

Fibre Reinforced Concrete (FRC) is a composite material characterized by a cement matrix and
discrete fibres (discontinuous). The matrix is either made of concrete or mortar. Fibres can be made
of steel, polymers, carbon, glass or natural materials.

The properties of the composite depend on the characteristics of the constituting materials as well
as on their dosage.

Other factors such as the geometry, the volume fraction and the mechanical properties of
the fibres, the bond between fibre and concrete matrix, as well as the mechanical properties of the
matrix, significantly affect the FRC properties.

The behaviour of fibre reinforced concrete is more than a simple superposition of the
characteristics of the concrete matrix and the fibres; to analyse the behaviour of this composite
material, also the interaction between both has to be taken into account, i.e. the transfer of loads
from the concrete matrix to the fibre system

Therefore, for efficient load transfer, the following three conditions must be satisfied:

1. Sufficient exchange surface (number, length, diameter of fibres).
2. The nature of the fibre-matrix interface allows for proper load transfer.
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3. The intrinsic mechanical properties (Young’s modulus, anchorage and tensile

strength) of the fibre allows the forces to be absorbed without breaking or
excessively elongating the fibre.

In fact, in a hyper static mechanical system, the better the cracking is "controlled" as soon as
it arises (small openings), the better will be the multi-cracking process and thus the more the
structure will tend to show ductile behaviour.

According to 1SO 13270 (Ref 2), ‘Steel fibres are suitable reinforcement material for concrete
because they possess a thermal expansion coefficient equal to that of concrete, their Young's
Modulus is at least 5 times higher than that of concrete and the creep of regular carbon steel fibres
can only occur above 370 °C.”

Optimising the formulation of an FRC with a high fibre dosage does not pose any technical
problems as such. This aspect is managed just as easily as the formulation of other cementitious
materials.

The method named Baron-Lesage consists in finding the optimal granular skeleton (optimal
sand-gravel ratio) that produces the best workability, for a given type and percentage of fibres.
Theory and experience both show that the most workable SFRC is the most compact, i.e. the
strongest and the most durable.

Practically, the method always uses an already optimised concrete, called the reference concrete, as
basis.
Compared with this reference concrete, an optimised FRSC has:

e agreater sand-gravel ratio,
e More cement paste and/or superplasticiser.

Thus, the higher the fibre percentage, the greater the length-diameter ratio of the fibre and the
length of the fibre, the greater the sand-gravel ratio, the greater the quantity of cement paste
and/or percentage of superplasticiser will be.

2.1 Testing method and performance criteria

European standard EN 14487-1 mentions the different ways of specifying the ductility of fibre
reinforced sprayed concrete in terms of residual strength and energy absorption capacity. It also
mentions that both ways are not exactly comparable.

The energy absorption value measured on a panel can be prescribed when - in case of rock
bolting - emphasis is put on energy which has to be absorbed during the deformation of the
rock. This is especially useful for primary sprayed concrete linings (EN 14488-5: Testing
sprayed concrete, part 5: Determination of energy absorption capacity of fibre reinforced
slab specimens) (ref 4).

The residual strength can be prescribed when the concrete characteristics are used in a
structural design model

118



2.2 Energy absorption

The plate test EN 14488-5 is designed to determine the absorbed energy from the load/deformation
curve as a measure of toughness. The test is designed to model more realistically the biaxial bending
that can occur in some applications, particularly in rock support. The central point load can also be
considered to replicate a rock bolt anchorage. This test has proved to be of considerable benefit.

The square panel test is simulating at a laboratory scale the structural behavior of the system
anchor bolt - sprayed concrete under flexural and shear load (Figure 1).

Froe e

Figure 1. Sprayed concrete under flexural and shear load

No numerical material properties, such as post-crack strength values, can be determined from
the square panel test due to an irregular crack pattern; however this has never been the intention
of this test method; this method serves to quantify and illustrate the ductile behaviour of a steel
fibre reinforced sprayed concrete tunnel lining.

The main performance criteria that can be applied for a reference concrete €30/37x are
described in the EN 14 487. According the geological and geotechnical context. It must be
determined for each project. However, Asquapro guideline (ref 5) provides the following indications:

Table 1. Specification for a classic concrete class C25/30 to C30/37 at 28 days

Application Minimum energy absorbing Energy absorptionin J, for a
class 25 mm arrow

Sprayed concrete acting as a

protective skin, and for tough E500 500

rocks / soils

Sprayed concrete acting as a

resistant skin, and for medium | E700 700

rocks / soils

Beyond a C30/37, the energy values must be higher and the fracture ductility of concrete
verified). Thus, for a C40/50 concrete, Asquapro proposes the following requirements (table 2):
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Table 2. Specification for a concrete class C40/50

Application Minimum energy Energy absorptioninJ,
absorbing class for a 25 mm arrow

Sprayed concrete acting

as a protective skin, and E800 800
for tough rocks / soils

Sprayed concrete acting
as a resistant skin, and E1000 1000
for medium rocks / soils

Restrictive specifications for reinforced sprayed concrete for underground support:

The minimum recommendation for sprayed concrete is an absorbed energy value greater
than 500J. The following graph shows that such a value can be obtained when the concrete matrix is
of good quality, but it does not ensure good post-crack stress absorption (sharp drop and limited
post-peak absorption).
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Figure 2. Unsatisfactory load-deflection curve in spite of 500J energy

However, a higher energy absorption value does not necessarily guarantee the appropriate
behaviour for the substrate.

Consequently, Asquapro proposes to analyse each of the curves obtained according to the test
in EN 14488-5 as follows (at least three curves per test):

1.  The maximum load of the elastic zone (Fel-max) Must correspond to a deflection value less than
2 mm.

2. The minimum load after cracking and up to a deflection equal to 5 mm must be greater than
70% of Fel-max-

Based on the study of a significant number of curves (conducted by test laboratory Sigma
Béton), this 70% value seems appropriate to select quality concretes. It allows, for example, the
concrete in figure 2 is to be rejected, in spite of its 500J energy.
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Figure 3. Typical energy absorption curves

Furthermore, Asquapro also proposes to specify the following points (some of these are
included in the requirements of the standard but are not always observed in practice):

= Prepare four slabs for the energy absorption capacity test (3 + 1 back-up) to obtain average
values over at least three test runs.

= Strictly observe the thickness of the slabs: 10 cm, +5 mm, -0. If their thickness exceeds 10.5 cm,

the slabs are rejected.

The slabs must still be whole after the test.

In addition to the customary requirements, the test reports must include photos of the interior

sides of each slab after testing, possibly after water spraying to clearly reveal the multicracking

phenomenon.

43

Criterion for conformity: three tested slabs should not exhibit any value less than the
specified energy.

2.3 Residual strength

For structural use, mechanical performance of FRC must be verified according to the Model
Code 2010 requirements.

Typically, bending tests can be carried out to determine the load-deflection relationship of a
beam under either a three point or four point loading. From this, the flexural tensile strength can be

determined. Three point bending tests are usually performed in accordance with EN 14651.

The residual strength can be prescribed when the concrete characteristics are used in a structural
design model.

For PSCL (Permanent Spray Concrete Lining) the residual strength will be the key material
property to be determined.
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2.3.1 EN 14651

With regard to the behaviour of FRC in tension, which is the most important aspect of FRC, various
test methods are possible. Typically, bending tests can be carried out to determine the load-
deflection relationship of a beam under either a three point or four point loading. From this, the
flexural tensile strength can be determined. Three point bending tests are usually performed in
accordance with EN 14651. Figure 4 shows the dimensions of the test beams.
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Figure 4. Dimensions of the test beams

The EN 14651 is a test developed specifically to characterize FRC and derive design
parameters. EN 14651 is the reference standard for the European Union CE label for steel and
polymer fibres and has been adopted by a number of fibre manufacturers and designers, primarily in
Europe, Asia and Middle East.

The great advantage of this test is that it relates the strength to specific CMODs (Crack
Mouth Opening Displacement) and the strength indices can be used directly in design for the
appropriate Limit State. This test procedure has been adopted by fib Model Code 2010 and its
implementation is relatively straightforward and independent of the type of fibre.

Since the use of EN 14651 for characterizing Fibre Reinforced Concrete was demonstrated
effectiveness in the structural design (typically precast segment tunnel lining) with strain hardening
materials in bending,

It has to be marked that the use of a three point bending configuration on notched
specimen (EN 14651) is suitable for characterizing a FRC material since it reduces the structural
effects on the tests.

Parameters, fR,j representing the residual flexural tensile strength, are evaluated from the F-CMOD
relationship, as follows:

La J‘F;

LT
where:

fR,j [MPa] is the residual flexural tensile strength corresponding to CMOD = CMODj
Fj [N] is the load corresponding to CMOD = CMODj
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| [mm] is the span length;

b [mm] is the specimen width;
hsp [mm] is the distance between the notch tip and the top of the specimen (125 mm).

The residual strength indices which are of greater importance, according to fib Model Code
2010, are:

e Value fzs (CMOD = 0.5mm) is used for the verification of Service Limit State
e Value frs (CMOD = 2.5mm) is used for verification of the Ultimate Limit State

The RILEM (ref 6) and MC2010 design methods are based on notched beams because of
the perceived benefits of notched samples. These are that the notch will provide a slower cracking
process, thereby reducing the risk of a sudden drop in load. Also notch allows the test to be
controlled on the basis of the rate of increase of CMOD and the rate of increase of deflection.
Furthermore the test do not introduce structural effect. We focus on the FRC material properties.

With this issue in mind, it is essential that the design method and test methods are
consistent. This shows that results from different tests cannot be compared directly in some cases
and especially considering hardening post crack behaviour.

4D 65/35BG in C25/30
7.00
6,00
>0 20 kgf?
T 20 25 ko
g 3,00 30 igfm*
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1.0
0,
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Figure 4. Typical curve on cast EN 14651 beams

Fibre reinforcement can substitute (also partially) conventional reinforcement at ultimate
limit state if the following relationships are fulfilled:

. f /f >04;

R1k’ Lk

. f /f >05
R3k R1lk

According to the project requirement minimum value of f;; and f.s should be specified.

We usually recommend the minimum performance class C35/45 3c according to fib Model
Code 2010 for PSCL, means:

e Characteristic compressive strength f« 35 MPa
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e Characteristic residual flexural tensile strength fzix > 3.0 MPa

2.3.2 Alternative test to EN 14651 : EFNARC (ref7) three point bending test on square panel with
notch

A practical method to determine the tensile behaviour of SFRC for shotcrete applications is a three-
point bending test on square panels. This test combines the output of the EN14651 (figure 5) with
the advantages of the EN14488-5 test (the same moulds can be used and due to the larger cracked
section, the scatter is lower).

Figure 5. Three point bending test on square panel with notch

This test method is promoted by EFNARC for the following main reasons:

e The geometry and dimensions of the specimens, as well as the spray method adopted
will ensure distribution of the fibres in the matrix, which is close as possible to that
encountered in the real structure.

e The dimensions of the test specimen will be acceptable for handling within a laboratory
(no excessive weights or dimensions).

e The test will be compatible, as far as the experimental means permit, with use in a large
number of standard equipped laboratories (no unnecessary sophistication).

o The geometry will be the same as in the plate test for Energy Absorption

e The plate could be sprayed on the job site.

e No need to sawn a prism from a panel which influences the result
The notch will provide a slower cracking process, thereby reducing the risk of a sudden
fall

e By analogy with EN 14651, this test defines the residual flexural strength (f4,fs)
according to the updated international standard (fib Model Code 2010). The mechanical
property obtained will serve as input for the dimensioning method.

The slab specimens need to be prepared according to the regulations of EN14488-1.

A mould with inner dimensions 600 x 600 mm, and an inner thickness of 100 mm shall be positioned
within 20° of the vertical (unless another orientation has been specified) and sprayed with the same
equipment, operator, technique, layer thickness per pass and spraying distance as the actual work.
Immediately after spraying, the thickness of the concrete specimens shall be trimmed to a 100,*°
mm. It is very important to make sure that the spraying side of the specimen is perfectly flat,
otherwise problems can be caused during testing.

The dimensions of the plates in a 3-point bending test on square panels are different than
the dimensions of the beams in the EN14651 test. Because of this, the relation between the CMOD
and the deflection is different as well.
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Three definitions need to be taken into account (see also Figure 6):

e CMOD: crack mouth opening displacement: linear displacement measured at the bottom of
the notch of the beam

e Deflection: linear displacement, measured by a transducer, between the bottom of the
notch and the horizontal line which connects the points located in the middle of the beam,
above the supports.

e CO: Crack opening: linear displacement measured at the top of the notch of the beam

CMOD

!
{
f)
)

Figure 6. Definition of crack opening, CMOD and deflection

Table 3. Correlation table between CMOD, crack opening and deflection

What EN14651 3-point bending test on plates
cMOD Deflection Crack Crack Deflection CMOD
opening opening
mm mm mm mm mm mm
Evaluation residual 0.50 0.45 0.41 0.41 0.63 0.46
flexural strength
Evaluation residual 1.50 1.36 1.23 1.23 1.89 1.36
flexural strength
Evaluation residual 2.50 2.27 2.05 2.05 3.16 2.30
flexural strength
Evaluation residual 3.50 3.18 2.86 2.86 4.42 3.22
flexural strength

This testing method has been investigated through an exhaustive RTT Program lead by Ruhr
University for the CEN committee. Some key points of conclusion:

e Good Repeatability standard deviations and reproducibility standard deviations of EFNARC-

panels in accordance with ISO 5725-2

e Verylow standard deviation between-lab

Many test are currently conducted to better assess the correlation with EN 14651.

3. QUALITY CONTROL

A procedure for the control of Fibre Reinforced Concrete performance has to be defined in the

design process.

Usually a quality control procedure considers two steps:
e initial qualification of the material (trials testing);
e tests during the spray concrete lining production (production testing).
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Before starting the spray concrete lining, compressive and bending tests (EN14651 cut from
spray panel or EFNARC three point bending test on square spray panel) have to be performed in
order to control the fulfillment of the characteristic values defined in the design. In addition, tests
can be suggested to be carried out in order to verify the fibre content or the fibre orientation.

In order to check the compressive properties of the concrete, the same procedure adopted
for ordinary spray concrete should be followed.

For the definition of the tensile properties of the Fibre Reinforced Concrete, tests according
to EN 14651 cut from spray panel or EFNARC three point bending test on square spray panel can be
performed. The material should be classified according to fib Model Code 2010: characteristic values
of the Fibre Reinforced Concrete residual strengths (fi, frik and frsk) have to be determined.

In this phase it is suggested to perform at least 9 specimen tests according to EN14651 or
EFNARC three point bending at 28 days of curing.

The test results can be considered positive if:
= the characteristic value of fgik is higher than the design one;
= the ratio between fr3x and frik fulfills the design prescription; if a higher strength
ratio is obtained the material can be accepted (if no specific prescriptions are
present in the design);
= the fulfillment of the fib Model Code 2010 prescription for substituting the traditional
reinforcement with fiber is verified (fri/fuc > 0.4 and frai/fric > 0.5).

With:
XK =My JE.-I(HVX}

In order to define the characteristic value from the tests results, the procedure suggested in
Eurocode 2 (ref 8) can be used. The average value my and the coefficient of variation V, are defined:

o E{.tf—m‘} o

B (n-1) Com,

The value of k, is defined according to 1ISO 12491, with the use of a Student’s distribution:
with u0.05 fractile of the t- distribution for the probability 0.05.

Table 4. unknown V

n Kn

3 3.37
4 2.63
5 2.34
6

8

9

2.18
2.01
1.96
10 1.92
12 1.87
15 1.82
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Table 5. known V

n Kkn

3 1.89
4 1.83
5 1.80
6

8

9

1.77
1.74
1.73
10 1.72
12 1.71
15 1.70

4. CONCLUSION

Fibre reinforced spray concrete lining is a relevant material to be used for preliminary lining and for
final lining.

All the relevant standard concerning the product, the testing, the design and quality control
are today available to allow designers to specify the right performance. A good understanding of the
material requires a complete information on the FRC material property. This is the reason why it is
recommended to specify the Energy absorption and the residual strength in all cases. For structural
use, mechanical performance of FRC must be verified according to the fib Model Code 2010
requirements.

A permanent sprayed concrete lining should be considered in the same way as any other
permanent concrete structure. Hence, codes like Eurocode 2 (ref 8) and ACI 318 (ref 9), should be
applied for the design and acceptance of the requirements for normal loading conditions in the long
term.

Quality and safety can be achieved using the relevant product for the right use.

The use of the finished material should be considered along with the test and performance
criteria:
= post crack behavior,
= match crack widths and deformation in the test to expectations in the project and durability
requirements.
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ABSTRACT

Fibre Reinforced Shotcrete (FRS) is used in underground support programs to protect
workers and users from the movements of the ground by participating in the structural
integrity of the excavation. This is particularly critical as mines reach deeper levels where
seismic activities and high stresses may result in dynamic events such as rockbursts.
Unfortunately, our current knowledge and understanding of FRS make it difficult to take
advantage of its full potential under dynamic loads. Although engineers sometime avoid
the use of shotcrete in such conditions, it appears that innovative high-toughness mixture
designs could become high-performance alternatives to current systems. It is very
difficult to simulate dynamic loads without having to go through complex, costly and
often inaccurate test methods. To address this issue, a research program with emphasis
on understanding current testing methods, developing new high-toughness FRS mix-
designs and an innovative testing method using the pseudo-dynamic approach is
undertaken. Ultimately, this will contribute to a better understanding of the behaviour of
this ground support system; it will help develop FRS suited to dynamic loading and offer
design tools for ground support engineers. In time, this will provide a safer underground
environment for workers, provide access to previously difficult to reach areas and
improve productivity in mine production cycles.

INTRODUCTION

Fibre Reinforced Shotcrete (FRS) has been used for many years in the tunneling and
mining industry. This composite is used as part of ground support programs to help
control the movements of the ground, therefore maintaining the structural integrity of the
excavation. This is becoming critical as mines reach deeper levels where seismic activities
and high stresses are the source of dynamic events such as rockbursts. These powerful
events are known to be unpredictable; which makes them particularly dangerous.
Unfortunately, our current knowledge and understanding of FRS make it difficult to take
advantage of its full potential, especially under dynamic loads.

However, FRS and ground support programs are of great importance in underground
activities as they control productivity through production cycles while protecting workers
and equipment. Indeed, it is a construction method that can be deployed easily and
rapidly. Therefore, it is crucial to address this issue and optimize the use of FRS in
underground activities. This paper will focus on this general question while giving
insights on the current projects undertaken at Laval University on FRS.
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FIBRE REINFORCED SHOTCRETE

As shotcrete users we often forget the complexity of the spraying process and the unique
material obtained. It seems important to recall that several parameters are involved in the
process of spraying concrete making it a very unique construction technique. It becomes
even more interesting when introducing fibres into this naturally brittle material,
transforming it into a ductile composite.

In developing a discussion on FRS, we must consider the pneumatic spraying at high
velocity, the specific rheology of the mixture, the properties of the concrete and the fibres,
and the resulting combination. In fact, phenomena such as the rebound of shotcrete can
significantly modify the performance of FRS, sometimes in a counterintuitive manner.
For example, in dry-mix FRS, a higher compressive strength does not necessarily lead to
a higher flexural toughness as a stiffer consistency increases the rebound phenomenon
and reduce the dosage of fibres in place [1]. In this case, a higher toughness is reached
when there is an optimal combination of concrete strength, fibre anchoring, concrete
consistency and low rebound.

Design

When it comes to the design of FRS, there are many different approaches depending on
the context and the ground conditions. Some ground support design methods are empirical
and based on experience. The Q-System [2] is a great example as it has been widely used
and some FRS performance values have been introduced into it [3, 4]. In this case, FRS
thicknesses and energy absorptions have been associated with certain ground conditions
to insure the integrity of the excavation. Unfortunately, these tools do not consider the
specific behaviour of a FRS mixture. In fact, it is not possible to take into account, for
example, that steel fibres may pick up more load at low crack opening than synthetic
fibres or that, on the opposite, synthetic fibres often maintain a steady load capacity at
larger deflexion. For simple situations where the ground conditions are predictable and
the performance of FRS is average, these tools work generally well. However, with new
material technologies (fibres and concrete) and more complex underground challenges
like rockbursts, it is essential to analyse FRS thoroughly to better understand its behaviour
under different ground conditions and therefore how to better use it.

Other design methods have shown to better integrate the specific properties and potential
of FRS in the ground support system. For example, using the Moment-Normal force
Integration Diagram (MNID) and specific Stress-Strain-Relationship (SSR) appears to
better utilize the full potential of FRS [5-7]. Indeed, it makes it possible to take advantage
of the elasto-plastic behaviour of FRS as the failure mode is a system failure rather than
a cross-section failure [6]. This tunnel lining design method is well suited for arches and
soft grounds, but does not necessarily apply to all underground conditions.

Modeling ground support systems makes it possible to integrate the true performance of
FRS in the design method. However, from a material point of view, it seems like most
methods do not focus enough on the potential of FRS. Also, numerical modeling of such
complex environment and materials can become a tedious task. It has been shown that
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predictions are often fairly unreliable because of the sensibility of the models [8]. As big
of a challenge it can be, creating simple and reliable design tools for FRS by combining
empirical and analytical approaches is an important significant objective, and it is
essential for the further development of the industry.

Testing

Another challenge related to the use of Fibre Reinforced Shotcrete is the characterization
of its properties and the evaluation of its performance. There is actually a great variety of
test methods that can be used to characterize FRS. However, these test methods are not
necessarily comparable and do not report the same material or structural properties. Most
common test methods are performed to evaluate properties such as compressive strength,
flexural strength or energy absorption of FRS. Some of the most widely reported are:

e ASTM C1399 : Standard Test Method for Obtaining Average Residual-Strength
of Fiber-Reinforced Concrete [9]

e ASTM C1550 : Standard Test Method for Flexural Toughness of Fiber Reinforced
Concrete (Using Centrally Loaded Round Panel) [10]

e ASTM C1604 : Standard Test Method for Obtaining and Testing Drilled Cores of
Shotcrete [11]

e ASTM CI1609 : Standard Test Method for Flexural Performance of Fiber-
Reinforced Concrete (Using Beam With Third-Point Loading) [12]

e EN 14488-3 : Flexural strengths (first peak, ultimate and residual) of fibre
reinforced beam specimens [13]

e EN 14488-5 : Determination of energy absorption capacity of fibre reinforced slab
specimens [14]

e EN 14651 : Test method for metallic fibered concrete - Measuring the flexural
tensile strength (limit of proportionality (LOP), residual) [15]

e JSCE SF-4 : Method of test for Flexural strength and Flexural toughness of steel
fiber reinforced concrete [16]

Due to the diversity of test methods and the variety of potential test results, the process
of design and evaluation of FRS can be very complex. In fact, there is no universal method
or guidelines an engineer can follow and it is not possible to compare FRS performance
values from different test methods used in different design documents. Performing tests
can give information such as crack opening or energy absorption, flexural or shear
strength, overall behaviour or peak load [17]. It is therefore crucial to understand how to
properly use the information provided when dealing with different loading conditions.

To illustrate this, a testing program was put together. In this case, the same wet-mix
shotcrete mix-design was used in all experiments. Two different mixtures, one with a
simple anchoring system steel fibre (A) and one with a with a more complex anchoring
system and strain hardening steel fibres (B) at the same dosage (25 kg/m®), were evaluated
following the ASTM C1550 and the EN 14488-5 test methods (Fig. 1). In this example,
test results showed different responses through different tests methods from the mixtures
with different fibres.
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Figure 1 : Setup for ASTM C1550 (left) and EN 14488-5 (right) test methods.

A factor of 2,9 was found between the energy absorption at a 40 mm deflection from the
ASTM C1550 and the energy absorption at a 25 mm deflection from the EN 14488-5 for
fibre A and a factor of 3,6 for fibre B (Fig. 2). A similar difference was observed for the
values of peak load (Fig. 3). However, test results from previous studies showed
differently. It would have been expected to see a factor of 2,5 between the energy
absorption at a 40 mm deflection from the ASTM C1550 and the energy absorption at a
25 mm deflection from the EN 14488-5 [18]. It appears that more research is still needed.
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Figure 2 : Energy absorption of wet-mix shotcrete with fibres A and B measured with ASTM
C1550 and EN 14488-5 test methods.
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Figure 3 : Peak load of wet-mix shotcrete with fibres A and B measured with ASTM C1550 and EN
14488-5 test methods.

These results illustrate the fact that test methods, in general, do not reflect in the same
way the changes in the behaviour and in the mechanical properties of FRS. In this case,
fibre B can seem a lot better than fibre A with one test and more comparable with the
other test. In fact, the square plate test (EN 14488-5) allows to better represent the
potential of fibre B compared to the round determinate panel test (ASTM C1550). The
round panel test mainly induces flexural stresses while the square panel test induces
flexural and shear stresses. This is a simple example, yet an obvious reminder that more
research and reflection is needed.

It is therefore difficult to compare results between test methods. It is even difficult to
compare the potential of different FRS mixtures because the type of solicitation in one
particular test may not be able to translate the potential of a mixture relative to another.
This is why it is crucial to understand what information is given through one test method
or the other and how to integrate it in the design process.

DYNAMIC LOADING

Dynamic events such as rockbursts are seen in underground areas with seismic activities
and high stresses. As underground mines continue to reach greater depths, sometimes
now several kilometres deep, these events have the potential of becoming more and more
critical. Impact loads from released stresses and dynamic loads from seismic waves are
two different aspects in terms of material testing and responses and both can provide
interesting data. From a material engineer point of view, with the aim of optimizing the
use of FRS, the focus on dynamic loading is more on the consequence of an event, rather
than on the geomechanics mechanism.
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Testing

On one hand, the speed of a rockburst event has been reported to be at a magnitude of
approximately 1-10 my/s [19, 20]. On the other hand, the values of displacement rates in
most test methods for FRS are quite far from these velocities; they are much slower, from
a fraction to a few mm/min. This major difference (approx. 10°) is particularly important
as concrete is known to have stress-rate sensitivity [21]. Thus, the dynamic performances
of FRS cannot be evaluated with conventional test methods which is why we believe FRS
are not used to their full capacity nowadays.

The potential of FRS under dynamic loads has already been shown through complex mass
drop experiments [22, 23]. Unfortunately, the available test methods are quite complex
and hardly reproductible. There have not been any advances in the recent years regarding
this subject. However, even more as it was in the past [24], it still seems important to keep
working on dynamic test methods for FRS. In the aim of developing a new approach for
testing FRS under dynamic loading, several possibilities are considered. The objective
here is to reproduce the actual loading conditions with a relatively simple method.

For example, a method based on the Charpy impact test with a notched sample could be
used to measure the toughness of FRS. This approach has already been used with fibre
reinforced concrete in the past [25]. The geometry of the setup should be adapted to the
requirements of shotcrete samples and the magnitude of the required energy should be
designed according to the expected loads. Moreover, the use of explosives is also
considered. This approach has recently been used to evaluate the performance of FRS
subjected to explosion impacts in tunnels [26]. This is a more tedious method and
definitely harder to universalize, but it would provide interesting information. These
large-scale experiments are interesting because they demonstrate the residual behaviour
of FRS. However, the data collection can be very complex and the interpretation of results
is often very limited.

Finally, the principle of pseudo-dynamic testing is a new approach that could have
potential for testing FRS under dynamic loading. This method has been used since the
1980s to measure the performance of structures under seismic loads [27]. It can replace
complex and expensive large-scale dynamic tests by simulating dynamic loads. In an
iterative loop, displacements are imposed on a structure, then its response is processed
and new displacements are generated. The pseudo-dynamic analysis would be based on
principles already used in the fields of structure and geomechanics while being adapted
to the specificities of FRS as ground support [28, 29]. The geometry of the setup and the
solicitation needs to be optimized in order to better measure and report actionable
information needed by the designer. The setup needs to be realistic and replicable. A setup
like the one used by Bernard [6] appears to be a great basis for such test (Fig. 3). Actuators
could be controlled through the pseudo-dynamic software to simulate the dynamic event.
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Figure 2 : Beam-column test setup used by Bernard (figure taken from [6])
Mix designs

It has sometimes been argued that shotcrete cannot be used to prevent violent
underground events [20, 30]. However, it has been shown that FRS can absorb as much
or even more energy than some traditional ground support systems [24, 31]. Combined
with anchor bolts, FRS performs well in extreme conditions [8]; it can absorb more energy
than steel mesh alone or in a shotcrete layer. Therefore, with the need for effective counter
measures for dynamic events in deep underground areas, the development of new high-
performance FRS mix designs is key for safety and further development in the industry.

The main challenge when developing such mixtures is mainly related to maintaining a
certain degree of fluidity for pumping with a high dosage of fibres required to obtain a
very high toughness and ductility. We are talking about dosages of more than 100 kg/m®,
values that have rarely been seen in the industry. Fortunately, some solutions have been
raised in a recent project and motivate the development of new mix designs [26]. The
fluidity issue can easily be resolved with the use air entraining admixtures: these
admixtures make the concrete easier to pump without risking to significantly increase the
air content in place as the compaction energy in the spraying process removes air bubbles
in excess. In fact, this method has been known for several decades and is often used in
wet-mix shotcrete [32-34].

In a new research project, new FRS mixtures will be designed and tested by targeting key
parameters that can lead to a high ductility of the material and a high toughness of the
structure. This can be done by optimizing the composite behaviour and the fibre
anchoring in the shotcrete [21]. These new mixtures will contain different types of fibres
(steel, synthetic, natural), different dosages, different geometries (thickness, length,
hooks) and different concrete mixtures. The new FRS mix designs will be characterized
and optimized. The main objective will remain to develop mixtures with high ductility
and toughness.
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CONCLUSION

As underground support becomes a great challenge in certain regions, it is crucial to
improve our understanding of FRS and develop new technological approaches. In fact,
FRS represent a powerful tool, especially in complex situations, as it can be deployed fast
and easily. Therefore, it is important to understand how to utilize test results and design
guidelines to better use the potential of FRS in ground support programs. Moreover,
developing a new test method to simulate dynamic loads and high-toughness mixtures
could also help engineers use the full potential of FRS in extreme underground conditions.
The current projects undertaken at Laval University on FRS will focus on these interesting
challenges.
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ABSTRACT

Before new mixes are sprayed in real scale applications, lab experiments have to be carried out to
provide a basis for predicting a good performance in real scale. In many cases a further set of
experiments after the real spraying is required to understand the correlations between the
behavior in the lab and in real scale spraying. In this paper we present such a two-way process for
two new wet mix designs, one with a very low tricalcium aluminate Portland cement and the
other one with a CEM I with addition of ultrafine calcite. Calorimetry and shear modulus
measurements were used in the lab to monitor hydration evolution. Compressive strength of non-
sprayed prisms was measured after 6 hours, 24 hours and 28 days. At the real scale spraying tests
compressive strength was measured at periodic intervals up to 24 hours and at 28 days. The
hydration of the sprayed samples was stopped at 3, 6 and 24 hours and samples were scanned
with X-ray for the identification of the phases present. The results presented are used to discuss
the extent to which lab experiments can predict the behavior of mixes in real scale and how small
changes in the raw materials and the mixes can lead to quite different results.

INTRODUCTION

For the preparation of real scale spraying tests, previous laboratory work is needed to guarantee
maximum success of the trials. The type of tests and measurements needed to ‘get ready’ for the
real scale depends mainly on the availability of spraying equipment, laboratory facilities, and
previous personal experience.

Differences between hand-mixed and sprayed concrete relate to the compaction effect of
spraying, the changes in morphology of the precipitated hydrates and possibly the differences in
accelerator reactivity [1]. However, these differences are difficult to quantify as they rely on the
rate at which the accelerator is mixed with the rest of the components (i.e. final homogeneity
achieved), which is in turn dependent on personal skills and experience. Nevertheless, “hand-
mixed” (non-sprayed) prisms are usually fabricated to evaluate the compressive strength
evolution during the first day and after 28 days, giving these values a basis for comparison
between mixes and a first proof of mechanical viability.
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Proper compressive strength development is not the only prerequisite for a mix to be accepted as
a candidate for real scale shotcreting. Other aspects such as workability, pumpability and
sprayability are equally important and need to be taken into account. These two latter properties,
however, can only be checked by spraying the corresponding mixes. For this purpose, some lab-
scale spraying facilities have been developed in the last years. One example is the MiniShot
device from Sika [2]: concrete made with the fine fraction of aggregates is sprayed on cells where
the shear modulus (together with the temperature) is continuously monitored by means of
ultrasound wave propagation measurements. Apart from proving if the sample is pumpable and
sprayable (at this scale), the main advantage of this device is the correlation reported by the
inventors between the shear modulus measured in the lab and the compressive strength of
‘equivalent’ real scale shotcrete [3,4].

As the evolution of the mechanical properties of shotcrete is directly related to the development
of the hydrated cement phases during hydration, other analytical techniques like isothermal
calorimetry and X-ray diffraction may also be helpful to follow the process in the first hours. The
first one allows for the monitoring of the heat evolved during the hydration of the different
phases (because cement hydration is an exothermic process) while the second one helps
identifying the actual phases that are forming and reacting. Despite its importance, this field is
still relatively new and very few studies have been published on the correlation between shotcrete
microstructure and mechanical properties development [5,6].

Within the frame of the ‘Advanced and sustainable sprayed concrete’ (ASSpC) project, new
mixes are being developed with the final aim of reducing the impact of shotcrete on the
environment. This objective is envisaged in two ways: (i) by reducing the clinker content in the
mixes, replacing it by mineral additions and fillers and (ii) by producing more durable products,
which in turn reduce life-cycle costs, in particular those arising from maintenance and repair.
Moreover, neither of these two goals should compromise the workability and the mechanical
properties of the resulting shotcrete in any way.

In the present paper we have selected two mixes that were investigated in the lab and then
sprayed in real scale: one with a very low tricalcium aluminate Portland CEM I cement, which
should be considered as ‘sulfate resistant’, and the other one with a CEM I cement partially
substituted by a limestone filler.

Apart from the characteristics of the mixes and their behavior, the suitability of the lab tests used
for the prediction of real scale performance is analyzed. After the real scale trials, replicating
mixes were sprayed again in the lab and the influence of the variables changed before and after
the trials was assessed.

EXPERIMENTAL

Materials

Two types of cements were used for the mixes: CEM I 52.5R (from now on ‘CEM I’) and CEM I
52.5N SRO (from now on ‘CEM SRO0’). The composition of the cements is shown in Table 1,
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together with the Blaine surface area. The dso of the cements used for the lab tests was 7.1 and
8.0 um for CEM I and CEM SRO, respectively.

Table 1. Composition of cements used as determined by XRD + Rietveld analysis, and Blaine
surface area.

Phase % CEM 1 CEM 1 CEM SR0 CEM SR0
Lab Real scale Lab Real scale
Alite 55.0 52.2 58.2 58.2
Belite 13.1 10.8 12.6 16.9
Aluminate ¢ 0.7 0.4 0.5 0.6
Aluminate o 10.8 10.7 1.2 2.0
Ferrite 7.4 7.1 12.3 11.9
Periclase 4.2 33 - -
Anhydrite 3.8 2.2 3.4 3.9
Arcanite 2.0 2.1 0.4 -
Bassanite 1.7 3.0 0.5 2.0
Calcite 0.9 4.7 9.5 3.9
Gypsum - 1.5 - -
Portlandite 0.3 0.5 0.9 0.5
Dolomite - 1.4 - -
Quartz - 0.2 - -
Aphthitalite - - 0.5 0.2
(Bclri‘;/lg) 4308 4542 4193 4404

In the case of CEM I the main differences between the batches used in the lab and in the trials
(both from the same producer) were (i) the calcite content, considerably higher in the real scale
batch, and (ii) the sulfates: gypsum is only found in the real scale batch where also the bassanite
content is higher, whereas the anhydrite content is lower than in the lab batch. These latter
differences may be related to the temperature during the production of the cement and the
dehydration of gypsum during the grinding and blending with the clinker.

In the CEM SRO again a difference in the calcite content is observed, the lab batch being in this
case the one with the higher percentage. In both cases the tricalcium aluminate is low, below 3%,
but the ferrite content is very high, around 12%. The amount of bassanite is, like for CEM I,
higher in the real scale batch than in the lab one.

An ultrafine limestone filler (96% calcite, 4% of dolomite and traces of quartz) with dso of ~1 um
was mixed with the CEM 1.

Four types of aggregates were used:

- Dolomitic aggregates for the real scale tests, both the fractions 0-4 and 4-8 mm: 97%
dolomite, 1% calcite and 2% quartz.
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- Limestone powder (Nekafill) for the MiniShot tests before the real scale trials: 92%
calcite and 5% dolomite. This type of aggregate, with grain sizes smaller than 125 pm,
allows for the MiniShot device to spray a micro-concrete (or “fines-based concrete”), the
amount of aggregate having been calculated with the granulometric profiles of a reference
concrete.

- For the MiniShot tests after the real scale trials, in order to reproduce the mixes as close
as possible, the dolomitic aggregates used at the trials were sieved and the fine fraction,
below 0.125 mm, was used.

- Calcitic aggregates with a grain fraction of 0-4 mm for the compressive strength mortar
prisms.

Mixes and spraying

Sprayed and non-sprayed samples were prepared in the laboratory. For the non-sprayed ones, two
types of mixtures were made: (i) cement and limestone powder aggregates (<0.125 mm) plus
water and (ii) cement and calcitic aggregates (0-4 mm) plus water, retarder, superplasticizer and
accelerator. The first samples were prepared for calorimetry measurements whereas with the
second ones compressive strength tests were carried out. In both cases a Hobart mixer was used
for the mixing of the ingredients. For the mortar prisms the following procedure was applied:
water and SP were first mixed in a Hobart mixer; then the binder and aggregates were added and
mixed for 90 seconds at about 150 rpm; the mix was then left for 10 minutes, after which the
accelerator was added while mixing at 300 rpm for 15 seconds. The mix was then poured into the
prism molds while vibrating for 15 seconds. The prisms were then covered and left for 6 h, after
which they were demolded and stored at 99% RH and 20 °C for another 18 h. After the first 24 h,
the prisms were stored under water at 20 °C until the 28" day [7].

For the sprayed samples, cement, water, aggregate, superplasticizer and retarder were previously
mixed in a Hobart mixer and then pumped to the nozzle of the MiniShot device, where they were
mixed with the accelerator and the air.

The composition of the MiniShot laboratory mixes is in Table 2. The superplasticizers used (SP1
and SP2) were in all cases based on polycarboxylate ether and the quantities, between 5 and 10
kg/m®, were adjusted to achieve an adequate workability, similar in all cases. The alkali-free
accelerator (A1) was based on aluminum sulfate and the quantities used varied between 65 and
80 kg/m>. The temperature in the MiniShot lab was ~20 °C.

Table 2. MiniShot mixes sprayed before and after the real scale trials. LP: Limestone powder
(<125 mm). D<I25: fine fraction of aggregates used in real scale trials. SP (PCE):
superplasticizer (based on polycarboxylate ether). Al: accelerator based on Al2(SO4)s. The
percentages of SP, retarder and accelerator refer to the binder mass.

Ultrafine SP

Coment imestone AETeEC  Water - pep)  Refarder - Accderator
(kg/m?) (%)
1155 04

Before CEM - 353 LP 508 (SP1) 0.5 6/8 (Al) 0.44
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SRO

1057

442 0.7

After CEM - D125 513 SP2) - 7.6(Al) 049
SRO
1039 1.0

Before ooty 55 352 LP 514 (SP1) 0.5 6/8 (A1) 047
1031 440 0.8

After  opnry 53 D125 499 P2 . 75(Al) 046

The mortar mixes used for the compressive strength prisms are in 7able 3. Similarly to the
MiniShot mixes the superplasticizer and accelerator used were based on polycarboxylate ether
and aluminum sulfate, respectively. To produce 6 specimens (40x40x160 mm) two batches of
1200 grams of sand and 600 grams of binder were used.

Table 3. Mortar mixes for compressive strength prisms (non-sprayed).
CEM 1 CEM  UFL (% Aggregate 0-4 SP (PCE) Accelerator

(% of SRO of mm (% of (% of (% of w/b
binder) (kg/m®  binder) solid) binder) binder)
95 - 5 66.7 1 (SP2) 6 (A2) 0.4
- 100 - 66.7 1 (SP2) 6 (A2) 0.5

The concrete mixes planned for the real scale tests with CEM SR0O and CEM 1 are presented in
Tables 4 and 5, respectively. Together with the two real scale mixes, the ‘equivalent concrete’
sprayed in the lab with MiniShot before and after the trials is included for ease of comparison.

Table 4. Real scale shotcrete mix with CEM SRO and equivalent concrete mixes sprayed with
MiniShot before and after the trials.

CEM SR0O  Aggregate Water (PSCPE) Retarder  Accelerator wib
(kg/m’) (kg/m’) (kg/m’) (%) (%) (%)
()
Before 03
(Mini 442 1686 208 (Sl'Jl) 0.5 6/8 (Al) 0.47
Shot)
Real « 1.0 0.48/
scale 406 1888 194/206 (SP2) - 8 (Al) 0.51*
After 07
(Mini 400 1858 206 (51'32) - 7.6 (A1) 0.52
Shot)

*the amount of water planned for the real scale tests (194 kg/m?) differed from the water content measured with
microwave drying (206 kg/m?).
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Table 5. Real scale shotcrete mix with CEM I and equivalent concrete mixes sprayed with
MiniShot before and after the trials. UFL: ultrafine limestone.

CEM 1 UFL Aggregate Water (PSCPE) Retarder Accelerator wib
(kg/m)  (kg/m’) (kg/m?) (kg/m?) (%) (%) (%)
Before 1.0
(Mini 398 21 1686 209 : 0.5 6/8 (A1) 0.50
Shot) (SP1)
Real « 0.47/
scale 391 20 1852 193/200 1 (SP2) - 8.2 (Al) 0.49%
After 07
(Mini 388 20 1839 200 5152 - 7.5 (A1) 0.49
Shot) (SP2)

* the amount of water planned for the real scale tests (193 kg/m?) differed from the water content used (200 kg/m?),
which was calculated as the sum of the microwave drying content (195 kg/m?) plus 5 kg/m? after-dosage.

The real scale shotcreting took place with the use of a Hittmayr equipment which had both the
pump (CIFA Magnum MK24) and the manipulator mounted on a truck-mixer. The accelerator
spraying was achieved by means of a peristaltic impeller and the spray performance was set at 20
m*/h. Tnitially planned as 7% of binder mass, the actual accelerator dosage was then determined
by weighting the accelerator tank with a hanging scale. A 17 m® compressor was used for the
addition of the compressed air at the nozzle; the actual amount was measured with an air flow
meter.

For each composition 3 m® of fresh concrete were sprayed: firstly, several panels (Figure Ila)
were filled and then the rest was shot to the test tunnel (Figure 1b). The distance from the nozzle
to the tunnel wall was 1.5 to 2 meters. Several specimens were drilled from the panels after 48 h
and then stored in water for the 28 days compressive strength measurements. The ambient
temperature during the real scale tests varied between 15 and 35 °C (although these temperature
variations were much smaller while the concrete was fresh).

Figure 1. Real scale shotcreting: a) Spraying panels, b) Tunnel.

144



Characterization techniques

The mixes sprayed with the MiniShot device were characterized by means of continuous shear-
modulus measurements as well as by isothermal calorimetry for the first 24 h. The equipment
associated with the MiniShot consists of several cells whereby the amplitude attenuation of
ultrasound waves is recorded and then converted to shear modulus values (Figure 2) [3]. From
the same batch, samples were directly sprayed on the calorimeter containers and then placed
inside the equipment (I-Cal 8000 Calmetrix) to start the measurement at 23 °C.

Figure 2. MiniShot device with ultrasound cells.

After spraying the samples, and after 3, 6 and 24 h samples were taken to perform XRD scans
(Panalytical X Pert Pro diffractometer, Cobalt radiation, time per step 100 s, step size 0.017).
Before the measurements, the hydration was stopped in all samples by means of solvent exchange
(with isopropanol) followed by drying at 35% relative humidity. In the case of the real scale
trials, the samples extracted for XRD were gently ground and sieved and only the fraction below
0.125 mm was taken.

The compressive strength tests of the mortar prisms (40x40x160 mm) were carried out in an
Amsler testing machine at the age of 6 h, 24 h and 28 days; for each measurement 4 prism halves
were tested.

The on-site early strength of the real scale shotcrete was measured according to EN 14488-2 (i)
from 0.2 to 1 MPa with a penetration needle (whereby the penetration resistance is converted to
compressive strength), and (ii) from 2 to 16 MPa by means of a powder-activated Hilti gun, with
which a bolt is driven into the young concrete and then pulled out again. The ratio of pull-out
force to penetration depth is then converted in to compressive strength by means of calibration
curves.

Finally, the 28 days strength of the drilled cores (100x100 mm) from the spraying panels was
measured according to ONR 23303 in a testing machine with a maximum load of 300 Tones.
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RESULTS AND DISCUSSION
Lab tests before the real scale trials

The instantaneous formation of significant amounts of ettringite due to the presence of the
accelerator is the biggest difference between manually mixed samples (no accelerator) and
sprayed samples (Figure 3). Despite the heat release in the very first minutes not having been
recorded because of the external mixing, the difference in the first peak height of the calorimetry
curves is noticeable. In the case of the CEM SRO samples this difference is even greater due to
the low aluminate content available (7able I and Figure 4a) to dissolve and contribute to the
formation of ettringite. The presence of superplasticizer and retarder lead to a longer dormant
period (between the first and second peak in Figure 3) in the sprayed samples: the resulting shift
in the kick-off of the silicate reaction is again more pronounced for the CEM SRO samples (peak
maximum reached after 6 and 11 h in manual and sprayed samples, respectively) (Figure 3a). In
the CEM I + UFL samples the presence of the accelerator seems to also accelerate the silicate
reaction, which does not start earlier but which happens faster (Figure3b): this may be a
consequence of the dissolution of alite promoted by the low pH of the accelerator. Finally, once
all the sulfate needed to form ettringite is consumed, transformation of ettringite into AFm phases
(with a lower SO3/Al>03 ratio) takes place. This effect is only noticeable in sprayed CEM I +
UFL systems (third maximum in Figure 3b), where hemi- and mono-carboaluminate phases start
to form after 6-7 h, when tricalcium aluminate is still available (Figure 4b). In CEM SRO systems
anhydrite is still present after 6 h and transformation of ettringite to AFm does not take place in
the first 24 h of hydration (Figure 4a).
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Figure 3. Calorimetry of hand mixed samples (with no SP, retarder and accelerator) and
MiniShot sprayed samples with 6% Al>(SO4); based accelerator (see Table 2) before the real
scale trials: a) CEM SR0O and b) CEM I + ultrafine limestone.

m

Increasing the amount of accelerator in the sprayed mixes from 6 to 8% leads to an initial
increase of the shear modulus, which then levels out with time and ends up reaching lower values
after 24 h (Figure 5). This can be interpreted as an initial boost due to the greater ettringite
network formation which is then counterbalanced by the less pronounced development of the C-
S-H network, possibly related to space restrictions.
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Figure 4. XRD of MiniShot sprayed mixes (with 6% accelerator) after spraying (0h), after 3 h, 6
hand 24 h: a) CEM SR0 and b) CEM I + ultrafine limestone. E: ettringite, F: ferrite, Al: alite, P:
portlandite, C: calcite, A: anhydrite, HC: hemicarboaluminate, MC: monocarboaluminate, T:

tricalcium aluminate, Q: quartz.
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Figure 5. Shear modulus of MiniShot sprayed samples before the trials (see Table 2) with 6 and

8% accelerator.

In any case, after the first formation of ettringite, the further development of the microstructure
(C-S-H), and the consequent mechanical properties, start at an earlier stage in the CEM I + UFL
systems than in the CEM SRO ones, leading to higher values of the shear modulus and to higher
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heat released, this being especially noticeable after 6-7 h (Figure 6). This behavior can be related
to three aspects: (i) the different particle size of the cements (and the category 52.5R and 52.5 N):
7.1 and 8.0 um for CEM I and CEM SRO, respectively; (ii) the presence of ultrafine limestone in
the CEM 1 systems and the enhancement of the silicate hydration, and (iii) the different
Al>03/S0;3 ratio of the systems: while ettringite stops forming after about 6 h in the CEM I +
UFL systems (due to sulfate depletion) and starts converting to AFm, it continues growing in the
SRO systems up to 24 h and does not convert to AFm (due to excess sulfate); this could cause
space restrictions in the CEM SRO systems.

This effect can also be appreciated in the evolution of the mortar prisms compressive strength
(Figure 7), where the much higher 6 h values for CEM I + UFL are then leveled after 24 h, where
both systems reach comparable strength. The fact that the silicate reaction takes place at a slower
rate and at later stages in the CEM SRO systems is also proven by the 28 days strength values,
considerably higher than for CEM I + UFL specimens. This latter result may be related, at least
partly, to the higher alite content in the SRO cement.
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Figure 6. Shear modulus (log scale) and heat evolution for MiniShot sprayed samples with 6%
accelerator before the trials.
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Real scale trials

The evolution of the early strength of the shotcrete during the first 24 h (Figure 8) does not
exactly match that of the shear modulus (Figure 6): during the first 6 h the differences between
CEM SRO and CEM I + UFL are notable in both cases; however, the difference in strength
between both mixes is already leveled after about 11 h whereas the shear modulus values do not
really converge in the first 24 h. Another difference between compressive strength and shear
modulus development is the change in slope: in CEM I systems the steepest increase of the
strength goes from the first to the 6™ hour whereas the corresponding shear modulus shows a
longer dormant period and the steepest increase between the 4™ and 7" hour; in CEM SRO
systems a similar trend is observed, being the steepest period for the strength and the shear
modulus 3-6™ h and 6-10™ h, respectively. These differences can be translated into an earlier
silicate reaction in the real scale than in the lab.

The temperature difference between the lab test (~20 °C) and the real scale shotcreting (15-35
°C) played for sure a role, however with the current tests it is difficult to exactly determine how
and to what extent it influenced the shotcrete strength. In general, higher temperature is supposed
to enhance hydration at early ages, which would be the present case, but to also contribute to
poorer curing leading to lower later age strength.

The acceleration of the reactions may also be related to the absence of retarder and the different
SP used in the real scale tests.

The actual strength values of the shotcrete at 6 h, 24 h (Figure 8) and 28 days (CEM SRO:
55.6£1.5 MPa and CEM I: 41.1+1.9 MPa) are considerably lower than those of the ‘equivalent’
mortar (Figure 7). However, the development of strength with time follows a very similar trend
in both cases: CEM I +UFL systems start earlier to gain strength but increase at a slower pace
after one day than the SRO systems, these latter reaching higher values after 28 days, again
attributable partly to the higher alite (and belite) content. The differences in the values reached by
the mortar prisms and the shotcrete can be explained by: (i) the possible layering and
inhomogeneity in sprayed systems, and (ii) the different size and shape of the specimens used
(40x40x160 mm prisms and 100x100 mm cylinders).
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As for the differences in the phases formed, the XRD patterns of the real scale shotcrete (not
shown here) indicate the earlier formation of AFm phases in the CEM I + UFL systems, at 6 h,
than in the lab sprayed mixes. This is also proven by the earlier consumption of sulfate in the real
scale samples. The explanation for this may lay in the differing contents of calcium sulfate phases
in the cements (anhydrite, bassanite and gypsum) and their solubility and dissolution rate. The
CEM 1 real scale batch contained more bassanite, which is the phase with the highest solubility
and dissolution rate at 20 °C, and less anhydrite than the lab batch.

Despite the differences observed in the evolution of the shear modulus and the compressive
strength of the shotcrete, the tests carried out before the real scale trials allowed for a valid
prediction of the resulting good mechanical performance of the real scale shotcrete.
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Figure 8. Early strength of real scale shotcrete plotted together with the three early strength
classes J1, J2 and J3 established by the Austrian Guidelines for Sprayed Concrete [8]: the
measurements correspond to the square and diamond symbols. To help comparison the shear
modulus curves measured before the real scale trials (corresponding to Figure 5) are also
plotted here with the same logarithm scales on both axes.

Lab tests after the real scale trials

Mixes with closer composition to the real scale shotcrete were hand-mixed and sprayed after the
trials in the MiniShot lab. The main differences between the Minishot mixes before and after the
real scale trials were (i) the superplasticizer, (ii) the percentage of accelerator, (iii) the cement,
(iv) the absence of retarder after the trials, (v) the type of aggregate, and (vi) the w/c ratio,
slightly lower for CEM I +UFL systems and higher for CEM SRO mixes after the trials (Tables 4
and 5). The different evolution after the trials is more pronounced in SR0 mixes, especially in the
silicate reaction, which takes place now at the same time as in the hand-mixed sample (cement
plus water): in terms of speed the retardation effect of the SP is fully compensated by the
accelerator (Figure 9a). In the CEM I + UFL mixes increasing the amount of accelerator from 6
to 7.5% does not have such an impact on the reaction rate, the silicate reaction being slightly
delayed. This latter effect may be more related to the type of SP used. The type of CEM I used,
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specifically the changes in the calcium sulfate phases already stated, lead to a delay in the silicate
reaction in the hand-mixed sample, where another event, probably related to the sulfate depletion,
takes place at the beginning of the silicate reaction (Figure 9b).

The higher impact of the changes after the trials on the SRO systems is also clear in the shear
modulus evolution (Figure 10), which is now closer to the strength development of the real scale
shotcrete than that of the mixes before the trials. The values reached after 24 hours are now
higher for SRO than for CEM I + UFL systems.

From all the variables changed at the real scale trials, the percentage of accelerator together with
the composition of the cement, in particular the calcium sulfate phases, play the most important
role in the development of mechanical properties. They control the amount of ettringite formed at
the very early stages of hydration and also the starting of the silicate reactions and the rate; as
they determine the evolution of the Al>O3/SO; ratio they also condition the transformation of
ettringite into AFm phases.
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Figure 9. Calorimetry of hand mixed samples (with no SP, retarder and accelerator) and
MiniShot sprayed samples with 7.6 and 7.5% Al2(SO4); based accelerator (see Table 2) after the

real scale trials: a) CEM SR0 and b) CEM I + ultrafine limestone.
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Figure 10. Shear modulus (log scale) and heat evolution for MiniShot sprayed samples (with 7.5
and 7.6% accelerator) after the trials.

CONCLUSIONS

The results presented here have shown that the MiniShot tests (with the shear modulus
monitoring) together with the measurement of the compressive strength of equivalent mortar
prisms could predict to a large extent the mechanical performance of the equivalent real scale
shotcrete.

However, evitable and inevitable changes, like the accelerator dosage, the composition of the
cement and, to a minor extent, the w/c and SP, contributed to the differences encountered in the
lab tests and the real scale spraying strength progress.

The ratio Al203/SOs3 played a major role in the hydration process and the whole development of
the mechanical properties.

Going back to the lab after the real scale spraying allowed to replicate the behavior of the mixes
to a high degree: shear modulus and early strength correlate well. However, during the ‘dormant
period’, between the first and the 3-4™ hour, the strength increases much more steeply than the
modulus. The temperature differences, between 10 and 15 °C, adjustments in water and SP
content for the fines-based and the real scale shotcrete are possible causes of this different trend.

The two investigated mixes showed quite a different performance, the CEM I with ultrafine
limestone addition increasing strength at a higher rate at early ages and the CEM SRO developing
earlier mechanical properties at a slower pace but reaching higher values at later stages. This
behavior has been related to the different sulfate, aluminate and alite content, and the different
sequence and rate of hydrated phases’ formation.

Isothermal calorimetry and XRD analysis are not needed to predict mechanical behavior of
shotcrete mixes but they have proven to give valuable information for understanding the

152



hydration processes and the reasons behind the different mechanical performances and they could
save time and resources when trying to identify problems and causes.
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Abstract

The adhesion tension of shotcrete is a key factor of its supporting properties.
Mainly, shotcrete failures as a reinforcement are caused by a low adhesion tension between
substrate and shotcrete. The control of this parameter is a trial and error process which has
historically hindered mining industries. Such reality is a consequence of the difficult
application of current methodologies and the absence of a precise, fast and standardised
procedure (at least in Chile). The validation of the proposed methodology was developed
through force relations of adhesion tension between the in situ shotcrete core testing and
test results following the current methodology through a laboratory. Also, the methodology
application tried to induce a failure or breaking, mostly between shotcrete and substrate.
Lastly, the study chief data source, besides laboratory applications, has its origin in the

Underground Mining Project of Chuquicamata located in the northern of Chile.
Keywords

Shotcrete, Fortification, Adhesion, Mining tunel, Shotcrete
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Introduction

It has been determined by researchers that shotcrete main failures take place by its
lack of adhesion to rock substrate. Therefore, it is a key factor to consider during the
support systems design [1]. Nowadays, there are various methodologies to measure
adhesion tension of shotcrete, however, there is no trustworthy method to swiftly evaluate
this parameter [2] (Australian Shotcrete Society, 2010).

At least 12.6% of mining accidents, according to evidence validated by the
ChileanInstitute of Occupational Safety and Health and others organisations around the
world, are related to rock fallings. Thus, shotcrete has an important role within any
fortification system that seeks to prevent accidents [1].

Consequently, the main goal as to uphold an alternative in situ method to measure
tension on shotcrete, with or without polymer fiber, over rock mass. The objective
accomplishment will improve, for instance, the tunnels advance rate, shotcrete quality
control as support element and excavation cycle. Such alternative and not regulated method
of direct traction must be technically faster and more effective during its execution. Whitin
this context, is determined the need of search a quality bolt, with the objective that this is
not deformed in the tensile failure generating shearing in the contacts with the shotcrete,
this led to the search of different providers, of which Hilti was selected as a standardized
tool to aplly the methodology, based on its instrumental quality. The results were correlated
with mining industry traditional methods for adhesion tension measurement.

Adhesion tension

Adhesion, according to the Australian Shotcrete Society (2010), is the feature that
fixes the shotcrete to the rock substrate after its spraying. In other words, it refers to the
bond strength between a shotcrete layer and adjacent rock substrate, specifically, in case of
breaking. This parameter depends on many factors, among the most important are the
mixing and operation conditions, cement paste quality, texture and grooving of aggregates,
and substrate type, quality, and condition. The surface to be sprayed must be adequately
clean and without considerable scraps in order to maximize adhesion development. It has
been observed that a preliminary set up by water washing increase adhesion [2]. In Chile,
there is no standard for adhesion tension between shotcrete and substrate trials, however,
international methods, such as EFNARC or European Standard, are used'.

Adhesion standards
Table 1 specifies the standards and measurement methodologies to adhesion

endurance. In the absence of a standard international test, it is used as a reference the
EFNARC method?.

' It refers to Spanish standard UNE-EN-14888-4, 2008, EFNARC normative for adhesion tension
measurement.
2 European Federation of National Associations Representing of Concrete.
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Table 1: Standards and methodologies for shotcrete adhesion tension, Australian Shotcrete Society,

2010

Adhesion Methods Measurement parameter Reference
precondition

Initial UNE-EN 1542 Swedish Standard | Adhesion endurance (MPa) at | EFNARC (Table 2)

Endurance 137243 28 days

Table 2: Standards and methodologies for shotcrete adhesion tension, EFNARC, 1999, in MPa

Adhesion Type | Minimal endurance of Adhesion to concrete | Minimal endurance of Adhesion to rock layer
Non-structural | 0.5 0.1
Structural 1.0 0.5

Generally, the European standard methodology requires a field drilling with a core
drilling machine (drilling equipment with diamond cylindrical bit) to get a core sample with
a diameter between 50 and 100 millimeters and, according to UNE-EN 12504-1 [4], a
length of over two times such measure. Then the core sample is transversely cut in such
way that the contact area is near to half of the test tube with a length of 2 diameters. After
this stage, the core is evaluate under the normative flatness. Later, it is fixed by an adhesive
to two steel bases in order to apply the traction load on the superior base with a rupture
equipment. And, by its relation with the core area, it is possible to know the adhesion

tension.

The obtained data is evaluate depending on its rupture between two types, figure 1
shows a general diagram of the EFNARC test [5].

a) Tensile failure in linkage area
b) Indirect tensile failure in linkage area because the rupture strength overcomes the
traction final value. Hence, the outcome exceeds the estimate.
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Substrate

FIGURE 1: General diagram of the EFNARC test
In Situ Test of Adhesion Tension

The following methodology is designed to get in the field itself the magnitude of
shotcrete adhesion tension.

The test comprehends three main stages: drilling, anchor installation and rupture.
Distinctly, it is drilling in the interest area a shotcrete core between 50 and 100 mm that
does not left the site. Later, it is installed an anchor in the core mid section that is pulled by
a tensile failure equipment to induce an adhesion area breaking. Thus, the adhesion tension
magnitude is obtained by the relation between the core area and the referred traction force

(Figure 2).

FIGURE 2: Methodology general diagram which details anchor preparation and setting in
order to be extracted.
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The methodology stands out for its simple execution, time reduction of results to
one day and the possibility to select the type of breaking, such as shotcrete-rock, shotcrete-
shotcrete, or for specific researching purposes (this study used the shotcrete-rock type).

Calculation of Adhesion Tension

Using a Hilti Anchor Tester a shotcrete cylinder fixed to the rock layer is extracted.
At the time of adhesion failure the extraction force will be recorded (N) along with the
extraction area in mm?. The figure 3 illustrates the adhesion failure procedure to calculate
the respective value. Once the magnitude of adhesion force is estimated (N°), the relation
with core area will provide the adhesion tension in MPa. This method suppose that the
applied load it is axially allocated in the shotcrete core area. The figure 4 shows field

execution diagrams.

ST

Shotcrete ;
paaaxal
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PR

FIGURE 3: Shotcrete core extraction, profile view (6)

The following equation is used to calculate adhesion tension:
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FIGURE 4: Field extraction of concrete core

Comparative Advantages

The alternative in situ methodology goal is to answer an actual challenge, swiftly
giving outcomes and a field estimation of adhesion tension. This is a critical stage because
once the core is extracted its properties undergo changes. The current mining picture look
for a production increase, especially in the areas with a great demand of tunnels, within this
context the proposed method advantages are:

e Jtis made in situ.
e Results in less than 24 hours.
e The traction test is mechanical (from this point it will be refer as AQ).

e There is no need to use adhesive, therefore, the measurement is faster [6] (Torres
and other authors, 2017).

e There is no shotcrete failure conditions on its edges.
o [t use similar equipment of others shotcrete tests.

e Bolt length variety for shotcrete thickness
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Theoretical support

The theoretical validation of a balance of static forces is grounded in the Saint-
Venant principle which states: "The tensile and traction limits of a lineal piece exclusively
depend on forces" [7]. In other words, diverses traction systems which cause the same
forces will create the same tensions and deformations.

When a force is applied on a structural element, the traction which appears in
sufficiently distant points it not depends on the applied force. This phenomenon is
illustrated by Figure 5 and it scientifically justifies the previous analysis [8].

-(:11- % (®)

Hi iy s

FIGURE 5: Principle of Saint Venant with different types of forces, Elaborated for this
study purposes from Salazar Trujillo design, 2008.
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Experimental Validation
Basic data statistics

Table 3 displays available information in the database to classify the adhesion
tension values. This categorization will be used for comparison purposes between the tests

under European normative for chemical anchoring and the alternative in situ method
accordingly to several time terms.
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Table 3: Database of Study Methodologies

Item Features

Location It specifies the project physical site where the measurement was made, however, this
parameter only will be for comparison purpose between the two tests.

Rock type Each rock type is identified within a nomenclature system. It will be use only if it is
strictly necessary.

Adhesion It is the adhesion tension magnitude expressed in MPa.
Tension
Failure type It is the failure type at rupture A (1): shotcrete-rock; B (2) shotcrete-shotcrete; C (3)

fragmentary rupture of shotcrete-rock.

Thickness It shows the shotcrete thickness in cm.

Table 4 shows basic statistics of used data during the study, according to period and
method, with a confidence of 95%. The approach with atypical data uses a box diagram
regarding interquartile range and set its analysis limits according to table 4.

Table 4: Limits of anomalous data for adhesion tension

Parameter 2012-2015 CAH | 2014-2016 EN | 2016 CAH (MPa) | 2017 EN (MPa) 2017 CAH
(MPa) (MPa) (MPa)

Inferior limit | 0.25 0.15 0.25 0.16 0.25

Superior limit | 1.75 1.27 2.25 1.06 2.25

The previous section set the basic statistics of Table 5 data, taking into account EN:
European Normative and CAH: Chemical anchoring H.

Table 5: Basic statistics without anomalous data, in MPa

Statistics 2012-2015 CAH | 2014-2016 EN 2016 2017 EN 2017 CAH
CAH

Median 0.81 0.71 1.14 0.61 1.34

Mode 0.5 0.5 1.0 0.5 1.0

Standard deviation | 0.34 0.18 0.39 0.16 0.35

Minimum 0.5 0.17 0.5 0.5 0.9

Maximum 1.5 1.13 2.0 1.0 2.0

Range 1.0 0.96 1.5 0.5 1.1
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Table 5 illustrates the data erratic behavior in function of its range, nevertheless, the
variation concentrates in the 0.5-1.5 MPa interval. A preliminary conclusion states that
adhesion tension fluctuates in such range, hence, it concurs with the acceptable point of
reference of 0.5 MPa.

A second analysis path will counterpose a test by direct traction (chemical
anchoring) versus an in situ methodology by specific load. Each one of these values were
acquired at a large scale mining project located in the northern of Chile. The trials covers
the following failures types: A, shotcrete-rock; B shotcrete-shotcrete; and, C, partial rupture
of shotcrete-rock. The shotcrete time was more than 28 days, meaning they were in a final
stage. Moreover, the two variables analysis compares the adhesion tension of each value by
European standards and in situ methodology. In the 18 sectors included in this study,
although certain tendency is visible, there is no clear data correlation. Therefore, under such
circumstances, it will be used others statistical elements for analysis, medians and standard
deviation comparison, and individual parameter analysis of each one of the values.

The graphic 1 depicts through two parallel lines an analysis of each data value
comprehending all tests with a 0.1 MPa tolerance margin. On the other hand, graphic 2
transforms those values of the same magnitude, using their average in order to avoid to use
a same data twice. Thus, it will corroborate the previous data validation. For example, if
three trials show a 1 MPa of chemical anchoring this will be replaced for one magnitude
under the in situ method proper to the Chemical Anchore.

y =0,6492x +1,0321

2,5 o o ® °

Adhession Strenght Chemical Anchore
(MPa)

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6
Adhession Strenght In Situ (MPa)

GRAPHIC 1: Two variables analysis of studied test sectors.
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y =3,016x - 0,4407
R%=0,9355
0,5

Adhession Strenght Chemical
Anchore (MPa)

0 0,2 0,4 0,6 0,8 1
Adhession Strenght In Situ (MPa)

GRAPHIC 2: Two variables analysis of verified test
The data analysis stated a correlation coefficient between medians of 0.93, which
validates the first conclusions, in case that both values will be perfectly correlated under a

coefficient value of 1 [9].

The graphic 2 shows that medians of data groups are correlated. Such features
define the relation between both adhesion tension methodologies (equation 2).

Chemical Anchoring HY = 2 * In Situ Method (MPa) 2)
The second equation take as references the information present in the graphic 1 and
2. Even though those data do not represent the same sectors, their comparison is grounded

on the behavior of adhesion tension values and their closeness among data deviation.

The graphic 3 illustrates a medians comparison among the study five data groups
which concludes at a 0.94. It also stated the formula behind such calculation.
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GRAPHIC 3: Comparison between adhesion tension medians.

It is important to explicit that adhesion tension was reported through its medians
magnitudes because from a same area three samples were collected. The average of these
samples will determine if such sector fulfills the study benchmark.

The in situ methodology gave additional value because it disclosed others effects.
For instance, shotcrete permeability was uncovered during core drilling when water entered
to the core. A second consequence refers to mixture weakness at the moment of anchor
insertion because shotcrete suffers a surface fracture. Finally, the laminate presented
application issues, features not referred under other methods.

Conclusions

The methodology can estimate values under the detection limit of 0.81 MPa. The
performed tests had a 90% certainty, considering the real values as mode of tests of 0.8
MPa.

The results accuracy reaches a 47.7%, a parameter measured by a variation
coefficient*, a high magnitude for this methodology type.

4 The variation coefficient is calculated as cv:%* 100%,, namely the coefficient between standard

deviation and data average (Zagal, and other authors, 2007).
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The used equipment sensitivity concurs with European standard to measure
adhesion tension.

Regarding the work range there is inconclusive background, nevertheless, the higher
measured value by this methodology was 1.2 MPa.

The equipment of multinational company HILTI at recommended calibration
assures a reliable performance level. Such instruments are wordly used in shotcrete tests
application, for instance, at trials of early endurance.

Finally, it was not possible to identify a methodology sturdiness relation because the
studied tests were not submitted to diverse experimental conditions to recognize the trial
sensitivity under alterations.

On average, in order to data relation, the in situ methodology magnitude usually is
half or a quarter of European standard methodology.

Concerning the two variables data analysis, it was possible to concentrate each of
the collected data by direct traction tests, through chemical anchoring and in situ method.
During this stage, it was noted the repetition pattern for a same magnitude, therefore they
were given their average value to get a logical trend of data. It was procedure that gave a
0.88 correlation coefficient.

There is the possibility that the shotcrete core could modify its properties facing
environmental factors proper of movement. In fact, a 40% of shotcrete cores fail because of
transfer or during a test stage, for the above, the proposed method granted the adhesion
tension results three time faster that the European standard and in a more effective way.
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SUMMARY

Modern steel fiber reinforced sprayed concrete used for rock support is generally regarded as a
durable construction material. However, long-term durability data are scarce. The main
durability challenge in Norway is related to sulfate attack in the Alum Shale environment and
a combined microbial and abiotic attack in the subsea environments. In previous studies, we
found that Alum Shale still represents a concern and that biofilm accumulations in subsea
tunnels had caused localised loss of cross section and severe steel fiber corrosion after few years
in service. This paper discusses the effects of four categories of ground waters, hydrogeology
and mix design (w/b-ratios 0.40-0.50) at concrete ages up to about 25 years. Sprayed concretes
thinner than 80 mm suffered some degradations in aggressive environments, being accentuated
in areas characterised by a poor and permeable adhesion zone. Cement paste degradation and
steel fiber corrosion were mainly unimportant in cases where sprayed concrete layers are thicker
than 100 mm. It is significant that reactions causing cement paste degradations are mainly
independent of fiber type. A minimum thickness of 100 mm, w/b-ratios = 0.40 and low capillary
porosities (<20 %) is regarded as sufficient for long lifetime in aggressive grounds.

INTRODUCTION
Durability is the ability of a material or structure
to withstand its design life without significant deterioration.
Yunus Ballim

Durability of sprayed concrete used for rock support in tunnels represents an important research
topic. The Norwegian road authorities are responsible for over a thousand tunnels, including
more than thirty subsea tunnels and yet others in aggressive sulfide bearing ground. Several
more subsea tunnels are currently under construction and others are at the planning stage. Rock
reinforcement in Norwegian tunnels always comprise fiber reinforced sprayed concrete and
rock bolts. In the most unstable rock masses reinforced sprayed concrete ribs are employed,
whilst cast concrete linings are rare. The engineering classification for rock masses and the
design of rock support is based on the Q-system invented by Barton and co-workers at the
Norwegian geotechnical institute (NGI) [1,2].

However, the Norwegian Public Roads Administration (NPRA) has specified a more
conservative design, involving a thicker sprayed concrete than NGI’s Q-chart. There has been
a development regarding minimum thickness of sprayed concrete, from initially 50 mm (e.g.
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the Q-system) through 60 mm and 80 mm, irrespective of environmental load [3,4,5]. Recently
NPRA has specified a 100 mm minimum thickness for aggressive subsea environments [6].
This is due to the need to cope with potential durability problems in the long run [5]. In
particular, NPRA has specified a 100 years design lifetime for the rock reinforcement since
2005-2010. Regarding fiber type, there has also been a significant amendment in the code of
practice over the years. Already in 1997 fiber corrosion due to chloride penetration was
regarded as a durability challenge notably in thin sprays [3]. In 2007, NPRA specified polymer
fibers of non-corrosive materials “where large rock deformations and/or where a highly
corrosive exposure may be expected (i.e. in salt water sections in subsea tunnels)”. At the same
time, the contractor was allowed to be free to choose between steel or polymer fibers in any
environment (cf. [5]).

This new regulation caused a rather quick shift from steel fiber reinforcement to
extensive use of polypropylene (PP-) fibers in both subsea tunnels and freshwater tunnels.
However, due to rather significant rebound during spraying operations, it was discovered that
macro-PP-fibers were released into the water environment, ultimately polluting the sea. Hence,
due to the severity of the problem and in light of global contamination of the sea by plastic
materials, the Norwegian Environment Agency demanded restrictions on runoff of PP-fibers.
In reality, the NPRA was not able to meet with these requirements, since no available
technology has yet been able to cope with this problem in an appropriate way in a rainy country.
Faced up with this situation the NPRA in 2015 introduced a general ban on macro-PP-fibers in
all tunnel work and return to steel fiber reinforcement in all sprayed concrete used for rock
support (cf. [7]). This was possible also from a durability point of view, because accumulated
evidence from long term monitoring of several subsea tunnels clearly suggested that durability
would not be at stake provided the minimum thickness of steel fiber reinforced sprayed concrete
for rock support was increased to 100 mm. Such an increased thickness would be favourable
for the preservation of long-term integrity of the cement paste matrix, however, being
independent of the fiber type used [8]. Steel fiber corrosion is a consequential damage of cement
paste degradation.

There is a great interest in durability data in the international community; however, few
long-term studies have been undertaken. The International Tunnelling and Underground Space
Association (ITA) has requested durability data from long-term exposure of sprayed concrete,
however, stating that the evaluation of durability of sprayed concrete linings in underground
works “turned out to be an extremely complex subject”. The ITA Working Group 12 focused
much on strategies for future work and recommended the use of four main durability aspects
pertaining to data collection and interpretation [9]:

1. Complete information about the exposure situation (i.e. chemical- and mechanical loads
based on ground water chemistry and rock mass characterisation, respectively).

2. All necessary sprayed concrete material information to be able to quantify exposure
resistance parameters (documentation of the mixes used, spray thicknesses, presence
of structural inhomogeneities etc.).

3. Duration of exposures, if necessary, split on the local set of processes (time elapsed
since a defined diagnosed deterioration process has influenced the spray, involving
mechanical loads and deformations, freeze/thaw cycles, vibrations, impacts and
abrasive action, chemical attack from ground water and other liquids along with
aggressive components in the atmosphere).

4. Design basis and lifetime expectancy compared to specifications and work execution
(the balance between requirement and design, f. ex. permanent linings require more than
preliminary).
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Presently, an international state of the art report regarding sprayed concrete durability is still
missing. However, a great number of data has accumulated through tunnel investigations and
research efforts promoted by the Norwegian Public Roads Administration. Our data represent:

1. Tunnel exposure environments, involving freshwater, sulfate bearing ground waters and

subsea ground waters under variable water loads and rock mechanical conditions. The

selected tunnels were representative regarding traffic conditions.

Variable “resistance” parameters such as concrete mix design and thicknesses.

3. Duration of exposures varying from about 2 to 25 years for well-defined degradation
mechanisms, being treated separately.

4. Design basis as permanent linings with lifetime expectancy corresponding to 100 years.

Regarding lifetime expectancy, a 50 years’ service life was apparently the design basis for

tunnels constructed up to at least 2000 and perhaps even later. However, in any case an

empirical study of durability development of representative sprayed concretes should in any

case provide important constraints on optimal concrete mixes and structural design for 100

years’ service life.

Objectives of this paper

A detailed and comprehensive summary report regarding durability of sprayed concrete was
prepared as part of the R&D program Durable Structures [8]. The report summarises results
from previous investigations [3,4,10,11,12,13,14,15,16,17,18,19] along with recent results on
sprayed concrete durability from Mannvit within the umbrella of Durable Structures [20]. The
objectives of the present paper were to:

e Give an outline of environmental loads acting on sprayed concrete for rock support

e Present results from “Durable structures” with a main focus on the evidence behind
NPRA'’s recent specification of a minimum spray thickness of 100 mm exposed to
aggressive subsea environments

e Discuss the durability development in view of spray thickness, steel fiber corrosion,
adhesion, concrete mixes and fiber types (e.g. steel and PP-fibers) based on evidence
from several exposure environments

ENVIRONMENTAL LOADS ACTING ON SPRAYED CONCRETE

I S prayed concrete lining with rock bolts
Water table

Hydraulic conductivity

|

-rock mass (x,) Hydraulic gradiefit
(Ah)
= S . wud 7 504

-sprayed concrete (k,)
(V on overall water inflow

9 Y

\
! Effects of evaporation I

Figure 1. The main environmental loads acting on sprayed concrete used for rock support in
tunnels.
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The environmental loads acting on sprayed concrete used for rock support are complex and
differ in many respects from the loads acting on concrete bridges and other cast concrete
structures above ground. This is mainly because tunnel concrete is in direct contact with the
surrounding rock mass, representing an inhomogeneous and uneven substrate reflecting
different rock mass properties (crack frequencies etc.), hydrogeological conditions and different
chemical environments. Quite frequently, the overall exposure conditions vary over short
distances. The principal exposure conditions, which may influence the durability development,
are (Figure 1):

Hydrogeological conditions and water pressure

Rock mass stability and mechanical load

Mineral composition and possible aggressives within the rock mass

Chemical composition of the ground water

Conditions within the tunnel space, including tunnel fumes, de-icing salts and the
possibility of draught and increased aggressiveness of water due to evaporation

In most tunnels leakage waters affect sprayed concrete both from the adhesion zone to rock
mass as well as from the outer surface. In tunnels with an inner lining, the sprayed concrete for
rock support is screened from the potential effects of tunnel fumes and evaporating waters,
whilst otherwise conditions within tunnel space may have an impact on the durability
development.

The Exposure Classes in NS EN 206, including the national annexes, is a useful tool for
characterising the ambient chemical environment and potential for steel corrosion. However,
the standard does not refer to the possible effects of hydrogeological environment and rock
mass properties. Moreover, influence from biodegradation and increased aggressiveness due to
evaporating waters is not mentioned. This has been discussed further in [16]. In the present
paper, we refer to chemical exposure classes and corrosion classes as based on water chemical
analysis and other tunnel data. All data are available in the summary report from the R&D
project Durable Structures [8].

RESULTS FROM THE R & D PROJECT “DURABLE STRUCTURES”
Sampling and methods
The investigated tunnel objects were chosen according to the following main criteria:

e The tunnels should encompass typical variations with respect to hydrogeology, ground
water chemistry, conditions in tunnel space and rock mass conditions, hence
representing “all” exposure conditions in Norwegian tunnels.

e The sprayed concretes should be regarded as “modern”, e.g. made by the wet-method
technology under a modern quality regime and good workmanship

e Reliable documentation regarding concrete mix design “as built” should be available,
representing material properties typical of modern wet-sprayed concrete

e The sprayed concrete ages should represent a longest possible time span

e The degradation mechanisms should be representative and relevant regarding potential
for a reduced bearing capacity

¢ Some tunnels should have been investigated in previous durability projects

e The tunnels should represent a relevant variation regarding degradations
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At an early stage, NPRA concluded that sprayed concretes from before 1983 should be regarded
as obsolete technology and were not included in this study. Our detailed investigations were
focusing on nineteen objects, which met the above criteria. The concretes studied were ranging
from 2 to 27 years old, yet with some differences within each main exposure category.

Due to budget constraints, it is in reality impossible to obtain statistics representative of
all sprayed concrete. Instead, our selected tunnel locations represented well-documented typical
variations. All investigated tunnels were screened over most of their length, whilst few locations
were chosen for detailed sampling, hence representing typical potential durability problems
encountered. Several locations have been investigated more than once over the years. Dry
tunnel sections (albeit with some humidity) were characterised by insignificant degradations,
being suggestive of high durability and long service life. They are underrepresented in our data.
In this paper we investigate the overall design requirements due to effects of well-defined
environmental loads, whilst the establishment of total costs related to affected and not affected
concretes is a separate problem for the tunnel managers to take care of. Our investigations
comprised the following laboratory methods:

e Standard concrete tests (compressive strength, fiber contents, porosity measurements,
chloride contents, carbonation depth)

e Structural analysis with emphasis on polarising microscopy of thin sections from
concrete cores, also assisted by Scanning electron microscopy (SEM) and
microchemical analysis

e Mineral identification of small friable samples representing precipitates, biofilms and
biominerals by X-ray diffraction (XRD)

e Chemical analysis of leakage waters collected from different settings (rock water,
waters interacting heavily with sprayed concrete etc.), from the concrete sampling sites
or as close to them as possible

Figure 2. Schematic cross section through water bearing rock mass and sprayed concrete. Zone
A = degradation adjacent to rock mass, B = sound internal concrete, C = outer degraded
concrete, S = spalling zone. Spalling might as well take place along the rock/concrete interface.

Concrete cores, spall samples and friable material were collected, representing the entire cross
section of the sprayed concrete layer, the adhesion zone and mostly some of the rock behind.
The sampling strategy was chosen in order to cover both degrading concretes and sound
concrete in accordance with the general “anatomy” of attack as defined by zonation (Zones A,
B, C and S, see Figure 2). Microscopy (including SEM) and XRD were very useful techniques
for establishing the state of cement paste degradations and the degree of steel fiber corrosion in
each zone, yet as seen in light of mesoscale observations. The degree of degradation (A, C and
S) varied at the expense of sound concrete (B), representing a measure of the total state of
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degradations. Also the permeability and eventual deposits on the adhesion zone were
characterised. The results were finally seen in light of variable hydrogeological conditions,
water chemical exposure conditions, concrete mixes, spray thicknesses, adhesion and other
concrete properties.

Table 1 gives a summary of deterioration mechanisms found in Norwegian sprayed
concrete for rock support, their potential effects and associated typical environments. Alkali
aggregate reactions and other aggregate related degradations do apparently not occur, mainly
due to good practice of aggregate screening.

Table 1: Deterioration mechanisms encountered in Norwegian sprayed concrete for rock
support. S = steel fiber, P = polypropylene fiber, C-S-H = calcium silicate hydrate (continued

overleaf).

Type of degradation

Potential effects on
cement paste

Potential effects on
fiber reinforcement

Exposure environ-
ment and agents

Ordinary surface
carbonation

Degradation of
portlandite & C-S-H in
surface region. Low
permeability. pH ~ 8-9

S: Corrosion as
consequential damage
P: No effect

Atmospheric CO»
All environments

Internal carbonation:
Popcorn calcite

Internal degradation of
portlandite & C-S-H

S: Corrosion as
consequential damage

Dissolved HCO3
in ground water

deposition (PCD). Formation of calcite P: No effect penetrating into
Related to spots in Ca- poor silica concrete in many
decalcification. gel. Loss of strength. environments.
Trough solution Increased permeability Depending on water
process pH ~8-9 pressure

Decalcification by
through solution
process

Ca -leaching from
portlandite & C-S-H.
Loss of strength
Increased permeability
pH ~ 8-12

S: Corrosion as
consequential damage
P: No effect

Dissolved carbonic
acid or ordinary fresh
ground water with
HCO:s" penetrating into
concrete. Depending
on water pressure

Chloride penetration.
Through solution
process

Slight loss of strength.
pH~<10to>13

S: Corrosion as
consequential damage
P: No effect

1) Subsea environ-
ments. Depending on
water pressure.
Brackish to seawater-
like ground waters

2) De-icing salts

Thaumasite sulfate
attack (TSA). Through
solution process,
frequently related to
decalcification and
PCD

Degradation of
portlandite & C-S-H.
Loss of strength
Increased permeability
pH ~ 8-12.

S: Corrosion as
consequential damage
when PCD is present
P: No effect

Dissolved sulfate and
bicarbonate in ground
water penetrating into
concrete. Alum shale
& subsea environ-
ments. Depending on
water pressure

Acid attack
(commonly H,SO4)
Trough solution
process

Fast degradation of
portlandite & C-S-H,
significant strength
reduction and much
increased permeability
pH<2to5

S: Corrosion as
consequential damage
P: Not studied. Likely
minor effects

Related to sulfide
oxidation and
dissolution of certain
sulfates. Alum shale
and sulfide bearing
gneiss, notably after
drawdown of ground
water table
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Type of degradation

Potential effects on
cement paste

Potential effects on
fiber reinforcement

Exposure environ-
ment and agents

bacteria combined
with ingress of
aggressive ions from
saline ground water
NB: Not all biofilms
cause damage.

portlandite & C-S-H,
formation of Mn-Fe
biominerals, + TSA,
PCD & Mg-attack.
Loss of strength and
outer mass loss. High
permeability.

pH ~5.5-7.5

P: Not documented in
Norway (see [21] for
detrimental effects
of photosynthetic
microbes and algae)

Magnesium Mg replacement of Ca | S: Corrosion as Subsea tunnels notably
penetration in C-S-H and consequential damage | at high water pressure
Trough solution formation of Mg(OH), | P: No effect in rock mass with high
process Loss of strength. hydraulic conductivity
Increased permeability
pH~10
Biofilm with Mn & Fe | Degradation of S: Severe corrosion Some subsea

environments. Other
environments yet to be
investigated

Mechanical loads

Macro and micro
cracking. Increased
permeability beyond
level expected by w/b-
ratio of concrete mix

S: Corrosion as
consequential damage
P: No effect under
ordinary loads

Instable rock mass:
mainly where designed
rock reinforcement is
insufficient

Frost action
(regarded as of minor
importance [4])

Macro and micro
cracking, mainly
observed in old

«unmoderny thin
sprayed concrete

S: Corrosion as
consequential damage
P: No effect

Freeze-thaw cycles.
Frost Index

The freshwater environment (XC2-XC4, XD1-XD3, X0)

The great majority of Norwegian tunnels are exposed to ion-poor fresh ground waters. The
degradation mechanisms were ordinary surface carbonation and occasional effects of de-icing
salts. Long-term data representing conditions at 5 to 26 years were collected from nine tunnels,
some of which were freshwater sections in subsea tunnels. Spray thicknesses varied from 39
mm to 180 mm. 39 concrete cores were extracted and 25 thin sections were prepared for
microscopy.

Sprayed concrete mixes in the selected tunnels varied. Cements were rapid setting and
standard Portland cements, yet also including one case with a standard fly ash cement, using
either water glass or alkali free setting accelerators. The w/b- ratios were ranging from 0.41 to
0.49, with binder contents from about 450 to 570 eq.kg/m>. The silica fume contents varied
from 1% to 14 % by cement weight, commonly around 5 %. The steel fiber contents were
ranging from 19 to 46 kg/m> with compressive strengths 27 to 75 MPa.

Exposure conditions. The bedrock was predominated by various granitic gneisses,
amphibolite, pegmatite, phyllite and syenite: all of which were without problematic minerals.
Water loads in terms of flow rates were mostly small. Rock mass ratings in terms of Q-values
were not available. Fifteen water samples were analysed, typically showing low ion contents
and pH ranging from around 7 to 8 (occasionally even higher).

Effects of degradations. Surface carbonation due to atmospheric CO> was generally not
deep and affected a maximum of 20 mm in a sample after 15 years of exposure to tunnel fumes
(Figures 3 and 4). In contrast, carbonation of sprayed concrete behind inner concrete linings
reached only 1-1.5 mm after 13 years in service. There were no sign of degradations taking
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place from the adhesion zone, although the adhesion zone varied from permeable to non-
permeable. A single case showed internal carbonation (PCD) affecting 2.5 mm adjacent to a
water permeable contact zone in 15 years old sprayed concrete with w/b = 0.47. Apparently,
the carbonation depths dropped towards increasing w/b-ratios in exposed concretes. This seems
at odds with mainstream results, but may reflect a higher degree of hydration at higher w/c-
ratios, which should result in a denser cement paste. We frequently see residual clinkers in
sprayed concretes with w/b-ratios < 0.45. Figure 4 demonstrates that the highest capillary
porosity correlated with deeper carbonation in concretes exposed to tunnel fumes, which assists
to the above contention. Yet samples devoid of micro cracks tend to have less deep carbonation.
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Figure 3. Surface carbonation depth apparently decreased with increasing water/binder ratios
(v/b). Symbol colours: red = many micro cracks, beige = intermediate micro cracks & blue =
few or no micro cracks as seen in thin sections.
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Figure 4. Exhaust fumes had caused a relatively deeper surface carbonation (circles) compared
to non-exposed (squares) behind inner linings. Symbols as in Figure 3.

De-icing salts may potentially influence sprayed concrete. However, our few chloride profiles
from exposed concrete suggest that effects of de-icing salts are absent or might reach
concentration higher than 0.1 % of concrete weight in the outermost 10 mm.

Steel fiber corrosion. There was no sign of steel fiber corrosion in these concrete cores
with their intact cement paste matrix. Fiber corrosion was marginally developed within the
portions affected by surface carbonation, showing no sign of significant weakening of the fibers
up to 27 years in service.
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Age and accumulated traffic loads. Due to the complexity of exposure conditions and
mix design etc., it was not possible to establish a clear aging effect, such as increasing degree
of carbonation year by year. We also tested for the effect of accumulated traffic loads by
multiplying age with annual traffic loads (vehicles per day), without finding any correlation.

In conclusion, concrete durability in the freshwater environment was by no means
alarming, suggesting no problem with concrete thicknesses of minimum 80 mm using concrete
mixes based on CEM 1 with w/b-ratios of 0.41 to 0.49. Regarding sprayed concrete, being
screened from traffic loads in the freshwater environment, it has been suggested that 100 years’
service life seems realistic [22].

Mildly acidic environment (XC2, XD0, XA1)

Sprayed concrete in this environment was studied in a service tunnel leading down to a hydro-
power plant. The degradation mechanism involved surface carbonation and effects of sulfur
attack with occasional surface deposition of Na-sulfate (thenardite). Samples from the tunnel
were collected at concrete ages 13 and 16 years, being 9 concrete cores and some precipitates.
The spray thicknesses varied from 20 mm to 110 mm. 13 thin sections were prepared and
studied in in collaboration with BRE-Garston, UK [13].

The sprayed concrete mix was based on a 1984 Portland cement with 20 % fly ash
(MP20) using water glass as setting accelerator. The w/b-ratio was about 0.50 and the cement
contents were assumed to be somewhat higher than 450 eq./kg/m®. The concrete was fiber free
and strength and other standard concrete tests were not performed.

Exposure conditions. The bedrock in the area is characterised by presence of a sulfide
bearing black shale of eocambrian age (less aggressive than Alum shale). Water chemistry in
four samples showed elevated sulfate concentrations (102-112 mg/L) and pH = 5.66- 6.06,
reflecting some contribution from sulfide oxidation. The water load was generally small at the
time of sampling, with most surfaces being rather moist. However, there was clear evidence of
earlier somewhat heavy water loads, as seen from calcite and thenardite deposits on the concrete
surfaces. Rock mass rating data were not available.

Effects of degradations. Surface carbonation was not deep, ranging from 1 to 13 mm.
Adhesion to the rock mass behind varied from very good without precipitates to somewhat
weak and permeable with calcite and ettringite deposits. Thaumasite sulfate attack occurred in
a very thin 20 mm thick spray affecting 7.5 mm adjacent to the contact with rock mass, whilst
all of the thicker sprays were mainly unaffected.

The effects of mildly acidic tunnel environment on more modern sprayed concrete
should be further investigated in road tunnels crossing through eocambrian black shale.

Alum shale environment (XC2-XC4, XD0-XD3, XSA)

Sprayed concrete in Alum shale environment was studied in two road tunnels and one road cut
within the city of Oslo. The degradation mechanisms associated with Alum shale are
thaumasite sulfate attack (TSA), leaching and internal carbonation (Popcorn calcite
deposition, PCD) with effects of sulfuric acid. Samples were collected at concrete ages ranging
from about 2 to 22 years and inspection of the sprayed concrete in the road cut even at age 27
years. The spray thicknesses varied from about 30 mm to 375 mm, most commonly between
50 and 130 mm. Altogether 23 concrete cores were extracted along with three spalls and loose
debris material and precipitates. 46 thin sections were examined by polarising microscopy
and/or SEM and loose material were analysed by XRD, first in a collaboration with BRE-
Garston, UK (summarised in [12,13]) and later on as part of Durable Structures (Mannvit [20]).
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The sprayed concrete mixes were based on Sulfate Resisting Portland Cements (SRPC)
with added silica fume ranging from 5-10 % by cement weight. Water glass was used except
for alkali free accelerator in one of the tunnels. The w/b-ratios varied from 0.40 to 0.50, with
cement contents about 500-530 eq./kg/m®. All concretes had steel fiber reinforcement.
Compressive strengths varied from about 30 to 46 MPa in concretes exposed for 16 to 22 years.
There was usually a certain extent of visible cracks through thin concrete, whilst thicker layers
appeared to be mainly devoid of cracks.

Exposure conditions. Alum shale is a black shale of Cambrian to Ordovician age, which
historically has caused great problems regarding extensive sulfate attack, steel corrosion and
ground heave. This is due to abundant sulfide minerals (pyrite and minor monoclinic
pyrrhotite), which upon oxidation liberated high concentrations of sulfate and under certain
circumstances sulfuric acid. This also leads to dissolution of calcite and enhanced bicarbonate
concentrations. Analysis of several water samples showed sulfate concentrations ranging from
300 to 2000 mg/L with pH ~ 7. However, we have also discovered weathering minerals such
as jarosite and ferric hydroxide at the adhesion zone, which reflects much lower local pH (2-3).
Q-values were about 0.1 to 1.

The effects of degradations. Surface carbonation varied from almost zero to about 4.5
mm depth, with no clear relationship to concrete age, w/b-ratio and micro cracks (most of the
examined concretes had few or no micro cracks). Deterioration reactions responding to Alun
shale ground water are two-fold: 1) variable degree of Ca-leaching, internal carbonation (PCD)
and TSA in the zones adjacent to the contact with Alum shale and 2) localised sulfuric acid
attack on the adhesion zone, leading to weakening and spalling along the interface. Where
adhesion to the shale is very good, often underneath quite thick sprayed concrete, there was
almost no sign of degradation due to TSA after 22 years of exposure [23], whilst sprayed
concrete with open and permeable contact zones frequently showed extensive degradations at
younger ages (Figure 5). Deterioration due to TSA, Ca-leaching and PCD also tended to
increase with increasing w/b-ratio, although being more influenced by the adhesion properties.
The most degraded sprayed concretes documented in Figure 5 were over 100 mm thick, with
w/b = 0.50 and highly permeable adhesion zones, some of which carried sulfuric acid. Also
sulfate laden ground water on very tight adhesion zones had caused significant transformation
of the cement paste.
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Figure 5. Effect of permeable adhesion zone (width in mm) on deterioration of concrete
adjacent to Alum shale (Zone A). Red squares with cross = influence of sulfuric acid, red circles
= influenced by sulfate laden ground water, yellow = slightly permeable adhesion zone, blue =
none-permeable adhesion zone. Numbers refer to concrete age at time of sampling.
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Age versus degradation. Our long term monitoring within single locations does show
increasing degradation over time, yet at different paces. The different paces are largely
governed by the initial thicknesses of the spray (see Figure 6) along with variable access to
sulfate and acid laden waters, being channelized along the adhesion zone.
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Figure 6. Effect of total deterioration plotted versus total spray thickness. A minimum 100 mm
thick spray should be sufficient for long service life unless the adhesion zone is severely
affected by sulfuric acid. The line at 150 mm represents the thickness required in typical Alum
shale rock mass with Q-values between 0.4 and 1.0. Same symbols as in Figure 5.

Steel fiber corrosion. Steel fiber corrosion was severe and completely destructive where
internal carbonation and TSA was extensive, e.g. powderised concrete related to spalling [12].
Otherwise, marginal to destructive fiber corrosion was found in most concrete with effects of
PCD, yet being rather insignificant in association with surface carbonation [8].

Capillary porosity measurements of some selected cores (16 and 22 years old), with
variable degradation across the entire sprayed concrete layer, showed that samples with
capillary porosity less than 18 % were not significantly deteriorated adjacent to Alum shale,
whilst when > 20 %, the transformation (e.g. in Zone A) reached 14 mm even in concrete with
w/b = 0.40.

It may be concluded that sprayed concrete with w/b-ratio = 0.40, low capillary porosity
in the order of 18 % and a minimum spray thickness of 100 mm will resist aggressives derived
from Alum shale for a long time. There is still an uncertainty related to the long-term effect of
acidification. Although thicker sprays certainly represents a lower oxygen permeability than a
thin spray, both with respect to bulk past O-diffusion and fewer cross cutting cracks, the effects
need to be further monitored. As yet, we have not studied the effects of very low pH-waters.
However, systematic pre-grouting can certainly inhibit drawdown of the ground water table,
which otherwise can severely increase the acidification potential in Alum shale [24].

Subsea environment (XC2-XC4, XS3, XD1-XD3, XA2-XA3)

Sprayed concrete in subsea tunnel sections characterised by saline ground water loads was
investigated in six subsea road tunnels. The degradation mechanism were governed by
composite abiotic attack due to ion-rich saline ground waters and variable effects of Mn-Fe-
rich biofilm. This involved penetration of chloride, magnesium, sulfate and bicarbonate;
leading to breakdown of portlandite, magnesium substitution of C-S-H, leaching of the cement
paste with internal carbonation (Popcorn calcite deposition) and thaumasite sulfate attack.
Variable acidification within and underneath Mn-Fe biofilms caused variable weakening and
material loss on the outer surface region.
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Samples were collected at concrete ages ranging from 5 to 26 years, some of which are
based on [3]. The spray thicknesses varied from about 35 mm to 200 mm. Altogether 56
concrete cores were extracted along with four spalls and many loose debris materials and
precipitates. 132 thin sections were examined by polarising microscopy and/or SEM, whilst
minerals in debris and precipitates were identified by XRD (details given in [8,17].

The sprayed concrete mixes were mainly based on rapid setting Portland cements and
standard Portland cements with added silica fume ranging from 1 to 14 % by cement weight.
Water glass or alkali free accelerators were used. The w/b-ratios varied from 0.40 to 0.47, with
cement contents about 510 to 580 eq./kg/m®. All concretes had steel fiber reinforcement.
Compressive strengths varied from about 30 to 63 MPa in concretes exposed for 5 to 22 years.
There was usually a certain extent of visible cracks through thin concrete, whilst thicker layers
appeared to be mainly devoid of cracks.

Exposure conditions. Subsea saline ground waters are ion-rich, ranging from brackish
to mainly sea-water like salinities. Yet, the waters are chemically modified due to some
interaction with the rock mass. Analysis of about 40 water samples showed sulfate, Cl and Mg
concentrations about 500 to 3300 mg/L; 5000 to 50 000 mg/L and 570 to 1420 mg/L,
respectively. The highest concentrations were due to evaporation within the tunnel space. The
pH was commonly slightly alkaline (7.5 to 8). However, pH in some biofilms were 5,5-6,5 to
neutral, reflecting temporal changes at some individual sites (see [8,17]), whilst pH = 7-7.5 was
typical of less or non-aggressive biofilms. There was some indication that degradations were
small where the sprayed concrete thicknesses were designed in light of Q-values according to
Statens vegvesen’s procedures (e.g. [6]).

Effects of degradations. Surface carbonation varied from about zero to 25 mm in sprayed
concrete exposed to tunnel fumes, whilst being significantly less deep in unexposed concrete
behind inner linings (0-4 mm). There was an apparent tendency for deeper carbonation related
to accumulated traffic (age x vehicles per day), whilst no clear effect related to w/b-ratio could
be found. The effects of abiotic attack, mainly acting within concrete adjacent to the adhesion
zone and localised biofilm attacks resulted in focused weakening and local loss of material. The
degree of weakening and loss was most effective where both abiotic and biological activity
operated simultaneously (see [17]).

1hs

|

10 | a

. 4
£ N
E . |
<
£ |
2 = -l A ©

- a @
™ [5 | - | o
L] “ 8 o
s £ fme TS
o k. 100 150 200 %0

Total spray thickness (mm)

Figure 7. Degradations in Zone A with symbols for abiotic attack: Circles = no degradation or
very diffuse effect of Mg ingress and internal carbonation (no structural effects). Squares =
domains with leaching, internal carbonation, TSA and Mg ingress (some weakening of the
paste). Triangle = effects of acid from the contact zone with structural weakening (very rare
case where biofilm, acted from behind the spray. Adhesion zone characteristics: Red = with
influence of mild acid, orange = precipitation of brucite and calcite (no acid), blue = no
precipitation.
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Figure 7 shows the effects of degradation acting from the adhesion zone. With the exception of
a single case structural weakening is mainly restricted to concrete less than 75 mm thick. The
remaining degradations involving variably weak diffuse transformation due to Mg ingress and
internal carbonation have so far not resulted in structural weakening. Figure 8 shows the
influence of total thickness on deterioration from the outer surface, including examples of
biofilm attack, excluding minor effects from ordinary surface carbonation.
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Figure 8. Degradation within Zone C due to biofilm. Orange squares = effects of thick biofilm
with mild acids including some material loss of 1-25 mm (w/b = 0.41) (crosses with spalling),
orange circles = thin biofilm with neutral pH, red square = non-degrading biofilm with neutral
pH (concrete with w/b = 0.40), grey circles = Magnesium and PCD (mainly diffuse without
structural consequences), blue circles = completely intact concrete.

The most significant degradations were associated with thick mildly acidic biofilms on concrete
thinner than 100 mm. The thinner concretes were characterised by leaching of calcium and
other elements into the local water on the surface, and there was a simultaneous diffusion across
the sprayed concrete. Calcium and other leachable elements are nutrition’s for biofilms. Since
thinner concretes are more prone to fast diffusion through the bulk paste, the apparent absence
of biofilm on thicker concrete may reflect less favourable growth conditions. The evidence from
Zones A and C clearly suggests that degradations in the cement pastes were unimportant in
subsea sprayed concrete layers thicker than 100 mm. The deterioration mechanisms in question
are essentially independent on the type of fiber used, whilst their action may also assist in steel
fiber corrosion. In some biofilms steel was involved in acid forming reactions [14,17], whilst
some biofilms apparently did not form acids [8, 20]. The role of biofilms are currently under
investigation at Chalmers- Gothenburg, including identification of microorganisms by DNA
techniques [25].

Steel fiber corrosion. It can be demonstrated that also steel fiber corrosion was a
function of sprayed concrete thickness and that significant corrosion has not occurred in sprays
thicker than about 100 mm. Obviously this reflects the various degradations including internal
carbonation, which do not sustain stability of steel in the long run. Figure 9 shows the effect of
steel fiber corrosion in two different ways. The y-axis represents a rating of corrosion in cross
section, as weighted by influence in each zone (Zones A, B, C of Figure 2). The individual
coloured points show the worst case of corrosion in each single core. The red point (high local
corrosion) at total thickness about 140 mm represents a very unusual case, where biofilm had
penetrated into the adhesion zone. All data taken together shows that concretes thicker than 100
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mm have few signs of corrosion after about 25 years in service. Moreover, capillary porosities
< 18-20 % seems to largely have prevented diffusion of saline waters and corrosion [8].
Chloride profiles showed elevated and sometimes deep diffusion, with Cl contents
commonly ranging from 0.3 to 0.5 % sometimes even 1 to 1.4 %. Yet the steel fibers are still
intact while in contact with chloride laden paste. This has also been reported by Holm [18,19]
and Mannvit [20]. This “paradox” may, however, be explained by lack of significant influence
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Figure 9. Thickness versus steel fiber corrosion rated by weighting of influence across the
thickness. Each point is also coloured showing the worst case in each zone. Red = severe to
fully destructive (rating 3), orange = marginally destructive (rating 2) yellow = insignificant to
marginal corrosion only visible in microscope (rating 1), blue = no corrosion (rating 0).

by oxygen, i.e. this cathode is not established at bulk scale [8]. Instead, we observe that steel
fibers in subsea concrete remain uncorroded until after core extraction, whilst they rather
quickly start to show surface corrosion after core extraction when in contact with air, even when
first washed in distilled water. In contrast, steel fibers in sprayed concrete from the freshwater
environment remain essentially intact [8, 15, 17, 20]. In addition, it has recently been
established that steel fiber reinforcement in concrete may slow down degradations by chloride
penetration due to mechanical effect [26]. However, cracked sprayed concrete exposed to
chloride over 17 years have shown important steel fiber corrosion with loss of strength and are
not expected to yield a service life of 100 years [27].

FINAL REMARKS

The above documentation, obtained during the tenure of the R&D program “Durable Structures
(2012-2015), provided new evidence regarding design of durable sprayed concrete subjected to
aggressive environmental loads. We admit that our durability data still represents only 25 % of
the designed lifetime and there are still remaining uncertainties regarding the ultimate service
life of many of the studied concretes with w/b-ratios around 0.45 or higher. However, the use
of steadily better concrete mixes in new projects, presently specified with w/b-ratios = 0.40, in
combination with minimum 100 mm thickness in subsea tunnel sections seems to represent a
very durable design also for steel fiber reinforced concrete.
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Future research should still focus on ways to make adhesion of sprayed concrete even
better in order to reduce the influence of aggressive ground waters in the subsea environment
as well as in Alum shale.
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ABSTRACT

Sprayed concrete process has always had variations in many parameters related to fresh concrete
properties, pumping process, spraying process, temperatures and so on. Modern spraying robots
may be equipped with IoT systems which are able to log data and save these data for wireless
transmission to a secure data store accessible in the Internet cloud. The data can be either an
average value for one concrete load or work-shift, or it can be broken down to time series data.
This data, when seen together, presents an interesting opportunity to utilize the information in a
more systematic way to get information about the spraying process and equipment.

Normet has developed an IoT tool for collecting and analyzing sprayed concrete related data
from all modern Normet sprayers. It is possible to use the IoT tool to get information about the
spraying process and equipment. The contractors or mines who own the spraying robots with this
option enabled, will have the opportunity to have information on a more detailed and systematic
level than before. Normet as an equipment manufacturer will have the possibility to improve the
equipment and do remote technical support and diagnosis more effectively.

This paper and presentation will give some examples of how a modern IoT system for sprayed
concrete processes works and some examples how data from such a system can be used in order
to understand and improve the spraying process and equipment.
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INTRODUCTION

The sprayed concrete process quality is a combination/interaction of:

e Fresh concrete and its properties

e Accelerator

e Mechanical equipment (spraying robot)

e Practical operation/execution done by the nozzle man

The spraying process is unfortunately not always strait forward and predictable and is not always
working as expected. The main problems and challenges is often related to:

e Early strength development (and too high consumption of accelerator)
e Poorly adhesion between sprayed concrete and rock surface

Some typical daily challenges can be (examples):

Concrete mix design issues (cement type, water/binder-ratio, aggregates)

Concrete properties issues (slump, temperature, fiber distribution)

Accelerator (type, temperature, consumption (kg/m? or liters/m?)

Concrete pumping (stable or variating pumping pressure, filling degree on cylinders)

kWb =

Spraying process (mix of accelerator into concrete, “cooperation” of concrete and
accelerator pump and air compressor)

6. Surroundings (temperature in tunnel/mine, both air and rock surface, thickness, water
leakages, ventilation with cool air)

The above list is not exhaustive; however the above shows some parameters which are regarded
important for a good final product. The focus and main goal can often be very different and the
goals depend on the project. In order to understand the process fully, it should be possible to
compare and have a good over-view of the process. And then it is necessary to be able to observe
many parameters in parallel and on a common time base. It is also necessary to have data from
the process over a certain time, not only when the process is not working optimally but from
times when the process were not working optimally for comparison purposes.

When collecting data from a process, it can be done manually or by an automated IT-system. The
challenges with manually collected data are that different operators do measure parameters
differently and may forget to write them down. Manually recorded data also need to be plotted in
a suitable spreadsheet or graph in order to understand the process and observe possible changes.
This takes time and manual effort and due to limited time and resources it is not always done so
important information is lost. An IoT system which automatically logs and transmits data from
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shotcrete process via WLAN (wireless network) is a new way of securing a lot of information
about the spraying process. Such information can later be fed into traditional time domain
analysis systems and artificial intelligence systems for further analysis.

WORKING PRINCIPLES OF A MODERN IOT SYSTEM FOR SPRAYED CONCRETE
APPLICATIONS

Introduction

0T is a shortcut for Internet of Things. Internet of Things means that devices (“things”) instead
of PCs and laptops with people behind the keyboard are being connected and communicate via
the Internet. In recent years significant developments in using modern and standardized
networking technology has been realized and IoT in mining and tunneling becomes more
widespread [1]. Mining and tunneling machines can now be connected to the Internet and
communicate from machine to machine in an automatic way. The data can be stored and the data
can be built and queried for analysis. The computer involved for data logging is typically not a
PC or laptop, it is often an embedded, low cost and self-contained unit. [oT used for remote
monitoring purposes is also called Telemetry. Telemetry systems have been utilized in other
industries than mining and tunneling for significant time already.

In tunneling and mining, [oT is typically implemented on the same computer as runs the
automation system on a specific machine. However some domain specific challenges exist. One
challenge is connectivity. Since there is no regular 3G/4G network and seldom wireless
networking available at the face, the data needs to be stored until a wireless network connection
is available. Another challenge is often access to the public Internet: from mine and tunneling
sites in remote locations, Internet access can be challenging. A third challenge is security and
privacy: customer process data and personal data must be kept secure at all times. New
regulations such as the GDPR (Global Data Protection Regulation) must be followed if the
company carrying out [oT activities on any personal data is based within the EU regardless if the
data is logged on a site outside EU [2]. (Personal data is any data where the user of the equipment
can be directly or indirectly identified). These issues must be handled to enable successful
utilization of IoT in a tunneling and mining environment.

A modern IoT system for tunneling and mining typically consists of several sensors on the
machine chassis, engine, booms and process units. Sensor data is normally stored as a sensor
readout value and a time as a pair. A large number of value plus time pairs are sent with a regular
time interval between when the data values are recorded as telegrams. The IoT system also
typically includes a data logging computer with tailored software for data logging, a means for
data transmission to a location on the Internet, a means of secure and central data storage and a
means of data analysis and visualization.
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Data analysis is typically carried out by predefined automated analysis tools or by external tools
such as Excel or more advanced tools. The data visualization can be carried out on a laptop, on a
tablet or mobile phone. Different reports can typically be generated to PDF, Excel etc.

loT for tunneling and mining
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Figure 1. Overview of a typical IoT system for tunneling and mining

The above figure shows the block diagram of one example of a modern IoT system for mining
and tunneling equipment. Data flow is from right to left and all data is sent on industry standard
network connections. There is a central data storage system, where all data is stored securely.
This can be a cloud server (a machine or virtual machine not in the client’s data center, but in a
hired space accessible via Internet). There can be several visualization systems that for example
show data in a web browser and in a dedicated application. There can also be data exchanges
with more advanced systems such as artificial intelligence systems and machine learning systems.
Finally, data exchange with more traditional Enterprise Resource Planning and production
systems can be done easily since there is data stored in a centralized location.
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Relevant data channels on a modern concrete spraying machine

On a modern tunneling / mining machine there are numerous sensors. The main groups of sensors
are engine, fuel and energy consumption, hydraulics, electric and charging system on electrical
vehicles and drivetrain.

Then there are process specific sensors like filling state of chemical tanks, sprayed concrete
parameters, bucket load in terms of a dumper vehicle etc.

In this paper, the focus is on utilization of [oT for sprayed concrete applications and therefore the
coverage of data channels in this chapter below is limited to the sensors of most relevance to
sprayed concrete equipment. Data from sensors is often noted as a “signal”. In this context it
means that there is a recording of a numeric value or state on a time basis.

Temperature of concrete in degrees C

The concrete temperature as delivered from the batching plant and concrete truck is measured.
The concrete temperature is important for the early strength development and quality of the
sprayed concrete application. This temperature is typically measured every 10 second or every 2
minutes.

Ambient temperature in degrees C

Even if ambient temperature is probably less important than concrete temperature, the ambient
temperature is also measured. The air temperature can give an indication of if spraying is carried
out close to the entrance to the tunnel / mine under winter conditions and the ambient temperature
is lower than expected.

Temperature of the additive in degrees C

The additive temperature is measured. The temperature of the additive should be within certain
limits. Any temperature deviations outside normal range of the additive can affect the spraying
process.

Additive dosage setting in %

The additive dosage setting is recorded. This is the setting that the operator dials in on the remote
control. Immediately if the operator changes this setting, the new setting state and the time of the
change is recorded. The correct additive dosing is important for quality.

Concrete pump speed in RPM or m*/hour

The concrete pump speed is recorded by measuring the number of piston strokes per time
interval. The concrete pump cylinders are normally not filled completely and the degree of filling
is dependent of the concrete slump. However, by using a calibration factor, the volume in
m?3/hour can be calculated by multiplying piston strokes by the number of cylinders and by a
calibration factor that has to be set by the operator. This is output as a signal and is an important
for diagnosis purposes.
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Filling degree of concrete pump, calibration factor in %

Since there is no automatic measurement of slump, there needs to be manually entered a cylinder
filling degree calibration factor. This is for example done by the operator. By comparing the
delivered concrete volume per batch to the reported pumped volume from the machine
automation system a calibration factor can be calculated. When this calibration factor is correctly
entered, the reported pumped volume given to the [oT system should be the same as the delivered
concrete volume. Since the dosing of accelerator is typically calculated from the amount of
concrete measured by the control system, this calibration factor is often important. If this
calibration factor is incorrect, the dosing of accelerator may be incorrect as well. Monitoring the
change over time of this calibration factor can give important information and clues to root
causes of eventual problems.

Concrete pump hydraulic pressure in BAR

The concrete pump hydraulic pressure is recorded as well. This pressure is typically higher if the
slump of the concrete if low and the pressure is typically lower if the slump of the concrete is
high. Correct consistency of the concrete and therefore slump in the correct range is important.
Several quality related parameters including mixing is affected by slump. The concrete pump
hydraulic pressure signal can give important clues to root causes of process problems.

Accelerator density, calibration factor in g/l

The accelerator density is a parameter that should be given by the manufacturer. This is important
for the dosing system. If this setting is incorrect, the dosing system will dose incorrectly, likely
affecting quality. While this density data is recorded, it is probably not needed to have a very
dense data set of this parameter. However, it can give important clues to if and when the
calibration factor has been altered or set incorrectly and to be able to do corrections.

The usage of concrete per shift in m*

In addition the sprayed concrete volume per shift is recorded. This is probably not directly related
to the quality of the spraying process, however it is an important productivity measure. It can be
used for comparison purposes and for calculating and planning concrete demand by feeding this
information back to the batching plant.

The usage of additive per shift in |

Furthermore the usage of additive per shift is recorded. This data is important when seen in
relation to the usage of concrete per shift. If the ratio of additive to concrete is incorrect in
average, this can give a clue towards incorrect operation of the equipment and how to solve
related issues.
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USE CASES FOR IOT IN SPRAYED CONCRETE

When a problem occurs in a sprayed concrete process, the service personnel from the machine
manufacturer, the chemical suppliers and the specialist personnel on the site would typically
become involved. These specialists will often have to rely on mainly verbal information from the
operators. Typically such information is given some time after the issue occurred (days or even
weeks). Often the needed information about actual temperatures, actual additive settings, actual
concrete slump etc. is not systematically recorded and subjective opinions may be given. This
opens up a multitude of possibilities for error. Diagnosis may be incorrect or inaccurate and it
may take more time that necessary before a resolution is found.

The purpose of a data logging and an IoT system is not to replace specialists or verbally given
information. This will still be needed in the foreseeable future. Automated and systematic ways
of accurately recording relevant data channels can be seen as an additional tool in the arsenal of
the shotcrete fleet owner and operator. Its purpose is to augment the information given by
personnel on site and to help the overall understanding of the issues that may occur. The authors
believe that this is one of the major strengths of using an [oT system in sprayed concrete
applications.

In this chapter some case examples where an IoT system may be used with benefits are discussed.

Case example 1: concrete temperature outside ideal range

For example in Norway, it is normal to order concrete with a temperature of minimum 20 °C.
This is done to ensure a good reaction between cement and accelerator, in order to develop good
early strength in sprayed concrete.

There are number of cases where temperature of fresh concrete has been delivered far below the
specified minimum temperature, especially during the winter season due to use of too cold
ingredients in the mix or due to cooling during transport. Not everyone is controlling the
temperature of the fresh concrete received. Sometimes the temperature is in fact measured
manually, but it is forgotten to be written down in any report. Operators also often do measure
temperature with different equipment (laser pointer and thermo-couple), and operators do
measure at different stages (in the very first concrete coming out of truck and after some hundred
liters). This may introduce errors and inconsistencies in data making comparisons difficult.

Temperature of fresh concrete is a very important factor and quite easy to measure. Still it is
forgotten or measured differently. There is often a lack of data or variation in the data. If
temperature is measured automatically on the spraying machine and stored in the data storage by
the IoT system, the operators and owners of the equipment will always have historical data on
temperature and can precisely state when changes in temperature have occurred.

If suddenly the early strength of sprayed concrete is improper, it will take only a small effort to
find out if the fresh concrete temperature has dropped and if this can be the main reason by
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looking at the data from the IoT system. This data can typically be viewed on a PC or tablet or
even mobile phone.

Case example 2: concrete slump issues

Pumping speed is another important factor, and it can indicate indirectly the flow of the concrete.
Slump of the fresh concrete is relatively easy to measure, but is not done very often in practice. It
is well known that a high slump concrete with greater flow will fill the volume of the pump’s
cylinders more. The time it takes to pump and empty a truck containing 8 m> concrete will vary
dependent on the slump. If slump changes from 180 mm to 220 mm from one load to another, the
effective flow will be increased (if everything else is kept constant). This occurs even though the
pumping set-point is set to the same by the operator at for example a 20 m*/h. Unless the operator
is entering into the computer on the spraying machine that the concrete filling degree has
changed, the actual volume per pump stroke will be incorrect.

In the nozzle, the concrete is exposed to very high air pressure and mixed with a mix of
compressed air and accelerator. This process happens in very short time (less than a second). A
difference of pumping speed of 4 m*/h can be important in order to achieve a good mixing
process. Too fast pumping can lead to less effective mixing of accelerator into concrete and again
lead to reduced early strength in sprayed concrete. If the operator thinks that he pumps at a
certain rate, but the change in slump causes him to actually pump at a different rate than he
thinks, the mixing process can be affected.

A quite variating pumping speed can also be a clear signal of unstable slump in fresh concrete.

If pump speed is logged by an IoT system, it can therefore help to debug both concrete slump
outside normal range or outside expected range and to detect variations in concrete slump within
the same delivery.

Case example 3: accelerator dosage

Accelerator dosage is also a parameter which is closely linked to pumping speed of concrete. The
accelerator dosage pump is running at a certain speed based on the theoretical flow of concrete
through the nozzle. Unwanted variation in the fresh concrete slump can therefore indirectly lead
to quite big variations in effective accelerator dosage.

The accelerator pump is running at a certain number of liters/min. If the system is “calibrated” on
a concrete with slump 180 mm, but the slump is suddenly becoming 220 mm, the concrete flow
through the nozzle will increase and accelerator dosage will decrease. In the opposite way, if
concrete becomes less flow-able and has a slump of 140 — 160 mm, it is still possible to pump.
The time it takes to empty on concrete batch takes longer time and accelerator pump will feed
more accelerator into this load of concrete. This concrete will be slightly over-dosed, which is not
good for the economy and can in worst case lead to “burning” in the nozzle, and un-wanted
maintenance stops and delayed spraying process. This type of issues can more easily be
diagnosed by an IoT system.

190



Summary of case examples
The advantages of having good quality systematically recorded data from the spraying process
are fairly obvious. The advantages of an loT-system can be summarized as follows:

1. An IoT-system may remove the factor of personal and subjective impact on measurement.

2. The ability to look at data collected over time and observe several parallel-processes at
the same time with an [oT system is assumed to be beneficial.

3. Since the data is always saved automatically and is always available later, the operator
does not have to remember the measured values, does not have to remember to write it
down in a systematic way and to re-enter the information in Excel sheets or similar.

4. Facts can be looked up later, when they are needed.

SOME APPROACHES TO PRESENTATION OF DATA

An easy to understand presentation of data from the IoT system is considered very important.
The reason for this is that even if high quality data is available, that doesn’t help if the data is not
used because it is not understood. In the mining and tunneling industry it is also regarded as
important to consider the audience. Typical users of an [oT system are not IT experts. The
presentation and way to operate the system must be easy to use and easy to understand, tailored
to this specific industry. IT terminology must be avoided if there are risks of misunderstandings
or placing barriers to use.

There are several approaches to data presentation. Some shows a very specific process oriented
picture. Other shows a “dashboard” view over the whole fleet. The third class uses graphs on a
traditional time scale to show objective data. In the latter example it would be up to the user to

draw any conclusions from this data.

In this chapter some approaches to data presentation from an IoT system will be presented.
(These are examples and future implementations of IoT systems may look different).

Parameter dashboard

The below example shows a process oriented dashboard view of a spraying process. The normal
ranges are shown inside black squares. The actual averaged measurement is shown as a cross
inside a circle. If the value is inside the normal range, the circle is green. If the value is outside
the normal range, the circle is red. The date and time range is seen and can be selected by
clicking on the screen.

Batchl: in the first concrete batch, the operator (as usual) wants to spray as fast as possible. He
sprays at almost 25 m*/h. While it looks like he is within the correct pump speed range, it may in
fact not be the case. The IoT system shows that he sprays too fast because the concrete delivered
has lower slump than anticipated. The pump pressure then as a result of this becomes high and
outside the ideal range. The red circle and cross clearly shows this condition in the parameter
dashboard.
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Visualization style: parameter dashboard. Batch 1

Date: 15.04.2018
Time range: 08:00 - 08:25
Average per batch

Concrete temperature (meas) 5 10 15 2@ 25 " C
Accelerator temperature (meas)| 5 10 15@ 20 25 " C
Pump speed (operatar) 10 15 20 (xp5| 30 |m*n
Cylinder filling % (operater) 70 8o [(x)90 | 100 %
Pump pressure (maskin) 100 120 140 180 200 BAR

Red cross — pump pressure is outside ideal window due to low slump

Operator wants to spray as high volume as possible

He probably should go down from 25m3/h to 21m3/h narmet
I ron TousK sems

Figure 2. Parameter dashboard showing key parameters of the spraying process (batch 1)

Batch2: in the second concrete batch, the operator did reduce the pump speed down to 21 m*/h.
Now the pump pressure was reduced and was within the normal range. The circle and cross on
the pump pressure now is green and shows the pressure is within normal range. With this
information it is easy to compare different batches and to use this for diagnosis for different
parameters as well as for training purposes.
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Visualization style: parameter dashboard. Batch 2

Date: 15.04.2018

Time range: 08:55 - 09:25

Average per batch

Concrete temperature (meas) 5 10 15 2@ 25 " C
Accelerator temperature (meas)| 5 10 15@ 20 25 " C
Pump speed (operater) 10 15 20x) 25| 30 |m*n
Cylinder filling % (operater) 70 8o [(x)90 | 100 %
Pump pressure (maskin) 100 |120 1@ : i*ﬁﬂ 180 200 BAR

Green circle — pump pressure is inside ideal window

I ron Tousw sens

Figure 3. Parameter dashboard showing key parameters of the spraying process (batch 2)

Comparison view

Often there is a need to compare one batch to the other or to compare a batch with a problem to a
known good batch even without explicitly knowing “what we are looking for” in terms of the
parameters. Then a comparison view can be used. This typically shows two time periods and
parameters from each time period side by side. A manual comparison can be done.

The below examples shows two examples of periods recorded on the same day. The IoT system
is used to compare pump pressure and pump speed as well as concrete temperature and
accelerator dosage. The batch at left starting at 11:00 has a higher slump and the pump pressure is
quite low. However when we look at the batch at the right starting at 11:40, the pressure increases
to around 145 BAR combined with a pump speed that was set down to around 15.5-18 m*/h as a
consequence of lower slump. By comparing these two batches, it is possible to see if a slump
problem or change has occurred and the batching plant can be notified if necessary. It is also
possible to see the operators adjustments.
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Comparison view.

Pump pressure and pump speed
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Figure 4. Comparison view showing side by side comparison of pump pressure and pump speed

In the next example it is also shown two periods recorded on the same day. The IoT system is
now used to compare concrete temperature and the accelerator dosage settings. The batch at left
starting at 11:00 had a fairly warm concrete at around 24°C and a setting of around 5,5% of
additive was selected by the operator. In the batch starting at 11:40 the concrete temperature was
delivered lower at around 16°C (outside the considered normal range). The operator determines
from experience and observation that the concrete can’t be applied in as thick layer as in the
previous spraying session. He adjusted the additive dosage to 7%. This seems to be correct, given
the low concrete temperature. Had however the operator not adjusted the additive dosage in this
situation, the quality of spraying may have been negatively affected. An IoT system would record
this and it would be possible to suggest improvements and to give the batching plant updated
feedback about the concrete temperature issue.
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Comparison view.

Concrete temperature and accelerator dosage
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Figure 5. Comparison view showing side by side comparison of concrete temperature and accelerator dosage

Time series graphs

Often there is the need for studying signals from several sensors on a time scale. This can
probably considered the “classic” approach to data visualization in an IoT system. Having access
to overlay several signals and to vary the time scale, a trained IoT operator with domain specific
knowledge about the sprayed concrete process can analyze many problems and issues by visual
inspection. The example below shows how the concrete pump speed varies and how the operator
is adjusting the additive setting. Many other signals can also be shown: engine, drivetrain,
braking system, running hours, fuel consumption etc. From this for example the shift cycle on the
site can be determined and a trained eye can in addition tell much about the spraying process a
quick glance at the data.
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Visualization style: time series plot

ke and drisg 10 Boam in. Hold down Shift Lty and lef soute Bulion b pan kel and righe
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Figure 6. Classic time series graph where several signals can be overlaid on the same time scale

Fleet overview

For mine and tunnel site maintenance personnel and management a more overall and general
view is typically offered. In the fleet overview, the whole fleet of a site can be seen provided the
fleet has IoT capabilities. Data such as spraying performance over the last shift in m?, how long
time it is to next service interval on engine and power pack, if are there any error codes etc. There
is also the possibility to see serial numbers of the machine and other data. Digital service records
and previous diagnostic comments by service personnel could also be visible here.
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Visualization style: fleet overview
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Figure 7. Fleet overview that gives most important information at a glance

Warnings and error codes

On modern equipment for spraying there is a computer controlled control system that receives
error and diagnostic codes from engine, power pack, braking system, filters, compressor system,
electrical system, sensors, pumps, valves and so on. Traditionally there has sometimes been the
need to send service personnel to the site to diagnose error codes if the meaning of error codes is
not understood by the existing personnel on site. With access to data from an IoT system, the
manufacturer can from their HQ (or even R&D department if needed) access all error codes and
diagnose most problems. Alarms may also be cleared and comments may be entered so other
maintenance personnel can see the history and what have been done in the past. One example of
benefit is that experts from the manufacturer of the machine can help diagnose problems
remotely via Internet immediately. This saves travel time and travel costs for both client and for
the manufacturer as well as having environmentally positive effects. Personnel at the
manufacturer gaining experience from remote diagnosis of a whole worldwide fleet via an IoT
system may build a wider experience base to base their recommendations and diagnosis on. Such
personnel are typically employees with long field service experience in the past to build upon.

197



Visualization style: Alarm panel
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Figure 8. Alarm panel that gives an overview of all alarm codes of the whole fleet

Export to Excel and to other tools

Not always can the standard IoT visualization tools give the specific data presentation or analysis
the situation requires. In modern IoT systems there is the possibility to export time series data to
Excel and direct to file. Then specially tailored analyses can be carried out. Export to machine
learning / artificial intelligence software, Tableau, “R” and even tailor-made Python or C++
programs can also be done via application program interfaces (API).
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Figure 9. Export to external program. In this case Microsoft Excel

CONCLUSION

The sprayed concrete process consists of many sub-processes. When some (inevitable) spraying
process problems occur from time to time, it is often challenging to detect and understand where
the problem is and the underlying root cause of the problem. Getting access to larger amount of
data which have been collected systematically, objectively and automatically over a long time
period can be represent significant improvement. It can be easier to understand the actual sprayed
concrete process parameters and the root cause of any problems. Process improvement and
optimizations can also likely be done more systematically. By using a modern IoT system
designed for tunneling and mining to collect data from spraying equipment and transmit relevant
data over WLAN / Internet and presenting the data in a suitable way accessible on a PC or mobile
phone, the contractor and mine owner can now utilize a new powerful tool in his toolbox.
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A 20 YEAR HISTORY OF STRESS AND STRAIN IN A SHOTCRETE PRIMARY
LINING

Benoit D Jones
Inbye Engineering, United Kingdom
bjones@inbye.co.uk

What happens to tunnels in the long-term? Does the ground load increase to the in situ value
or does it reach an equilibrium at a lower value? What is that lower value? Is there load
sharing between a primary and secondary lining? Designers mainly have to guess the answers
to these questions because there are so few data. This results in significant overdesign of
tunnel linings. The lack of data is partly due to the difficulties of measuring stresses in tunnel
linings, partly due to the planning and commitment required to continue to monitor tunnels
for long periods of time after handover to the client, and partly due to a bizarre lack of
interest on the part of the tunnelling industry in a subject that should be of critical interest.
This paper will present a summary of nearly 20 years of monitoring stresses and strains in the
Heathrow Terminal 4 Station Concourse Tunnel primary lining. It will compare these
measurements to other measurements made in the literature and come to some conclusions
about how we have been getting things wrong and how we should design tunnels in the
future.

INTRODUCTION

Tunnel lining design is inherently conservative, in that characteristic values of ground
strength parameters and characteristic values of the tunnel lining materials are used, along
with partial factors on the tunnel lining materials and on the ‘actions or the effects of actions’
(i.e. the loads in the tunnel lining). This should make failure very unlikely, which is a good
thing. However, the initial prediction we make, that is then factored, is clouded in more
uncertainty than we care to admit.

The design of tunnel linings is based on trying to predict the stresses that will be present in
the structure throughout its life, from construction to the design life of 120 years. We usually
attempt to predict these lining stresses using analytical solutions or numerical models. A
methodology often followed when modelling in 2D is to vary the amount of relaxation
allowed prior to lining installation until the ground movements approximately match the
expected ground movements. This could be called a ‘semi-empirical approach’, in that it is
based partly on a calibration to the expected reality and is partly deduction from theory and
geotechnical laboratory tests. However, Jones (2012) showed that very similar ground
movements could be obtained using different constitutive models for the ground, while
giving very different values of lining stresses. This is shown in Figure 1, where different
constitutive models give very different values of lining stress at the same value of ground
deformation. For example, to achieve a target volume loss of 1%, the lining stress could be
anywhere between 24% and 60% of full overburden pressure', depending on the constitutive
model used.

1 ‘Full overburden pressure’ is the initial in situ vertical total stress at the axis level of the tunnel.
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Figure 1: Relationship between lining stress (expressed as percentage of full overburden
pressure) and ground deformation (expressed as volume loss), from Jones (2012).

Another area of uncertainty is the role of groundwater in low permeability soils that can be
said to exhibit “‘undrained’ behaviour in the short-term followed by ‘drained’ behaviour in the
long-term. During excavation, the ground around the tunnel is unloaded in the radial
direction, but in low permeability soils the pore water cannot move quickly enough during
this timeframe and so changes of mean total stress are experienced by the soil as changes in
pore pressure. These excess pore pressures (note they are ‘excess’ to some long-term
hydrostatic equilibrium or steady state flow, not excess to the initial in situ pore pressure) will
dissipate over time, causing changes in the effective stress (the ‘grain-to-grain’ stresses in the
soil) and volume changes in the soil (swelling or shrinkage). In addition, shear stresses in the
soil may cause contraction or dilation, depending on how overconsolidated the soil is.
Overconsolidated stiff clays tend to dilate when sheared (generating negative excess pore
pressures), and normally consolidated or lightly consolidated soft clays tend to contract when
sheared (generating positive excess pore pressures).

It used to be assumed that in the long-term the initial in situ stresses in the ground would
come to act on the tunnel lining hydrostatically, and this seemed to be supported by stress
measurements in tunnels by Skempton (1943), which showed full overburden pressure acting
on the tunnel lining only 2 weeks after construction, and stress measurements made in tunnels
up to 50 years after construction by Ward & Chaplin (1965) and Ward & Thomas (1965),
from which they concluded that the full overburden pressure would always eventually come
to act on the tunnel lining. However, since then stress measurements by Belshaw & Palmer
(1978), Bonapace (1997), Barratt et al. (1994), Muir Wood (1969) and Bowers & Redgers
(1996) have shown that lining stresses rarely exceed 70% of the full overburden pressure in
the medium- or long-term. The measurements that correspond to stiff overconsolidated clays
are shown in Figure 2.
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Figure 2: Historic stress measurements in segmental tunnel linings in stiff clay, shown on 3
timescales — the first 50 days, the first 600 days, and 9000 days (note a log-time chart was
deliberately not used as it gives a false impression of how stresses change in the long-term).

Another area of uncertainty is not just the final long-term value of stress in the tunnel lining,
but the period of time over which this develops. Long-term measurements of load in the
Jubilee Line tunnels at Regent’s Park in London over 19.5 years by Barratt et al. (1994)
showed a gradual increase in load over time, though the majority of the increase occurred in
the first 3-4 years (Figure 2). They found similar increases in load in an Oxford sewer in
overconsolidated clay. Similarly, measurements by Bonapace (1997) showed radial stresses
increasing from a mean of 250 kPa at 3 months to a mean of 350 kPa at 12 months. In
contrast, long-term stress measurements in the Heathrow Cargo tunnel in London Clay by
Muir Wood (1969 — see Figure 2) showed a less than 10% increase in the load between 2
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days and 600 days. Similar measurements in an instrumented ring by Bowers & Redgers
(1996 — Figure 2) over 100 days showed a less than 30% increase in load.

Jones (2005) discussed the possible reasons for these very different behaviours. It may be that
the degree of unloading of the ground is critical to the subsequent behaviour, i.e. that if there
are large ground deformations during construction then the short-term load will be lower but
there will be a gradual increase over the long-term as excess pore pressures dissipate, and if
the ground deformations during construction are kept very small then the short-term load may
be higher but there will be very little increase in the long-term. Another complicating factor is
whether the tunnel lining acts as a drain or is impermeable and what effect this has on the
long-term pore pressure distribution.

In summary, there are many unanswered questions remaining about how loads come onto
tunnel linings in the short and long-term that have a negative impact on design. This is
particularly true of sprayed concrete linings, for which there are very few data. This paper
will present selected results from a detailed case study of stresses and strains in a shotcrete
primary lining in London Clay over almost 20 years and will seek to answer some of these
questions.

INTRODUCTION TO THE CASE STUDY

The main tunnels at Heathrow Express Terminal 4 station were constructed between May
1994 and November 1996. In order to confirm the adequacy of design, particularly of the
sprayed concrete primary lining, a considerable array of instrumentation was installed and
monitored during construction. In previous papers the movements ahead of the advancing
concourse tunnel (van der Berg et al., 2003), and the in-tunnel displacements and surface
settlements (Clayton et al., 2006) were presented. An earlier paper by Clayton et al. (2002)
studied the performance of pressure cells in sprayed concrete linings, focussing mainly on
laboratory tests and numerical modelling to improve understanding of cell action factor,
temperature sensitivity and installation effects, but did not present a complete set of field
data. The radial pressure cell data up to 8 years were previously published in Jones (2005).

The layout, geology, construction sequence and construction details of the concourse and
platform tunnels were described in van der Berg et al. (2003) and Clayton et al. (2006), but
important details will be replicated here. The layout of the Heathrow Express Terminal 4
station is shown in Figure 3. It consists of two platform tunnels with a central concourse
tunnel at the north-eastern end. These tunnels are connected by a series of cross-passages and
connected to the north and south ventilation tunnels at each end. The concourse tunnel was
constructed after the platform tunnels but before the crosspassages. The downline ventilation
tunnel, which connects the north ventilation tunnel to the downline platform tunnel,
underpassed the concourse tunnel while the concourse tunnel was itself being constructed.
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Figure 3: Plan of tunnels at Heathrow Express Terminal 4 station, showing location of

concourse tunnel and layout of monitoring points and instruments (from van der Berg et al.,
2003).

The platform tunnels were over 220 m long with a cross-sectional area of 62 m?, and the
concourse tunnel was 64 m long with a cross-sectional area of 49 m2. A typical cross-section
of the concourse and platform tunnels is shown in Figure 4, which also shows the surface
level and geological strata. The concourse tunnel axis is at a depth of approximately 17.2 m
below ground level and the tunnel is entirely within the London Clay. Piezometers across the
site and at different depths indicated a piezometric level in the Terrace Gravels at
approximately ground level with a hydrostatic distribution from there down to the basal beds
of the London Clay, well below the tunnel horizon (van der Berg et al., 2003). The centreline
spacing between the concourse tunnel and the platform tunnels was 13.5 m.
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The construction sequence for the concourse tunnel used a top heading, bench, top heading,
bench, double-invert sequence. The invert was closed a maximum five rounds from the face.
The construction sequence is schematically illustrated in Figure 5. The advance length varied
from 0.8 m to 1.2 m depending on ground conditions and design requirements, including the
proximity of sensitive structures. The primary support for the concourse tunnel consisted of
350 mm of shotcrete, reinforced with two layers of welded wire mesh (8 mm diameter at 150
mm centres) and full-section lattice girders ‘Type 110 ROM E3’. The exposed ground was
supported by a 50-100 mm shotcrete sealing layer applied immediately after each advance.
The 350 mm total thickness included the sealing layer.

Sprayed concrete
iahatming Late Guien
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Figure 5: Concourse tunnel construction sequence (from van der Berg et al., 2003).
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The typical construction procedure was as follows. Excavation was carried out using a track-
mounted excavator. Areas where the radial pressure cells were to be placed were prepared
and covered with timber (van der Berg et al., 1998). The nozzleman then applied a sealing
layer of shotcrete, typically between 50 mm and 100 mm thick, on all the exposed London
Clay surfaces, including the face. Following the application of the sealing layer, the radial
pressure cells were installed against the ground on a bed of weak mortar. Then the lattice
girder and first layer of mesh were installed. The first layer of shotcrete was then applied. The
tangential pressure cells were then secured in their positions in the centre of the lining
thickness with their longest dimension (200 mm) in the longitudinal tunnel direction and 100
mm dimension in the radial orientation. A second layer of shotcrete was then applied. Then
the second layer of mesh was fixed and finally, a third layer of shotcrete was applied. Some
excavated material was used to fill the invert of the tunnel, which served as a working
platform and access when excavating the top heading and bench. Strain gauges were welded
to approximately 500 mm long 8 mm diameter reinforcement bars and the bars were then
fixed to either the outer or the inner layer of mesh in the tangential orientation.

This paper will focus on the long-term readings from pressure cells and strain gauges
installed in Main Monitoring Section I (MMS I) and Main Monitoring Section VIII (MMS
VIII) of the concourse tunnel. The locations of these sections were shown in Figure 3. At
each section, 12 tangential pressure cells and 12 radial pressure cells were installed. The
locations are shown in Figure 6.

] Pair of embedded vibrating wire strain gauges
O

Radial pressure cell
Tangental and radial presaure cells

Slat-cutting [chsslaced 1m langitud nally)

@ > m

| Lecationreference no. (@.g. radial pressure cell = PCRE)

Figure 6: Section schematically showing locations of pressure cells and strain gauges
embedded in the sprayed concrete primary lining at MMS I and MMS VIIIL.
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RESULTS FROM RADIAL PRESSURE CELLS

Selected results from the MMS I and MMS VIII radial pressure cells will be presented. The
readings are compared to the in situ stress normal to the lining calculated at the positions of
the radial pressure cells, based on a bulk unit weight for the Made Ground, Terrace Gravel
and London Clay of 19.5 kN/m? and a coefficient of earth pressure at rest (Ko) of 1.5 (Powell
etal., 1997).

MMS I radial stresses

Figure 7 shows the average of all the radial pressure cells in MMS I as a percentage of the
average in situ radial stresses. Also shown are the average temperatures measured by the
thermistors attached to the pressure cells. Casting the invert section of the secondary lining
caused a transient increase in temperature and an increase in radial pressure at the invert.
Underpassing by the downline vent tunnel, only 5 m below the concourse tunnel, caused
decreases in radial pressure, particularly at the bench and invert. Shortly afterwards the radial
pressure cells in the crown stopped functioning, probably caused by damage to the cables
when the upper part of the secondary lining was cast.
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Figure 7: MMS I - average of radial pressures as percentages of in situ radial stresses at

Crown (PCR1-5), Bench (PCR6-9) and Invert (PCR10-12), and average temperatures, from
invert closure to 200 days.
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It is important to remember that this was not a greenfield situation, and the radial pressures
were influenced by the adjacent north vent tunnel enlargement, downline vent tunnel and the
platform tunnels, as well as at times by compensation grouting. However, the long-term
trends may still provide valid insights into the behaviour of sprayed concrete tunnels. The
MMS I radial pressures over 18.6 years are shown in Figure 8. The two most recent readings
of average radial pressures in the crown were from position 3 only. The radial cell at position
3 had not responded for many years and so these values should be treated with some caution.
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Figure 8: MMS I - average of radial pressures as percentages of in situ radial stresses at
Crown (PCRI1-5), Bench (PCR6-9) and Invert (PCR10-12), and average temperatures, from
invert closure to 18.6 years.

The fluctuation of average radial pressure between readings at 2.1 and 3.1 years is because
readings could not be obtained from all the pressure cells each time and so the average was
affected. Apart from this blip, we can see a strong dependence of radial pressure on
temperature, which is particularly noticeable between the readings at 7.7 and 8.4 years. This
has been estimated to be of the order of 7 kPa/°C and is due to thermal expansion and
contraction of the tunnel lining, increasing and decreasing the radial pressure between the
ground and the lining. This was referred to by Jones (2005) as ‘ground reaction temperature
sensitivity’, to differentiate it from other kinds of temperature sensitivity that affect radial and
tangential pressure cells. Therefore, a tunnel lining does not have a single state of long-term
equilibrium, but an equilibrium that changes as the temperature in the tunnel varies.
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MMS VIII radial stresses

The survivability of the MMS VIII radial pressure cells was much better than for MMS 1, and
so there is more detail available in the results. The readings over the first 100 days are shown
in Figure 9. Again, casting the invert section of the secondary lining caused an increase in
temperature and radial pressure at the invert. The increase in radial pressure was partly
caused by temperature and partly caused by added weight.
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Figure 9: MMS VIII — average of radial pressures as percentages of in situ radial stresses at
Crown (PCRI-5), Bench (PCR6-9) and Invert (PCR10-12), and corresponding average
temperatures.

Figure 10 shows the long-term trends of average radial pressures at the crown, bench and
invert at MMS VIII. Although there was a gradually slowing increase of radial pressures,
radial pressures over this timescale were dominated by temperature effects, with a magnitude
of around 7 kPa/°C. There will be no final equilibrium value of radial pressure, as it will
constantly be changing as temperature changes. However, the measured radial pressures were
between 40 % and 77 % of the in situ radial stress at 18.6 years, with an average of 59 %, at
an average temperature of 14.2°C.
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Figure 10: MMS VIII - average of radial pressures as percentages of in situ radial stresses,
and average temperatures, at Crown, Bench and Invert, from construction to 18.6 years.

The invert radial pressures in Figure 10 are higher than at the crown and bench, and this was
also true in MMS I (Figure 8). The vertical pressure acting on the invert should be in
equilibrium with the vertical pressure on the crown plus the weight of the tunnel lining plus
any shear stress on the sides of the tunnel, so it is reasonable for the invert radial pressures to
be higher than the crown radial pressures. The reason why the bench radial pressures appear
to be lower is that pressures are presented in the graphs as a percentage of the in situ total
stress at the location and orientation of the pressure cells. The horizontal in situ total stress is
higher than the vertical because Ky has been taken as equal to 1.5. It is known from large
numbers of lining measurements by Wright (2013) , that after tunnel excavation in London
Clay horizontal stresses acting on a tunnel lining are always lower than vertical stresses, and
the in situ Ky does not reassert itself.

COMPARISON WITH TANGENTIAL PRESSURE CELLS AND STRAIN GAUGES

There is insufficient space in this paper to present even the radial pressure cell results in full,
let alone the tangential pressure cell and strain gauge results, which require significantly more
interpretation. These will be published in detail elsewhere. However, some comparisons will
be made to highlight or confirm certain aspects.
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What happens in the long-term after construction activities have ceased?

The radial pressure cells indicate that there is little or no increase in radial pressure acting on
the tunnel lining in the long-term. This is corroborated by the tangential pressure cells, which
show negligible changes in the stress state of the primary lining in the long-term that cannot
be attributed to ground reaction temperature sensitivity.

It is also corroborated by the 48 strain gauges, which showed a very small increase in strain
over the first 3 years, followed by a very slight decrease in strain over the subsequent 15-16
years. An example is shown in Figure 11. It should be noted that strain gauges will not notice
changes in temperature, as their coefficient of thermal expansion is very similar to that of
concrete, so they do not register the effect of ground reaction temperature sensitivity.
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Figure 11: Extrados (-EXT) and intrados (-INT) strain gauges at positions 4-7 in MMS VIII.

One possible explanation for the slight increase in compressive strain between 1 and 3 years
is a slight increase in radial pressure during this period and ongoing compressive creep of the
lining. It seems unlikely that much shrinkage would occur after installation of the waterproof
membrane and after the lining is already 1 year old. The subsequent slight decrease in the
longer term may be due to water penetration, which will be discussed in the following
section.

Is the groundwater pressure acting on the secondary lining in the long-term?

In the original design for this tunnel, the primary lining was assumed to be permeable and
temporary, and so a sheet waterproof membrane was installed, followed by a secondary
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lining to support the water pressure and the ground loads. Unfortunately, no instrumentation
was installed in the secondary lining, so it is difficult to know what its stress state actually is.

In the short-term, ground and water loads are applied to the outside of the primary lining.
Then the waterproof membrane and secondary lining are installed, and there are 2 possible
scenarios:

e [f'the primary lining is watertight, the situation will remain unchanged. Any further
increments in ground or water load after secondary lining installation may be shared
with the secondary lining, but this would need to be a significant increment to
overcome the differential shrinkage and any compliance in the geotextile fleece and
waterproof membrane. In fact, the increment of stress needed to make contact with
the secondary lining is so large (perhaps > 10 MPa) that it is theoretically impossible
for a tunnel at this depth.

e If the primary lining is permeable, groundwater will penetrate to the back of the
waterproof membrane, flowing around the outside of it and applying a hydrostatic
pressure. This water pressure can only be supported by the secondary lining.

Given the results of long-term structural monitoring of the primary lining, we know it has not
substantially degraded or experienced structural failure. Therefore, there are only two
possibilities: either water has penetrated to the back of the waterproof membrane, or it has
not. The ground loads are still supported by the primary lining, but the water load may be
supported by either the primary or the secondary lining.

Radial pressure cells measure fotal stresses, so if the primary lining were saturated and the
water pressure was acting on the secondary lining, then they would not notice any change.
This is illustrated in Figure 12.

Primary lining
saturated

Water pressure

appliedto both ‘\‘
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Water pressure applied to
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! I

Figure 12: Effect of primary lining saturation on radial pressure cell
If the water did penetrate the primary lining to act on the waterproof membrane, then this

would result in a reduction in tangential compressive stress in the primary lining as the water
pressure on its extrados and intrados balanced out. But if the primary lining were saturated,
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then the water pressure would still be applied to the tangential pressure cells and they would
not register a change in stress state.

What would happen to the strain gauges measuring tangential strains in the primary lining?
Unloading of the concrete as water pressure is applied to both the extrados and the intrados
should result in a reduction in compressive strain as the primary lining stress is based only on
the applied radial effective stress from the ground. This may be the cause of the gradual
reduction in compressive strain between 3.1 and 18.6 years as shown in Figure 11, which was
on average 44 x 10" for MMS T and 34 x 10 for MMS VIII. This reduction may have other
causes (e.g. chemical changes in the concrete causing swelling) but given the lack of response
of the pressure cells, the most likely explanation is penetration of water.

It is impossible to say for sure in this case whether the water load is being taken by the
primary or the secondary lining, but it seems likely that water has penetrated, and the water
pressure is acting on the secondary lining. It is recommended that instrumentation is installed
in a secondary lining (or perhaps piezometers installed behind the waterproof membrane) of
future tunnels to investigate this.

Is there sharing of ground load between the primary and secondary linings?
Load sharing of ground load between the primary and secondary linings can be partial
(scenario 1), complete transfer of all loads to the secondary lining (scenario 2), or no transfer

to the secondary lining (scenario 3). This is illustrated in Figure 13.
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Long-term scenario 2 Long-term scenario 3
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Figure 13: Different scenarios for transfer of ground and water loads to primary and
secondary linings

As discussed previously, partial load sharing (scenario 1) is unlikely, as for this case study it
would require failure of the primary lining, in which case one would assume most if not all
the load would be transferred (scenario 2). The current situation in the Heathrow Terminal 4
concourse tunnel is probably where the water load is applied to the secondary lining, but the
ground loads are supported by the primary lining (scenario 3), though it is possible that the
short-term situation where both ground and water loads are applied to the primary lining is
still active.

CONCLUSIONS

Long-term structural monitoring of the Terminal 4 Station concourse tunnel indicates that
ground loads on shotcrete primary linings will stabilise at a value well below full overburden
pressure, as has been found by several other previous studies on tunnels in London Clay. The
reasons why some tunnels experience loads up to full overburden pressure are not well-
understood but could be due to the amount of ground deformation allowed during
construction, and whether the tunnel lining is impermeable or acts as a drain on the ground
around the tunnel.

The reasons why some tunnels achieve their long-term stable load within a few weeks or
months of construction, but some take up to 3-4 years or more are also not well understood.
This may be to do with how long it takes for pore pressures to reach equilibrium or a steady
state.

Tunnels do not have a single long-term state of equilibrium. As temperature in the tunnel
increases and decreases, the tunnel lining expands and contracts against the ground,
increasing and decreasing the radial pressure at the ground-lining interface. This has been
termed ‘ground reaction temperature sensitivity’. In some cases, for instance for London
Underground tunnels where during tunnel operation the temperature in the lining and the
surrounding ground gradually increases over many years, one may expect a gradual long-
term increase in lining stress as a result.
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If the groundwater has permeated through the primary lining and the water pressure is acting
hydrostatically on the outside of the waterproof membrane, this will not be registered by
radial or tangential pressure cells because they measure total stresses.

It is likely that for this case study, by about 3 years after construction the groundwater had
permeated through the primary lining and the secondary lining is now supporting the
groundwater load. On the other hand, it is very unlikely that the secondary lining is not
supporting any of the ground load (the effective stress).

Stresses and strains in tunnel linings are very rarely measured. To improve design predictions
for future tunnels, and to better understand the tunnels we have already built, we need this
kind of data.
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TamCrete SSL (Structural Spray-on Liner)

0dd-Bjgrn Kleven Normet Group, Switzerland

For Underground Rock support, mesh and bolts was for decades the ultimate (and only) option for Rock
Support. Introduction of Sprayed concrete, for the last about 35 years by the wet method, took the Rock
Support to a new level. Sprayed Concrete has to a large extent replaced mesh, via its main benefits of
“preventing” the rock from starting to move; safe application by Robotic application; no personnel
exposed under unsecured rock, and the speed of application. Rock bolting is still needed to perform a
proper Rock Support in poor ground conditions.

Introduction

For many years, there has been an on-going development of Thin Spray-on Liners (TSL), based on
“requests” /wishes from the Mining market, without any real breakthrough. The SSL (Structural Spray-on
Liner), is a slightly different concept as it is a more rigid material, but still a relatively thin shell, sprayed
on to a thickness of 5 — 10 mm. The material gains 70 — 80% of its final mechanical strength within 3 =5
minutes, making it suitable for immediate support.

This paper will give an overview of our experience from different sites such as rehabilitation work in
room and pillar mining or as final permanent shell in hard rock conditions. The paper will also discuss
the usage concepts for:

[J immediate active strata support

[J alternative to mesh

[1  rock burst zones

[ shaft sinking

[1 immediate sealant against weathering
[ final conclusion

The paper will show results from field and lab tests, discuss the limitations and give an outlook on future
development.

1. Immediate active strata support.
In both tunnelling and mining, thin coatings of concrete (4-5 cm thickness) are used as temporary
rock support.

But while the final concrete lining of 20-30 cm acts via the arch effect, a thin liner acts via bond to
substrate and point loads against its tensile-, shear and flexural strength. To assess the functionality
of thin linings their tensile strength and bond strength is more important than compressive
strength and this needs to be evaluated.
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For sprayed concrete, especially in an early stage, the direct tensile strength is not measured and
will be very low. Many engineers estimate the tensile strength by rule of thumb to be about 10% of
the compressive strength.

In the literature there are different correlations where e.g. the British Code of Practice BS
8007:1987 offers the following formula:

F_tensile= [0.12 F] _compression® [*0.7]

(see also “Properties of Concrete” A.M. Neville, Fourth Edition ISBN 0-582-23070-05)

Following the above basis, J1, J2 and J3 of the Austrian Guidelines will give:

Concrete Age  Compressive
(Hours) Strength (N/mmz)

1

6min 0.10 0.200 0.500-
10min 0.17 0.100 0.240 0.670
30min 0.50 0.155 0.350 1.200-
1.00 0.205 0.520 1.760 -

2.00 0.315 0.775 2.600 -

3.00 0.4051.000 3.250

6.00 0.635 1.470 4.750 -

9.00 0.830 1.850 5.970 -

12.00 1.000 2.200 7.000

24.00 2.000 4.500 15.500-

7d 168.00

28d 672.00
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Failure mode of thin linings, flexural strength

F

SSL as Rock support

Conclusion

The rapid curing of SSL gives a tensile strength after 10 minutes that sprayed concrete cannot gain
within 24 h. The supporting effect is therefore practically immediate.

A comparison can only be made when the curing of sprayed concrete is known. SSL can achieve up to 10
times higher performance than the existing system.
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2. Alternative to mesh
Mesh is used under a wide variety of rock conditions and more investigations are needed to identify
when SSL may be an alternative. However, it is proven that an SSL product can replace mesh to a
large extent, and further development of SSL with fibres will further improve its ability to replace
mesh in many cases.
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Benefits of using SSL compared to mesh are:

Fast (and possibly robotic) application. No need for personnel under unsupported ground
Logistic of support material (just a fraction of the material weight needed per m?)

[] Product having a very high fire resistance (no toxic gases)

[l Fast and easy to repair, if or when needed

Conclusion

Can replace mesh under various circumstances, but more investigations and documentation are needed
to identify the best usage of SSL. Possible further development of the product is also expected to widen
the range of rock conditions that may be controlled by SSL.

3. Rock burst zones

SSL, with its technical properties has shown benefits in Rock burst zones, by reducing failure in rock
strata during a seismic event.
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Conclusion

The technical performance has shown improvements and benefits in Rock burst zones, and there are
strong reasons to believe that in connection with dynamic bolts it can reduce damages and improve
significantly the safety factor in rock burst areas both in mining and tunnelling. In this area as well,
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further
stresses

investigations and documentation are needed. Since rock burst is a dynamic release of high
, the best approach to damage control will typically be by a system offering high failure energy.

SSL with extra high ductility and tensile resistance can probably be offered by combining the polymer

product

with suitable fibre material.

4. Shaft sinking

SSL has

been successfully used in shaft sinking, both in mining and in tunnelling. The main benefits

compared to sprayed concrete are:

g

OoOooo

TamC

Light equipment

Low consumption of product (due to very thin layer application)

Low or hardly any rebound

Ease of application, also within very small cross sections

Increased shaft sinking progress due to ease and speed of SSL application as well as no waiting
time for strength development.

rete SSL treatment of weak rock zone in shaft D2, Raise bored shaft by Dragages in Hong Kong.
Presented at Hong Kong Tunnelling Society

5. Immediate sealant for anti-weathering

Since SSL is polymer based, it can be used as sealant against the influence of air and humidity. Many
mines and tunnel sites want to stop the oxidation and swelling of ground. Typically, the ground is in solid
hard rock condition after the blast, but may decompose into soft, sand-like material with time (air

slaking).
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Immediate sealants. No 100% coverage required.

[1  99% coverage leads to 100 times slower decomposition
[] 95% coverage leads to 20 times slower decomposition.
[J  90% coverage leads to 10 times slower decomposition.

Conclusion

The faster the sealant acts, the better so fast setting times are beneficial. In hard rock a rigid product is
preferable, like TamCrete SSL. In soft ground a thin flexible coating might be a better choice and both
TamCrete SSL and TamSeal 800 will work. If waterproofing is the main purpose, TamSeal 800 is the best
choice.

6. limala Water supply tunnel Helsinki, Finland

For the llmala water supply tunnel some tests were requested by the designers and owners of the
tunnel.

Following tests were requested:

Adherence (Bond strength)

Block Bearing capacity (practical)
Penetration into cracks and joints
Compressive strength

Flexural strength

OoooOooo

Apart from the Block bearing capacity, all tests were carried out with satisfying results. Block bearing
capacity tests failed because of rock conditions in test area (very fractured rock), and the test plan was
changed to test with the use of concrete panels, instead of in rock.

Photos from SSL being applied at limala water supply tunnel rehabilitation

< S et
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7. Final conclusion
The Structural Support Liner (SSL) offers benefits in many rock support situations and conditions
as described above and in addition, the ease of application, low materials consumption and hardly
any rebound, offers important advantages in TBM tunnels, especially in the L1 area. Research and
practical experience shows already that SSL offers many advantages in various conditions and the
potential for further improvements may be considered highly interesting.
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ABSTRAC

The double-punch Barcelona Test [11], is a method for concrete with fibre. There is no record
of any Barcelona Test review neither real scale comparison with others energy absorption
trials in fortifications of mining and tunnels. The development of this study and application to
Chuquicamata Underground Mine Project is unique in Chile and South America.

Carmona (et al 2015) proposed a similar intention, but this study used elements molded inside
a laboratory. Instead, the present study was conducted using real scale samples of Shotcrete
used in fortification works of minning tunnels.

The valid correlation between the tests of Energy Absorption on Square Panel (Efnarc o UNE
[8]) and the Barcelona Test has its precedent for both cases in the fibre content trial on fresh
mixture [9].

Chuquicamata Underground Mine Project (PMChS) is a structural and strategic operation for
Codelco's future (its main business is copper exploitation). It's the change from world’s
greatest open pit mine to a huge underground plan of action. This will explote the resources
under the present deposit. This will give crucial safeness improvements, savings in test cost
and quality control effectiveness in the remaining kilometer to develop inside the PMChS.

Keywords: Energy absorption, Concrete reinforced with fiber, Barcelona Test, Double-punch
test of fiber-reinforced concrete, Shotcrete, Shotcrete Reinforced with fiber, Quality Control,
Quality assurance.
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CORRELATION BETWEEN TRIALS OF POLYMER FIBERS SHOTCRETE (SRF):
FIBER CONTENT IN FRESH MIXTURE, ENERGY ABSORPTION AND
BARCELONA TEST

INTRODUCTION

The double-punch Barcelona Test [11], is a method for concrete with fibre since July 2010.
Its identification code, UNE EN 83515 Concrete with fibre, define it as a trial aimed to
calculate its resistance to cracking, toughness and residual strength to traction (Barcelona Test

[5D.

Although Shotcrete is used in fortifications of mining and civil tunnels, there is no record of
any Barcelona Test review neither comparison with others energy absorption trials. Except for
the academic researchings promoted by the laboratory of the Universidad Técnica Federico
Santa Maria (Valparaiso, Chile).

Chuquicamata Underground Mine Project (PMChS) is a structural and strategic operation for
Codelco's future (its main business is copper exploitation). It's the change from world’s
greatest open pit mine to a huge underground plan of action. This will explote the resources
under the present deposit. The PMChS is located in Chile's north (Figure 1), involving a serie
of mining contract and underground works for the construction of mining galleries, caves,
production tunnels and ore transport.

Figure 1. Geographic Location PMCh

{
\

Wy

 " =
(g

The study was carried out under the contract of "Development of tunnels for main ventilation
infrastructure”, Acciona - Ossa Consortium (Figure 2). It considered areas where the shotcrete
was sprayed directly on rock mass, therefore, in absence of steel mesh, steel framework or
any kind of fortification. Each rock type, shotcrete thickness applied and fibre content were
clearly identified.

ARGENTINA

The application of this study and its correlation within the Chuquicamata Underground
Project will be pioneered in mining infrastructure and civil underground construction.
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Figure 2. Access to the main ventilation tunnels

DESCRIPTION

The measurement of energy absorption in underground mining projects (Square Panel
according to UNE-EN 14488- 5 normative, henceforth ABS), bring together operative and
technical difficulties. Among them are the caused by panels weight, samples deterioration for
other equipments and blast damages. Also, it was observed during the samples gathering
others errors and omissions related with background information of samples manipulation and
preparation, defective and unregistered panels, absence of evaluation criteria to panel discard
and dispersion control, flexion measurement mistakes and high variability of results. These
difficulties linked to quality control, demand an optimization and improvement of methodoly
to evaluate the quality of Shotcrete with fibre.

The Barcelona Test trials (BCN) have already proved to be appropriate for the
characterization and control of the reinforced concrete with fibre.

The manufacturing, transport and sprayed process of Shotcrete with fibre demand an
exhaustive control. Hence, the authors estimate the viability of a study which link the trials
with a new control method of performance. Consequently, in case of obtain a reliable result
that proves the expected relationship, it will be possible to consider in a serie of benefits and
improvements for the double-punch named BCN

This study was carried out in one of the contracts, which has proved to be an ideal controlled
scenario during the last years. Thus, the execution of a Barcelona Test will increase the
frequency of energy absorption trials, reduce the extraction risk, transport, manipulation and
samples preparation.

The Table 1 summarizes the mix composition used by the contract since the samples
gathering. This dosification has been used from the project beginning. And, the performance
and the characteristic of the mixture have remained stable with the additives that are
described.

Table 1. Mixture Design

Material Quantity (kg/m3) Observations

450 kg Cemento Polpaico P400

UNE-EN 197-1:2000, CEM IV / A - AR
ASTM C150, tipo 1T
NCh 148.0f68: Portland Puzolanico Alta

Cement
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Resistencia

Water 208 kg.
Sand 1480 kg. T-Max 8-10mm
. Sika Viscocrete, Superplasticizer Additive
Additive 1 | 4.36ke UNE EN 934 T3. 1/3.2
ASTM C494 type F

Nch 2182 Of95, type F

Sika Plastocrete, Additive Plasticizer Retarder
UNE EN 934-5T.2

ASTM C494 type D

Nch 2182 Of95, type D

Additive 2 | 2,34kg

Sika Sigunit AFA , Additive Setting
Accelerator without alkaline

UNE EN 934-5T.2

Nch 148 Of168 / Nch 151 of 68 / Nch 152
Of71

Additive 3 | 31,5 —40,5kg (7-9% rpc)

. . EN 14888-2, Class II.
Fiber 4 kg: CS1,CS2 y CS3 ASTM C-1116: Type Il

5 kg: CS4y CS5 EPC-Barchip 54, with a length of 54 mm, a
tensile strength of 640 MPa, a specific gravity
of 9.1 kN / m3 and a Young's modulus of 10

GPa.
W/C 0.46 Average of all samples
’ (w/c :water-to-cement-ratio )
Slum 20 .24 cm. Average of all samples

Energy >700 Joules: CS1, CS2, CS3 | Project Requirements.
Absortion. | _; 30 joules: CS4y CS5

ANALYSIS OF RESULTS

The samples were gathering from each Shotcrete spraying in order to measurement energy
absorption of the panel, fibre counting, besides samples of an additional panel to core
extraction for the BCN. The samples total was 15. Once obtained, the samples were extrated
from the tunnel for 24 hours and cured with wet burlap. After 20 days the energy absorption
panels were cut and polished. At this time the cores were extracted following the spraying
course for the BCN.

Each trials were performed between 40 and 50 days after Shotcrete spraying because the
Chuquicamata Project (near Calama in Chile's north) is situated at 1530 kilometers from
Valparaiso, were the BCN laboratory is established.

Insomuch as the fibre content and interference of this study on the contractor company, the
counting was carried out during the unload of mixture in the spraying equipment. The data
collected were close to the 95% of the value loaded in the plant. It considered the analysis
with just Skg/m of fibre.

The BCN tests were made at the constant speed of 0,5 mm/min. The circumferential dilation
was measured with a strain gauge, fixed in a chain ends and set to the half of height of the
specimen. The square trials were made in hydraulic system with 100 kN limit. The deflection
was calculate with a 50 mm diameter needle, placed on the central lower face of the sample
(Figure 3). After testing the 45 samples with the Barcelona test, the coefficient of variation
between the samples was less than 10%.
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Figure 3. Example Barcelona Test and Efnarc Test

The Table 1 summarizes the collected values with fibre doses of 4 kg/m3 and 5 kg/m3.

Table 1. Results promedios

Fiber Values Energy Barcelona
doses Absorption Test
4 kg/m3 Average 102717 27917
5Kg/m3  Average 986 J 27017

Maintaining the same methodology and analytical sequence exposed by Carmona (et al 2016),
two equivalents. The more advisable was the "nonlinear" because their relationship
coefficient is 12 = 0,9976. Given by the expression (1) and illustrated by graph (Figure 3),
where X axis represents the values expressed in Joules of BCN test, and Y axis, the values of
the ABS test:

Eugs(J) = 0,7191 Egen %)) 0
Where:
EABS = Energy Absorption (Joule), Square panel test.
EBCN = Energy Absorption (Joule), Barcelona test.
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Figure 3. Graph dose correlation with Skg/m3

The expression (1) allows to use BCN test instead of ABS for the quality control of Shotcrete
with fibre at 5kg/m3 dosage, in the PMChS main ventilation tunnels.

CONCLUSION

The equivalence stated by Carmona (et al. 2016) guides similar relationships under operative
condition proper to each project and contract. Therefore, each project can made its own
relationship valid for its operative conditions only and no extended to others scenarios.

The study made possible a "nonlinear" expression between energy dissipation de BCN (with a
deformation limit of 6mm) able to absorb energy of the ABS (with a 25 mm deflection), with
a very high determination coefficient, similar to Carmona's (et al. 2016)

Up to date, the study has gathered 2300 samples of absorption panels from the ventilation
contract started at mid 2013. Undoubtedly, the samples with cores for BCN trials are a huge
technical advantage for procedural safeness during sampling, core extraction, manipulation
and samples treatment.

From the declared relationship, the fibre dosage still requires an optimization depending on
fibre type and spraying equipment. However, it is a matter of another study.

It is mandatory a complementary study, linked to cores extracted from the substratum,
compared with ABS and BCN, because the fibre quantity left on the substratum is relevant to
fortification system behavior compared to a panel fibre quantityl.
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Summary

Early age strength has always been a big concern for tunnellers using sprayed concrete,
particularly when spraying thick layers in soft ground. The industry has seen a series of
developments in the use of accelerators to achieve this with ordinary Portland cements (OPC).
Accelerators have always been accompanied by concerns over their impact on the long term
strength and in some cases durability. The latest alkali-free accelerators overcame this but at
the expense of the early age strength. Tekcrete Fast® is an innovation which overcomes these
challenges — achieving both extremely high early strengths (41 MPa after 3 hours) and very
durable concrete in the long term. Tekcrete Fast® also has good flexural strengths, thanks to
the PVA fibres. Based on calcium sulfoaluminate cements rather than OPC, this could radically
change sprayed concrete in tunnelling, improving safety and durability as well as potentially
enhancing sustainability as a result of using thinner linings. Tekcrete Fast® is already being
used in the mining sector and repair projects in civil engineering.

1. INTRODUCTION

The goal of a high early age strength has been at the heart of the development of sprayed
concrete, especially in underground applications where the concrete can be loaded almost
immediately. Generally this has been achieved by adding accelerators to Portland Cement
(OPC) based concrete mixes but it remains a challenge, given the competing influences on the
mix design [1]. Special “spray cements” were developed based on Portland Cement clinker with
an optimised gypsum content to reduce the need for accelerators (e.g. [2] and [3]). However,
these were not adopted widely in part because they required the use of oven dried aggregate for
the highest early age strengths. The subject of Ultra high strength fibre reinforced concrete is
also now gaining interest in the area of segmental linings as a means producing thinner linings.

This paper presents an innovative, high strength sprayed concrete, based on calcium
sulfoaluminate cements. The main properties are described and the results of both laboratory
and full scale tests are outlined.

2. BACKGROUND

Tekcrete Fast® was originally developed for the rapid stabilization of shock damaged
structures, for example, due to earthquakes or explosions. As such it falls outside the purview
of normal construction and mining practices because of the critical time issue and the nature of
the damaged structure. The stabilization of damaged structures requires materials and
equipment that can be rapidly deployed to place materials that have very rapid strength
development. These materials need to be placed from a distance to provide some degree of
safety to the rescue workers. In addition, the materials must be able to adhere to structural
surfaces that have not been specially prepared and conditioned and which may also be highly
fractured, dusty, wet, hot, or extremely cold.
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The technology for the rapid delivery of large volumes of cementitious materials to vertical or
even overhead surfaces is well-established. Pneumatic delivery (shotcreting / spraying
concrete) has been used in construction for more than 100 years. Sprayed concrete is often used
for rock support both on the surface and underground. In the course of the rapid development
of this technique, a range of technologies, cements and additives have been developed. Sprayed
concrete is also sometimes used for the repair of structures, such as bridges and buildings. In
parallel one can find numerous rapid setting cements for use in the repair of structures on a
small or large scale. However, few of these products are
specifically marketed for use in sprayed concrete applications. The majority of rapid-setting
cements are based on, or at least contain, Portland cement as the principle component. Other
components are added that to help provide early strength, such as high alumina cement (HAC),
organic polymers, chemical accelerators (which can also be added during concrete batching),
and calcium sulfate hemihydrate (e.g., gypsum plaster) [4]. Cementitious mortars prepared with
some of these cements can achieve compressive strengths of 6.8—13.8 MPa (1,000—
2,000 psi) within 1 hour. However, Portland cement mortar and concrete typically require
many weeks of proper curing to reach significant proportions of their ultimate strengths. In
addition, high early strengths require the use of large proportions of Portland Cement in the
concrete mix, which can lead to high heat evolution, excessive shrinkage of the material, and
cracking. The cost also increases substantially with increasing cement content.

Alternatives to Portland Cement are also capable of rapid strength development. These include
the well-known calcium sulfate hemihydrate and calcium sulfoaluminate (CSA) cements.
Unlike Portland Cement, these rapid-setting cements can gain 75—-80% of their strength within
1 day, which means less cement can be used in the mix to achieve comparable early strength.
Additionally, CSA cement and calcium sulfate hemihydrates can be fabricated, for the most
part, from Coal Combustion By-product (CCBs). These CCBs include fluidized bed
combustion spent bed materials and forced air oxidation flue gas desulfurization by-products
(i.e., synthetic gypsum), which potentially represents both a cost advantage, as well as an
environmental advantage [5].

3. DEVELOPMENT OF TEKCRETE FAST®

As mentioned earlier, the primary considerations of this project were the rate of strength
development (compressive and tensile), short-term dimensional stability (i.e. low shrinkage),
and bonding strength to the damaged surfaces. Other considerations include heat generation,
ease of use, stiffness of the set material, and cost. CSA cements were of interest in this
application mainly because they gain strength very rapidly. They also require lower
energy to produce, with significantly lower CO> emissions than Portland cement. CSA-based
sprayed concrete mixes can be formulated so that they have lower cement content than Portland-
based mixes, a higher water-to-cement ratio, lower viscosity, but still achieve very high early
strength. This is due to the nature of the principal cementitious hydration product: ettringite.
These properties are difficult to achieve with Portland cement-based rapid-setting materials. In
addition, the large water-to-cement ratio of CSA cement mixes, coupled with the low heat
hydration of plaster cement, offers a capacity to manipulate the heat of reaction of these
materials within a wide band of strength and set parameters. Heat generation is critical in the
rapid placement of masses of highly reactive cementitious materials. These cements also offer
the potential of lower overall costs.
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Unlike Portland cement, which gains its strength primarily from the hydration of the calcium
silicates “alite” (CasSiOs) and “belite” (CaxSiOs), calcium sulfoaluminate (CSA) cements
contain Klein’s compound, which hydrates in the presence of calcium sulfate (e.g., gypsum) to
form a cementitious phase called ettringite [6]:

CasAls012S04 + 2CaS04°2H>0 + 34H,0 — CasAlx(S04)3(OH)12226H20 + 4 Al(OH)3
Klein’s compound + Gypsum + water — Ettringite + Aluminium hydroxide

A compound similar to ettringite called “monosulfate” can also form under sulfate-
deficient conditions. Belite is often present in CSA cement, but its hydration is slow and only
contributes to long-term strength ([7] & [8]). Because of the rapid rate of formation of ettringite,
CSA cements gain strength very quickly. If enough lime (Ca(OH)2) and calcium sulfate is
present in the system, additional ettringite can also be formed through the reaction with the
aluminium hydroxide, a product of the Klein’s compound. However, if the system
contains excess lime, the cement can induce destructive expansion [6]. CSA cement actually
represents a series with a broad range of compositions, from nearly pure Klein’s compound to
Klein’s compound with belite, calcium ferroaluminate, or (Cas(Al2Fe2)O10), free lime (CaO),
calcium sulfate (CaSOs), and other minor phases (e.g. Cai2Al14033). Three types of CSA
cements were studied and tested during this project to determine which of the three types would
meet project requirements.
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4. PROPERTIES OF TEKCRETE FAST®

4.1 Testing programme

Once the CSA-based materials to be used in the sprayed concrete were developed and tested,
they were used to produce mortars and concretes. After an initial round of screening,
specimens prepared from selected mixes were tested for strength and shrinkage. When
determining what tests to use to evaluate the chosen mixes, it was important to keep in mind
that the sprayed-concrete material must provide structural strength within one hour and bond
sufficiently to any substrate or surface under any conditions long enough to provide the
necessary assistance to rescue workers.

A testing programme was developed based on standards that determine bond strength between
different concretes and it included the following:

» compression and stability testing of ASTM standard cubes, cylinders, bars, and cores
« flexural strength beam testing

« tensile testing

» rapid freezing and thawing testing

« resistance to carbonation testing

» variations of heat production based on cement thickness

« calorimetry measurements for reaction time of CSA cement phases

* slant-shear testing

« pull-off testing

* time-of-set

These methods are all included in the ASTM International

Specifications: C192, C109, C78, C293, and C666.

After years of research, Tekcrete Fast® was  developed. Worldwide
patents have been filed jointly by the University of Kentucky and Minova USA, Inc., and
awarded [9]. This is an inherently durable mix since the chemical formulation avoids the risk
of delayed ettringite formation, mentioned earlier. Hence Tekcrete Fast® is resistant to sulphate
attack since the main product of hydration is ettringite. Tekcrete Fast® can be used in
conventional, dry-process shotcrete equipment  as a  one-bag system.
These features are ideal for use by emergency situations because there is usually little time to
prepare the surface to be sprayed and simple, easily mobilized equipment is needed. This
concrete can also to be used to repair tunnels, bridges, roadways, overpasses and runways in
more normal situations where time is constrained or high strength is needed.

4.2  Compressive strength
Tab. 1 shows the average compressive strength for Tekcrete Fast® [10].

Tab. 1: Average compressive strength for Tekcrete Fast®.

Compressive strength, MPa (psi)
15 min 30 min 1 hour 3 hour 1 day 7 days 28 days
17.2 24.1 31.0 414 55.2 62.1 75.8
(2,500) (3,500) (4,500) (6,000) (8,000) (9,000) (11,000)
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Figure 1 Compressive strength gain vs age compared to the J curves
4.3 Flexural strength

Tekcrete Fast® contains polyvinyl alcohol fibres to give it some tensile strength. Tab. 2 shows
the average flexural strength for Tekcrete Fast® [10].

Tab. 2: Average flexural strength for Tekcrete Fast®.

Peak Flexural strength, MPa (psi)
3 hours 1 day 7 days
8.3 9.7 11.7
(1,200) (1,400) (1,700)

Square panels were also tested in accordance with EN 14488-5 at 28 days. The energy
absorption was recorded as 300 Joules after 10 mm of displacement (see Figure 2). There may
be scope to optimize the fibre time to bring this energy absorption up to higher levels — e.g.
such as the 700 Joules normally required in the Q system for tunnel rock support.
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4.4 Adhesion

Tekcrete Fast® has the ability to adhere to any structural surface, whether it is fractured, wet,
hot, or cold. Dust is no problem either because the nozzleman will spray the surface with water
before spraying the Tekcrete Fast®, quickly removing any dust accumulation. Tests according
to ASTM C1583 “Tensile Strength of Concrete Surfaces and the Bond Strength or Tensile
Strength of Concrete Repair and Overlay Materials by Direct Tension (Pull-off Method)” were
used to determine the near surface tensile strength. In this case, the surface is unprepared to
evaluate the bond strength on an unprepared surface—free from any adhesives or additional
preparatory processes.

Tekcrete Fast® was sprayed on a cured concrete sample and allowed to cure for 7 days. A core
drill with a diamond core barrel, nominally 50 mm (2 inch) diameter and at least 25 mm (1
inch) thick, drilled through the material. A tensile loading device was attached, and a uniform
loading device was used to extract the sample and measure the load with a calibrated gauge.
The average direct bond test for 10 samples after 7 days of cure was 2.9 MPa (420 psi). These
results  are extremely high for applied materials on unprepared or cleaned surfaces. ~ The
observation, shown in Figure 3, was that the material adhered to the surface so well that the
concrete was actually failing, not the interface of the Tekcrete Fast®. This adhesion discovery
prompted the experimentation of applying the product directly on unprepared rock and coal
surfaces.
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4.5  Rapid Chloride Permeability

In the context of repair, a key concern is the durability of the repaired section. One of the main
risks for a reinforced concrete structure is the corrosion of the reinforcing steel, leading to
spalling and a loss of load bearing capacity. This concern does not exist in the context of ground
support as Tekcrete Fast® contains non-corroding PVA fibres.

A critical parameter for any repair material is the ability to resist chloride penetration. Chloride
migration through concrete, even in high water-to-cement ratio concrete, is a very slow process.
Therefore, test methods have been developed to accelerate this migration. Electrical current
applied to a concrete specimen increases the acceleration rate at which chlorides migrate into
concrete. The measurements in Coulombs (the integral of current vs time plot) that pass through
a sample are compared to results from a traditional ponding test, indicating that a good
correlation exists.

The test method used is described in detail in ASTM C1202-12, “Standard Test Method for
Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration”. This method
determines the electrical conductance of concrete to provide a rapid indication of its resistance
to chloride ions. The results showed that, after 28 days, 176 Coulombs passed through the
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specimen when a non-industry standard spray nozzle was used. When the samples were
prepared using a high-pressure nozzle, the 28-day measurements indicated a reading of 20
Coulombs. As detailed in the ASTM standard, a reading between 100 and 1,000 Coulombs is
considered “very low”. When considering the high-pressure nozzle application, a reading as
low as 20 Coulombs is classified as “negligible”.

Clearly, the Tekcrete Fast® can provide a surface that is highly impenetrable to these
destructive, highly corrosive ions and could also serve as a protective barrier for traditional
concrete materials used in highly corrosive environments.

5. FULL SCALE TRIAL
Disaster City Demonstration — College City, Texas, USA

In November 2014, a demonstration of Tekcrete Fast® took place at the Disaster City®
training facility located in College Station, Texas, USA. The purpose of the testing program
was to demonstrate, with the University of Texas A&M Civil Engineering High-
Bay Structural & Materials Testing Laboratory, the repair of damaged or wrecked, reinforced
concrete vertical beams. The simulations replicated damage done to structure from
catastrophic events such as
an explosion or earthquake. The demonstration was to show that Tekcrete Fast® and the dry-
mix application system can help rescue workers to stabilize a structure, so they can get in and
out quickly and safely.

The reinforced concrete vertical beams were intentionally formed with a missing section, and a
purposefully damaged beam was placed into the ground. These beams were repaired with
Tekcrete Fast®. All concrete beams used in the demonstration had been poured several months
in advance of the demonstration to make sure that they were fully cured and at full strength.
The beams had a column cross-section that was 300 mm x 300 mm (12 inches x 12 inches),
with  the length of the damaged area on two of the four
columns approximately 450 mm (18 inches) long. The third column was damaged a day or two
before the demonstration by bending it until it cracked. The fourth column was left whole and
used as a control beam during testing. Once spraying was finished, the repaired beams were
immediately removed from the ground and
taken directly to the Texas A&M Civil Engineering lab for compressive strength testing. The
entire process for this demonstration, including repairing the beams, getting the beams out of
the ground, and transferring them over to the laboratory
for testing took less than five hours. With less than five hours of curing time for the Tekcrete
Fast®, the beams tested were shown to fail outside of the repaired section; the original concrete
failed, but the section repaired with Tekcrete Fast® did not. Figure 4 shows the beams being
formed for the application of the material. The failure plane (Figure 5) occurred in the mature
concrete, which had a strength of about 31 MPa (4,500 psi) compared with a strength of the 5
hour old Tekcrete Fast® of approximately 40 MPa (5,800 psi).
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Figure 4 Columns with defects prior to spraying
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Figure 5 Tested column showing failure outside the repaired area

6. CONCLUSIONS

Early age strength is an important requirement in emergency cases such as stabilising damaged
buildings but also in more normal cases such as ground support for mining and tunnelling.
Tekcrete Fast® is a pre-bagged, dry mix fibre reinforced sprayed concrete with exceptional
adhesion, even to imperfect surfaces, and a very rapid gain in both compressive and flexural
strengths. Tekcrete Fast® also has a low permeability to chlorides makes
it an excellent candidate for use in corrosive environments and for longer term repairs.

Tekcrete Fast® has been designed with ease of application in mind. The logistics are simplified
by using a small pump, providing compressed air, and a low volume of water to mix and appl
y the material directly from the nozzle. Full scale test results indicate that the material can work
in extreme conditions and is stronger than the original concrete. This makes bridge and tunnel
repairs quick and permanent. In mining applications, the material has been used with
extremely positive results for repair of existing, damaged support and roof stabilization. It is
particularly useful in areas where access has to be limited to reduce the impact on mining
operations such as coal mine belt lines.

Based on calcium sulfoaluminate cements rather than OPC, Tekcrete Fast®, could also
radically change sprayed concrete in tunnelling, improving safety and durability as well as
potentially enhancing sustainability as a result of using thinner linings.
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ABSTRACT

Alkali activated binders — often referred to as geopolymers — have been studied extensively over the
last years and have emerged as alternatives to Portland cement binders. The alkali activated binders
are considered eco-friendly and durable. However, they normally require thermal curing to gain
acceptable strength. Further, due to the high alkalinity and caustic nature of the binders (containing a
blend of alkali silicate and highly concentrated alkali hydroxide), precautions must be taken when
handling these materials on site. Both the thermal curing requirement and the handling risk exclude
these interesting binders to be used in sprayed concrete.

The ultimate goal of the present study is to develop a fly ash binder for sprayed concrete. This binder
does not contain the caustic alkali hydroxide (only the alkali silicate), which makes the binder
substantially less caustic. To achieve acceptable setting times and early age strength at ambient
temperature, an accelerator has been developed. Set times in the same range as for normal Portland
cement based binders have been measured and early age compressive strengths similar to ‘normal’
sprayed concrete have been obtained. Simple laboratory tests indicated that these binder are
extremely resistant to fire and chemical attack. A grout made of silica flour, fly ash and sodium
silicate set fast and developed high early age strength when sprayed at ambient temperature.

BACKGROUND AND SCOPE OF RESEARCH

The binder in sprayed concrete, as in almost all concretes, is based on Portland clinker, i.e. either
pure Ordinary Portland Cement (OPC), or Portland clinker blended with pozzolanic materials. To
some extent also Calcium Aluminate Cement (CAC) and Calcium SulphoAluminate (CSA) cement
are used as binders for spray applied mortars and grouts [1]. In all these binders calcium plays a key
role in the chemistry involved in the chemical reaction (hydration reaction) which leads to the
formation of calcium silicate and calcium aluminate hydrates. This chemistry can be described as
‘calcium chemistry’.

Over the last two to three decades another type of binder has been investigated heavily, not for
sprayed concrete, but for ordinary concrete, preferably precast concrete, namely alkali activated
aluminosilicates, often referred to as geopolymers [2, 3]. These binders are considered ‘green’ and
durable [4, 5]. Their resistances to fire [6] and chemical attack [7] are reported to be much better than
for OPC binders. However, the engineering properties are challenging since in most applications
thermal curing is needed to gain acceptable early age strength [8]. Therefore, geopolymer concrete is
typically used in precast industry. In order for these binders to be utilised in sprayed concrete, setting
time and strength gain at ambient temperatures need to be improved. If this could be accomplished,
such binders would be an interesting option for sprayed concrete, and possibly for other applications
like sprayable fire protective layers in tunnels.
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Challenges linked alkali activated binders

These binders are inorganic aluminosilicate polymeric compounds formed by the chemical reaction
between a pulverised amorphous aluminosilicate (typically industrial bi-product like fly ash) and a
concentrated liquid solution of alkali hydroxide and alkali silicate [2]. There are two main challenges
linked to alkali activated fly ash grouts, mortars and concretes:

1) The need of thermal curing to obtain acceptable early age strength [8, 9]
2) Handling of very caustic materials (pH>14) [10, 11]

One way to overcome these challenges is to introduce a calcium source (typically slag, or OPC) to
achieve setting time and compressive strength values comparable to those of OPC [12, 13]. When
introducing a calcium source, also the caustic problem can be eliminated by removing the alkali
hydroxide from the liquid part. Such binders has been termed ‘User-friendly geopolymer cement’
that cures at room temperature: Sodium silicate solution + blast furnace slag + fly ash [11].

The unwanted side effect of this ‘user-friendly’ approach is that adding calcium to a fly ash/sodium
silicate mix will lead to the formation of calcium silicate/aluminate hydrate gels, similar to those
found in hydrated OPC. This again will have a negative impact on the durability of such binders
since these gels are not resistant to fire and chemical attach the same way the ‘pure’ geopolymers
are. Therefore, durable alkali activated binders, using neither calcium compounds nor caustic alkali
hydroxides, would be highly welcomed.

This paper summarises the first attempts to develop accelerating admixtures for a fly ash/sodium
silicate binder cured at ambient temperature using neither alkali hydroxides nor any source of
calcium. Previous research on admixtures for highly alkaline/caustic geopolymer binders has shown
that some organic compounds may have accelerating properties on such binders [14]. In the present
study only non-caustic binders are considered.

Results from initial laboratory testing of such binder and a simple spray trial of a grout using this
binder are presented. Next step would be to take this further and see if a sprayable concrete can be
designed.

EXPERIMENTAL INVESTIGATIONS

Initial laboratory tests

A simple paste was made of fly ash, sodium silicate and water. Table 1 shows the chemical
composition of the fly ash and Table 2 shows the mix design (pH~11).

Table 1. Chemical composition of fly ash used in paste mix (% by weight)
SiO; ALO; FexO; CaO  TiO2 MgO KO NaO SO; LOI*
45-51 27-32  7-11 1-5  0.8-1.1 1-4 -5  08-1.7 03-1.3 57

* LOI = Loss on ignition
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Table 2. Paste mix design

Material (% by weight)
Fly ash 64.5
Sodium silicate, SiO2:Na>O molar ratio 3.25, 38% solution 25.8
Water 9.7
Total 100.0

Mixing and casting of paste samples were done at room temperature (20°C). First, the fly ash was
added into a high speed shear mixer. Then the sodium silicate and the water were added and the
blend was mixed for approx. 2 minutes at medium speed until a fluid paste was obtained to which an
accelerator was added. The accelerator can be characterised as a non-aqueous, non-hazardous, clear
liquid formulated by blending organic compounds found among polyols and esters. The blend was
then mixed for another 30 seconds. Once the mixing was completed, the paste were taken out for
setting time measurements (Vicat apparatus in accordance with test method EN 480-2), and the
remaining paste was cast into 40x40x160 mm steel moulds, covered with plastic sheets, and cured in
air at 20°C. The specimens were demoulded when strength allowed, and then left to cure at 20°C
under plastic sheets until compressive strength measurements were carried out at 1 hour, 4 hours and
24 hours (after casting).

Well cured (28 days) 40x40x40 mm cubes were tested for chemical resistance by submerging the
cubes in a 10% sulphuric acid solution for two days at 20°C. Similar cubes were exposed to an
extremely high temperature caused by a propane torch. The heat exposure lasted about 2 minutes.

Spray trial

A simple grout was made of silica flour (finely ground crystalline silica), fly ash, sodium silicate and
water. Table 3 shows the chemical composition of the silica flour and the fly ash, and Table 4 shows
the mix design (pH~11). The fly ash and the sodium silicate solution were not from the same sources
as for the initial laboratory tests, and have therefore not identical composition characteristics.

Table 3. Chemical composition of fly ash and silica flour used in grout mix (% by weight)
Material SiO2 AlLLO3 Fe0O3 CaO  TiOs MgO KO NaO SOs LOTI*
Fly ash 48.03 21.85 11.54 9.96 - 348 1.11 1.09 1.69 0.46
Silica flour >99.5 <04 <0.02 - - - - - - -

* LOI = Loss on ignition

Table 4. Grout mix design

Material (% by weight)
Silica flour 343
Fly ash 343
Sodium silicate, SiO2:Na>O molar ratio 3.71, 46% solution 24.5
Water 6.9
Total 100.0
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Mixing and spraying of grout were done at ambient temperature (~25°C). The fly ash and silica flour
were first mixed with the liquid part (sodium silicate and water) in the mixing unit of an electrical
driven spray machine (Normet SSL 15, Figure 1) until a thick paint like grout was obtained. This
grout was then sprayed onto a vertical well cured sprayed concrete substrate. An accelerator dosing
pump unit along with compressed air was used to mix in the accelerator at the spray nozzle. Dosage
of accelerator was in the range of 5.5-6.0% by weight of fly ash. Slump or flow were not measured.
Approximate setting time was observed by simply scratching the surface during spraying. Cubes
(100x100x100 mm) for compressive strength measurement were prepared by spraying into steel
moulds during the spray trial. Early age compressive strength was measured 2 hours and 4 hours
after spraying.

4-5 hours after spraying, the cured grout was exposed to fire by using a propane torch (Figure 2) that
was pointed directly onto to the grout surface for 1 minute. Similar test was also made with a plain
concrete surface (age 28 days). The flame touching the surface had a temperature of at least 1300°C.

Figure 1. Normet SSL 15 used for the spray trial. Figure 2. Propane torch.

RESULTS AND DISCUSSION
Setting and strength development of fly ash paste

Table 5 shows the setting times and early age compressive strength of the fly ash paste, with and
without the accelerator, at ambient temperature (accelerator dosage in % by weight of fly ash). The
initial and final setting times of the reference was more than 1 day and 4 days respectively. The
results clearly show that these long setting times can be significantly shortened by adding an
accelerator to the mix. The setting times obtained with the accelerator are close to typical values
found when alkali-free accelerators are used in OPC based sprayed concrete.

Table 5. Setting times and early age compressive strength (MPa) of fly ash paste at 20°C*

Material Initial set ~ Final set 1h strength 4h strength  24h strength
Reference ~30h >100h - - -

4 % Accel. 3m10s 5m48s 1.5 1.8 2.2

6 % Accel 1m32s 4m0s 1.5 2.6 2.7

* m=minutes, s=seconds, h=hours

It is also seen (Table 5) that the accelerator was able to speed up early age compressive strength
development the first few hours after casting. However, the 24 hours strength was very low. The
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later strength development (not shown in Table 5) was also very slow. The reference grout was too
soft to be measured after 24 hours curing. After 28 days the reference strength was approximately 3
MPa. The accelerated samples was only slightly higher. The results clearly show that this binder is
not able to meet strength requirements set for normal sprayed concrete. However, this new
binder/accelerator combination opens the possibility of developing a non-caustic, fly ash based
sprayed material without using Portland cement or any additional calcium material in the binder.

The resistance of fly ash paste against acid and fire

Figure 3 shows two 40x40x40 mm cubes (plain OPC paste on the left and the fly ash paste on the
right) after two days in a 10% sulphuric acid solution [15]. This shows that the chemical resistance of
the fly ash paste outperforms the OPC when exposed to an acidic solution. The OPC sample clearly
disintegrated, whilst the fly ash paste did not show any sign of deterioration.

Figure 3. Well cured (28 days) 40x40x40 mm cubes after two days in a 10% sulphuric acid at 20°C.
Left: OPC paste. Right: Fly ash/sodium silicate paste with 6% accelerator [15].

The severe deterioration of OPC in acid is caused by the solubility of high calcium constituents in
the binder — calcium hydroxide and calcium silicate/aluminate hydrates [16, 17]. The fly ash paste
does not contain these constituents, and are therefore more resistant to acidic attack. It is well known
that the sulphuric acid resistance of fly ash based geopolymer concrete is significantly better than
that of Portland cement concrete [18].

Figure 4 shows the effect of fire exposure [15]. The fire — caused by a propane torch — made the fly
ash paste glow with no sign of spalling or damage. When cooled down after the exposure, only a
dark spot remained. A similar exposure of an OPC sample resulted in a clearly audible crackle
sound, and the sample suffered from violent spalling after just a few seconds. Cured OPC is known
for displaying this kind of explosive spalling when exposed to fire [19].

Figure 4. Well cured (28 days) 40x40x40 mm cubes exposed to a propane torch (=1300°C).
Left: Fly ash/sodium silicate paste (6% accelerator). Middle: Same as left after cooled
down. Right: Propane torch exposed OPC after cooled down [15].
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Properties of sprayed fly ash grout

The fly ash grout set almost instantly (less than 60 seconds set time) during spraying at an
accelerator dosage of 6% (by weight of fly ash). The rebound was insignificant and the accelerator
worked very well. However, during spraying it was noticed that if the accelerator was overdosed the
spray mix formed hard lumps before it hit the wall with the risk of forming voids and dropping. An
accelerator dosage of 5.5% seemed optimal. During the trial it was sprayed with a thickness up to
approx. 25 mm (Figure 5). However, the instant setting behaviour indicates that much thicker layers
could be sprayed. Figure 6 shows a sprayed steel mould (100 mm thickness) for later compressive
strength measurements on cubes.

Figure 5. Sprayed fly ash grout Figure 6. Spraying into 100x100x100 mm mould

Table 6 shows the early age compressive strength of the sprayed grout. These strength values are
very close to those measured on the samples of pure fly ash paste mixed in the laboratory (Table 5).
Unfortunately, strength values at 24 hours and onwards were not measured in this trial. Still, this trial
demonstrated, beyond doubt, that it is possible to spray a simple fly ash/sodium silicate grout and
obtain fast setting and high early age strength if a suitable accelerator is used.

Table 6. Early age compressive strength of sprayed fly ash grout at 25°C*

Age 2 hours 4 hours
Compressive strength (MPa) 1.8 2.5

* Measured on 100x100x100 mm cubes (6% accelerator dosage)

Figure 7 shows the the effect of fire exposure (1 minute propane torch, >1300°) on a the same grout
area shown in Figure 5. At the time of fire exposure the grout had cured for a period of only 4-5
hours. No sign of damage was observed on the grout surface. Right after the fire exposure the grout
surface was white hot (Figure 7A). After cooled down to ambient temperature the same spot went
dark (Figure 7B). Similar test performed on a well cured concrete slab (28 days old) resulted in an
explosive behaviour just after a few seconds with broken particles shooting out.

Geopolymer mortars (high pH) have been suggested to be used as fire resistant materials, e.g. for

tunnel linings [20]. The results documented in the present study suggests that low pH (‘User
friendly”) fly ash/sodium silicate grouts cured at ambient temperature might also have this attribute.
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No doubt, the fire resistance of fly ash/sodium silicate grout — probably mortar and concrete as well —
calls for the development of various application areas. Besides, this material has a fairly low pH
value of about 11, which is significantly less basic/caustic than OPC concrete (pH~13) and
concentrated alkali hydroxide based geopolymers (pH~14), the latter sometimes referred to as ‘User
hostile’ materials [11].

Figure 7. Effect of propane torch on a 4-5 hours old fly ash grout after 1 min fire exposure (>1300°).
A: Immediately after heat exposure (white hot/glowing)
B: After cooled down to ambient temperature (dark spots)

CONCLUSIONS
The following conclusions can be drawn from this study on a simple fly ash/sodium silicate binder:

e A fly ash/sodium silicate binder without highly caustic hydroxides or additional calcium
materials can set and cure at ambient temperature if a proper accelerator is added to the mix.

e The reference (without the accelerator) does not set within the first 24 hours after mixing,
while the accelerated version sets in approx. 1 minute at ambient temperature.

e Early age compressive strength in the range of 1-2 MPa after 2 hours can be obtained when
fly ash/sodium silicate grouts are sprayed at ambient temperature with 6% accelerator dosage.

e The long term strength of the fly ash/sodium silicate grout cured at ambient temperature was
low.

e The chemical resistance against sulphuric acid attack and the fire resistance of this fly
ash/sodium silicate binder are very good.
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SUMMARY

As of November 2015, macro polypropylene fibre (polymer fibre) is prohibited in Norwegian
road tunnels, and steel fibre is currently the only alternative for fibre reinforcement of sprayed
concrete. This was new in the Norwegian Public Roads Administrations latest edition of
Manual R761 General Specifications 1 Standard specification text for road contracts,
principal specifications 1-7. Earlier editions of R761 placed both fibre types on equal terms in
land tunnels, while only polymer fibre was allowed in subsea tunnel sections. The prohibition
of polymer fibre is of environmental considerations, and this paper gives a further account of
the challenges involved. In addition, we explain the reasons why our regulations could change
almost overnight, and what the future might bring regarding fibre reinforcement of sprayed
concrete.

INTRODUCTION

The Norwegian Environment Agency assumes that approximately 75 % of all marine litter is
plastic [1], other assumptions vary from 60 to 90 %. In contrast to organic waste, plastic has a
life in the environment that can vary from hundred and up to thousands of years. This explains
the large amount of plastic in the oceans despite the fact that “only” 10 % of yearly generated
litter is plastic. Plastic waste comes from many sources; from individuals, from industry and
landfills, from fishing, offshore and shipping, from toothpaste and cosmetics, and others.

The total amount of marine litter, and then plastic in the ocean, is impossible to quantify, but
World Economic Forum [2] states that the best research so far estimates that there are over
150 million tonnes of plastic in the ocean. We find plastic everywhere in the ocean; on the
beaches, on the surface of the ocean, on the bottom, and everywhere in between. It is
especially the amount of plastic on the deepest sea beds that are hard to quantify. Plastic in the
ocean comes in all sizes, but all of it will eventually be broken down to micro plastic (< 5
mm). Plastic can also attract environmental poisons, which then could be spread over large
distances.

Earlier, marine litter was considered only an aesthetic problem, polluting our beaches, but we
now know the consequences are potentially huge. The less severe effects are economical, e.g.
expenses due to cleaning beaches, less attractive tourist destinations and anglers getting their
equipment destroyed. More serious are plastic found in the stomach of seabirds, fishes and sea
animals, and it is likely to believe that in the longer term it can effect human health as well. If
we continue our use and misuse of plastic, by 2050 there will be more plastic in the ocean
than fish (by weight) [2].
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POLYMER FIBRE GONE ADRIFT

From the increasing number of subsea tunnel projects, where tunnel muck was approved by
the environmental authorities for filling in the sea or deposited in the sea, emerged the
challenge of synthetic material (mostly macro polymer fibres, but also firing lines)
accompanying the muck deposited in the sea. The Ryfast project estimated that 0.7-1 kg
polymer fibres per meter tunnel could follow the tunnel muck. This gives a great potential of
fibres going adrift, e.g. one of the most widely used polymer fibre in Norway has 37 000
fibres/kg. An attempt to reduce the amount of fibres that are transported out by gathering
rebound from the tunnel floor and measures with silt curtain/boom to contain fibres in the sea
was not at all sufficient. Sadly, the consequence was that large amounts of fibres had gone
adrift locally and polluted the ocean and the beaches. It all culminated in the autumn of 2014:
While drifting the submerged tunnels in the Ryfast project at the west coast of Norway, The
Green Warriors of Norway and the Rogaland division of Friends of the Earth Norway
reported the Norwegian Public Roads Administration (NPRA) to the police for environmental
offences. The NPRA, as the owner of the project, was fined 450.000 NOK (approximately
50.00 EUR). In addition, the NPRA and the contractor had to clean up.

Figure 1: Clean-up of plastic litter from tunnel muck deposited in the sea. Photographer:
Qyvind Ellingsen

The NPRA does not wish to contribute to pollution. In any case, Norwegian Law supersedes
the NPRA specifications, and something had to be done. Using heavy polymer fibres that do
no float could be less problematic provided the tunnel muck is plastered (immobilised).
However, there is a great uncertainty about the effects of such immobilisation and the
proportion of polymer fibres that, nonetheless, will come into contact with various organisms
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in the sea. Steel fibres, however, is not spread by wind and water, and in time will break down
into rust, which has no known harmful effects on the aquatic environment.

Eventually, the result was a change in type of fibre being used, both at the Ryfast project and
in general.

CHANGE IN REQUIREMENTS

In 2007 a requirement to use synthetic fibres of non-corrosive material in areas where a highly
corrosive environment could be expected (such as in subsea tunnels) was introduced in
Manual R761 [3]. This requirement was mainly a result of a concern for corrosion of steel
fibres due to saltwater intrusion. Later observations of biofilm that could cause degradation of
steel fibre-reinforced sprayed concrete in particularly exposed areas of subsea tunnels
supported this choice. The objective was to reduce the risk of deterioration, over the lifespan
of the tunnel, of the rock support due to reduced load-bearing thickness caused by biofilm
and/or corrosion of fibres due to saltwater. Elsewhere the fibre type was optional.

In the last revised edition of Manual R761 [4], the NPRA made changes to the requirements
for steel fibres in sprayed concrete for rock support. The requirement in specification “33.4
Support with sprayed concrete” now states that fibres shall be in accordance with NS-EN
14889-1 Fibres for Concrete, Part 1: Steel Fibres [5]. This means that only steel fibres shall be
used in sprayed concrete for rock support in road tunnel projects.

The change in requirements was accordingly due to environmental considerations, not
technical.

TECHNICAL QUALITY

So, how about the durability of the rock support now? Various surveys regarding durability of
sprayed concrete as rock support has been carried out over the last 25 years. The R&D
programme “Durable structures (2012-2015)” looked into earlier research and also conducted
own investigations. The sprayed concrete in several tunnels with different environmental
conditions (fresh water environment, mildly acidic environments, alum shale environments
and subsea environments) were sampled and examined in detail. All findings were then
compiled. The results indicated that the long-term durability of sprayed concrete with steel
fibres could be ensured by introducing stricter requirements for durability class in areas with
saltwater (M40). Implied is also a stricter requirement for the identification of saline
environments during the geological mapping. Further analyses of the data also show,
irrespective of fibre type, that 100 mm minimum (average) thickness of the sprayed concrete
lining is necessary to give an expected service life of 100 years in saline environments (bad
rock types may require higher thickness due to load-bearing concerns). Durability of sprayed
concrete is further discussed in [6], and all findings from “Durable structures” is reported in

[7].

FIBRE TYPES IN THE FUTURE

Although steel fibre is the only fibre allowed in Norwegian tunnels currently, this could
change. In the future, other fibre types proven to be non-harmful for the environment (and
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technical satisfactory) could be relevant. A possible use of polymer fibres in the future
depends on developing a method to collect the fibres, avoiding them to spread in the nature,
and especially in the ocean. By the time being there is no such method secure enough.
Regarding other fibre types, not comprised by European standards, three primary matters
must be documented. Firstly, there must be no negative effect on the environment, and meet
given environmental demands; secondly, the fibre must have no negative effect on the
durability of the sprayed concrete; and finally, the fibre must be proven to have the intended
long-term technical effect when used as fibre reinforcement in sprayed concrete for rock
support.

REFERENCES

1.

2.

Standal, E. et al: Knowledge on marine litter in Norway 2014, Norwegian
Environment Agency, Oslo, 2014 (in Norwegian, summary in English)

The Ellen MacArthur Foundation: The New Plastics Economy Rethinking the future of
plastics, World Economic Forum, 2016

Norwegian Public Roads Administrations Manual 761 General Specifications 1 —
Standard specification texts for road contracts principal specifications 1-7, 2007
Norwegian Public Roads Administrations Manual 761 General Specifications 1 —
Standard specification texts _for road contracts principal specifications 1-7, 2015
NS-EN 14889-1 Fibres for Concrete, Part 1: Steel Fibres. Definitions, specifications
and conformity, 2006

Hagelia, P.: Durability of sprayed concrete used for rock support — A tale from the
tunnels, In: Engen, S., Beck. T. and Myren, S.A. (Ed.), 8" International Symposium
on Sprayed Concrete — Modern Use of Wet Mix Sprayed Concrete Underground
Support, Trondheim, 2018

Hagelia, P. (2018). Summary of durability development of sprayed concrete used for
rock support in different tunnel environments, R&D Program Durable Structures,
Statens vegvesen report no 566 (in Norwegian).

255



SHOTCRETE QUALITY CONTROL FOR THE NEW MS TUNNEL, SYDNEY
AUSTRALIA

David A.F. Oliveira!, Brodie W. Aitchison', Adam Gowans?, Grant Andersen?
! Aurecon-Jacobs Joint Venture, Australia and
2CPB-Dragados-Samsung Joint Venture, Australia
david.oliveira@jacobs.com

ABSTRACT

This paper presents some of the lessons learnt and challenges observed during quality control
for the shotcrete of the New M5 tunnel currently under construction in Sydney, Australia. High
levels of within-batch variability created significant difficulty in interpreting and applying the
results confidently. To reduce the risk of rejection, the results were interpreted taking into
consideration how the adopted design methodology addresses uncertainty which is also
discussed in the paper.

INTRODUCTION

Quality management is an essential component in any construction project, and typically
involves both Quality Assurance (QA) and Quality Control (QC). Quality Assurance refers to
planned systematic actions that aim at achieving a final product that perform as intended. It
typically starts with a project specification, design, construction drawings, and preparation of
contract documents. Quality Control, on the other hand, targets measurements and controls of
the physical characteristics of the materials and processes by means of testing and inspections
to achieve predefined quality standards and/or performance criteria. This paper presents some
of the lessons learnt and challenges observed during quality control for the shotcrete of the
New M5 tunnel currently under construction in Sydney, Australia.

The New MS5 is one of three stages of a larger infrastructure project known as WestConnex.
The WestConnex project is a 33-kilometre underground motorway currently being constructed
in Sydney’s Inner West (Figure 1). The New M5 comprises of approximately 10-kilometres of
dual underground motorway from Kingsgrove to St Peters. The tunnels are essentially two-
lane tunnels future proofed for three-lanes, except between Arncliffe and St Peters where the
excavation increases to four-lane tunnels allowing for a future connection with a tunnel
currently being planned under the name of F6 motorway.

Figure 1 WestConnex motorway
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The tunnels spans vary from approximately 13 m for the two-lane tunnels to approximately
20 m for the four-lane tunnels with some local enlargements for jet fans, breakdown bays,
longitudinal egress passages etc. The largest tunnel roof spans occur at two Y-junction caverns
located at Arncliffe and St Peters with approximately 30 m width.

TUNNEL SUPPORT AND SHOTCRETE REQUIREMENTS

The majority of the New M5 tunnel is excavated through a Triassic age formation known as
Hawkesbury Sandstone. This “soft” and horizontally bedded sedimentary rock has average
compressive strengths between 20 MPa and 30 MPa and often fresh to slightly weathered only.
These characteristics provide favourable tunnelling conditions due to the overall good quality
rock mass with Q-values generally between 22.5 and 150.

The ground support in these conditions generally consists of a pattern of permanent double
corrosion protected rock bolts and thin layers of shotcrete. Rock bolts provide the main ground
support by the reinforcing the rock mass and the shotcrete is designed mainly to support
potential rock wedges that may form between bolts. Therefore, in good ground conditions the
shotcrete thickness typically varies between 50 mm and 125 mm and is checked against four
main failure mechanisms (adhesion, direct shear, flexural and punching shear) using closed
form design methods ([1], [2]). Other failure mechanisms such as compressive and tensile
failures are typically checked through tunnel scale numerical modelling. Designing such thin
layers typically impose significant reliance on a good shotcrete adhesion with flexural failure
mainly considered for design redundancy particularly for long term performance in moderately
weathered rock where adhesion may be lost.

The exception exists in areas of shallow tunnelling where poorer ground conditions or surface
settlement criteria may require more robust and thicker structural linings and a combined axial-
flexural behaviour becomes predominant. In these situations, the shotcrete design philosophy
changes from that described above, and the shotcrete is designed to contribute to the overall
tunnel stability rather than supporting small rock wedges forming between rock bolts.

Although in theory two sets of performance requirements could be specified for the two types
of ground support described above, without always knowing in advance where the different
support types are required to be installed along the tunnel alignment, the common practice is
to specify a single shotcrete performance criterion. During the design phase of the New M5
Tunnel the minimum shotcrete performance criteria was developed and used in the design of
ground support (Table 1).

Table 1  Minimum structural performance requirements for permanent shotcrete

Parameter Test method Requirement
Compressive strength (28 days) Cast samples - AS 1012.9 40 MPa
Cored samples - AS 1012.14

Residual flexural strength | EN 14651 (Beams) 3 MPa

(CMOD4)

Toughness ASTM C1550 (RDPs) 5 mm 60 joules
40 mm 280 Joules

Adhesion to rock substrate (28 days) | AS 1012.24 0.5 MPa

Maximum shrinkage (56 days) AS 1012.13 800 pe
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SHOTCRETE MIX AND FIELD TRIALS PRIOR TO FULL PRODUCTION

The shotcrete mix was designed with a total cementitious content of 430 kg/m?> which consisted
of 32% supplementary cementitious materials (SCMs). The SCMs comprised of 25%fly ash
and 7% of silica fume. The maximum water/cementitious content ratio was set at 0.45. Other
admixtures included a high range water-reducing superplasticizer (Tytro WR172) and a
hydration stabiliser (Tytro HC270). An initial steel fibre count of 35 kg/m* (Dramix 3D RC
65/35BG) was adopted as part of the preproduction trials. The use of alkali-free set accelerators
was specified with an allowable range of 3% to 8% such that the dosage chosen during
application did not decrease in strength of any shotcrete type at an age of 28 days by more than
25% when compared with the base shotcrete mix without any accelerators.

The results of the preproduction field trials on the proposed final mix confirmed a cored 28-
day compressive strength of 56 MPa, residual flexural strength of 3.6 MPa, 5 mm toughness
of approximately 100 Joules, 40 mm toughness of 450 Joules, and 56 days shrinkage of 630 pe.

PRODUCTION TEST RESULTS

Despite the shotcrete performance being confirmed in the preproduction field trials, production
test results indicated a potential high percentage of non-conformances than what would be
expected, i.e. typically 5% or less of the test results. The population of the test results for a
period of approximately 1 year into tunnel construction is presented in the following sections
for the different performance criteria. All test results are shown as the average of a minimum
of 3 specimens. Normal distribution fits are also presented to assess the relative variability of
the results. Characteristic design values are also estimated in accordance with AS 5100 [3]
corresponding to a strength that is exceeded by 95% of the between-batch results. However,
the values were estimated based on the actual test result values rather than the normal
distribution fit as not always the normal distribution provided the best-fit to the data.

Compressive strength

The compressive strength results are presented in Figure 2 with statistical distributions for the
cored samples given in Figure 3.
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Figure 2 Compressive strength results — cylinder and cored samples from sprayed panels.
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Figure 3 Normal distribution for cored samples compressive strength results at 28 days and 90 days.

The difference in results between cylinders and cores at 28 days is evident in Figure 2. While
all cylinder results achieve the 40 MPa, several cored samples sit below the strength
requirement. This is likely a combination of the spraying process which introduces variability
and the inclusion of accelerator at the time of application which is not included in the cast
samples.

The cored sample results at 28 days indicate a mean value of approximately 46.7 MPa, with a
between-batch coefficient of variation CoV =14% and a characteristic design value of
approximately 33.7 MPa. On the other hand, the 90-day cored sample results indicate a mean
value of approximately 56 MPa with a between-batch CoV =13% and an estimated
characteristic design value of approximately 44.2 MPa. This indicates an increase of about 20-
30% past 28 days which is deemed associated with the effect of the fly-ash content (25%)
causing a delay in strength gain.

Residual flexural strength — CMOD4 beams - EN 14651

The EN 14651 residual flexural strength results are presented in Figure 4 with statistical
distributions given in Figure 5. Experience gained in Stage 1b of the WestConnex project
indicated that the mix being used could potentially yield low values of residual flexural
strength. As a result, a decision was made early in the New M5 Project to start the shotcrete
production with a slightly higher steel fibre count of 40 kg/m® reducing at later stage to
35 kg/m? as production test results were confirmed for the project.
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Figure 4 Residual flexural strength - CMOD4 beams.
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The 40 kg/m? fibre dosage results indicate a mean value of approximately 3.1 MPa with a
between-batch CoV =25% and characteristic design value of 2 MPa. The 35 kg/m3 fibre
dosage results indicate a mean value of approximately 2.5 MPa with between-batch
CoV = 24% and characteristic design value of approximately 1.7 MPa. The mean within-batch
CoV of the beams were observed to be approximately 15% for all test results. These CoV
values, both between-batch and within-batch, are somewhat consistent with past experience in
Australia [4].

Based on the delayed strength gain observed in the cored samples compressive strength that
was inferred to be associated with the fly-ash content, the project team considered it appropriate
to investigate performance of both beams and RDPs at 90 days’ which is currently underway.
Early test result data indicates some potential gain in flexural strength of approximately 20-
30% (Figure 4) although further testing is required to achieve a reasonable statistical
representation.

Flexural Toughness — Round Determinate Panels - ASTM C1550

The ASTM C1550 RDP toughness results are presented in Figure 6 with statistical distributions
shown in Figure 7 and Figure 8. The 40 kg/m® fibre dosage results indicate mean values of
approximately 91.3 Joules and 419.7 Joules with between-bacth CoVs of approximately 16%
and 14% with characteristic design values of 72 Joules and 320 Joules for the 5 mm and 40 mm
toughness respectively. The 35kg/m® fibre dosage results indicate mean values of
approximately 88.2 Joules and 354.6 Joules with between-batch CoVs of approximately 16%
and 15% with characteristic design values of 67 Joules and 256 Joules for the 5 mm and 40 mm
toughness respectively. The mean within-batch CoV of the RDPs were observed to be
approximately 10-11% for all test results.
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Figure 8 Normal distribution for40 mm toughness results for 40 kg/m® and 35 kg/m®.

Adhesion

The adhesion test results are presented in Figure 9. The results indicate a mean value of
approximately 0.75 MPa with a CoV =31% and an estimated characteristic design value of
approximately 0.375 MPa.
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Figure 9  Adhesion test results.

ASSESSMENT OF NON-CONFORMING RESULTS

Although all test results achieve mean values that fully satisfy the minimum performance
criteria set in Table 1, the typical between-batch CoV in excess of 13% observed in the sprayed
samples generally significantly reduces the characteristic design values which fall under the
minimum performance requirements adopted in the tunnel support design. As a result, if the
raw test data is considered in isolation, the immediate conclusion would be that the production
shotcrete would be non-conforming despite the successful preproduction field trials (generally
based on a limited number of samples). For example, the core samples at 28 days achieved a
characteristic design strength of approximately 34 MPa whereas the requirement was set at
40 MPa. The EN14651 residual flexural strength at CMODA4, achieved a characteristic design
strength of between 1.7-2 MPa whereas the requirement was set at 3 MPa.

However, the assessment of the test results should consider the design methodology adopted.
The New M5 Tunnel followed the Australian Standard AS 5100 [3] where design is carried out
in terms of Limit States. Safety against an Ultimate Limit State (ULS), i.e. collapse, is achieved
by factoring up loads estimated to act on the structure and by applying reduction factors on
material strength. In accordance with AS 5100.5 [3], clause 1.4.3.11, the material strength, is
defined as a characteristic value that is exceeded by 95% assessed by standard tests. In
Australian Standards for ULS design, load factor of Ly = 1.5 is generally applicable, combined
with a capacity reduction factor ¢s=0.6 applied on fibre reinforced shotcrete without
conventional reinforcement. The combined effect results in an equivalent factor of safety
FoS = 2.5 which is essentially based on characteristic values assessed from standard tests.

The definition of standard tests typically implies cast samples, e.g. cylinders, where
construction effects are generally ignored, thus with a higher level of uncertainty. For example,
Petersons [5] compared the concrete strength obtained from standard test specimens and the
strength of samples taken from the actual structures (cores) for 112 building sites in
Switzerland. He identified that the actual concrete strength in the structure generally only
reached 65 to 75% of the standard tests results. To achieve safety, material reduction factors or
global factors of safety have therefore been specified to compensate for the difference in
strength between the material in the structure and that in the standard test specimens.

The American Concrete Institute document ACI 318M [6] follows similar reasoning in its

clause R26.12.4. It states that concrete in an area represented by core tests shall be considered
structurally adequate, without detailed analysis required, if (1) the average of three cores is
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equal to at least 85% of the characteristic compressive strength and (2) no single core is less
than 75% of the characteristic compressive strength. An 85% average of the characteristic
compressive strength is equivalent to multiplying the average raw data by approximately 1.18.
In fact, the ACI 318M [6] states that it is not realistic to expect the average core strength to be
equal to the characteristic compressive strength based on standard samples because of
differences in size of specimen, conditions of obtaining the specimens, degree of consolidation
and curing conditions.

Based on the above discussion, it is reasonable that similar consideration is applied to test
results from compression tests on shotcrete cores and tests on sprayed beams and RDPs. This
is particularly valid considering that, in tunnel construction, sprayed samples are prepared in
the same way and in the same environment as the final structure, thus, including several
construction effects that do not exist in standard samples. This is further reinforced by the larger
apparent CoV observed between-batches than within-batches for RDPs and beams
emphasizing the impact of construction effects. In fact, the latest version of AS 5100 [3], clause
A6.4.2 already recognises that the strength of the concrete may be estimated as 1.15 times the
average strength of cores and beams which is equivalent to compare the raw test data to the
87% of the performance requirement.

As aresult, if the AS 5100 capacity reduction factor of 0.6 is to be maintained, the characteristic
compressive strength of the cores of approximately 34 MPa is to be compared with 34.8 MPa
(i.e. 87% of 40 MPa) which could therefore be deemed acceptable particularly considering the
90-day results. Similar comparison could be made with the beam test results, i.e. the
characteristic strength of 1.7-2 MPa could be compared to 2.6 MPa (i.e. 87% of 3 MPa) which
would still be non-conforming. However, considering the satisfactory performance of the
RDPs in terms of toughness, further discussion on the beam test results is warranted which is
presented in the following section.

With respect to the lower adhesion characteristic strength, it should be noted, that most of the
average values below 0.5 MPa are affected by samples with significantly lower strength than
the others and where failure occurred significantly through the substrate (Figure 10), i.e. rock
rather than the bond interface, indicating that adhesion would in fact be higher. If these samples
are removed from the average, the characteristic value satisfies the design requirement of 0.5
MPa.

Figure 10 Sample failure through substrate.

EN 14651 (Beams) and ASTM C1550 (RDPs) results
As discussed by Bernard [4], notched beams have only recently started to be used for Quality

Control within Australia. There is therefore a deficit of experience and knowledge regarding
this test method and the characteristics of results typically obtained.
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The most well-known characteristic of the beam tests to contractors and designers is the degree
of variability exhibited in the post-crack performance parameters. As presented above, the test
results indicated between-batch CoVs of 24-25% in comparison to the RDPs with a more
reasonable between-batch CoV = 14-16%.

It is known that the number of fibres crossing a crack contributes to the degree of variability in
post-crack residual strength estimates. Therefore, such high variation is often attributed to the
small cross-sectional area of the EN14651 beams which are also inferred to cause inadequate
crack propagation from the small fracture area. Although the presence of the notch is claimed
to reduce variability in crack width, supposedly leading to reduced variability in residual
strength, larger coefficient of variation is consistently observed in tests results. According to
Bernard [4], EN14651 also fails to include limitations on the magnitude of friction in the
supporting rollers. High friction has been shown to substantially influence the apparent post-
crack performance of simply-supported beams and can be responsible for large variations in
performance between laboratories. For this reason, rollers conforming with ASTM
C1812/C1812M (which limits the coefficient of friction) should be used.

Such a higher level of within-batch variability creates significant difficulty in interpreting and
applying the results confidently. To reduce the risk of rejection it would be necessary to test
large numbers of beams for each batch, which is cumbersome and expensive. Alternative
solutions have therefore been sought and more recently, the post-crack performance of round
panels has been expressed in terms of flexural strength at first peak and residual flexural
strength in the post-crack range [4]. The residual strength of round panels can be estimated by
several means, but one accepted method incorporates yield line theory to estimate moments
within a panel after which elastic engineering bending theory is used to estimate the flexural
stress. This is essentially the same approach that is used to estimate flexural strength in both
EN14651 beams and ASTM C1609/C1609M beams. The method is presented in [4].

Bernard [4] demonstrated a good correlation between EN 14651 parameter CMOD4 and
residual strengths at 10 mm deflection in ASTM C1550 (Figure 11a) for varying mixes with
different target residual strengths. Such a good correlation could not be observed in the New
M5 Tunnel results as only one mix is tested with varying residual flexural strength being the
result of high between-batch variability (Figure 11b). However, the lower CoV allows for an
improved characteristic residual flexural strength when estimated from the ASTM C1550
RDPs (Figure 12). It should be noted that a smaller population was adopted as preliminary
investigation which is currently being extended. Nevertheless, a characteristic residual flexural
strength of approximately 2.25 MPa was considered acceptable particularly considering the
potential increase in strength past 28 days currently being investigated. This value was then
selected as the new characteristic residual strength. The new design value is used to re-analyse
any installed ground support that relies more significantly on flexural capacity and has non-
conforming beam test results that show uncorrected/raw values below 2.6 MPa (i.e. 87% of
3 MPa). It should be noted, however, that when applied in a structural analysis with the
conventional AS 5100 strength reduction factor ¢s= 0.6, the new characteristic residual
strength of 2.25 MPa is then be multiplied by 1.15 which coincidently results in a value of
2.6 MPa. Although identical, the latter has no relationship with the performance requirement
of 2.6 MPa based on 87% of the original 3 MPa.
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Figure 12 Normal distribution for residual strength estimated from ASTM C1550 RDPs.

Ground support specific acceptance criteria

Based on the observed variabilities, it was also important to recognise that, although the design
specified a single shotcrete performance requirement for the project against primary permanent
support, the actual performance requirement is dependent on the ground support type and
associated failure mechanisms. For example, on the NewMS5 Tunnel Project, certain sandstone
supports associated with good quality fresh to slightly weathered sandstone primarily relies on
shotcrete adhesion to rock and compressive strength for fire purposes and M&E support with
a lower reliance on residual flexural strength. On the other hand, other supports associated with
moderately weathered and/or poorer rock classes more significantly on residual flexural and
compressive strength with a lower reliance on adhesion to rock. Therefore, support specific
acceptance criteria was then specified for each support type and added to the shotcrete
specification to minimise unnecessary rejection and non-conformance reports.
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CONCLUSIONS

The results of the shotcrete testing carried out as Quality Control for the New M5 tunnel project
were presented. High levels of population variability, i.e. between-batches, created significant
difficulties in interpreting and applying the results confidently. To reduce the risk of
unnecessary rejection, the test results were interpreted taking into consideration how the
adopted design methodology addresses uncertainty.

Corrections or adjustments are proposed to analyse the results of a population of sprayed
samples which already take into consideration some of the construction effects. This is
particularly relevant when the design codes are based on characteristic strengths that are
defined from statistical analysis on standard tests, thus with material reduction factors that
would likely double penalise the design. When assessing the results of cored samples and
sprayed beams and RDPs, a value of approximately 85-87% of the design value is considered
reasonable as acceptance criteria without the need for detailed structural assessments. In
addition, when a characteristic design value is back-analysed from cored samples, sprayed
beams or RDPs, it is also considered reasonable to apply a correction factor of 1.15-1.18 if
conventional material reduction factors based on characteristic values from standard testing is
to be used.

The paper also presented the use of yield line theory to estimate residual flexural strength from
ASTM C1550 RDPs which provided an alternative solution to reduce the high variability
observed in the EN 14651 beam test results.
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MiniBars™ — A new durable composite mineral macro fiber for
shotcrete, meeting the energy absorption criteria for the industry.
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ABSTRACT: The new innovative macro fiber MiniBars™, is a stable and inert composite mineral
macro-fiber meeting the requirements for durability and no alkaline silica reaction ASR. The Mini-
Bars™ specific gravity is similar to that of concrete and will ensures that it will mix homogenously
into the concrete, and (ARS) will not float. MiniBars™, made of Alkaline Resistant-Glass or Basalt,
are a durable alternative for shotcrete reinforcement in tunnels. Recently, an experimental program
has been carried out to quantify the necessary fiber amount to reach E700 and E1000 per the Norwe-
gian Concrete Association’s Publication No 7.

1 INTRODUCTION

MiniBars™ developed and produced by ReforceTech AS are a macro mineral fiber made of Alkaline
Resistant Glass- or Basalt fibers.

ReforceTech developed the MiniBar™ in Norway starting in 2010. Using the ReforceTech patented
production process the MiniBar™ has evolved through 3 Generations with each iteration offering a
more competitive solution in terms of cost per MPa in flexural tensile strength. The production pro-
cess developed in Norway is a wet layup process capable of higher speeds than the typical pull-
trusion process. This enables production costs to be lower and more competitive. The MiniBar™ is
made from 2 main raw materials, the fiber (Alkaline Resistant (AR) Glass or Basalt Fiber) and a vi-
nyl ester resin from Polynt(Dion 9100 family). The process involves wrapping two strands under ten-
sion to create the unique helix shaped geometry. This has been proven to significantly increase the
pull-out resistance from concrete and thus increase the average residual tensile strength of concrete
when tested in accordance to EN 14651 (2005)

The MiniBars™ have the unique features of length and helix pitch that can be tailored for specific
applications to achieve the specified performance. The journey to secure certificates has led to both
the AR Glass and Basalt Fiber versions receiving DIBt German National Approvals for Structural
(DIBt 2016a) and Non Structural applications (DIBt 2016b) .

The testing regime to secure national approval in Germany included extensive testing for harmless in
concrete, effectiveness on plastic shrinkage and structural effectiveness. Extended testing included
durability testing, creep testing, and alkali silica reaction (ASR) testing for the Basalt Fiber Mini-
Bars™ (IBAC 2015) and CemFIL MiniBars™ (SINTEF 2017). The DIBt German National Ap-
proval has led to the U mark (IBAC RWTH Aachen 2016) and plant audit IBAC RWTH Aachen
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2015) in accordance to EN 14889-2 (2006). The U mark is the first step to get CE marking. The pro-
cess to finalize the CE marking is ongoing with DIBt leading the European Technical Approval
(ETA) process through the remaining EU countries.

The physical and mechanical properties of MiniBars™ as a reinforcement for concrete has some pro-
found advantages. The most obvious include non-corroding which means the wasteful cover layers
associated with steel reinforcements can be reduced or eliminated. The second is the is the density
which is very close to that of the concrete meaning the MiniBar™ does not float or sink. This results
in a favorable fiber distribution in the mixed concrete. This has been demonstrated in various shot-
crete trials where the outcome is the MiniBar™ can meet the NB 7 (2011) energy absorption criteria.
The environmental aspects have been documented and demonstrated in many applications. The com-
bination of the CO, footprint of the MiniBars™ and reduction of the amount of concrete lead to re-
ductions CO: in all applications.

2 MINIBAR PROPERTIES

MiniBars™ are made of either Alkali Resistant Glass fiber or Basalt fiber. A picture of the two types
of MiniBars are shown in Figure 1.

Figure 1 AR Glass MiniBars™ (left) and Basalt MiniBars™
(right)

The density of the MiniBar™ is 2100 kg/m®. The MiniBars are available in lengths of 12 mm, 24
mm, 30 mm 42 mm 48 mm and 54 mm. The Diameter for Generation 3 is nominally 0.65 mm. The
pitch length is specified to 17 mm although recent shotcrete testing has shown that for larger
CMOD/displacements a relaxed helix pitch can increase energy absorption at larger displacements.
The concrete grade and type of application plus the desired performance in concrete tensile strength
determines the length and the dosage required. This is based on generalized or project specific concrete
characterization tests according to EN 14651 and recently NB 7 round panel tests.

The MiniBars™ consist of 1100 discrete fibers with 1000 fibers in the main thread and 100 fibers in
the helix thread. The basalt or AR glass fibers are coated with a sizing compatible with Vinyl Ester
resin. This specific sizing assists in the bonding of the fibers to the vinyl ester resin. The cured resin
impregnating the fibers creates the FRP (Fiber Reinforced Polymer) composite MiniBar™. The 1100
fibers bonded together creating the MiniBar™ working in the concrete to transform the concrete to a
ductile material.

The composite MiniBars™ have a tensile strength of >1000 MPa and Elastic Modulus of 44 GPa
when tested in single fiber testing conditions, see Figure 2.
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Figure 2 Stress vs. strain relationship of the Basalt Fiber Mini-
BarTl\i

The high strength and the density give the fiber the advantages of both steel fibers (strength) and
plastic fibers (fiber count per kg). It should be stressed that it is the fibers behavior in concrete that
determine the performance of the concrete. Engineers are often quick to point out that steel has a
higher modulus for example; however, the higher fiber count and geometry and bonding mechanisms
offset this. The EN 14651 curves or round panels tests used to characterize the fiber reinforced con-
crete are the ultimate engineering input. In this case, the tensile strength and the bonding mechanisms
are being balanced to ensure the fiber does not rupture and resists pull out. One important difference
to steel fibers and plastic fibers as the figure 2 above illustrates is that the MiniBar being purely elas-
tic is contributing to prevent crack growth immediately due to behaving purely elastic. This means
the crack widths can be maintained at low levels for water tightness for example and thus slow down
or prevent mechanisms related to concrete degradation.

3 MINIBAR™ REINFORCED CONCRETE

The development, testing and certification process has demonstrated that MiniBars™ can be effec-
tive in both crack control and structural applications as noted by the two DBIt approvals referenced
above.

The MiniBars™ were tested according to a plan devised by IBAC at Aachen University with the fol-
lowing test regime.

1 Preliminary screening phase, testing of fiber breakage during mixing, performance of beams
in bending, pull out and creep pull out at 60 °C, and performance of beams after accelerated
ageing. Once IBAC was satisfied with the above test results, an application was made to DIBt
for the certification process to begin and to the DIBt committees proposed testing regime.

2 The second phase included tests to measure MiniBar™ conformity, harmless in concrete, and
effect on early shrinkage. These tests led to certification of the MiniBars™ being harmless in
concrete

3 The third phase was specific to demonstrating the static effectiveness leading to the structural
performance certification. Testing included bending tests on beams of different concrete
grades, and dosages of MiniBars™ from 0.25 % to 4 % VF. Creep tests on beams, fiber ten-
sile creep at different temperatures (-20 °C to + 60 °C).

4 The fourth and final phase was the fire resistance according to DIN 4102 where the Mini-
Bar™ reinforced concrete (3VF%) achieved the highest rating, A1 nonflammable. The AR
glass MiniBars™ received the DIBt certificate upon completion of this test.

5 The Basalt MiniBar™ was subjected to an added 5% phase particular to durability pertaining
to concerns about alkali silica reactions and is dealt with later in this paper.

The resulting outcome from the three plus years of testing was the German National Approvals (DIBt
2016a and DIBt 2016b)
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4 MINIBAR BONDING MECHANISMS

There are four bonding mechanisms:
1. Length
2. Helix
3. Fiber roughness
4. Fiber diameter

4.1 Fiber length

Similar to the bond length of reinforcing bars, the MiniBar™ length is tailored to maximize the bond
length friction while preventing fiber rupture if the MiniBar™ is too long. The effects of concrete
grade from C25 to C100 plus are documented allowing ReforceTech to recommend a fiber length for
the grade of concrete. In general, longer fibers leads to higher residual strengths. Furthermore, as the
grade of concrete is increased the effectiveness in the concrete increases meaning the fibers can be
shorter. Typical fiber length for C25/30 is 54 mm and 42 mm, for C50/60 is 42 mm, and for high
strength concrete (C100 plus) 24 mm to 30 mm.

4.2 Helix

The helix height and pitch length are critical to the average residual strength performance as the 1100
fibers must move relative to each other when being pulled out of the helix shaped hole in the cured
concrete thus absorbing energy and resisting pullout and cracking.

The pitch length is typically 17 mm as was optimized in testing at NTNU for the standard EN14651
performance. illustrates the effect of helix in a typical EN14651 test.
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Figure 4 Effects of Helix

The recent shotcrete trials with much larger displacement/crack openings saw an improvement in
energy absorption with slightly longer pitch lengths for longer fibers. Higher pitch height leads to
higher average residual strength. Higher dosage leads to more fibers and more fibers across a crack
lead to higher average residual strength

4.3 Fiber roughness

The rough surface is important in the initial static bond and resists the initial crack development.
Since the MiniBar™ is purely elastic, this means the static bond increases the pre-crack strength. For
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the post crack strength or residual strength the helix is the main contributor to resistance of the Mini-
Bar being pulled out.

4.4 Fiber diameter

The nominal fiber diameter is 0.65 mm for the Generation 3 MiniBar™, thus allowing the shrinking
concrete to grip the MiniBar.

5 DURABILITY

Durability as a topic for MiniBars™ development is a complex field. During the certification process
with IBAC and DIBt there were numerous tests performed with compelling results, but the consensus
on which test was to be the standard was the aged beam tests.

Durability testing for the AR MiniBar™ was conducted in accordance to IBAC accelerated ageing
of beams test, which determines if there is a degradation in EN 14651 beam strength after exposure
at high temperature, moisture content and time. The AR glass is known to be alkaline resistant with
previous ETA approvals and CE mark and over 40 years of experience globally and thus easily re-
ceived the DIBt approval (DIBt 2016a)

The raw material Basalt however, does not have a similar previous DIBt approval or CE marking
thus is was subjected to a tougher and wider regime to assess the ASR (Alkali Silica Reaction). This
is related to ASR experiences with well-documented bridges in the 1960s. This is similar to the ques-
tions posed in Norway due to experiences from the 1980s resulting in two publications from the Nor-
wegian Concrete Association, namely NB 21 (2008) and NB 32 (2005).

ReforceTech's early work focused on testing and approving the Basalt MiniBar™ and thus it was
subjected to a more rigorous testing regime.

There were three methods to which the MiniBars™ was subjected to testing. This included SIC
testing of the raw fibers to assess the durability of the raw materials under alkaline exposure. The
second test was the accelerated aged beam testing and finally for Basalt ASR prism testing. Testing
in 2017 at SINTEF exposed samples from the Konsberg shotcrete trials to 80C for 14 days in accord-
ance with NB 21 per the mortar test to see if there was any sign of ASR or degradation to the AR
CemPFil MiniBars. No signs of deterioration or ASR products could be found at the MiniBars or sur-
rounding the MiniBars even at in the highest dosage. See SEM photo.

The development of the MiniBar™ had the normal product development cycles of success and
failures. This has led to the development of a better resin and attention to the degree of cure of the
resin, and improved sizing.

It has led to the focus on the structural integrity and fiber resin ratio of the MiniBar™ to improve
the elasticity in mixing and the tensile strength in beam testing. This resulted in a MiniBar™ that is
impervious to the both the chemical and physical attack from the concrete during curing and ageing
and the subsequent approvals from DIBt.

As a footnote the same materials are commonly also as human dental implants and are approved
by the FDA for such thus illustrating the durability and inertness of the AR glass/Vinyl Ester FRP.

5.1 Durability of the Raw Material under Alkaline Exposure

Initial testing was focused on the SIC test (EN 14659 2005) where ReforceTech were able to work
with the raw material suppliers to specify the best sizing. This resulted in the Basalt Fiber having
equivalent results as the AR glasses tested. This test was used to select the best possible raw materi-
als for the production and certification of the MiniBars™.
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5.2 Durability of the MiniBars™ and Concrete in beams exposed to accelerated ageing

The IBAC approach is to test the MiniBars™ in accelerated ageing beam tests, which was aged, in
high temperature and moisture for 1 month. Then examined for signs of degradation. The American
approach in testing with International Code Council (ICC) according to AC32 (2003), which is a
similar approach, but measuring the beams over 4, 8, 16, 32 and 52 week intervals and limiting the
performance drop to 15%. In both the German and American cases, the researcher is looking for a
drop in ARS between a control beam (unaged) and the aged beams.

The mechanisms of the durability are complicated and more than chemical attack in nature as the
matrix and fibers are proven resistant to the chemicals as measured in SIC testing.

The development of the Basalt MiniBar™ due to the general lack of previous experience with bas-
alt fibers and negative experience with basalt aggregate and ASR issues has been a significant chal-
lenge in terms of gaining acceptance and certification. However, with improvements in the Mini-
Bar™ production process, sizing and resin properties significant gains have been made and the
results are now approaching that of the AR glass MiniBars™.

For the certifications, the DIBt committee settled on the IBAC accelerated beam tests as the ac-
ceptance test for the AR Glass iniBars™ as it tested the durability of the MiniBar™ in the concrete.

5.3 Durability of the Concrete reinforced with MiniBars™

The AR glass MiniBar™ has the advantage of 40 years of experience and knowledge related to the
16% zirconia additions to the glass mineralogy, thus the AR MiniBar™ has not had the same hurdles
to overcome in the German National Approval certification process. Owens Corning products have
been certified in Germany and AR Glass with 16% Zirconia is a known and accepted product and is
clearly differentiated from normal glass and glass fibers which are alkali silica reactive.

The experience with Alkali Reactive Aggregates as noted in the earlier reference to NB 21 and NB
32 is similar to the concerns noted with the DIBt committee and the Basalt MiniBarsTM. The NB 21
and NB 32 are primarily focused on aggregates, which may have the specific forms of reactive silica.
DIBt requested testing by Verein Deutscher Zementwerke e.V. (VDZ the German Cement Works
Association) to assess the ASR of MiniBar™ reinforced concrete. As testing progressed it was very
clear the Basalt MiniBar™ was passing the test. This lead the DIBt committee to extend the duration
of the test from 168 days to 224 days. The findings concluded that there was no ASR reaction from
the Basalt MiniBars™ (VDZ 2015). The graph in Figure 5 shows the growth of the prism over time
do to ASR. It is related to the concrete and not the MiniBars™.
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Figure 5 Growth of prisms over time

The photo in Figure 6 illustrates no ASR around the Basalt MiniBars™.
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Faseranschnitte

Kieskorn

Bild A3 Anschnitte von Faserbiindeln in der Betonmatrix (polarisiertes Licht)

Figure 6 No sign of ASR around the Basalt MiniBar™

The testing at SINTEF also concluded the same that there was no deterioration nor ASR products
around the AR Cem-FIL MiniBars™.

Phcto No € Sample No 1. The picture shows 2 MimBar fibre ot the expased surface, There & no sign of
celenaraton of the sngie fitres.

PhotoNo 1. Samgle NO 1, The picture shows & MinBar Tbre Close 10 the exnsed suiface. Ne
detericeaton of the Abre could be odserved. The veids betaten the single Abres ae pactly Alled with
epany (yelow)
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6 FIELD TESTING AT KONGSBERG

Due to durability criteria for tunnels, the AR Glass MiniBar™ was selected. Field trials were con-
ducted on two occasions using dosages of 5 kg/m? up to 25 kg/m>. The mixing was performed by
blowing the MiniBars™ into the back of the concrete truck at the batching site.

The truck was driven to the site and the concrete poured into the shotcrete truck and sprayed using
normal practices. Videos of this and other experiences are available on the ReforceTech YouTube
channel.

Samples were taken in accordance to NB 7 to measure the fiber content at three points during each
sampling. The fiber content showed remarkably low values of variation. This is due to the density of
the MiniBars™.

The fiber counting was facilitated using a Cesium Formate Brine solution allowing the MiniBars™
to float in a liquid with a specific gravity of 2.3. The average coefficient of variation was 5% over 5
samples.

The rebound was determined to be normal and in line with other fibers, but was not examined. The
fibers were not observed to be broken or damaged while fiber counting was ongoing or in field ob-
servations in the trials from rebound MiniBars™ on the ground.

6.1 May 2016

Three series of three panels were made to determine the energy absorption capacity. The fiber dosage
in the three series was 5 kg/m?, 10 kg/m? and 15 kg/m?. The fibers were 60 mm long, and had a helix
pitch length of 17 mm.

The absorbed energy according to NB 7 was 229 J, 394 J and 620 J for 5 kg/m?3, 10 kg/m? and 15
kg/m3, respectively. Nominally, the NB 7 results and EN 14488-5 results would give about the same
results, but in NB 7 there is a reduction factor of 0.75 to account for the effect of friction at the support.

A typical load vs. deflection curve is shown in Figure 7 (SINTEF 2016a).
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Figure 7 Load vs. deflection, 15 kg/m’, 17 mm helix, 60 mm length

As can be seen from Figure 7, the capacity “collapsed” after cracking. This was because the fibers’
bond to the concrete was too good, and the fibers simply broke instead of being pulled out. The
knowledge gained from the may resulted in a new field test at the same location in September.

6.2 September 2016

In September, six series of three panels were made to optimize the fiber geometry and to demonstrate
that MiniBars™ is able to reach E1000 according to NB 7. The fiber variation, and energy results
(SINTEF 2016b) are shown in Table 1.
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Table 1.Fiber variation

Parameter ~ Dosage Length Pitch Energy
[kg/m?] [mm] length ]

[mm]
Series 4 25 50 32 1072
Series 5 15 50 32 719
Series 6 25 43 32 1054
Series 7 15 50 27 714
Series 8 15 43 27 633
Series 9 25 43 27 1061

The tests performed at Kongsberg clearly demonstrates that it is possible to reach E700 with 15
kg/m* MiniBars™, and E1000 with 25 kg/m® MiniBars™. Further, when comparing the load vs.
deflection curve for one panel from series 5 with similar curve for one panel from series 7 (i.e. Figure
7 and Figure 8), it is seen that the increase in absorbed energy is caused by increased load capacity at
larger deflections. This is an important effect. For all fiber types, it is possible to increase the capacity
to absorb energy simply by increasing the fiber dosage, while for MiniBars™ it is also possible to
adjust the geometry. Further, the authors’ conviction is that the optimal fiber geometry is not yet found,
and that it is still possible to adjust the fiber to reduce the necessary dosage for E1000.

—
——
T ——
{
1

3 » ] »
Duformasjon [mm)]

&0 -
Ew
=
b A
2 — 10

0

\\
¢ 5 0 s

Figure 8 Load vs. deflection, 15 kg/m3, 27 mm helix, 50 mm length

With regard to Figure 7 and Figure 8, by further optimizing the fiber geometry, it should be possible
to adjust the load vs. deflection curve even more. Increasing the load capacity by an average of 5 kN
from 15 to 25 mm deflection will result in 50 J higher energy absorption capacity.

6.3 Shotcrete MiniBar™ optimization

One of the purposes of the field testing was to optimize the MiniBar™ in order to achieve the most
effective energy absorption as E/kg fiber. As previously mentioned, the round panel testing subjects
the MiniBar’™ to much larger pull out lengths compared to beam testing. The EN 14651 procedure
gives crack widths in the range from 0 mm to 4.0 mm, while the NB 7 procedure gives crack widths
up to typically 20 mm (Sandbakk 2011). In early testing, the helix pitch was tested at 17 and 24 mm
and at MiniBar™ lengths of 35 and 55. The longer MiniBar™ and pitch length was determined to
absorb more energy. Subsequent testing also played with 32 mm pitch lengths and 60 mm lengths.
The length was found to be too long and the bond too good! So the final shotcrete MiniBar™ is de-
signed to be 50 mm long and with a 32 mm pitch length. It is available in either AR Glass or Basalt
Fiber versions.

At the dosage of 25 kg/m3, the MiniBar™ was able to achieve 1061 J according to the specification
in NB 7, which equals 1415 J according to EN 14488-5. By use of the correlation factor of 2.5 by
Bernard (2002), the capacity to absorb energy according to ASTM C 1550 should be about 565 J.
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7 OTHER APPLICATIONS

Today, MiniBars™ are being used in many applications. The typical application sees benefits in re-

ducing the amount of concrete used due to the cover layer, time savings, and reduction in logistics

costs. In each case, there can be a savings of CO; primarily based on the comparison of steel versus

MiniBars™ used to meet the specifications through engineering, but also when the reduction in the

amount of concrete is also factored in. ReforceTech has many applications including the following.

1 Facade-panels, where the outer layers are produced at 50% of previous thickness lowering ma-
terial costs, production costs, shipping costs and making the buildings roomier.
2 Slab on ground, where the concrete can be thinner, have smaller crack widths preventing water

and radon gas ingress and lowering costs by allowing larger crack/joint free areas.

Inner walls, where the replacement of wire welded mesh saves time and costs.

Screeds, where the screed can be thinner and have a better crack free finish.

5 Rafts, where the crack widths can prevent water ingress and radon gas ingress thus protecting
the reinforcement and lengthen the building life.

6 Floating infrastructure, where the corrosion free attributes have and can enable unique applica-
tions such as fish farms barges.

7 Utility poles, where the combination of MiniBars™ and BasBars™ (bars made of basalt) cre-
ate a non-conductive reinforcement.

8 Pavements, where the MiniBar™ can replace wire welded mesh and reduce the cracking and
destruction of the concrete related to the MiniBars™ being close to the surface.

9 Tunnel elements, where the segment can be produced thinner, allowing thinner bore TBMs and
savings in removal of the excavated rock.

10 Shotcrete, where the MiniBars can be used to permit thinner layers and still meet the loading
criteria and allowing savings in material costs, construction time and CO; emissions.

B W

8 CONCLUSION

MiniBars™ have been subjected to extensive investigations to be approved for use in structural
and/or non-structural applications. The investigations have been primarily focused on durability and
possible degradation of both the fiber and the concrete. No such signs are found, meaning that con-
crete reinforced with MiniBars™ is durable, even in areas where the concrete is cracked!

The field testing at Kongsberg, and the following NB 7 testing at SINTEF, demonstrates that there
are no difficulties in mixing, pumping and spraying MiniBar™ reinforced concrete in energy class
E700 and E1000. The new innovative macro fiber MiniBars™, is a stable and inert composite min-
eral macrofiber meeting the requirements for durability and no ARS reaction. The MiniBars™ spe-
cific gravity is similar to that of concrete and ensures that it will mix homogenously into the con-
crete.
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ABSTRACT

Tunnels in hard and jointed rock are normally excavated with an arch shape to enable the rock to
carry itself. The arch effect depends on the stability of individual blocks and too high or too low
horizontal stresses could cause blocks to be pushed out or to fall down. To prevent this, systematic
rock bolting in combination with fibre reinforced sprayed concrete (FRSC) is commonly used to
support the rock. To understand the failure mechanism of the lining when subjected to the load from
one block is therefore important for the design. In this paper, the three main failure mechanisms for a
rock support shotcrete lining has been identified as failure in the fibre reinforced concrete, bond
failure between shotcrete and rock or failure of rock bolts. For each of the failure modes, a short
review of numerical methods is presented followed by a selection of a preferred modelling approach.
The selected methods are then verified against experimental results from the literature. The selected
methods all shows good agreements with tests and demonstrates the ability to simulate each failure
mode one by one.

INTRODUCTION

Tunnels in hard rock are normally excavated with an arch shape to enable the rock to carry itself.
For a jointed rock mass, the stability of the tunnel will depend on individual blocks [1]. Low or high
horizontal stresses could cause individual blocks to either fall out or be pushed out from the arch.
To secure the tunnel, systematic rock bolting is commonly used in combination with fibre reinforced
sprayed concrete (FRSC). Rock bolts are used to secure single blocks and in some cases also ensure
a structural connection between shotcrete and rock. Sprayed concrete is applied with high air
pressure which enables the material to fill out small voids on the surface of the rock and to penetrate
and fill out joints [2] which stabilize individual blocks from rotation. The primary use of shotcrete
is to support blocks that fit between the rock bolts but also to prevent deterioration of the rock mass
[3]. The bond strength developed between the concrete and the rock is able to transfer stresses
from small blocks to the surrounding rock mass. Sprayed concrete can therefore, in some cases, be
used as the only rock support.

The design of rock support is complicated and empirical methods, such as the Q-method developed
by Barton et al. [4], are widely used. The reason to this is the difficulty to determine the geometry
and the loads that act on the support. However, numerical analysis is a great tool to understand how
variation in material strength and thickness of the concrete affects the load capacity of the support.
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For numerical analysis, the rock support should be regarded as a composite structure of rock, FRSC
and rock bolts. One load case normally considered in numerical analysis is the load from a single
block between the rock bolts. This load case is described in the standards for road and railway
tunnels in Sweden [5] and potential failure mechanisms caused by the block are discussed in e.g. [6,
71]. Tt is assumed that the final failure mode is governed by the bond strength. If bond is sufficient,
shear failure might occur and if bond fails, a flexural failure can occur in the lining. Analytical
solutions for the capacity of the lining are presented for the mentioned failure modes in [6, 7].
However, it is difficult to account for effects caused by the irregular rock surfaces and the varying
thickness of the shotcrete in the analytical solutions. Such effects are discussed in [8] and it was
shown by Sjdlander et al. [9] that both of these factors have a significant effect on the load capacity.
Nilsson [10], showed that the placement of the bolts with respect to the uneven rock surface affects
the load capacity of the lining. Malmgren and Nordlund [11] studied the interaction between
shotcrete and rock and how various parameters such as the bond strength and surface roughness
influence failure in the concrete and the interface of the lining.

In this paper the failure mechanisms of a bolted FRSC lining subjected to a quasi-static load from
one block is reviewed through analysis of previous experimental results. A numerical model for
each of the important individual failure mechanisms of the lining, i.e. cracking of the fibre
reinforced concrete, bond failure between shotcrete and rock as well as pull-out failure of rock bolts
is presented. Each of the failure mechanisms are complicated and have previously been thoroughly
studied within their respectively field. This paper presents a short review of numerical methods for
each of the failure modes followed by a presentation of the preferred modelling approach. The
selected methods are verified against experimental results from the literature.

FAILURE OF A SHOTCRETE LINING

To investigate the failure mechanisms and the structural capacity for a bolted FRSC lining, large
scale experimental series was performed by Holmgren [12, 13] and Fernandes-Delgado et al. [14].
Several influencing factors such as; the thickness of the concrete, location of rock bolts and the
addition of reinforcement were investigated. The setup included three blocks that were covered with
one layer of sprayed concrete (30 to 140 mm). A displacement controlled hydraulic jack was used to
push the center block through the lining. The setups are shown in Figure 1, in a) with the rig vertical
and the blocks fixed to the ground by a steel rig and in b) with the rig horizontal and steel rods
used to tie the fixed block to the ground. Furthermore, the distance between the movable block and
the rock bolts were varied for the setup in Figure 1b).

a) b) ; 1163
_ 550 450 800 810 305/762 B63/40]
SU ]\ T =— Rock bolt L T [ 30-130
LS A
300 |~ Centerline —f 4 - Lt}s
' 4 - - —=- Moveable block—5= f . //,.’ |
1 | b ¥ [ ;
i L AN ! L= Hydraulic jack — !
| ) i N | It /
Fixed block' " staal rig Steel rods Fixed block

Figure 1 Setup for testing of bolt-anchored sprayed concrete lining by a) Holmgren [12] and by b)
Fernandes-Delgado et al. [14]. All measurements in mm.
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According to Holmgren [12], the primary failure mechanism is bond failure, characterized by a drop
in external force as shown in Figure 2 a). For unbolted and unreinforced lining, the load drops
approximately to one third of the failure load and can then not be further increased. Thereafter the
bond failure propagates until a flexural failure, occurs in the concrete. Fernandes-Delgado et al. [14]
also reported that bond failure is the primary failure mechanism for linings with a thickness between
50 to 130 mm. The moving block induces mainly tensile stresses at the interface and bond failure
will therefore be governed by Mode-I opening, i.e. tensile separation. For reinforced and bolted
linings, the load can be increased after the initial drop and the magnitude is governed by the amount
of reinforcement and the structural connection between the bolt and the reinforcement [12].

In Figure 2a), results from Holmgren [12] are presented where A2 to A4 represents increased
structural connection between bolt and reinforcement while the difference between A4 and AS is an
increased amount of reinforcement. Bond failure was decisive for the structural capacity of the lining
it was therefore not possible to increase the load any further than the initial peak load. Test
performed by Holmgren [13] with large amount of fibres (1.5 to 2.0 % of volume) in combination
with rock bolts and steel washer plates showed similar behavior to previous test with reinforcement
[12]. In the study by Fernandes-Delgado et al. [14], the entire area of the fixed block was in some
cases covered with tape to decrease the bond strength. In Figure 2b), test S3 and S5 had high bond
strength and no rock bolts while test S4 and S6 had low bond strength and rock bolts placed at a
distance of 91 cm from the edge of the moving block. The results indicates that a higher failure load
is achieved for linings with good bond strength and that the failure load is unaffected by the
thickness of the concrete.

Both studies [12, 14] conclude that bond stresses are transferred over a narrow band and that the
length of debonding, i.e. separation between the interfaces, is partly related to the thickness of the
shotcrete when no rock bolts are used. When rock bolts with steel plates are used, debonding is
arrested at the location of the plates. The location of the rock bolts with respect to the moving block
is therefore important for the failure mode of the lining. Fernandes- Delgado et al. [14] assumed that
bond stresses are triangularly distributed while Holmgren [12] assumed a uniform stress distribution.
With a uniform stress distribution and bond strength, the width of the band was by Holmgren
calculated to be approximately 30 mm [12]. The same width was calculated in numerical studies by
Banton et al. [15] and a uniform stress distribution is commonly accepted for how bond stresses are
transferred between blocks, see e.g. Barret and McCreath [6] and the Swedish design guidelines for
tunnels [7].

55 =$3-Good bond t=55

@ $3 \ = —54-Low bond 154
) /l" W\ —55=Good bond =134
5 / \ =$6-Low bond t=119
Vf: S -

-. ol /" R
t? > e —
o s n |

10 1% 20 % a5 1

Displacement [mm) - ~ =

15
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Figure 2 Test results for a bolted FRSC lining showing the influence of an increased structural connection
between reinforcement and bolt (A2-A4) and amount of reinforcement (44-A5) from [12]in left figure while
the influence of thickness (t) and bond strength from [14] is shown in right figure.

280



FAILURE OF FIBRE REINFORCED CONCRETE

Research regarding fibre reinforced sprayed concrete for rock support in tunnels begun in the 1970's
[16] and is today the dominating support methods for rock tunnels in Sweden and Norway [17].
Structural, or macro, fibres have commonly a length of 25 to 60 mm and a diameter of 0.3 to 3.0
mm [18] and are added to increase the ductility of the concrete. Extensive testing of the structural
behaviour of fibre reinforced concrete (FRC) have been performed by Barros and co-workers [19,
20] as well as Banthia and co-workers [21, 22]. Results have shown that the contribution from
fibres to the mechanical properties of concrete is negligible before cracking. After cracking, fibres
are able to bridge and transfer stresses across the crack which results in an increased ductility
compared to unreinforced concrete. The post-cracking response depends on the number and
orientation of fibres as well their geometry and anchorage in the concrete. A scatter in test results
is expected due to the random mixing of fibres in the concrete, as seen in Figure 3a). The main
failure and energy consumption mechanism for tensile failure is sliding and pull-out of fibres [23].
The pull-out force for individual fibres was investigated by Soetens et al. [24]. The results indicates
that the ultimate pull-out force is unaffected by the embedded length of a fibre in the concrete
matrix but the ductility increases with an increased embedded length, see Figure 3b). The pull-out
forces is also affected by the strength and diameter of the fiber as well as strength of the concrete
[25, 26]

Due to the random orientation of fibres and how it affects the failure behaviour, modelling of FRC
is complex and many different approaches can be found in the literature. Modelling of individual
fibres is uncommon due to the large amount of fibres which makes the model computationally
heavy. A computational efficient model was presented by Soetens and Matthys [25] in which fibres
were modelled as cable elements but only activated if they crossed a cracked concrete element. The
stress-strain curve for the fibres was based on pull-out tests of individual fibres and Monte Carlo
simulations were used to distribute them in a finite element model [25]. Luccioni et al. [26] used
information regarding the pull-out force of individual fibres to create a composite model of plain
concrete and fibres. The fibres were not modelled explicit but their contribution was described
depending on the assumed volume fraction of fibres and concrete.

The benefit of models based on the constitutive relations of individual fibres is that once these are
established, the influence of volume, orientation and distribution of fibres could be investigated
numerically [26]. However, if the distribution of fibres is unknown, more simple models exist that
yields the same results. FRC can be modelled as a homogenous material and the effect of fibres is
then accounted for by defining a relation between stress and crack opening (w). For such models,
the non-linear behaviour is commonly modelled using plasticity theory or continuum damage
mechanics (CDM) [27].

Figure 3 Test results for fibre reinforced concrete. Left figure shows the scatter in force-displacement for
notched beams [28] and right figure shows force-slip curves for pull-out of individual fibres [24].
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Numerical model for FRSC

Models based on CDM are straight forward to implement and normally more computational
efficient compared to plasticity model [27, 29]. A CDM is therefore used here and its main principle
is that cracking can be described as a reduction of the load bearing area [30]. An isotropic damage
model was used for Mode-I failure based on the work by Oliver et al. [29]. The implementation of
the governing equations and extensive testing of the capability to describe cracking of plain
concrete is presented by Gasch [27]. Stresses are calculated according to Eq. (1) where E is Young's
modulus of the undamaged material and w is the damage parameter ranging from zero for
undamaged material to one for fully damaged material.

0= (1 - w)E¢; ey

To evaluate when failure occurs, an equivalent straineqq based on Rankine's theory was used. This

states that failure occurs once one of the maximum principal stresses in any direction reaches the
failure stress.

1
geq = EmaX(O]); l = 11213 (2)
Only positive (tensile) stresses were used to evaluate €4 and compressive damage was not

considered in the model. To ensure that damage is irrecoverable, a history-dependent variable k was
introduced to keep track of the maximum tensile strain in each element.

K = max(eeq, Kold) (3)

A damage criterion f(&¢q, K) was defined based on strains according to Eq. (4) and a Kuhn-Tucker
condition was used to control the growth of damage as specified in Eq. (5). This states that damage
can only increase when the current state of strain &qq is larger than the history dependent strain #.

f(eeq k) = €eq—K <0 )

f<0;x=20;xf=0 ©)

Once damage occurs, stresses are described as a function of the crack opening w. The o(w) function
is based on the cohesive crack model (CCM) from Hillerborg et al. [31]. The basic concept of the
CCM is that a fracture process zone exists in front of the crack tip and that the stress at the tip is
equal to the tensile strength. Behind the crack tip, stresses are a function of the crack width up to
critical width in which the stresses have reached zero. In the literature, several shapes are found for
the o (w) function. A perfect plastic or a bi-linear hardening or softening curve is suggested in Model
Code [32]. Several researchers use a tri-linear o(w) function which is able to capture both the initial
softening and the subsequent hardening that could occur, see e.g. Yoo et al. [22] and Sotens and
Matthys [25]. To decrease mesh dependency, crack widths are converted to strains based on the crack
band width h¢. In this paper, hs have been set equal to the characteristic element length, this is a
common assumption [27, 33].

w; = (kK —¢gg)hsforeyg <k (6)

As the post-cracking response for FRC depends on the amount and distribution of fibres the response
can either be strain-softening, characterized by an initial drop in force at cracking before the fibres
are activated, see Figure 3a), or strain-hardening where the force instead can be increased post
cracking. The model presented here describes the effect of strain-softening which is the expected
response of FRSC with the amount and type of fibres used in Sweden [8]. A combined damage
function representative for plain and reinforced concrete was developed and is presented in terms of
strain according to Eq. (7) and (9). At crack initiation &y, damage is governed by the softening of
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plain concrete. Softening is described with an exponential function as in Eq. (7). The slope of the
softening curve is controlled by & which is based on the fracture energy Gy and tensile strength o, of
the concrete as described in Eq. (8).

K—¢€
o(k) = og.exp (— - 0) foreg <k @)
f
_ & G
&=+ o (®)

At the crack width &;, fibres are activated and softening is governed by the response of the fibres.
This is described with two identical defined linear functions of which the first on is presented in Eq.
9.

01(k) = 0oy —kix for ¢ Sk < g 9

The slope of the linear o (k) curve is defined by k = Acg/Ae and defined for the total strain k. A
schematic o(w) function is shown in Figure 4a) where o, is the stress at the intersection with the
stress axis. The stress o¢; has a fixed value and can be seen as a fictitious stress used to define the
o(w) function for the total strain. The exponential and linear damage function w(k) is derived by
setting Eq. (2) equal to Eq. (8) and Eq. (10), respectively.

K_go

w(K) =1 —%Oexp (— ) for g < K< g (10)

&

op — kK
a)l(zc)=1—f1E—K1 for e <k <e, (11)

Verification of numerical model for FRSC

Buratti et al. [28] tested a notched beam of fibre reinforced concrete in three-point bending. These
results were used to verify the presented model. For the simulation, a 2D model with a free triangular
mesh with a size of 8-10 mm was used. To define the material model, G and a; for the concrete is
needed as well as the crack widths w; and stress ratios a; = o(w;)/ay, at the intersecting points see
Figure 4a). The material data were chosen to reproduce the experimental results and are presented in
Table 1. The scatter in results was captured by varying wy, w, and @, within the given intervals. It
should be noted that the o(w) function is not a constitutive law and several solutions, i.e. different
shapes of the a(w) could be used to match the experimental results. A comparison of simulated
result (solid) and experimental results (dashed) from [28] are plotted in Figure 4b).
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Figure 4 Schematic relation between stress-strain for the individual (dashed) and resulting (solid)
o(w)function in left figure and comparison between numerical (solid) and experimental (dashed)
results from [28] in right figure.
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Table 1 Material parameters used for damage model

o, [MPa] Gy [J/m?] wy [mm] w, [mm] w3 [mm] ay [] a []
3.2 100 0.045-0.065 1.75-2.5 5.0 0.18-0.3 0.01
BOND FAILURE

Bond failure is important for the performance for various structures and categorizes as Mode-I
(tensile/opening), Mode-II (sliding/shear) or Mixed-Mode. Krounis et al. [34] studied Mode-II
failure in the interface between rock and concrete subjected to a compressive stress and shear
displacement. Results indicate that this failure mode can be modelled with an elasto-perfectly plastic
model, see Figure 5a). Tensile failure, i.e. Mode-I cracks, are the predominated cause of failure in
concrete structure. These cracks normally propagate along the interface between cement paste and
aggregate. Studies of bond strength and softening behaviour between cement paste and different rock
types have therefore been focused on Mode-I failure, see e.g. Tschegg et al. [35, 36], Alexander et al.
[37], Dong et al. [38, 39]. In Figure 5b), Force-CMOD (crack mount opening displacement) curves
for Mode-I failure from Dong et al. [38] are shown. The force is normalized against the maximum
force for each test and the results indicate that the interface is stiff and that failure is quasi-brittle.
Dong et al. [38] suggest that Mode-I failure can be modelled with a bi-linear or exponential function.

Two common methods to model contact between structural components are the augmented
Lagrange method and the penalty method. In both models, contact between two surfaces is
modelled using a stiff spring that resolves the contact stresses [40]. The primary difference between
the two models is that the penalty method changes the stiffness of the involved degrees of freedom
(DOF) while the augmented Lagrange method adds DOF to solve the contact problem [41].

Numerical model for bond failure

An isotropic damage parameter wy, and a cohesive crack model o(u) were used in this paper to
describe the non-linear behaviour of the interface. These are the same principles as was used for
FRSC and was used for the same reasons. Contact was modelled with the penalty method and zero
thickness elements were used at the interface as presented by Camnaho et. al [42]. In this model,
stresses at the interface are evaluated according to Eq. (12)

0 = Kiui(1 - wy) (12)

Where, K; is the stiffness of the spring added to each element in contact and u; is the displacement
(gap-distance) of the interface. As can be seen in Eq. (12), displacement of the spring, i.e. interface,
must occur for stresses to develop. A small penetration of the surface is required for compressive
stresses to develop. The compressive stiffness, K. has no physical meaning but prohibits penetration
and thereby decreases the physical error with an increased stiffness. The stiffness could be a cause
for numerical problems [41] and the initial stiffness should at least be equal to:

E._;
Kie = == (13)
min

Here, Ephin and by, is the minimum Young's modulus respectively element length of the two
materials at the interface. Thus, the minimum stiffness of the interface is equal to the minimum
axial stiffness of the elements in contact. To evaluate tensile stresses, the penalty stiffness Kj; is
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Figure 5 Test of bond failure where left figure shows Mode-11 failure with interaction of compressive stress
and variation in bond area from [34] and right figure shows normalized curves for Mode-I failure from

[38].

calculated according to Eq. (12) with the displacement at failure initiation ujy and the tensile bond
strength oy known from experiments. The relation between oy and u; is linear up until oy is
reached. Thereafter, an exponential oy(u;) function according to Eq. (14) was used.

Up — Uy

o1(u) = orexp(— u—lf) (14)

Here, uyq is the displacement at initiation of failure and u;s controls the slope of the softening curve.
The damage function in Mode-I was derived by setting Eq. (12) and Eq. (14) equal to each other.

Upo Uy — Upp
1) (u)=1——exp(——) 15
A Uy Ut (1)

The displacement uys is calculated based on fracture energy as:

Uy | Gy
e e
I

(16)

The used bond model is valid for Mode-I failure. The reason for this choice is that failure is
expected to be governed by Mode-I. Furthermore, accurate test data to for Mode-II, i.e.
o, on(uy), Gr and Kjj, as well as Mixed-Mode failure with a relevant combination of tensile and
shear stresses at the interface are difficult to find. However, the model can be extended to account
for Mode-II and Mixed-Mode failure by, the Mixed-Mode displacements u,, as proposed by

Camanbho et al. [42]:
Uy = Ju? +u? 7

The corresponding Mixed-Mode failure criterion can be based on a power law of the ratio between
released fracture energy G; and total fracture energy Gjs [42] as:

@) (2 -
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Figure 6 Left figure shows relation between relative stress and evolution of damage as a function of gap
distance between interfaces and right figures shows comparison between experimental [39] and numerical

results with the presented model.

Verification of numerical model for bond failure
Dong et al. [39] performed 3-point bending test with a composite beam with dimensions

500%100*100 mm?® to evaluate tensile strength and fracture energy of the interface between concrete
and rock. Half of the beam was a rock block and the other half concrete. After hardening, a notch
was cut in the center of the interface. For the simulation, a 2D model was created with a free
triangular mesh. The ratio between mesh sizes at the interface was one and the mesh size was 30
mm and the material data is presented in Table 2. In Figure 6a), the relation between stress and
Mode-I opening is presented for the numerical model. Stresses were normalized against the failure
stress. In Figure 6b), simulated results are compared with experimental results from [39].

Table 2 Material data for mode-I bond failure

K\ [GPa/m] oy [MPa] G [J/m?]
20

250 1.9

INTERACTION BETWEEN SHOTCRETE AND ROCK BOLTS

Rock bolts are used to secure single rock blocks and to ensure a structural connection between the
shotcrete and the rock. Three types of conventional rock bolts exists, fully-grouted rebar bolts,
frictional bolts and expansion bolts [43]. Rock bolts can either be pre-tensioned or passive un-
tensioned. Two kinds of movement occur in a rock joints; opening in the normal direction
(perpendicular to the joint plane) and shear displacement in the plane. Rock bolts are used to
decrease the deformation of the joint and are therefore subjected to both normal and shear forces.
When rock bolts are installed, grout is used to fill the void between bolt and rock to ensure a
structural connection. The behavior of the bolts is therefore governed by a complex interaction of
contact pressure between shotcrete and washer as well as bond/friction between the material
interfaces between bolt, grout and rock. For rock bolts loaded in the normal (axial) direction, three
main failure modes exist; cone failure, tensile failure in the steel or bond failure in one of the three
interfaces (concrete-bolt, grout-bolt and grout-rock). According to Guan et al. [44], the most
common failure mode during pull-out tests is failure at the bolt—grout interface. For passive rock
bolts loaded in the shear plane, a pure failure mechanism is not present. Such bolts will bend and
deform in an S-shape [45]. The normal and bending forces as well as the failure of the bolt depends
on the interaction between steel, rock and grout. The contribution of the bolt to the shear capacity of
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a joint exceeds the pure shear capacity of the steel material [REF??] due to an added frictional force
at the joint interface.

Two basic approaches are used when analyzing rock bolt by numerical methods; explicit [46, 47,
48], and implicit [49, 50, 51] methods. In the explicit method, the rock bolt is modeled as an own
part while in the implicit method, the contributions from rock bolts are smeared over the rock mass
and added to the constitutive laws of the rock or joint. In general, the implicit method is used for
more complicated engineering problems where it is unpractical or unmanageable to model each rock-
bolt. In contrary, the explicit method allows a more detailed study of the rock bolts behavior. As the
position of the rock bolts affects the structural behavior of a bolted FRSC lining, the implicit method
is inappropriate for a detailed analysis. In explicit models [52], either a detailed analysis of the bar,
rock and grout or a simplified approach is used. For the detailed analysis, nonlinear material behavior
and interactions between interfaces are modelled. These types of analysis are therefore computational
heavy and are in most cases limited to the simulation of a single bolt. In the simplified approach, the
bolt is modeled with a truss or beam element and the attachment is modeled with springs. The choice
between truss or beam depends on if the bolt is assumed to contribute only by axial forces or with
axial forces and bending. Two types of spring models are used for the attachment; non-linear spring
adopted in structural engineering characterized by a non-linear force-displacement relationship [32]
or the spring-slider approach adopted in rock mechanics [44], where the spring determines the
stiffness and the slider the failure load.

Numerical model for rock bolts

As the focus of this paper is on simulating the behavior of shotcrete, a priority for the selection of
rock bolt model was to reduce the computational effort for the rock bolt part. An explicit model was
therefore used where the bolt is represented with a beam element and the attachment to the rock with
springs. For the axial behavior, the principle of bond stress-slip relationship from fib Model Code
[32] was used. Here, the anchorage of rebars in concrete are modeled with a bond stress-slip 7(s)
relationship consisting of four parts according to Eqgs. (19-22) where T is the bond stress and s the
slip displacement. The input for the model is the maximal bond stress T, the residual bond stress T,
the tree slip displacements s; — s3 and the parameter a which determines the shape of the initial part
of the curve.

S a
(s) =1 (S—> fors <s; 19)
1
7(s) = tpfors; <s< s, (20)
7(s) = rm—(rm—rr)(s_sz)forsz<sSs3 21
S3 = 52
7(s) = 1. fors; <s (22)

The recommended values for a pull-out failure in well-confined concrete are presented in Table 3.
The maximal bond stress is assumed to be related to the concretes compressive strength and the
quality of the bond. This stress-slip relation can be implemented in a FE-model as non-linear springs
with a force-slip relationship. The relationship for each axial spring is obtained by multiplying the
stress with the element length h and the circumference of the bolt md according to:

F(s) = t(s)ndh (23)

Verification of numerical model for rock bolts

Chen [53] performed pull, shear and mixed mode displacement tests on bolt specimens. From their
test series, the pull test (90° displacement angle) with conventional reinforcement was used for
comparing the model. In this test, two concrete blocks of high strength concrete (compressive
strength 110 MPa) with the dimensions 950%¥950%950 mm? were used to represent the rock. A 33 mm
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Figure 7 Left figures shows schematically the relation between bond stress and slip for the numerical model
and right figure shows comparison between experimental results [53] and numerical simulations for the
fib model (dotted) and adjusted model (solid)

diameter hole was drilled through the blocks. Thereafter a bolt with the diameter 20 mm was placed
in the hole and filled with grout with a compressive strength of 60 MPa. The bolt was loaded until
failure in the axial direction by displacing one of the block while keeping the other in a fixed
position. The experiment was simulated in 3D using beam elements for the bolt and solid elements
for the rock with an average element size of 0.1 m. The bolt was attached to the moving concrete
block by tying the translational degrees of freedoms to the concrete. For the fixed part, one spring in
each direction was used to simulate the connection. In the axial direction, a non-linear spring was
used with the described force-slip relationship. In the two shear directions, linear spring was used to
represent the elastic behavior of the grout under small shearing displacements. A comparison
between simulated results and experimental results from [53] is plotted in Figure 7. When using
values recommended by fib [32], the stiffness as well as the strength of the attachment is
overestimated. Instead, the input to the model was adjusted to achieve a better agreement with the
experiment. The adjusted values presented in Table 3 gives a smaller maximal load and greater
displacements compared to the fib model.

Table 3 Bond stress—slip relationship

Model Tmax [MPa] ol-] s1[mm] S, [mm] s3[mm]
Fib 1.25 |fem 0.4 1.6 36 c
MPa
Adj 3 0.4 6.0 35 36

This shows that the anchorage for a grouted rock bolt is weaker and softer than the anchorage of a
bolt embedded in concrete. There are several possible explanations for this. Rock bolts are installed
in drilled holes and grout is then used to fill the void between the bolt and rock. The bolt can
therefore slip along two interfaces, between bolt and grout or between grout and rock. A bolt
embedded in concrete, such as the one used for the calibration of the fib model, can only slide along
one interface. The reason to why the interface between the bolt and concrete is stiffer could be that a
more uniform bond is achieved along the interface when the bolts are placed before casting of the
concrete. Another reason could be that mechanical interlocking between the ribbons of the bolt and
the concrete increases the stiffness.
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CONCLUSIONS

In this paper, the three important failure mechanisms of a bolted FRSC lining were identified through
analysis of experimental results. The results from Holmgren [12, 13] and Fernandez-Delgado [14]
showed that tensile bond failure is the primary failure mechanism for a lining when the thickness of
the concrete is between 50 to 130 mm. For all tested cases, the peak load was determined by the
primary failure mechanism and the bond between sprayed concrete and rock is therefore the decisive
parameter for the structural capacity of a lining. When rock bolts in combination with steel plates are
used, bond failure will be arrested at the location of the steel plates [12]. The ultimate failure
mechanism is in such case flexural cracking of the concrete, i.e. a Mode-I crack. Both tensile bond
failure and tensile cracking of the FRSC must therefore be included in a numerical model of bolted
lining. To capture to complete failure behaviour of a bolted lining, the interaction between the rock
bolts and steel plates with the sprayed concrete must be included since the steel plates will arrest the
bond failure.

A short review of different numerical models for each of the individual failure mechanisms was then
presented. Each one has been studied thoroughly by other researchers and many different techniques
to model each failure mechanism exist. The models can be divided into two different types; simple or
detailed. The simple type aims at describing the structural response caused by the failure mechanism.
For FRSC, such models are presented by e.g. Yoo et al. [22] and Sjo6lander [8] and are able to
describe the structural response such as the peak load and the softening caused by cracking in the
concrete. These models are unable to predict the true failure mechanism, i.e. if failure is caused by
sliding or rupture of the fibres. To capture such effects, detailed models such at the one presented by
Soetens and Matthys [25] must be used. Their model is based on the constitutive laws for a single
fibre and individual fibres are modeled explicit. The tradeoff for such a model is of course that it is
more computational heavy compared to the more simple models. The focus in this paper was to
present a numerical model that can be used to simulate failure and predict the structural capacity of a
bolted FRSC lining. Therefore, the numerical model for each of the failure mechanism were chosen
based on that it should be computational efficient and easy to implement in a FE software. All of the
selected models are of the simple kind and showed good agreement with experimental results.

The numerical model presented in this paper is able to describe each of the failure mechanisms of a
bolted FRSC lining. The next step in this research project is to combine the numerical models for the
individual failure mechanisms to simulate failure of a lining. The complete model will be validated
against experimental results and used to study how the structural capacity of the lining is affected by
important in-situ factors such as varying thickness of the concrete and an irregular rock surface.
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Summary

Permanent sprayed concrete linings (PSCL) have existed in various forms for decades but the
technology has recently taken significant strides forwards with adoption on several major
projects in the UK, most notably, Crossrail. This paper will review the key elements of the
design philosophies that underpin current applications of PSCL in soft ground conditions.
Achieving this transition required the combination of a set of interrelated technological
advances, such as the use of laser survey to control profile for excavation and spraying,
omission of lattice girders and mesh, fibre reinforcement, permanent sprayed concrete and
spray applied waterproofing membranes. By reviewing the design assumptions and methods,
it is possible to map out the path for future significant improvements in PSCL.

1. INTRODUCTION

Despite a long history of using permanent sprayed concrete linings (PSCL) in tunnels,
especially in rock tunnels, this technique is still relatively rarely applied in soft ground.
Adoption of PSCL is also very variable geographically with the concept largely embraced in
some countries and flatly rejected in others. Even on pioneering projects, there has been
concern that PSCL in its current form does not offer the most economic option. There is
clearly scope for more innovation and improvement before the full benefits have yet to be
realised [1].

This paper reviews the development of design concepts for permanent sprayed concrete
linings (PSCL) and proposes a new design concept for fully Composite Shell Linings which
could represent a very cost-effective and more sustainable option. This paper is based on an
earlier one by the authors [2].

2. DEVELOPMENT OF PERMANENT SPRAYED CONCRETE LININGS

The early development of NATM / SCL tunnelling in the form of the double shell approach of
temporary primary linings and cast insitu permanent secondary linings has been described by
others (e.g. [3] and [4]). It has been recognized for a long time that, as the quality of sprayed
concrete has improved, the traditional double shell lining is potentially overly conservative
and wasteful. It has been noted that measurements for real tunnels have shown that the
secondary linings are often not carrying the loads that would be expected, based on the
assumption that the primary lining has disintegrated [5]. At the same time, the good durability
of sprayed concrete has been demonstrated on many projects [4].

A range of options now exist (some in practice and some still only on the drawing board) for
SCL tunnels in soft ground, stretching from Double Shell Linings (DSL) to Single Shell
Linings (SSL) — see Fig.1 [6]). While permanent SSL was used successfully at Heathrow
Terminal 5 [7], its success relied on the generally impermeable nature of the London Clay and
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the fact that these were non-public tunnels. The “Holy Grail” remains the creation of a
permanent SSL with a waterproofing layer on the extrados, since a truly impermeable sprayed
concrete lining is not possible because of all the joints and potential imperfections. This has
been explored but as yet a viable version has not been implemented [6].
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Fig. 1 SCL design options current considered in the tunnelling industry
la: Typical Double Shell lining (DSL) 1b: Typical Composite Shell Lining — (CSL with partial
composite with no shear or adhesive bond). 1c: Fully Composite Shell Lining (CSL) 1d:
Typical Single Shell Lining (SSL) GL = ground load; WL or H20 = water load

A significant leap forward was made on the Crossrail project by harnessing a series of
technological and conceptual advances into a coherent design concept for PSCL for both
public and non-public tunnels [1].

Fig.2 shows the components of this design. The design can be characterized as a “partially
composite shell” lining since, at that time, the designers felt that there was insufficient test
data and project experience on the performance of the bond to the membrane to adopt a “fully
composite shell” design approach [6]. While this design was adopted by all of the contractors
on Crossrail (without major changes during the Value Engineering period) and it was
successfully built, the design has been criticized as overly conservative and even a retrograde
step because of the large thicknesses of expensive fibre reinforced sprayed concrete [8].
While the overall thickness may not have been reduced, it should be remembered that the new
design reduced the steel reinforcement dramatically and reduced overall construction time.
With the benefit of hindsight, some have questioned whether or not cast insitu secondary
linings with sheet membranes would have been better [9]. As will be explained later, two key
design decisions - namely, the assumptions of zero bond at the membrane and that the water
pressure acts on the outer face of the membrane - lie behind the limitations of this design
concept and solutions are proposed to overcome them and increase the potential for a better
design approach.
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Fig.2 Fibre reinforced PSCL for Crossrail with design load assumptions
3. COMPOSITE LININGS

The Composite Shell Lining (CSL) approach is only relevant to cases where there is an
increase in loads over time or where there is an integral waterproofing layer is needed.
Otherwise there would be no reason to increase the primary lining. Much of the discussion of
CSL has centred on the application in London Clay where the heavily over-consolidated clay
initially exhibits undrained behaviour and then drained behaviour in the longer term. This
results in an increase in water loads and to a lesser extent ground loads too. However, these
sorts of ground conditions are not just seen in London. Furthermore, it is not uncommon for
loads on a lining to increase with time in other ground conditions. This could be due to an
increase in water pressure, following the re-establishment of the initial pore pressures which
were lowered during construction. Also this could arise from creep or swelling, albeit this is
rarer. Some load could also be transferred to the secondary lining by other means such as
creep in the primary lining. However, these loads are probably very small (e.g. [5] and
mitigated by other effects such as creep and shrinkage in the secondary lining.
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Several studies have been made into the structural behaviour of composite linings - either
made up of multiple layers of concrete or including a spray applied waterproofing membrane
(e.g. [6], [11] and [12]). Considering the likely range of shear stiffnesses for typical
membranes, they have concluded that a CSL would function as a partially bonded structure —
see Fig.3.

It has been suggested that the assumption of zero bond (and water pressure applied to the
secondary lining) is not necessarily conservative [12]. This is because the two rings of
concrete tend to move in concert and so both end up with significant bending moments in
them while the axial force is shared. At these levels of loading, the linings have less bending
capacity at lower axial forces. Hence, there is an increased risk of overstressing in bending,
albeit, if one models the resultant cracking, the overstressing would be redistributed. These
studies imply that simply making a decision to include a structurally effective bond at the
membrane will not lead immediately to a major reduction in the overall lining thickness. It
has been suggested that this might be a 50 mm reduction from a total thickness of 700 mm
(i.e. 7%) [6]. This small benefit may be offset by the increased costs of this more demanding
method; a comment that has also been made in relation to the choice between DSL and CSL.

Recent studies have examined the effect of varying the thickness of the secondary lining [11].
Naturally, increasing the overall lining thickness leads to a stiffer lining which attracts more
load. However, for the typical range of shear stiffnesses of membranes, the increase in the
lining stiffness is modest [ 13]. Others found that thinner secondary linings were not
overloaded in their test case (except in the invert) whereas thicker secondary linings could
experience overloading in bending in the crown [11]. The high bending moments for all
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secondary linings in the invert appear to be a quirk of the Crossrail design which featured a
thickened invert slab.

Looking at this from a different angle, another good reason to minimize the use of a
secondary lining is the fact that it can be quite difficult to transfer the load into the secondary
lining [6], with the exception of the case of traditional double shell linings with a sheet
membrane.

4. DESIGN CONCEPT

This section outlines a new potential design concept for permanent sprayed concrete linings in
soft ground with comments on each aspect. The ideal characteristics of the design are listed
below and illustrated in Feil! Fant ikke referansekilden.. Each one is examined in turn in the
following sections and real case compared with the ideal one.

No temporary material; all parts of the lining are permanent

Water pressure acts at the extrados of the tunnel

Non-zero bond at the interface between the waterproofing membrane and concrete
As few construction steps as possible

No delamination

Nk W =

Short and Long
term loads

100% GL 100% H,0
(

3 \'
N {{f-, Primary SCL

T e N Regulating layer
Spray membrane

| Smoothing/FP layer

Fig.4 New deszgn concept for PSCL (FP = Fire protection)

4.1  Permanent lining

Of course, the ideal situation involves minimal waste. Permanent sprayed concrete is a proven
technology. However, many recent designs have assumed that the very first layer of sprayed
concrete — sometimes called a “sealing layer” — is temporary. This is sometimes described as
a sacrificial layer on the basis that this layer will help protect the primary lining from
aggressive groundwater, in the same way as the cover layer protects steel bars in conventional
cast concrete. Another reason for regarding this initial layer as temporary is a concern over
the quality of the concrete sprayed onto the ground which may have loose ground bound into
it or may be weakened by ground water. However, if there are no steel bars in the lining, there
is no need for a cover layer. Groundwater is rarely so aggressive that it might impair the
durability of the concrete itself.
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It is proposed that 50 mm is ample for a sealing layer in typical soft ground conditions [3] and
this should be considered as a non-structural layer in the longterm for the reasons above.
Alternatively, Thin Support Liners (TSLs) could also be used as a sealing layer but, for ease
of construction, it is often better to use the same concrete mix and equipment set-ups as for
the primary lining.

4.2  Water pressure

This is the critical aspect in the design of PSCL tunnels with spray applied waterproofing
membranes. In the case of a tunnel in ground conditions like London Clay, where there is no
water pressure in the short-term but a significant water pressure acts in the longterm, the
choices of where this water pressure acts and its magnitude have a huge impact on the
thickness of the secondary lining. For example, if the full water pressure acts on the external
face of an unbonded waterproofing membrane, then the secondary lining must carry all of this
load. Typically this would lead to a 300 mm thick secondary for a shallow 10m diameter
tunnel.

One view is that over the long term the concrete will become saturated and the full pore
pressure will act in the primary lining, assuming that there is no leakage through the lining.
While the concrete itself can be produced with very low permeability [4], the lining itself is
harder to make watertight [14].

Another view is that the primary lining is made with high performance concrete which has a
low permeability. While there may be isolated cracks, water is not able to penetrate behind the
membrane because it is bonded. Hence the water pressure acts on the extrados of the primary
lining.

Several studies ([15] & [16]) have investigated the saturation of the concrete either side of a
spray applied membrane. Paraphrasing the conclusions of Holter’s extensive research, one
could consider the membrane like a Gore-Tex jacket. In other words, the membrane keeps out
liquid water but it can “breathe” and permit water vapour to pass through the barrier. The
result of this is a reduction in the saturation and presumably the pore pressure too on the
external face of the membrane. The water is lost at the intrados of the secondary into the air
by evaporation. The volumes transmitted were back-calculated in two cases from
measurements of concrete and membrane properties and the degree of saturation with a
numerical model [14]. In both cases, these were much lower than the ITA recommended limit
for dry storerooms of 0.02 I/m2 per day, although in practice some damp patches were
reported [16].

In a similar way, the design of dams have in some cases relied on the benefit of leakage which
reduces the pore pressure within the dam. In the context of a single shell permanent sprayed
tunnel lining (without a waterproofing membrane), a reduced value of pore pressure of 85%
of the external pressure has been proposed to account for this [17]. This is similar in value to
the reduction in Degree of Capillary Saturation (DCS) observed at the extrados of the
membranes in 3 real tunnels [16]. It is worth noting that while these were all drained tunnels
in rock, the lining thicknesses were similar to those in soft ground tunnels (150 to 350 mm)
and the DCS was close to 100% at the rock-primary lining interface, which would seem to
imply the full water pressure in the ground around the tunnel acted there. Since these were
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drained tunnels, this water pressure in the ground around is lower than the insitu hydrostatic
pressure.

Add a section on wet crack phenomenon?

Tab. 1: Interface strengths in different modes of loading for mature ages (i.e. 28 day or older)
from various authors

Compression | Tension Shear Reference
MN/m2 MN/m2 MN/m2

Thin membrane - smoothed 30.0 0.7 2.1 [18] — “dry samples”
or regulated surface (RH= 60%)
Thin membrane - as 11.0 0.7 2.0 [18]- “dry samples”
sprayed surface (RH= 60%)
Thick membrane - 10.0 0.7 2.0 [18]- “dry samples”
smoothed or regulated (RH=60%)
surface
Thick membrane - as 8.0 0.7 1.7 [18]- “dry samples”
sprayed surface (RH= 60%)
Dry samples (M1) - 1.1-1.6 0.75 [16]
Moist samples (M1) - 03-1.15 - [16]
Thin membrane — as - 0.64 — - [6]
sprayed surface — various 0.89
TSLs and membranes*
Medium to Strong TSLs - 0.5-4.5 1-7 [19]

* TSL = Thin Skin Liner; from a study of spraying membranes onto freshly sprayed concrete

While one could construct an argument based on this concept and the experimental evidence
to support the use of a reduced pore pressure acting on the external face of the membrane, the
benefit may be marginal compared to the effort required to gain acceptance.

While this reduction in load is helpful, a much greater benefit can be gained from assuming
that the membrane is bonded to the primary. Then, whether the water pressure is assumed to
act on the extrados of the primary lining or the water pressure is acting on the external face of
the membrane the structural effect is the same. The latter case of the water pressure pushing
on the extrados of the membrane is analogous in structural terms to a uniformly distributed
load (UDL) pulling a beam (the primary lining) downwards. The structural effect on the beam
is the same as irrespective of whether the UDL acts on the top or bottom face of the beam,
provided that the beam does not delaminate — i.e. the membrane remains bonded to the
primary lining..

Feil! Fant ikke referansekilden.lists typical interface properties. Some results from Thin
Support Liners (TSLs) have been included here for comparison since they are similar
products, although they are not intended to act as water barriers. Considering a typical metro
tunnel at a depth of 30m, one would expect a maximum water pressure of 300 kPa, which can
be compared to bond strengths in direct tension of 600 kPa or more. Hence, there is a global
factor of safety of about 2 against delamination of the membrane. If there is any secondary
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lining inside, this will also help to resist the water pressure, increasing the factor of safety
further.

In other words, in design calculations, one can effectively consider the water pressure as
acting on the extrados of the primary lining. Extending this concept further, if the primary
lining is carrying the water load and the tensile bond keeps the membrane glued to the
primary lining, the secondary lining is redundant from a structural point of view and can be
omitted [1]. In reality, there are several good reasons for retaining a thin secondary lining, as
will be discussed later.

4.3 Bonded spray applied waterproofing membranes

As explained in the previous section, it has been proven that there is a bond in both direct
tension and shear in the short and long term ([16] & [18]) — see Feil! Fant ikke
referansekilden.. The magnitude of the bond may depend on the water content of the
membrane [15]. Some researchers have argued that the membrane will generally be dry [18]
but this is questionable and data from real tunnels suggests otherwise [16]. While recognising
that each of the different products on the market today exhibits a level of different
performance, there is a growing confidence in this behaviour which opens the door to
embracing composite lining action in designs.

Various authors have begun to investigate this ([6], [11] & [12]). The results have yielded
some contradictory findings in the context of the typical PSCL application with the membrane
sandwiched in between two layers of concrete with similar thicknesses. The balance of the
loads shifts between the layers and the two layers interact in terms of deformations to a
greater or lesser extent, depending on the degree of bonding. The “fully bonded” case can
even be more adverse for the secondary, if it is bent a lot while much of the axial load lies in
the primary, since the bending capacity is lower at low axial loads.

The benefit of the bond in direct tension has already been discussed. This would permit the
complete omission of a secondary lining (for structural purposes). Despite the evidence, some
have shied away from taking this step, preferring a “belt and braces” approach to resisting
water pressures. With the current pressure to deliver value for money, all components in a
lining system should have a defined engineering function, rather than being added through
uncritical application of precedent practice.

Considering the bond in shear, while one can use some simplified calculations (e.g. after [17])
to compare the likely shear stresses at the interface and prove that the bond is adequate, this is
arguably a moot point, if the secondary lining has no structural function. Likewise, the fact,
that the bond inevitably will result in some load transfer to a non-structural secondary lining,
is irrelevant because overstressing and cracking of this layer will simply shed the load back
into the structural layer — the primary layer. There is limited data on the longterm shear
strength of the membranes and it has been suggested that creep in the longterm

At this juncture, it is worth reflecting on the role of the secondary layer, now that it has been
demonstrated that it serves no structural purpose. There are several possible purposes.

e A fire protection layer for the waterproofing layer and the primary lining
e To carry fixing loads (e.g. for signs, cable trays or cladding)
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e An aesthetic finish

4.4  Fire protection

A fire protection layer of sprayed concrete with micro polypropylene (PP) fibres could be
designed to insulate the membrane and primary lining. This requires detailed consideration in
each case. However, one could make some general comments based on typical results. Firstly,
the layer should be at least 50 mm as there is usually some spalling, even in this layer. While
the fire design for each tunnel requires its own detailed study and possibly testing, considering
Fig.5 as a conservative estimate of fire tests, one could choose a thickness of about 75 mm to
keep the temperature of the primary layer below 250 °C for a 120 minute fire, in accordance
with the Eurocode. This temperature would reduce the strength of the concrete but the loads
would probably still remain within the capacity of the primary lining. For more significant
hydrocarbon fires, thicker fire protection layers might be needed.
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Fig.5 Temperature profiles for slabs (height h = 200) for R60 - R240 [20]

Spray applied waterproofing membranes are polymeric compounds which decompose when
exposed to high temperatures. Typically, at 250°C, half of bonds in an EVA polymer
decompose within 2 hours but the membrane is still functioning. The risk of the membrane
reaching these elevated temperatures and the consequences of its decomposition should be
considered as part of the global structure fire study.

In terms of the risk of fire posed by the membrane itself, spray applied waterproofing
membranes are typically classed as “non-ignitable” (Class E when fire tested against BS EN
ISO 11925-2, single-flame source test). This is the minimum requirement recommended by
ITAtech. Some are classed as “self-extinguishing” in terms of Flammability (in accordance
with DIN 4102-B2). Minova’s Tekflex DS-W has also been tested according to a standard
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used in mines, “EN ISO 340 Conveyor belts — Laboratory scale flammability characteristics —
Requirements and test method” and it has does not ignite under a direct flame.

In typical cases, the worst case design fire would probably result in some spalling of the fire
protection layer, the general loss of its strength and the decomposition of the membrane. After
such a fire, a tunnel would inevitably require repair to damaged sections of the membrane and
fire protection. This is relatively straightforward using high pressure water milling and then
re-spraying both components. The primary lining (and ground) will be impermeable enough
to permit this repair. Depending on the design fire, it may be possible to use a fire protection
layer to avoid any decomposition of the membrane.

4.5  Fixing loads

A secondary lining thickness of about 75 mm would be adequate for most fixings. Typical
fixing bolts are embedded around 40 - 50 mm into the lining. There may be some practical
difficulties in carrying large fixing loads and a risk of puncturing the membrane while drilling
anchors. Special measures may be required such as inserts into the primary that are sprayed
over with the membrane or local thickening of the secondary lining. This has been done
successfully already on projects such as the A3 Hindhead and Crossrail projects in the UK.

4.6 Aesthetics

Since this secondary no-longer has a structural function, the mix of the concrete can be
optimised to suit the surface finish needed. In many cases, an as-sprayed finish is deemed
acceptable for non-public areas such as highway tunnels (Fig.6 a — Hindhead Road Tunnel,
UK where the sidewall are cast insitu and the crown is sprayed concrete, as with the majority
of road tunnels in Norway), As sprayed finishes for rail, metro and service tunnels are also
suitable and functional. For example, numerous metro stations in Sweden and Finland detail
as-sprayed concrete finishes for public spaces (see Figure 6 b).

Fig.6 (a) A3 Hindhead Road Tunnel - as-sprayed finish in the crown and cast insitu concrete
sidewalls (b) Architectural finish with sprayed concrete in the Stockholm Metro

For other metro and rail projects, the need for higher reflectance, the use of advertising and a
system to discretely cover the multitude of service cables lends itself to cladding systems are
needed, as shown in

Fig.7. The choice of finish and cladding will depend on the client’s requirements and
preferences.
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Fig.7 HRH Queen Elizabeth Il inspecting cladding system of PSCL on Crossrail

4.7  Minimizing construction steps

Tab. 2 sets out the different layers in a lining according to this new design concept and
compares them with the Crossrail design. Not only are the layers thinner but also there are
fewer steps. This speeds up and simplifies construction, which also reduces cost. The
performance of spray applied waterproofing membranes is heavily dependent on the
preparation of the substrate. Attempting to minimize this step and layer further often turns out
to be a false economy.

Tab. 2: Layers and proposed thicknesses for a typical soft ground 10m SCL tunnel (New
concept and Crossrail)

Layers for PSCL ctijlec‘:p " Crossrail
1 | Sealing layer 50 75
2 | Primary layer 325 325
3 | Regulating layer 40 40
4 | Membrane 4 4
5 | Secondary layer 0 300
6 | Fire protection layer 75 50
Total 494 794
Saving Potential ~ 40% 62% 100%

A more subtle benefit of this approach is that the roles of the different layers have been
simplified. The trend recently has been to place ever greater demands on sprayed concrete as
a “multifunctional” material. Typically permanent sprayed concrete must be pumped and
sprayed easily, gain early age strength rapidly, transform into a dense, high strength material
with low permeability and maintain these characteristics for a design life of more than 100
years. Considering the new CSL approach here, the primary layer must fulfil many of the
above but it does not have to be impermeable. Any reduction in the overall thickness of the
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sealing layer and the primary layer will improve safety as spraying thick layers can be
dangerous [21]. The secondary layer is no-longer structural and it is much thinner so it only
needs micro PP fibres and the early age strength demands are lower.

Substrate surface preparation is an essential step for a successful application of a spray
applied waterproofing membranes. Paradoxically the waterproofing membrane can only be
applied in dry conditions as running water will wash it off during spraying and excessive
humidity will prevent the complete curing of the membrane. Also a regulating layer is
required to create a relatively smooth surface. This minimizes the quantity of spray applied
waterproofing membranes needed and the risk of pinhole defects.

Normally the required level of dryness is achieved by a combination of the temporary
drainage during construction and channelling any active leaks through pipes which are
injected with chemical grouts, such as Minova's CarboPUR, after the membrane has cured.
The smoothness is achieved using a fine-grained, pre-bagged dry mix sprayed mortar like
Minova's Minotor-C.

An alternative to solve both issues in one step would be to use Minova's innovative FT-30
sprayed mortar. This rapid hardening mortar forms a permeable skeleton as soon as it is
sprayed which resists wash-out and slowly cures to form an impermeable, albeit brittle
regulating layer. Depending on the quantity of water inflow, this can take up 2 or 3 weeks.
Then the membrane (which is flexible) can be sprayed over it. Concentrated inflows have to
be treated with channelling and post-grouted as mentioned earlier. This process can simplify
the substrate preparation and permit the use of spray applied membranes in wetter conditions
than normal.

4.8 No delamination

While this is an ever-present risk, there are well-established quality control measures to
ensure that each pass of sprayed concrete is applied to a clean, dry, suitably strong substrate to
maximise the bond. Applying these measures should result in bond strengths (in direct
tension) of more than 1.0 MPa [4]. As discussed earlier, the strengths are much larger than the
likely loads in shear and direct tension. Hence, delamination is not considered to be a general
problem. Where it has occurred in sprayed concrete linings, this has usually been traced back
to failures in quality control, in substrate preparation and/or during spraying, leading to errors
such as overdosing accelerator, inadequate curing or application of very thin layers.

Traditionally, on tunnelling projects such as the Heathrow Express in the UK, steel fibre
reinforced PSCL were over-sprayed with 20-25 mm pre-manufactured spray mortars using the
dry spray process. Whilst some would consider this being a retrograde step in terms of dust
generation, rebound and low productivity outputs, the key advantage of this approach was the
ability to spray thin layers with very low water cement (w/c) ratios of between 0.28 and 0.32,
producing a very fine surface finish and very low, if negligible thermal and drying shrinkage,
resulting in very durable, bonded layers. On more recent projects, this smoothing layer has
increased to 50mm to cover sprayed secondary lining protruding steel fibres, and has also
been used as a fire protection layer with the inclusion typically of 1 kg/m? microfilament
polypropylene (PP) fibres. These layers have been applied in many projects, using a wet-mix
approach, and the considerations in Tab.3 for future projects should be evaluated and adopted
to ensure successful application and serviceability.
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20-50 mm thick wet-mix applied sprayed concrete layers designed for smoothing for aesthetic
needs and/or fire protection do have a tendency to dry-out quickly when subject to relatively
high temperatures in the working tunnel and also being exposed to the significant ventilation,
which is needed to ensure the tunnel operatives are in a dust free environment. Added to this,
wet-mix smoothing layers often achieve their better finish by operatives using higher set
accelerator doses, this of course exacerbates the thermal and drying shrinkage effects, and risk
of cracking and potentially de-bonding.

Tab.3: Requirements for Sprayed Fire Protection and Smoothing Layers

Criteria Requirements

Substrate strength Perform adhesive bond strengths using resin applied steel
pull-off dollies. Adhesive strength of substrate should be
greater than 1MPa.

Substrate Jet washing to remove dust and deleterious materials. Require

Preparation both pressure and volume to remove materials. Spraying air
and water out of spraying robot nozzle is normally not
sufficient in all cases.

wic Use superplasticisers to achieve preferable less than 0.4 and
closer to 0.38 wherever possible.

Grading Smooth aggregate gradings from 0-4mm

Air content of mix Use defoaming admixtures if micro pp fibres entrain excessive
air

Accelerator Do not overdose. Keep below 8%. Pre-test cement —
accelerator to ensure good spraying performance.

Micro pp fibres Use minimum required to achieve fire protection performance.
Check air entrainment effects in lab test mixes.

Spraying Maintain the correct distance to enable compaction and

smooth finish — Avoid being too close or too distant. Use
correct nozzle type and operate auto nozzle oscillator to avoid
“ridged” or “lumpy” sprayed finishes

Curing Evaluate relative humidity in tunnel and implement correct
curing regime. Consider internal curing/bond improvers such
as TamCem iCure, or externally applied curing membranes

Trials Do pre-construction tests to evaluate performance of substrate,
mix and spraying processes

The 75mm smoothing and fire protection layer inside the spray applied waterproofing
membrane proposed here is inherently more robust in the context of the risk of delamination.
These are also common thicknesses for tunnel linings constructed in hard rock environments.
Nevertheless, the criteria set in Tab.3 are valid.

Finally, it is worth noting that the typical spray applied waterproofing membranes exhibit
good crack-bridging properties so that they can span across any cracks up to 3 to 4mm in the
primary lining whether pre-existing when the membrane is sprayed, or cracks that develop
during the service life of the structure. The crack-bridging capacity does decrease with falling
temperatures [16]. However, performance is still adequate at the low temperatures (-5 °C) that
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a membrane might be exposed to. Special measures can be applied in very exposed areas such
as portals in cold climates.

5. CONCLUSIONS

Having reviewed the current design practice for PSCL tunnels and evidence from research, a
refinement of the design concept has been proposed for a composite shell lining, which could
further improve the cost effectiveness and sustainability of PSCL tunnels. This new concept is
shown in Feil! Fant ikke referansekilden. and consists of a minimal secondary lining,
mainly as a fire protection layer for the spray applied waterproofing membrane. The tensile
bond of the membrane to the primary lining means that the primary lining carries all ground
and water loads in the short and longterm. In the case of a typical tunnel in soft ground, this
new concept could result in a 40% saving in the overall lining thickness. The tunnel lining is
one of the worst culprits in the carbon footprint of a tunnel. Reducing lining thickness will
improve this greatly, perhaps by as much as 20%. This also means a 10% reduction in the
excavated volume of the tunnel which would reduce settlement by the same amount. The
construction time will be shortened too, which is often seen as the greatest cost driver in any
construction project.

Further improvements could be made in the design of composite linings by the nonlinear
modelling of the sprayed concrete. Typically designers still assume that this behaves linear
elastically in their calculation models.

While the preceding discussion has focused on soft ground applications of PSCL, this design
concept can also be applied to both drained and undrained rock tunnels. All that differs in
rock tunnels is the thickness of the primary lining which is much thinner and often
incorporates the sealing layer.
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ABSTRACT

The research project ,,Advanced and Sustainable Shotcrete - ASSpC* aims at the improvement of
sprayed concrete mix design regarding durability and sustainability. One possible improvement is
to replace part of the clinker content in the binder with different supplementary cementitious
materials. It is crucial that new mix designs fulfil the basic technical requirements on site
concerning workability and early age development, too. One central issue of the project is to
investigate which parameters influence the pumpability of sprayed concrete. Several test methods
are used to determine the stability, tendency to segregation, bleeding and of course the consistency
of concrete. An essential test method is a concrete sliding pipe rheometer (Sliper). This theometer
determines the pumping characteristics of concrete in the laboratory and on construction site. In
comparison to other rheometers, the Sliper evaluates the rheological characteristics of the thin
layer of paste which is lubricating the wall of the conveying pipe. The paper presents the tests
procedures in detail as well as first results from lab-tests and from site-tests with different
advanced shotcrete mix-designs.

INTRODUCTION

Nowadays tunnel constructions have achieved a high standard of safety and quality, but there is
still a need for optimisation. The construction has to be able to withstand the environmental
conditions for the (expected) service lifetime. The maintenance of tunnels is very costly and time
consuming and causes disruptions to traffic. The durability has to be improved to minimize the
tunnel maintenance work. The research project ,,Advanced and Sustainable Shotcrete - ASSpC*
aims at the improvement of sprayed concrete mix design regarding durability and sustainability.
The processes of chemical attacks (sulfate attack, formation of thaumasite) and of the leaching of
calcium hydroxide (precipitation of calcite in the drainage system) are investigated. The aim is to
gain a deeper understanding how to improve the sprayed concrete mix design. One possibility is
to replace part of the cement in the binder with supplementary cementitious materials (SCM)
and/or to decrease the water content. The modification of the mix-design influences the
workability and the early-strength development of the sprayed concrete. The paper presents results
from lab tests focussed on the workability of sprayed concrete with reduced clinker content as
well as theoretical principles of pumpability.
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WORKABILITY OF WET MIX SPRAYED CONCRETE

Workability is a physical property of concrete [1], but it can’t be described with only one single
parameter or measured with one single test method. Some attempts to describe workability include
the following parameters and characteristics [2]: viscosity, yield stress, mobility, internal friction,
pumpability, stability, cohesion, segregation, bleeding, compactability, finishability etc.
Pumpability plays an important role for wet mix sprayed concrete. The material has to be conveyed
through the pipe without changing its properties and mix proportion. The concrete has to be
flowable and stable even under pressure. But there is no standardized test procedure to measure
pumpability. Models describing the conveying process of concrete in a pipe are explained in the
following section.

Pumpability

When concrete is pumped through a pipe a thin layer of paste is lubricating the wall of the pipe
(see Figure 1). The interaction of the lubricating layer and the pipe wall is of great importance for
pumpability. The shear of the layer allows the slipping of the concrete and leads to a reduction in
the required pumping pressure. The composition and thickness of the lubricating layer and its
rheological properties influence the pumping process [3,4]. The lubricating layer consists of
binder, (additions), (admixtures), water, fine aggregates and air.

pipe lubricating laver concrete

|III !
| 7

i

Figure 1: Plug flow of concrete in a pipe according to [5]

In the remaining part of the pipe the concrete is pumped as a plug. For further information
concerning the pumping process is referred to [5—10].

Test methods

The workability of wet mix sprayed concrete is usually determined by the spread flow table or the
slump test. Several publications and investigations show that results based on these conventional
test methods only are not reliable for the pumpability of modern concretes [5,11-13]. Slump test
or spread flow table can be used to measure in a simple way the consistency of concrete on site
but not to predict pumpability. “Conventional” concrete consists of water, cement and aggregates.
The water content (or the paste volume) modifies the consistency. The use of additions and
admixtures, e.g. superplasticizer (SP), changes the rheological properties of concrete essentially.

Stability

The stability of concrete is important to avoid blockages in the conveying pipe. Blockages can
occur when the paste separates from the aggregate skeleton because of a high pressure in the pipe
[14]. The segregation is often contributed to mix-design with an inadequate particle size
distribution or a high water/cement ratio [6]. The lubricating layer is missing and the friction at
the pipe wall increases. Consequently the conveying process will be blocked [13].
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The stability of concrete under pressure can be measured by the filter pressing test (see Figure 2).

fresh
concrete

bleeding water

Figure 2: Filter pressing test according to [15]

This test method is usually used for concrete with a spread of more than 560 mm. The concrete is
filled and compacted in a vessel and a pressure of three bar is applied. At the bottom of the vessel
is a small hole covered by geotextile, so that water can flow out. After 15 minutes and 60 minutes
the amount of bleeding water is measured.

mass of bleeding water [ml] - 1000

bleeding [kg/m’] = (1)

volume of the vessel [cm?]

Sliding pipe rheometer ,,Sliper*

The sliding pipe rheometer “Sliper” [16] is used to determine the pumping capacity of a concrete
in the laboratory and on construction site. The Sliper consists of a pipe and a guided piston which
is standing on the ground floor (Figure 3). A pressure sensor is integrated onto the piston. If the
pipe is sliding downwards, the pressure in the pipe is measured and the speed of the pipe is
recorded. The measurement data are sent wireless to a common smart phone. Rheological
parameters as well as the supposed pump pressure may be estimated.

Pipe
k Smartphone

Distance Sensor
Pressure Sensor

Figure 3: Sliding pipe rheometer (Sliper) [16]
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The result shows the estimated pumping pressure (p) in correlation to the flow rate (Q). The value
“a” and “b” characterize the graph. The value “a” correlates to the yield stress and the value “b”
correlates to the viscosity of the lubricating layer [5]. The values are used to differentiate from the
yield stress and the viscosity as rheological parameters of the concrete. The Sliper measures the

rheological behaviour of the lubricating layer but not of the concrete itself.

EXPERIMENTAL PROGRAMME - LAB TESTS

Mix-design

The basis for testing different mix design is a reference mix with a w/c-ratio of 0.5, cement content
of 420 kg/m* and aggregates with a maximum grain size of 8 mm (see Table 1). It represents a

mix design, which is typically used on site in central Europe. The consistency of the mixture is
adjusted with a superplasticizer (SP) to achieve a flow table spread of 60 cm.

Table 1: Mix design “reference”
density mass volume
[kg/dm?] [kg/m?] [dm*/m?]
binder CEM 152.5 N SRO 3.2 428 131
water 1.0 214 214
aggregates 2.7 1655 625
air 30
total 2316 1000

In the lab, seven different grain fractions of quartz are used to avoid scattering of the grain size
distribution.

Test series “volume of paste”

The volume of paste influences the thickness of the lubricating layer and consequently the
pumpability. The pumpability of mixtures with different volumes of paste was measured by the
Sliper. The maximum size of aggregates, which will be part of the lubricating layer, is under
discussion. For the following test series, the volume of paste includes the volume of binder, water,
aggregates < 0.125 mm and air. The volume of paste was reduced from 419 dm?*/m? (reference) to
388 dm3/m? (PV _r) (see Table 2). The w/c was kept constant.

Table 2: Mix design (volumes), test series “volume of paste” (PV = paste volume, r =
reduced volume, A = air voids)
reference PV_r PV_r A
binder [dm*/m?] 131 118 118
water [dm?/m?] 214 192 192
aggregates < 0.125 [dm*/m?] 37 40 40
air void content (measured) [dm*/m?3] 36 38 76
total paste volume [dm3/m?] 419 388 426

Figure 4 shows the estimated pumping pressure (p) in correlation to the flow rate (Q) measured
by the Sliper. The values of pressure relate to the testing equipment, not to the real shotcrete pump.
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The results show clearly that the reduction of paste volume leads to a higher estimated pumping
pressure.
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= 40
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fMlow rate Q) [m*h]

reference =PV
Figure 4: p-Q Chart determined by Sliper, test series “volume of paste”

(Comment: Mixtures with a paste volume of 359 dm3/m? only blocked the rheometer. The paste
content was too low to create an adequate thickness of the lubricating layer.)

As already mentioned, the paste content is expressed as the sum of the volume of air, water, binder
and fines of the aggregates. The volume of paste can be increased through the addition of air
entraining admixtures (see Table 2). Subsequently the estimated pumping pressure determined
with the Sliper decreased (see Figure 5).
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Figure 5: p-Q Chart determined by Sliper, test series «volume of paste — air content»

But you have to consider that a real concrete pump applies a much higher pressure to the concrete
than the Sliper. The air might be compressed and might not influence the lubricating layer [6].
Other experiences report on a quite beneficial effect of an enhanced air content [17].
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Test series “grading curves”

The paste of the lubricating layer consists of water, binder, air and fines of the aggregates [13,18].
If the grading of the fines changes, the pumpability will be influenced. In the lab the grading of
fine aggregates was varied systematically (see Figure 6).
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Figure 6: Grading curves with different content of fines

The consistency was adjusted with a superplasticizer to achieve a flow table spread of about 60 cm.
Figure 7 shows the results measured by the Sliper. The higher the content of fines the higher the
estimated pumping pressure.
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Figure 7: p-Q Chart determined by Sliper, test series «grading curve»
It is noteworthy that the results of mixtures “low fines” and “efnarc” are almost the same even if

the grading is different. But the amount of fines below 0.125 mm is equal and consequently the
volume of paste (see Table 3).
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Table 3: Volume of paste of mix-design with different grading curves

reference | low fines high fines efnarc
binder [dm*/m?] 131 131 131 131
water [dm*/m?] 214 214 214 214
aggregates < 0.125 [dm*/m?] 37 6 62 62
air void content (theoretical) [dm*/m?3] 36 30 30 30
total paste volume [dm?/m?] 419 382 438 438

It was already mentioned that an increase of the paste volume can decrease the estimated pumping
pressure. In this series (Table 3) the water content was not adjusted to the higher amount of fines,
but kept constant. The resulting stiffer rheological properties of the lubricating layer influenced
the estimated pumping pressure significantly.

Test series “Rheological characteristics of the paste”

The rheological characteristics of the paste are of great importance for pumpability, especially the
rheological characteristics of the lubricating layer. Lab test with different w/c-ratios are a good
option to investigate the influences of the rheological properties. The theoretical paste volume was
kept constant for mix-designs of the following two test series. In the first series no superplasticizer
was added, and the flow table spread varied between 28 and 41 cm. In the second series the

consistency of all mixtures was adjusted with a superplasticizer (SP) to achieve a flow table spread
of almost 60 cm (see Figure 8).
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Figure 8: Flow table spread, test series “w/c-ratio” (left) and “w/c-ratio SP** (right)

The results of the Sliper show that the estimated pumping pressure is lower with increasing water
cement ratio (see Figure 9). This is valid for both test series.
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Figure 9: p-Q Chart determined by Sliper, test series “w/c-ratio” (above) and “w/c-ratio_SP”
(below)

In addition to the Sliper the V-funnel flow time was determined. The results of the test series with
and without superplasticizer are completely different. For the series “w/c-ratio” it was not possible
to measure the V-funnel flow time according to DIN EN 12350-9 [19] because the concrete
blocked the V-funnel (see Figure 10)
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Figure 10:  V-funnel flow time, test series “w/c-ratio” (left) and “w/c-ratio SP* (right)
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The results of the Sliper show that the estimated pumping pressure of mix-design with and without
superplasticizer is almost the same even if results of V-funnel flow time and spread flow table are
completely different. The rheological characteristics of the lubricating layer and of the concrete
are different.

The influence of the rheological characteristics of the paste was further investigated. Part of
cement was substituted with SCM (10 M.-% metakaolin, 30 M.-% und 50 M.-% slag). The paste
volume (cement, addition, water, fines < 0.125 and air) was kept constant. The substitution of
clinker with slag has no influence to the estimated pumping pressure compared to the reference
mix (see Figure 11). The substitution with only 10°M.-% of metakaolin increases the estimated
pumping pressure significantly.
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Figure 11:  p-Q Chart determined by Sliper, test series “SCM”

The results are of course not valid for all types of SCMs, because it depends on the quality and the
fineness of materials (see Figure 12).
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Figure 12:  Particle size distribution of CEM 1 52.5 N SR0, metakaolin and slag
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Generally, the results of the estimated pumping pressure determined by the Sliper show that the
rheological properties of the lubricating layer influence the pumpability.

Correlation of test methods

Several publications describe that the spread flow table and the pumpability do not correlate for
concretes (especially when admixtures and additions are used). The results of lab tests determined
by the “Sliper” confirm this observation. The following graphs show that the spread flow table
and the value “a” do not correlate as well as the V-funnel flow time and the value “b”.
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Figure 13:  Correlation of V-funnel flow time and value b (viscosity parameter determined by
Sliper) and correlation of spread flow table and value a (yield stress parameter
determined by Sliper)

The Sliper determines the rheological characteristics of the lubricating layer, which is important

for the pumpability. The spread flow table and the V-funnel flow time measure the properties of
the concrete.

Stability

The stability of the mixtures was determined by the filter pressing test (according to [15]). In
addition to the rheological properties of the lubricating layer, the stability is important for
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pumpability. The concrete has to be stable even under pressure. Otherwise, the paste separates
from the aggregate skeleton in the pipe and blockages can occur. Results of mixtures with different
w/c-ratio showed that the higher the w/c-ratio, the lower the estimated pumping pressure (see
Figure 14 left).

However, it must be considered, that a high w/c-ratio causes high bleeding rates (see Figure 14
right).
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Figure 14:  p-Q Chart determined by Sliper and bleeding rate, test series “w/c-ratio

It is not possible to determine high bleeding rates by the Sliper. Therefore, the combination of
the filter pressing test and the Sliper seems to be a good possibility to estimate pumpability.

SUMMARY AND OUTLOOK

Using concrete-base mix design with new binders and low water content may increase durability
and sustainability of sprayed concrete. However, the borderline of good pumpability and
sprayability may be reached too. Standard workability tests deliver too little information and judge
the entire concrete mass only. The composition and thickness of the small layer of paste lubricating
the pipe wall are the key influence on pumping properties. It is shown that a combination of a
sliding pipe rheometer and a filter pressing device may deliver the required information for good
pumpability. Paste rheology and paste volume seem to be the decisive factors for the mix. As the
sliding pipe rtheometer measures under low pumping pressure, questions regarding influence of
high pressure on lubricating layer still must be investigated in detail.
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Applications of Cellular Sprayed Concrete at
Tunnel Portals

Kyong-Ku Yun'™ Seung-Yeon Han?, Kyeo-Re LEE? and Yong-Gon KIM *

Abstract

An economic method for architectural and structural wall was developed with a
cellular sprayed concrete, which was applied at tunnel portal for a very regional
symbol. The cellular sprayed concrete could be used to improve the performance of
shotcrete material, to maximize the construction advantages of shotcrete and further
harmonize with the surrounding environment. The cellular sprayed concrete is a very
economic feasibility by manufacturing a high-performance cellular shotcrete using
an ordinary ready-mixed concrete and concrete pump car. It is produced by
incorporating cellular and mineral admixtures in the process of remixing and
dispersing the mineral admixture in an ordinary ready-mixed concrete at a job site.

The cellular sprayed concrete was applied at tunnel portals which highlight nature-
friendly scenery since it is a construction method that comprehends natural rock
shapes and colors, by carving various natural rock patterns on the placed high-
performance shotcrete before it hardens. After curing for a certain period of time, an
acid stain is sprayed on the surface to develop a color by neutralization reaction.
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Director, Center for Regional Construction Technology Dept. of Civil Eng, Kangwon National Univ.
1 Kangdae-gil, Chuncheon, 200-701, S. Korea. Corresponding Author: kkyun@kangwon.ac.kr,
2Ph.D Student, Dept. of Civil Eng. Kangwon National Univ. 1 Kangdae-gil, Chuncheon, 200-701, S.
Korea.

3CEO, DaeSang E&C Company, Wonju, S. Korea.

320



1. Introduction

Since the construction of the first expressway in the 1970s, the total length of
expressways in Korea has increased to 4,437 km, of which 872 km are aligned with
1,055 tunnels. Currently, the local inhabitants are demanding on a much higher standard
of living. Besides the improvement of transportation quality, environmental protection
and ecological conservation must be taken into account increasingly, thereby the beauty
of tunnel portal should be achieved. They has asked a very regionally-symbolic tunnel
portal at their tunnel because it could be utilized to advertise their cities to the thousands
of drivers every day [Han, 2014].

Cellular sprayed concrete is a very economic and simple methods for producing a
high-performance shotcrete, by incorporating a large amount of cellular, adding and
dispersing silica fume and other mineral admixtures into an ordinary ready-mixed
concrete at a job site. Because it is constructed without accelerators, it secures a certain
time for carving the surface and high strength and high durability. This method could
be used to construct by top-down or bottom-up manner. It is a technique that maximizes
economic efficiency by manufacturing high-performance cellular sprayed concrete
using an ordinary ready-mixed concrete and remixing it into a high performance
concrete at a jobsite. It has an excellent application in slope surface stabilization as well
as in maintenance since it is possible to prevent weathering of the exposed rock cut
surface by applying cellular concrete. In addition, it includes a symbolic and natural
rock scene [Yun, etc, 2016].

The tunnel portals were constructed using a cellular sprayed concrete technology
with carving and texturing for the surface and acid staining for coloring, which were
resulted in an artificial rock. These tunnel portals were designed according to the
demand of the local inhabitants, representing the regional characteristics [Yun, etc,
2106]. The inhabitants were very satisfied to the beautiful and symbolic their own
tunnel portals. All these were possible with a cellular sprayed concrete technologies of
various uses such as well adaption for curved and irregular surface, different surface
finishes possibility, excellent physical properties and fast and economical process.

2. Cellular Sprayed Concrete

A very new concept of cellular sprayed concrete was developed, which is produced
by incorporating cellular and mineral admixtures in the process of remixing and
dispersing the mineral admixture in an ordinary ready-mixed concrete at a job site.
High strength and high durability are secured by adding and dispersing the mineral
admixtures. Adding a cellular forms by 20 to 30 percent by volume transfers a stiff
concrete into a slurry concrete by ball bearing effect of cellular inside of concrete, and
add silica fume then this could be dispersed in the slurry concrete. Then this should be
pumped and sprayed at the end of nozzle by high air pressure which dispel out the air
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in the remixed concrete, resulted in high performance sprayed concrete having a proper
slump [Lee, 2013]. Therefore, the production cost and construction can be reduced
thereby maximizing the economic feasibility since the high-performance cellular
sprayed shotcrete is produced only with the cost of silica fume itself by adding and
dispersing it in the ready-mixed concrete on a job site without the need for production,
transportation, and storage which are required when special blended cement is used
[Yu, etc, 2017].

The processes of cellular sprayed concrete are as follows: (D bring an ordinary
ready-mixed concrete having a low slump in a truck to a job site. @ add a preformed
cellular by 20 to 30 % by volume into a truck, then the stiff concrete would be resulted
in a slurry one having a very high slump. 3 add silica fume, remix and disperse it.
The silica fume would be easily dispersed at the slurry concrete, however, the concrete
contains lots of air inside of concrete. @ supply the air bubbled concrete to a concrete
pump car which is attached by a nozzle at the end, and spray the air bubbled concrete
with a high air pressure. This resulted in repelling out the air in concrete with a low-
slump high-performance concrete [ Yum, etc, 2017]. Figure 1 illustrates the concept of
cellular sprayed concrete.

Figure 1. Concept of cellular sprayed concrete

3. Mixture Design and Test Methods

The materials were developed to ensure structural performance and high-
performance quality as well as better color expression. The cellular sprayed concrete
was adopted for economic applications. Table 1 shows an ordinary and high
performance concrete mixtures. The slumps were measured to be 80mm in the ordinary
ready-mixed concrete, 190mm after adding cellular and silica fume, and 10mm after
spraying. The final targeted air content was between 3 to 6% after spraying.
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A cellular sprayed concrete was developed for the improved pumpability and less
rebound without using accelerator by adjusting the air content having an above 10%
before shooting and 3 to 6% after shooting, targeting a high compressive strength of
above 35MPa at 28 days and high durability with a relative freeze-thaw index of 80%.
In addition, after spraying the concrete, various natural rock patterns are sculpted
before the concrete hardens and an acid stain is sprayed on the concrete surface after
curing for a certain period of time. The cellular sprayed concrete was developed to have
a water-tightness not to be water permeable.

In this experiment, slump test was conducted to determine the workability of the
fresh concrete; air content was measured before adding foam, after adding foam and
after spraying. In addition, compressive strength test of the hardened concrete was
performed on the 28 and 56 days. Table 2 shows the test methods conducted at this
research, including rapid chloride permeability, surface scaling resistance and freeze-
thaw resistance.

Table 1: Concrete mixture designs

S/a Unit content (kg/m?)
Type W/B o
(%) | water | cement | S.F. sand | gravel | AE Cellular
OPC 0.42 65 164 390 - 1,146 619 3.9 -
Cellular sprayed | 45 65 | 164 | 390 30 | 1,146 | 619 | 3.9 220
concrete

Table 2: Concrete test methods

Category Standard Schedule
Slump test KS F 2402 After Mix / Air Slurry in Mix / After Sprayed
Air content test KS F 2421 After Mix / Air Slurry in Mix / After Sprayed
Compressive strength KS F 2405 Age 28, 56 Days
RCPT test KS F 2711 Age 28 days
Surface scaling ASTM C 672 Age 28 days
Freeze-thaw ASTM C 666 Age 28 days
4. TEST RESULTS

The high-performance cellular sprayed concrete should have the required strength
and durability since it is applied to the tunnel portals. Three specimens for each test
were prepared on site for strength and durability tests. The test results are as follows:

The change in air content and slump was measured, compared and analyzed in
accordance to the required criteria. Due to the air ball bearing effect, a higher slump
was measured as the incorporated amount of cellular increased. However, the slump
measured after spraying has reduced to less than Scm. There was high air content in the
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variables before spraying but it reduced to a constant air content of 2~5% after sprayed.
The slump and air content test performed on the fresh concrete gave a result that
satisfied the targeted values. The targeted slump before shooting was between 70 to
130mm, and it was measured to be 110mm. The targeted air content after shooting was
between 3 to 6 percent, and it was measured to be 4.6 percent. Thus, both of slump and
air content were satisfied.

Compressive strength and flexural strength were measured only on the 28 day. The
compressive strength was measured to be 45.3MPa which is higher than the targeted
criteria of 35MPa. The flexural strength was measured to be 5.3MPa which is, also,
higher than the targeted criteria of 5.0MP.

Durability was evaluated through three kinds of test: rapid chloride permeability test,
freeze-thaw test and surface scaling test. Rapid chloride ion penetration resistance test
was performed on 28 days old core specimen by taking the upper and lower face of the
cut surface in order to prevent the neutralization reaction when the chemical reaction
coloring agent neutralizes the concrete surface. It was performed at 28 days for core
specimen according to KS F 2711. As a result, the relative dynamic modulus after
freezing and thawing for 300 cycles was 87%, which is higher than the standard high
durability performance, 80%. This shows that it have a very excellent freeze-thaw
resistance.

The freeze-thaw resistance test was conducted by ASTM C 666 type A, which is a
method of freezing and thawing in water, and the relative dynamic modulus was
measured in every 30 cycles by repeating a total of 300 cycles, 1 cycle taking 4 hours.
The relative dynamic modulus after 300 cycles of freezing and thawing was 87% which
is higher than the criteria of high durability performance, 80%.

The surface scaling resistance test was performed by repeating freezing and thawing
for 50days in a condition that the concrete surface was saturated with 4% calcium
chloride solution; the amount of peeling and the state of aggregate exposure on the
surface was measured and observed. As a result, the surface scaling resistance was
evaluated as excellent ranked as grade 1 in ASTM C 672 standard and measured below
0.1kg/m? in SS 13 72 44 standard.

The strength and durability test results confirmed that the quality standards were met
in all tests and it was recognized as an excellent structure that maintains the landscape
for long-term without harming it.
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5. APPLICATION AT TUNNEL PORTALS

5.1 Preparation

The rebar’s were placed and tied according to the shop drawing for the tunnel
portals, and then a high-performance concrete were shoot using a modified concrete
pump car and cellular sprayed concrete. The shortening of construction period could
be obtained by adopting the cellular sprayed concrete because it could provide a quite
massive quantity of concrete using a ready-mixed concrete and concrete pump car,
which could be done by the top-down or bottom-up manner with high-performance
cellular sprayed concrete without formworks. This may results in shortening of
construction period.

It uses a very common ready-mixed concrete truck and pump car with a nozzle.
The additional required equipment are a foam generator, a nozzle, and air
compressor. It is very efficient way of production for high-performance concrete by
minimizing a special equipment required. This method enables top-down or bottom-
up construction of tunnel portal with high-performance cellular sprayed concrete
without formwork as shown in the Figure 2.

5.2 Spraying, carving and coloring natural patterns

Spraying, carving and coloring natural rock patterns is an eco-friendly technology
that harmonizes with the surrounding landscape. The cellular sprayed concrete was
produced at the job site by adding a cellular, silica fume and other mineral admixture
into the ready-mixed concrete truck, than sprayed against the prepared tunnel portal.
This is an optimized technique for slopes because it uses a pump car attached by a
nozzle at the end of pump car. The additional required equipment are foam generator,
a concrete spraying device, and air compressor. It is very efficient production methods
for a high-performance cellular sprayed concrete.

This method was adopted to tunnel portals. It was designed according to the demand
of the local inhabitants, representing the regional symbolic characteristics. The
inhabitants were very happy to the beautiful and symbolic their own tunnel portals.
Spraying, carving and coloring the regionally-symbolic tunnel portal are done as shown
in Figure 3, 4 and 5, respectively.
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Figure 5. Coloring the regional symbol at tunnel portal
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6. CONCLUSIONS

The results are as followings:

(1) The strength and durability test results confirmed that the quality standards were
met in all tests and it was recognized as an excellent structure that maintains the
landscape for long-term without harming it.

(2) Cellular sprayed concrete is a very simple and economic method to produce a
high-performance sprayed concrete by adding cellular and silica fume in an ordinary
stiff ready-mixed concrete. This was applied at a tunnel portal, and then a high-
performance concrete were shoot using a modified concrete pump car and cellular
sprayed concrete.

(3) The high production rate of high-performance cellular sprayed concrete were
possible at the first lift shooting by an optimized technique; it uses a concrete pump car
having a nozzle at the end of pump car together with air compressor and foam generator.
After shooting the second lift, carving natural rock patterns and coloring were made.

(4) This technique is an eco-friendly technology that harmonizes with the
surrounding landscape by comprehending natural rock shapes and colors the placed
high-performance shotcrete before it hardens without using accelerators. This method
was adopted to tunnel portals. It was designed according to the demand of the local
inhabitants, representing the regional symbolic characteristics. The inhabitants were
very happy to the beautiful and symbolic their own tunnel portals.
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THE IMPORTANCE OF RHEOLOGY ON SHOTCRETE PERFORMANCE

Ezgi Yurdakul, PhD; GCP Applied Technologies, Cambridge MA, USA
Klaus-Alexander Rieder, Sc.D.; GCP Applied Technologies, Cambridge MA, USA

ABSTRACT

In shotcrete mixes, slump measurements are commonly used to determine the suitability of the
mixes for pumping and spraying. While high slump mixes that are flowable are desired for
pumpability, engineers often specify low slump mixes to reduce sagging and rebound rate.
Although the results of the slump test used to be a good indicator of the workability of the mixes
containing water only, slump is no longer a reliable indicator of the overall suitability of a mix
for shotcreting considering it is almost impossible to come across a mix that contains no
admixture in today’s modern construction. Therefore, the aim of this paper is to demonstrate the
limitations of the slump test and present the importance of rheological characteristics for
shotcreting. Field trials were conducted on mixes having various rheology control agents to
compare against a plain mix. The relationship between rheological parameters and slump,
rebound, cohesion, and build-up thickness are discussed.

Test results show that the rheological behavior of shotcrete is too complex to be oversimplified
with one test but rather requires a delicate balance between flowability, cohesiveness, and
viscosity. Considering different phases of shotcreting require conflicting rheological properties,
it is ideal to maintain the highest possible fluidity (lowest yield strength) while providing the
desired viscosity and cohesiveness to satisfy all needs.

INTRODUCTION

Shotcrete is no different than concrete as a material; however, the application method being
pneumatic results in demanding complex rheological behavior from shotcrete compared to the
conventional concrete. To better explain this complexity, it would be convenient to consider
shotcreting process under the following two stages: 1) pumping and 2) spraying. Although these
two stages momentarily take place one after another without allowing any changes to the
rheology of shotcrete, it is important to note that each individual stage requires completely
conflicting rheological properties. For pumpability, it is desired to have a mix with low viscosity
and high flowability (usually associated with high slump). However, for sprayability, high
viscosity and low flowability mixes (often named as stiff and sticky mixes with low slump and
high cohesiveness) are desired [1]. Despite the importance of rheology on the overall
performance of shotcrete, there is no standardized test method or an equipment that can evaluate
the required rheological parameters (e.g. cohesion, stickiness, thixotropy) together by taking into
an account of their interactions with each other. Instead, the industry often relies on the slump
test to predict the pumpability (pump’s pressure gauge is used as an indicator), and sprayability
(tested by measuring rebound rate, build-up thickness, and material amount sloughing off from
the vertical or overhead receiving surface) [2].

Limitations of the slump test
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Slump is a simple test method that measures the yield stress (ease of flow) of concrete. While the
results of this test method used to be a good indicator of the workability of the mixes containing
only water, considering it is almost impossible to come across a mix not containing any
admixtures in today’s modern construction, slump is not a reliable indicator of the overall quality
or suitability of a mix for shotcreting anymore since there is no direct correlation between slump
and the mix’ thixotropic properties. Furthermore, it is now possible to have two mixes with the
exact same slump values but with completely different rheological properties as a result of the
advancements in chemical admixture technology. Therefore, the guidance provided from the
slump test results are actually limited despite the common misconception where slump test
results are expected can be used to judge the sprayability, placeability, finishability, and rebound
rate.

To better demonstrate the reason why slump cannot be used to predict the rebound rate, it is
important to understand the basics mechanisms causing rebound. During the spraying process,
rebound occurs as a result of the larger aggregate particles segregating from the mix after hitting
the receiving surface at high velocities and subsequently bouncing off. Considering a high
volume of rebound material consists of mainly aggregate particles, paste quality and aggregate
gradation play a more important role for rebound reduction than the amount of cementitious
materials as long as a sufficient quantity of paste is available that will fill the voids between the
aggregates. In other words, the quality of paste is more important than the quantity of paste for
evaluating the rebound characteristics. The quality of the paste is affected by the mix’
rheological characteristics such as i) stickiness (adhesion to substrate surface that allow large
build-up thickness), ii) cohesiveness (adhesion to itself to resist against the segregation of the
mix which is critical for shotcrete as it is prone to segregation under pressure), and iii) viscosity
(essential to resist against sagging on vertical walls). Therefore, instead of solely relying on the
slump which only informs the users about the ease of flow and thus one of the good indicators
for the pumpability, those three rheological parameters should be evaluated in order to reduce the
rebound rate. Until a sufficiently thick paste layer accumulates on the substrate creating a
“sticky” viscoplastic surface, rebound of these materials is inevitable especially at very early
stages of spraying (e.g. first layer of spraying) where the concrete is sprayed onto hard walls or
rock surface. When a layer of mortar adheres to the substrate which absorbs the kinetic energy of
the aggregates providing a cushion, the rebound rate becomes lower in the subsequent layers.
Therefore, although it is not feasible to completely eliminate rebound, it is possible to reduce the
rebound rate by changing the mix’ rheological characteristics. The ideal mixture for a given
project should draw a delicate balance between these rheological characteristics as they not only
affect the rebound but also influence all aspects of shotcrete quality including compaction,
consolidation, and encasement.

Factors affecting rheology
The following mix components affect the rheological behavior of shotcrete [3]:
e Type, shape, gradation, porosity, texture, and amount of aggregates

e Type and amount of cementitious materials (silica fume, fly ash, etc.)
e Mix proportions (water-to-cementitious materials ratio, paste-to-aggregate ratio, etc.)
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e Type and amount of admixtures (rheology control agents, superplasticizers, air-entraining
agents, accelerators)
e Type and amount of fibers

EXPERIMENTAL PROGRAM
Mix design
Mix components Amount used
ASTM C150/C150-M Type I ordinary portland cement, 1b/yd* 712.5 (422.7)
(kg/m?)
Water, 1b/yd® (kg/m?) 146.5 (86.9)
Water-to-cementitious materials ratio (w/cm) 0.43
3/8” (9.5 mm) aggregate, Ib/yd® (kg/m?) 840 (498)
Fine aggregate, Ib/yd® (kg/m?) 1970 (1169)
Sand-to-total aggregate ratio, % 70.1
High-range water-reducing agent, oz/cwt (ml/kg) 3-9 (195-585)
Dose varied to achieve
similar slump in all
mixes
Rheology control agent, oz/cwt (ml/kg) 7-13 (455-850)
Dose varied depending
on the type used
Test matrix
Tested property Equipment/Standard used
Slump ASTM C143
Slump flow ASTM Cl1611
Yield stress, peak torque, plastic ICAR rheometer
viscosity, and dynamic viscosity
Rebound JSCE-F 563-2005
Build-up thickness -

ICAR Rheometer

The rheology of shotcrete was measured with a rheometer which helped determining the
resistance of concrete to shear flow at various shear rates. Concrete rheology measurements are
typically expressed in terms of the Bingham model, which is a function of:

e Yield stress: the minimum stress to initiate or maintain flow

o Plastic viscosity: the resistance to flow once yield stress is exceeded
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In this experiment, ICAR rheometer was used (Figure 1). It was developed based on wide-gap,
coaxial cylinders design where vane (h: 5 in. [125 mm], and diameter: 5 in. [125 mm]) acts as
inner cylinder [4].

' I Container

Laptop

Figure 1. ICAR rheometer set up

TEST RESULTS
The correlation between rebound and slump/slump flow

Shotcrete tends to present material loss due to rebound since compressed air is pneumatically
applied [1]. Although, a certain percentage of rebound is inevitable and even necessary since
paste is needed to create a sticky surface for subsequent shotcrete material to become compacted
into the surface, it is desirable to keep the rebound to a minimum [5]. To reduce rebound, a
“sticky” mix is desirable as it will exhibit a lower tendency to fall off the wall. However, there is
no test method that can measure stickiness. Furthermore, as seen in Figures 2(a) and 2(b), there
is no correlation between slump/slump flow and rebound.

For instance, two mixes with the same mix design but different rheology control admixtures to
have the exact same rebound performance despite one having significantly higher slump flow
(e.g. mixes having 16 in. (406 mm) and 24 in. (610 mm) slump flow achieved the same rebound
rate of 7%). It is also possible to see the impact of rheology control agents compared to the plain
mix where for a given slump of 9.5 inches (241 mm), the rebound rate is reduced from 24% to
4% with the addition of rheology control agents.
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The relationship between plastic viscosity and slump/slump flow
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Figures 3(a) and 3(b) show the relationship between plastic viscosity and slump/flow,
respectively. As expected, no correlation was found between viscosity and slump due to slump
representing the yield stress value that is independent of the viscosity. However, it is important
to note that highly flowable mixes (high slump mixes) are prone to sagging if they do not possess
a certain degree of viscosity which helps material to remain on the applied surface and resist the
effect of gravity. Therefore, mix components should be selected to provide adequate viscosity
and yield strength that could minimize sagging while having a minimal impact on pump
pressure..
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Figure 3(a). The relationship between plastic viscosity and slump
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Figure 3(b). The relationship between plastic viscosity and slump flow
The relationship between yield stress and slump flow
Figure 4 shows the strong correlation between yield stress and slump flow. As the slump flow

increases, the yield stress decreases due to increased fluidity of the mix requiring lower stress to
initiate flow.

336



Slump flow, mm
_ 254 381 508 635 762
S00 "

400

300 a

Yield stress, Pa

10 15 20 25 30

Slump flow, in.

Figure 4. The relationship between yield stress and slump flow

The relationship between plastic viscosity and rebound
As shown in Figure 5, for a given viscosity, the rebound rate varied from 5% to 15% which

shows that plastic viscosity has no impact on rebound rate. This finding aligns with the literature
where Beaupré also found no correlation between rebound and viscosity [3].
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Figure 5. The relationship between plastic viscosity and cohesion

The relationship between peak torque and slump flow
As expected, there is a strong correlation between the peak torque and slump flow (Figure 6).

When the slump flow increases, the torque required to rotate the vane decreases due to increased
fluidity/flowability.
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Figure 6. The correlation between peak torque and slump flow

The relationship between static and dynamic yield stress

Concrete exhibits different rheology when at rest than when flowing. Static yield stress is used to
evaluate the minimum shear stress required to initiate flow from rest. On the other hand,
dynamic yield stress is used to assess the minimum shear stress requires to maintain flow after
breakdown of thixotropic structure. Based on this, when Figure 7 is evaluated, it is seen that the
plain mix exhibits the highest static and dynamic yield stress which in turn indicates that there is
more shear stress (higher pump pressure) needed to flow the plain mix; thereby it is expected to
have the lowest pumpability. On the other hand, the impact of the rheology control agents were
significant as they reduced the shear stress required to initiate and maintain flow; hence
improved the pumpability.
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CONCLUSIONS

There are many factors contributing to the quality of shotcreting. Slump is only one parameter,
and the rheological behavior of shotcrete is too complex to be oversimplified with one test but
rather requires a delicate balance between flowability, cohesiveness, viscosity, and “stickiness”.
Considering different phases of shotcreting require conflicting rheological properties, it is ideal
to maintain the highest possible fluidity (lowest yield strength) while providing the desired
viscosity, cohesiveness, and “stickiness” to satisfy all needs.
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ABSTRACT

One of the main concerns of the ongoing Andra’s Meuse/Haute-Marne URL (Underground
Research Laboratory) technological and demonstration research program is the development
of construction methods and lining optimization on the Callovo-Oxfordian claystone layer at
490 m depth. The analysis of the hydromecanical behaviour of the rock and lining is an
important design input for Cigéo, the French reversible deep geological disposal of high-level
and intermediate-level long-lived radioactive waste.

One of the URL experiments called “BPE”, consist on projecting a 4 layers wet-mix sprayed
concrete while excavating a drift parallel to the major horizontal stress (cH), in a way to
oppose as quickly as possible a rigid lining to the rock convergence. Rock and lining are
monitored with 138 sensors installed before, during and after excavation. Vibrating wires, and
pressure cells, flat jacks are embedded in the sprayed concrete. Laboratory testing and
numerical modelling were conducted. The results highlights the interaction between the rock
and the lining up to the current date (4 years), and the importance of the understanding of the
early age behaviour of the sprayed concrete, especially with a quick loading, to better model
and predict stress/strain evolution of the sprayed concrete layer.

1. INTRODUCTION

The French reversible deep geological disposal of high level (HLW) and intermediate level
long live waste (IL-LLW) Cigéo, will be located on the eastern boundary of the Paris Basin,
at the fringe of the Meuse and Haute-Marne departments. Andra, the agency in charge of
radioactive waste in France, locally started in 2000 (with the shaft sinking operations) the
construction of Meuse/Haute-Marne URL (Underground Research Laboratory), in the
framework of its general research program (Delay et al, 2007) aimed at proving the feasibility
of a reversible deep geological disposal of radioactive waste (HLW, IL-LLW). The URL
drifts are used to study the Callovo-Oxfordian claystone layer, the host rock formation, (COx)
between 420 m and 550 m depth.

The main objective of the first research phase (2000 to 2005) was to characterize the
confining properties of the clay through in-sifu hydrogeological tests, chemical measurements
and diffusion experiments and to demonstrate that the construction and operation of a
geological repository would not introduce pathways for radionuclides migration.

The ongoing research program (started in 2006) following the “Technology Readiness Level”
(TRL) scale is more dedicated to technology improvements and demonstration issues of the
different disposal underground components (drifts, seals, disposal cells and vaults), even if
characterization and monitoring activities are still ongoing.
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Geomechanical analysis confirmed an anisotropic stress state at the level of the URL,
(Wileveau et al., 2007). The major horizontal stress (cH) is oriented at NE150°. The vertical
stress (ov) is nearly equal to the horizontal minor stress (ch). The ratio cH/ch is close to 1.3.
Armand et al (2013) described the excavation induced fractures network observed around
drift at the main level of the URL and show that the fracture pattern and extent depend on the
drift orientation. The excavation induced fractures network is more developed at roof and
ceiling for drifts parallel to ch and at the wall for the ones parallel to cH. Anisotropic
convergences are observed in all drifts (Armand et al 2013). However, this anisotropy is
smaller for the drift parallel to the major horizontal stress than observed in the drift
perpendicular to the minor horizontal stress. Highest convergence is observed where the
extent of induced fractures is larger. That’s why, disposal cells (HLW, IL-LLW) in Cigéo are
oriented along the major horizontal stress cH.

SR A Al

Figure 1: Meuse Haute-Marne URL drift network

2. MEUSE/HAUTE-MARNE URL CONTRIBUTION TO CIGEO DRIFT DESIGN

Cigéo basic design outlines several types of drifts (access drift, IL-LLW disposal vaults,
technical drifts...), excavation methods (TCM or TBM), lining type (primary & final support
or precast segments) or requirements.

The MHM URL offers the possibility to understand for different experiments cases the
hydromechanical behaviour of the COx and the linings, their interaction, and evolution in
time (Armandet al., 2013).

Table 1. Characteristics of the different experimental drifts dedicated to hydro-mechanical
(HM) behaviour.
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A step by step approach is carried out, based on comparison of HM behavior of parallel drifts
excavated/supported by different construction methods and structure stiffnesses (Armand et
al., 2015). These various configurations (table 1) give insight of the influence of various
construction methods on the excavation damaged zone (EDZ), on the progressive loading of
the structural support, which are key issues to design and select the most suited excavation
methods and lining for the appropriate Cigéo structure. In-situ experimental strategy for the
study of drift behaviour is based on the following activities (Armand et al., 2015):

e Observing real behavior of drift under different conditions (depth, size, geometry,
ventilation, temperature...). Each drift excavation in the URL is a rock mechanics
experiment in itself,

e Sequencing of drift construction to highlight the role of support/excavation method on
the HM behavior (support loading, EDZ...) starting with "flexible" support up to
“rigid” support,

e Comparing the different behavior (Figure 2) of drifts excavated with different
methods,

e Applying “mine by experiments” (instrumented boreholes in-place before the
excavation) to study the HM behavior (at short and long terms).

BPE (Béton Projeté Epais) experiment as shown in red circle in figure 1, aimed to apply with
respect to the scale and conditions of the Meuse/Haute-Marne URL, within a short time a 45

cm thick layer of sprayed concrete, in a way to oppose as soon as possible a stiff lining to the
COx convergence.

3. BPE DRIFT FEATURE
3.1 Construction description
GRD?2 drift dedicated to BPE experiment is parallel to the major horizontal stress. It is a 15 m

long circular drift, excavated with a road header machine, with an excavation diameter of 6.3
m (figure 2).
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Figure 2: BPE experiment in GRD drift

Excavation sequence (figure 3) was realized with a 1 m excavation span. After each
excavation, an average of 11 cm layer of wet mixed fiber reinforced shotcrete was applied on
the vault of the last 4 excavation, and 45cm on the counter vault. The vault final thickness was
reached after 2 weeks’ time, after proceeding with the three following step of excavation.

g =

Figure 3: BPE excavation and instrumentation sequence
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3.2 BPE instrumentation description

To understand the interaction between the rock mass and the sprayed concrete lining and to
evaluate the loading on the lining, several measurement wires were used (Figure 4).

The hydro mechanical behavior of the rock is followed before, during and after excavation.
Boreholes were instrumented to follow deformation and water pressure, taking in
consideration the feedback from the previous excavation drift at the underground laboratory
(Armand et al., 2013).

¢ Before excavation: three instrumented boreholes were installed around the drift,
equipped with water pressures and deformation measurements.

*  While excavating, shotcrete was instrumented with embedded vibrating wires for
deformation measurements, and total pressure cells. Three dimensional laser scans
were performed in a way to estimate shotcrete layers thicknesses, sensors position and
short term deformations. Measurement of displacement and convergence of the
excavated section have also been realized.

e After excavation: three dimensional scanners, convergence as well as flat jacks
measurements are carried.

Vibrating wires

Figure 4: BPE lining instrumentation

Five sprayed concrete sections have been monitored:

e 2 sections with 16 total pressure cells each,

e 2 sections with 21 vibrating wires each,

e 1 section of 3 measures of flat jack to follow orthoradial stresses.
As shown on the Figure 5, pressure cells and vibrating wires were distributed on the 4 sprayed
concrete layers, and positioned in a way to follow mainly the orthoradial behaviour.
Orthoradial stress are the stresses which will develop the more under the loading of the ring
that why the monitoring is gathering on orthoradial stresses (extrados and intrados) .
The 16 orthoradial sensors in both cell pressure sections and vibrating wires have the same
position (figure 5).
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Figure 5: BPE cell pressure section (16 cells in green), and vibrating wires (21 vibrating wires
in yellow)

Two embedded vibrating wires were mechanically disconnected from the ring structure. The
aim of their measure is to be able to correct a part of the strains due to shrinkage and
temperature fluctuation.

The results presented on this paper concern lining monitoring.
4. SPRAYED CONCRETE

A wet-mix sprayed concrete formulation was manually sprayed. It should be noted that this
formulation is not designed to answer Cigéo’s specifications, but it answer only the strength
criteria needed for experimental use at the URL.

The targeted performance is to have a minimum compressive strength of 40 MPa (28 days),
with an S2 slump class.

Mixture composition : CEM 1 cement (GUNIDOR 30 PMES) 400 kg/m3, with a water
dosage 40% of cement weight, with polypropylene fibers (6 kg/m?®), accelerator (MEYCO SA
167) 6% of cement weight, and stabilizer admixture (DELVO) 0.05% of the cement weight,
and granularity 0/8mm (recommended by AFTES).

4.1 Sprayed concrete testing

e Formulation validation before and during construction (compressive strength, and
workability tests),

e A laboratory testing program; characterization of the elastic modulus, creep,
shrinkage, and hydromechanical behavior of the interface between two layers of
shotcrete. Tests were run in LMDC Toulouse laboratory, on cores drilled at early
(48h) or after 28 days in:

o the drift structure,
o test panels (1x1x0.15m), and a test wall (figure 6)

e Hydromechanical behavior of the interface between two layers of shotcrete (not
presented in this paper) : testing wall (figure 6) taking into account the sequence of the
structure drift : 4 layers, 45 cm final thickness, and 3 days of time laps between two
layers, campaign test done in LaMcube laboratory (University of Lille).
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Figure6: BPE Sampling of sprayed concrete cores

4.2  Main results

Table 2 present the mechanical results obtained; compressive strength (NF EN 12504-1 and
NF EN 12390-6), modulus (Rilem-CP8) over time, and porosity (Rilem-TC 107-CSP) after
28 days was measured around 19,5%.

Table 2. Mechanical tests results (Lmdc Toulouse).

BPE 7 days 14 days 28 days

R. (MPa) 30.9 36.1 50.0
(37.1-245) (366-485) (418-5386)
R;(MPa) 29 3407 3.6(1.0
3 values

E; (MPa) 20671 (2541) 24546 (3705) 25472 (3602)
2 values

Autogeneous and drying shrinkage (figure 7) were measured on different cores, and showed:
e Evolution in time up to 140 days
e Aloss of weight up to 2.6% concerning drying core
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Figure7: BPE monitoring autogeneous and drying (20°C, 50%H.R.) shrinkage (LMDC
Toulouse laboratory)

Creep tests were conducted as soon as possible 14 days (panel projection, transportation,

cutting, then drilling cores perpendicular to spraying direction).That’s why autogeneous
conditions are not well fulfill after such a delay, and can be probably not unreliable.
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A first 7 MPa loading stress was applied; a value equivalent to the higher total stress
measured with the cell pressure sensors in the sprayed concrete layer at early drift age. Later
on an unloading followed by a new loading up to 15 MPa loading was conducted. Figure 8
shows the strain evolution as a function of time:

e A great creep potential whether in both loading phase (1800 pe in drying mode under
7MPa, and 800 pe under 15 MPa). For instance, 1800 pe under the first loading in
drying mode are an enormous creep value comparing to other cementitious mixtures
(mortar, concrete or grout).

e Instantaneous unloading deformation is only up to 18% of drying creep.

e Creep strains for the first loading step are similar to the shrinkage ones for the over the
same period.
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Figure8: Total creep strains for autogenous and drying conditions, with 2 loading phase, 7 and
15 MPa (LMDC Toulouse).
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5. HOST ROCK MECHANICAL BEHAVIOR ANALYSIS

The analysis of the rock behavior confirms what is observed on drifts in the same direction
(Armand et al. 2013). Even though the drift direction is parallel to the major stress, the
excavation work induces anisotropic fractures network around the drifts due to the semi-
brittle behavior of the rock (even if cross section initial stresses are nearly isotropic). The
fracture network induces an anisotropic convergence more marked on the horizontal direction.
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Figure 9: Rock convergence, BPE experiment Vs a parallel drift GCS (more flexible lining)

Figure 9 shows the influence of the stiffness of the lining on the rock convergence. In fact for
the two parallel drifts with a same construction sequence, only the lining differs. The BPE
lining is more rigid then the GCS one (with perfect elastoplastic wedge in the shotcrete
lining). In the two cases, horizontal convergences are larger than the vertical ones. The high
stiffness of the BPE lining allows lower convergence after the shotcrete setting time.

6. LINING MECHANICAL BEHAVIOR ANALYSIS
6.1 Monitoring analysis

Figure 10 and 13 present the strains and stresses evolution (1% year, and 4 years) on two
instrumented section of the lining circumference. The results show:

e A quick loading of the lining. Some strain exceeded 2000 pe in the vault and counter
vault before even the end of the 4" sprayed layer emplacement.

e Orthoradial deformations and stress are more concentrated at the vault and counter
vault (figure 11).

e Strains evolution continue over time, confirming the rock creep behavior evolution

o Stresses measured in cell pressure sensors seem to increase less after final lining
thickness was reached, even though the excavation continues. Flat jacks installed after
30 days show better evolution with time (figure 13b).

e Intrados and extrados strains and stresses are not symetric like expected as the ring is
anisotropically sollicitated. Concentration of orthoradial compression in the intrados
and extrados of the vault and counter vault are well marked.
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Figure 10 (a) Vibrating wires strains (embedded in the second layer) evolution in time

(BPE4031). (b) Orthoradial stresses measured with total pressure cell (embedded in the
second layer) evolution (BPE4041)
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Figure 11 (a) Evolution of the orthoradial stresses (MPa) as function of the angle location

(0° is the vault) at different time (in days) and (b) initial/corrected strains (shrinkage and

6.2

temperature effect) on the intrados (3™ and final sprayed layer) of the lining.

Modelling analysis

Difficulty to find the appropriate early age behavior law concerning loaded sprayed concrete
is presented on that paragraph. That’s why not all the modelling procedure and phases are
detailed.

A parametric modelling program was done by Ineris, the important key points of that study:

2D calculation taking in account the rock behavior (behavior law Andra/Ineris, Souley
etal, 2011)

The as-built construction sequence, geometry and characteristics was respected

Only behaviour law of the sprayed concrete was modified: modulus variation (Figure
12), behaviour law (elastic and Mohr Coulomb),...)

E (GPa)

.
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Days
Figure 12 the three sprayed concrete Young modulus evolution case studies (1 following

AFTES recommendation, 2,3 lower modulus to take into account creep effect on the

shotcrete)

Below the results concerning Young modulus, three cases were studied (figure 12).
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First case study (figure 12 curve 1) take in account the AFTES recommendations; using early
age compression results, later the mechanical behavior was modified (reducing Young
modulus ) in order to take it account some creep effect (figure 12 curve 2 and 3).
Those assumptions conducted to a better prediction of the results but were not sufficient in
order to catch the creep behavior at early age. Figure 13, with a Young modulus represented
by number 2 on figure 12, shows the most fitted study case:
e stresses measures were always higher than calculation, even if difference is more
acceptable using flat jack measurements.
e Strains long-term slope time behaviour seems to be acceptable. It is more related to
the creep behaviour well generated by the INERIS/Andra COx behaviour law.
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Figure 13 (a) Vibrating wires strains (microdef) evolution in time Vs 2D calculation
result.(b) Orhtoradial cell pressure stresses (MPa) evolution Vs 2D calculation result.

Classical approaches used in design calculation do not take into account the sprayed concrete
creep, leading to overestimate stresses and underestimate strains in the designed sprayed
concrete lining. In order to better predict the measured strains and stresses in the sprayed
concrete layers more complex behaviour has to be taken into account.

7. CONCLUSION

Both creep measures on cored samples, as well as BPE monitoring results, highlight under
loading effect the enormous creep potential effect in early age of the sprayed concrete. In fact,
a quick spraying of a thick shotcrete lining creates a support of the drift which counter-acts
the convergence of the rock. This leads to a quick early loading of the sprayed concrete layer.
Early age loading as measured mobilizes an important creep potential. That creep potential
releases more strains and decreases the stresses evolution.

The early age creep and its evolution depending on confinement is difficult to represent with a
simple evolution of Young’s modulus as a function of time as it is done for long term creep
classical approach. A more accurate modelling approach to better represent the early age
behaviour of shotcrete would benefit the optimization of lining thickness.

For all those reasons, Andra with LaMcube Lille are cooperating on a PHD study bases on an
experimental and behaviour law development program, concerning instant and delayed
mechanical behaviour of sprayed concrete.
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