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Summary

The research described in this PhD thesis investigated key aspects of sprayed concrete material, with
an intention of gaining knowledge to enable greater use of sprayed concrete for permanent tunnel
linings. The two unique attributes of sprayed concrete are the addition of set accelerator at the nozzle,
which is essential to achieve adhesion to the substrate and high early strength development, and the
relatively large, irregular macro pores from the spray application. Both these topics were investigated
to increase understanding of sprayed concrete. The effect of cracks on water transport was also
investigated. Improving sustainability of sprayed concrete linings by reducing cement content and
improving durability by reducing water transport properties of the sprayed concrete material was
investigated. These investigations are described in the six papers included in this thesis.

The first paper was a systematic literature review covering all aspects of sprayed concrete application,
including proportioning, pumping, addition of set accelerator at the nozzle, propulsion of the concrete
towards the substrate and the hardening and hardened properties. Proportioning principles based on
the particle-matrix model were discussed and the term placed concrete composition was introduced.
The effect of set accelerator and irregularly shaped macro pores were discussed. A definition of
“sprayability” linking the production to the obtained quality of the placed sprayed concrete was
offered.

The research in the second and third papers studies the effect of aluminium sulphate based set
accelerators on the hardening and hardened properties of sprayed concrete. Investigations were on
specimens produced by full scale spraying experiments (paper two) and laboratory cast specimens
with the water/binder ratio kept constant (paper three). Higher doses of set accelerator were measured
to give higher early strength development but reduce density, long term strength and increase suction
porosity. Strength was measured to correlate well to both density and total porosity (suction porosity
+ macro porosity). The Powers’ equation quantifying the relationship between water/cement mass
ratio, degree of hydration and porosity was demonstrated to be inapplicable for sprayed concrete with
set accelerator added, due to the hydration products being different to those for conventional concrete.

The research in the fourth paper investigated the anisotropy of sprayed concrete due to the shape and
orientation of macro pores, orientation of fibres and the presence of laminations. A trend of increasing
macro porosity with increased set accelerator dose was found. Measurements of the macro pores
confirmed them to be non-spherical, with 50 % of length/width ratios greater than 1.5. The orientation
of both macro pores and steel fibres were measured to tend towards orientation parallel to the
substrate. Three methods to measure macro porosity were compared: image analysis, PF (pore
fraction) method and CT scanning. Macro porosity measurements by image analysis were higher than
by PF method with only one exception among the data set. The measurements by CT scanning were
closer to the measurements by image analysis. 80-94 % of the macro pores were measured to be
closed by capillary suction and PF method. Furthermore, water penetration tests on specimens with
the water pressure applied parallel and perpendicular to the direction of sprayed concrete application
are described. Water penetration was measured to be very low parallel to the direction of application,
but much higher perpendicular to the direction of application, due to macro porosity and laminations
in this direction for specimens sprayed with 10 % set accelerator in a single, continuous application.
The detection of laminations at higher accelerator doses and the effect on permeability demonstrated
the importance of careful execution for wet spraying of concrete.

The fifth paper describes experiments undertaken on sprayed concrete discs to investigate the effect of
cracking on capillary suction and permeation through sprayed concrete for tunnel linings. The
specimens were cracked by tensile splitting, with the crack widths controlled and measured by digital
image correlation. The use of CT scanning to measure cracks through the full thickness of specimens,
compared with measurements at one surface of the disc only, was also explored. Both a standard
sprayed concrete mix and a mix containing an EVA (ethylene-vinyl-acetate) based co-polymer



powder were tested, to determine the effect of this co-polymer on water transport. Cracks increased
the rate of capillary suction compared to uncracked samples, due to rapid rise of water in the crack
compared to the intact concrete and absorption occurring over the surface area of the crack in addition
to the area of the base of the disc. Inclusion of the co-polymer reduced the rate of capillary suction —
both the rise of water in the crack and the rate of absorption in the bulk concrete. Wider crack widths
exhibited a higher rate of water permeation per area of crack. The theoretical rate of permeation in a
perfectly smooth, ideal crack is proportional to the crack width cubed, but the flow rate coefficient
(measured flow / theoretical viscous laminar flow) was found to also increase with crack width. This
is likely due to the decreasing effect of crack surface roughness with increasing crack width, though
narrower cracks are more likely to be less continuous through the thickness of the disc. Inclusion of
the co-polymer reduced the rate of permeation for a given crack width compared to the standard mix.
Self-healing both during water permeation and water storage of the cracked specimens was measured.

The sixth paper describes research to improve the sustainability of sprayed concrete tunnel linings by
reducing the cement content and improving the water transport properties of the material. Reference
mixes and innovative mixes were proportioned to investigate reducing the cement content in sprayed
concrete tunnel linings, by either replacement of cement with supplementary cementitious materials or
by reducing the matrix content of the concrete. Shrinkage and thermal contraction were studied, with
the aim of reducing tensile strains, cracking and hence water transport. The investigations described in
paper 5, where inclusion of the EVA (ethylene-vinyl-acetate) based co-polymer powder in the sprayed
concrete was measured to reduce water transport both in cracks and in the capillary pore network,
were applicable for this study. By reducing the water transport properties of the sprayed concrete
material, improved durability over single shell linings or reduced material consumption over linings
including a waterproofing membrane can be achieved.

While inclusion of the ethylene-vinyl-acetate (EVA) based dispersible co-polymer powder in the
concrete significantly reduced water transport, it also reduced the rate of early strength development.
Inclusion of the EVA based co-polymer would be beneficial for a secondary lining with reduced water
transport properties, where sufficient early age strength development is needed only to achieve
sufficient adhesion for the concrete to remain in place. But, depending on early age strength and
thickness requirements, inclusion of the EVA based co-polymer may not be appropriate for primary
linings applied for immediate ground support.

The experiments described in the sixth paper also included investigations of shrinkage and the risk of
early age cracking, given the significance of cracks for water transport. The measured volume
changes were due to both shrinkage and thermal contraction. Sprayed concrete experiences high early
temperature development, due to the addition of set accelerator to give high early strength
development, that may contribute to high risk of early age cracking during the subsequent cooling. It
was determined that avoiding drying shrinkage in this period should be sufficient to reduce/eliminate
the risk of cracking. This could be achieved by keeping the concrete wet at early ages, use of a curing
membrane or inclusion of a shrinkage reducing agent in the mix.

Reducing the cement content by replacement with fly ash or limestone powder reduced the rate of
early strength development due to the slower reaction rate of these supplementary cementitious
materials, though they did increase long term strength and reduced suction porosity. The benefits of
this are arguable — early strength is considered more critical than long term strength for sprayed
concrete. On the other hand reducing the cement content by reducing the matrix volume gave
promising results — the mix was successfully sprayed and the early age strength development was
comparable with the reference mixes. Within the scope of the study, reduction of the matrix volume
gives a more effective reduction of cement content than replacement of cement by supplementary
cementitious materials.
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1.  Introduction

This thesis is a study into wet sprayed concrete, which is widely used for tunnel linings. Sprayed
concrete linings act to provide immediate ground support, allowing access for excavation to proceed,
and are increasingly considered to act as permanent linings [1]. However sprayed concrete may not
necessarily comply with today’s service life requirements for durability — typically in the range 60-
150 years [2]. Improved material properties may be needed to improve the durability of sprayed
concrete tunnel linings.

Furthermore the environmental impacts associated with concrete are mostly due to the CO» emissions
from the production of cement [3] [4]. Cement contents have been reduced in conventional concretes
by replacement with supplementary cementitious materials (SCMs) or filler. However the cement
content of sprayed concrete remains relatively high given the requirement for high early strength in
sprayed concrete tunnel linings, and given that replacement by high levels of cement replacement by
SCMs reduce the rate of strength development [5]. Progress towards reducing the environmental
impacts associated with sprayed concrete tunnel linings is required.

Some key previous studies of the fundamental properties of sprayed concrete were Opsahl’s [6] and
Beaupré’s [7] and Holter’s [8] PhD theses. Two recent PhD theses study the durability of existing
sprayed concrete tunnel linings — Hagelia’s thesis [9] focuses on deterioration mechanisms due to
presence of sulphates and acids, while Manquehual’s thesis [10] investigates the current condition of
sprayed concrete linings constructed 2025 years prior to the investigations. Furthermore the
Norwegian Concrete Association have arranged a series of symposia (for example [10] & [11]) that,
together with the Norwegian Concrete Association Publication on sprayed concrete [12], contain
considerable knowledge and experience on wet sprayed concrete tunnel linings.

This PhD thesis attempts to build on the knowledge established in these sources — adding to, but not
duplicating, the knowledge. This PhD thesis consists of six journal papers. The first paper is a
literature review of sprayed concrete and identifies areas of interest for the rest of the study. For each
topic studied in papers 2 — 6, the paper begins with a detailed literature review of the topic in each
case. Each paper contains description of the methods, results and discussions of the findings along
with conclusions.

Papers 2 — 4 focus on key properties of sprayed concrete — the effect of the set accelerator added at the
nozzle and the large, irregularly shaped macro pores, both of which are unique to sprayed concrete
compared with cast concrete.

Papers 5 and 6 investigate improvements in sprayed concrete that can be implemented. Paper 5
investigates improving durability by reducing water transport in the sprayed concrete material.
Paper 6 investigates improving sustainability through reducing the cement content, while also
focusing on the properties of the sprayed concrete that affect durability — cracking and water
transport.

The experimental work for this thesis has been based on working with concrete sprayed at full-scale,
both for field measurements on sprayed concrete and for obtaining specimens for laboratory testing,
rather than investigating cast concrete with similar properties to sprayed concrete. This approach was
taken as the mixing of set accelerator at the nozzle, spraying process and unique macro porosity are
fundamental properties of sprayed concrete and are impossible to reproduce in cast concrete.



2. Methods

Four full scale spraying experiments were central for this PhD study, both for field measurements and
for obtaining specimens for laboratory tests. These are summarised in Table 1.

Table 1 Summary of the full scale spraying experiments

Cored 13th March
2020

@75 mm, h 150
mm for strength
and density tests.
Cured in water
until compressive
strength testing.

@ 100 mm for
capillary suction,
PF and image
analysis tests.
Cured in air before
oven drying.

Ist — 2nd July
2020

@ 75 mm, h 150
mm for strength
and density tests.
Cured in water
until compressive
strength testing.
@ 100 mm for
capillary suction,
PF and image
analysis tests.
Cured in water
before oven
drying.

Then transported
to laboratory for
coring. Cores
stored in water
before laboratory
tests.

Location AMYV premises, Outside the Svorkmo UDK 01 tunnel
Flekkefjord, SINTEF concrete | hydroelectric project site,
Norway lab, Trondheim, power station Drammen, Norway
Norway access tunnel, near
Orkanger, Norway
Experimental | Accelerator dose Accelerator dose Concrete Concrete
scope varied. varied — 1 concrete | proportioning proportioning
Single concrete mix. varied — 8 mixes varied — 6 mixes
mix. Spraying
mechanics varied —
1 concrete mix.
Dates February 2020 June 2020 March 2021 April 2022
Spraying AMV 7450 Normet Spraymec | Normet Spraymec | AMV 4200 H
machine shotcrete robot NorRunner 140 NorRunner 140 shotcrete robot
DVC shotcrete DVC shotcrete
robot robot
Concrete Trondheim Trondheim Trondheim Drammen
batching 5 minutes drive to | 10 minutes drive to | 60 minutes drive to | 15 minutes drive to
location and | spraying location spraying location spraying location spraying location
transportation
Concrete 10 m*/hr 14 m*/hr 15 - 20 m*hr 15— 20 m*hr
flow rate
Accelerator Master Builders Master Builders Master Builders Master Builders
type Masterroc SA 188 | Masterroc SA 168 | Masterroc SA 188 | Masterroc SA 168
Accelerator 0, 3,6 and 10% of | O (cast), 3.5 and 7 % of cement 8.5 % of cement
dose binder mass 7% of binder mass | mass mass
Distance 20m 1.5m 1.5-2m 1.5-2m
nozzle to Perpendicular to Perpendicular to
substrate and | the panel the panel
angle
Curing and Wrapped in plastic | Wrapped in plastic | Panels stored in Panels stored in
coring before coring. before coring. tunnel for 5 weeks. | tunnel for 20

weeks.

Then transported
to laboratory for
coring. Cores
stored in water
before laboratory
tests.




A summary of all the test methods — both field and laboratory tests — is given in Table 2. The methods

are detailed in the relevant papers.

Table 2 Summary of field and laboratory testing

Test method

Property measured

Field tests

Slump and slump-flow test

Workability of fresh concrete before spraying

Air content

Air content of fresh concrete before spraying

Temperature Temperature of concrete (before and after spraying)
Penetrometer Early strength
Hilti stud driving and pull-out Early strength

Filming of sprayed concrete application
by normal and high speed cameras.

Normal camera — video studied for pulsation.

High speed camera — particle tracking.

Laboratory tests on hardened concrete

Density

Density

Compressive strength

Compressive strength

Capillary suction

Rate of water absorption and suction porosity

PF test

Suction porosity, open macro porosity and closed
macro porosity

Image analysis

Macro porosity and detection of laminations.
Shape and orientation of macro pores.

CT (computed tomography) scanning

Macro porosity, and measurement of cracks.
Fibre content and orientation.

Water penetration

Depth of water penetration and equivalent
permeability (Valenta)

Water permeation through cracks

Permeation through cracks




3. Results
The main results from the research contained in thesis are contained within the six papers. Some other
results are included below.

3.1. Investigation of spraying mechanics

Both normal cameras and a high speed camera were used to take video recordings of the spray
application for the spraying experiments. We can use normal camera videos to observe a key
phenomenon in sprayed concrete — pulsation of the spray from the nozzle. This is illustrated in Figure
1, which a two still pictures extracted from a video — the left image shows a consistent grey spray
cone, while the image on the right shows a much lighter spray cone which consists only of
accelerator. A momentary pause in the concrete flow has occurred in the picture on the right.

The accelerator is a liquid with (relatively) low viscosity and consistent flow rate of the accelerator
can be achieved, whereas the concrete has a much higher viscosity and the flow rate can experience
momentary pauses, in which case the flow from the nozzle becomes pure accelerator. The pure
accelerator flow from the nozzle leads to a local overdose of accelerator in the concrete and may
cause a lamination in the hardened material.

Full concrete
spray cone.

No concrete in
the spray cone.
Accelerator only.

Figure 1 Photographs of the spraying experiments. Left: sprayed concrete application with a full concrete spray cone.
Right: sprayed concrete application with a pause in concrete flow, so pure accelerator is propelled through the
nozzle to the substrate. The mesh on the board behind the spraying is 100x100 mm.

3.2. Effect of laminations

The water penetration tests in paper 5 demonstrate that water transport along laminations
(perpendicular to the direction of spray application) is much higher than that through the bulk
concrete. Furthermore paper 6 contains compressive strength tests of cores containing laminations.
These are identified in Figure 2, which is duplicated in paper 6. The measured compressive strength
of the cores containing laminations was 60 % of the strength measured in comparable cores. So
laminations cause reduced mechanical properties of, and increased water transport in, the hardened
sprayed concrete. This demonstrates the importance of execution for wet spraying of concrete.



Figure 2 Identification of laminations in the cored specimens from the Drammen spraying experiments used for
compressive strength tests

3.3. Particle tracking

The primary aim of using the high speed camera was to track particles in the spray cone and measure
particle velocities. This was largely unsuccessful — particles in the spray cone could be distinguished
by eye but the consistency of the particles compared to the surroundings was too variable from frame
to frame to enable successful automated particle tracking. Manual particle tracking was possible but
only at the periphery of the spray cone, where particle velocities are lower, and not representative of
those towards the centre of the spray cone. An example frame from a high speed camera video taken
at the Svorkmo spraying experiments is shown in Figure 3. The impact of the sprayed concrete with
the substrate and rebound of particles can also be studied in the high speed videos — an example is
shown in Figure 4.

Figure 3 High speed camera image from the Svorkmo experiments, showing a consistent spray cone where individual
particles cannot be distinguished, while individual particles can be identified at the periphery of the spray cone.
The mesh on the board behind the spraying is 100>100 mm.



Rebound
particles

Accumulation
of rebound
particles

Figure 4 High speed camera image from the Svorkmo experiments, showing particles rebounding ﬁa the sprayed material
and accumulating on the ground below. The mesh on the board behind the spraying is 100100 mm.

4.  Conclusions
The key conclusions that we can infer from the investigations and results contained in the six
appended papers that constitute the main body of research in this PhD thesis are presented below.

e Addition of set accelerator at the nozzle increases the early age strength development but reduces
density, reduces long-term strength and increases suction porosity of the sprayed concrete, both
due to the water content of the set accelerator increasing the water/binder ratio, and due to the
effect of the accelerator on the hydration products. This conclusion was demonstrated by tests on
specimens produced by full-scale spraying experiments, and specimens produced in the
laboratory where the accelerator doses were precisely controlled. The capillary suction curves
(absorption in kg/m? against square root of time in seconds®®) show clear knee points after drying
at 105 °C in all the sprayed concrete specimens containing accelerator studied in papers 2 & 3,
indicating percolated capillary pore systems.

e  The presence of laminations in sprayed concrete increases the permeability of the material in the
direction parallel to the lamination, i.e. perpendicular to the direction of spray application.
Laminations reduce the compressive strength in the direction of the spray application, i.e. parallel
to the substrate. Cylindrical specimens extracted from the lining by coring parallel to the
direction of spray application and tested for compressive strength with the force applied in this
same direction will give lower strength results if the cored cylinders contain laminations.

e Macro pores are ubiquitous in sprayed concrete and are non-spherical in shape. The spraying
process causes the spherical entrained air bubbles due to use of an air entrainment agent to be
lost. Like the orientation of fibres, the orientation of macro pores tends towards perpendicular to
the direction of spray application. This tendency of the orientation of both fibres and macro
pores, and the potential for laminations, demonstrates that sprayed concrete is an anisotropic
material.

e The rate of water transport from both capillary suction and permeation is increased due to cracks
in sprayed concrete. The higher rate of capillary suction is due to rapid rise of water in the crack,
with the crack surface then providing additional area for absorption. The theoretical rate of
permeation increases with crack width cubed following Poiseuille’s Law [14], while the flow rate



coefficient also increases with crack width. So crack width is the major criterium for the rate of
permeation through cracks. Describing a crack by the maximum crack width, rather than a mean
value, gave clearer trends in the measured flow data, because most of the water flows through the
wider parts of the crack.

Inclusion of the EVA (ethylene-vinyl-acetate) based co-polymer admixture in sprayed concrete
reduces water transport in sprayed concrete linings, both through the capillary pore network and
through cracks. Inclusion of the EVA based co-polymer reduced the rate of capillary suction both
in the cracks and in the bulk material. Inclusion of the EVA based co-polymer had no clear effect
in cracks below 0.1 mm width but above this width, flow rate coefficient increased exponentially
with increasing crack width in the standard sprayed concrete specimens, whereas the flow rate
coefficient increased less with increasing crack width in the specimens with the EVA based co-
polymer.

Inclusion of the EVA based co-polymer retarded the rate of early strength development in the
sprayed concrete. Depending on early strength and thickness requirements for the primary
sprayed concrete, applied directly onto the excavated surface, inclusion of the EVA based co-
polymer may be unsuitable for this first layer given the slower rate of strength development.

The EVA based co-polymer can be included in sprayed concrete for secondary (inner) linings,
where the requirement for early age strength is lower — strength need only be sufficient for
adhesion to the previous layer. Inclusion of the EVA based co-polymer can reduce water
transport in the linings to either:

» Give improved durability over single shell sprayed concrete linings, or

» Enable omission of waterproofing membranes to achieve reduction in material consumption.

Reducing the cement content of sprayed concrete reduces the CO, emissions associated with
construction of sprayed concrete linings. A number of mixes with reduced cement content were
studied. Replacement of cement content with fly ash increased the long term strength and
reduced the rate of capillary suction but reduced the rate of early strength development. So,
depending on early strength requirements, replacement of cement content by fly ash may be
undesirable for sprayed concrete. Reduced cement content was achieved by reducing the matrix
volume fraction, while maintaining the composition of the matrix. The sprayability of this mix
was good — no major pulsation was observed when spraying compared to the reference mixes —
and the rate of early strength development was comparable with the reference mixes.

Shrinkage and thermal contraction are difficult to measure in sprayed concrete. But it is desirable
to minimise the cracking induced from these strains to reduce water transport through the linings,
which is discussed in paper 5. A shrinkage reducing agent included in the mix was shown to
reduce drying shrinkage in the Svorkmo experiments, as shown by results in paper 6. But other
than this finding, atmospheric conditions were determined to be more significant than the mix
composition for the magnitude of the volume changes. Avoiding early drying was determined to
be particularly important.



5. Further Research
The following areas of sprayed concrete may be investigated further.

e  Further investigation into compaction and macro porosity in sprayed concrete. Can the spraying
process be improved to reduce/avoid the macro porosity of sprayed concrete?

e  Study into the flow of sprayed concrete from the nozzle using a high speed camera. Analysis of
particle velocities, impact with the substrate and rebound. Analysis of how to synchronise pump
stroke rates and spraying process to avoid pulsation and momentary halts of concrete flow rate
and hence avoid laminations in the hardened sprayed concrete.

e  Can high performance or ultra-high-performance sprayed concrete be used to reduce the capillary
porosity and improve strength and durability? Such concretes would likely give smoother
capillary suction curves without such pronounced knee points seen in capillary suction tests of
sprayed concrete. The use of ultra-high-performance concrete for sprayed concrete has been
studied in [ 14] with a focus on the mechanical properties.

e  Further investigation of self-healing in sprayed concrete. What are the critical crack widths for
self-healing in sprayed concrete? What are the effects of mix composition and accelerator?

e  Development of new accelerators compatible with supplementary cementitious materials.
Current aluminium sulphate accelerators react with the Portland cement, and addition of
supplementary cementitious materials retards this reaction, which reduces the early strength of
sprayed concrete, which is so crucial for sprayed concrete.
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ABSTRACT

Wet sprayed concrete quality is affected by more production factors than cast concrete,
particularly due to the propulsion through the nozzle and the flash set caused by the set accelerator.
Practitioners often use the term “sprayability” to describe these factors. We propose a definition
of “sprayability” that relates the application to the final properties of the hardened sprayed
concrete and review factors affecting it: concrete constituents, proportioning, and application
mechanics. These factors affect the hardening and the structure of the hardened sprayed concrete
— the porosity, permeability and durability. We consider improving sustainability through
proportioning with increased share of supplementary cementitious materials, calculate the placed
composition and focus on factors that affect water transport, and hence durability. Due to the spray
application and flash-set, irregular compaction voids dominate the macro pore structure of sprayed
concrete. Studies of permeability of sprayed concrete have shown that it is possible to obtain low
permeabilities given adequate composition and curing. Presumably these samples have been well-
cured, uncracked and with non-percolating macro voids. Given observations of cracks in sprayed
concrete linings and the macro voids, important further studies will be on the effect of accelerator,
compaction porosity and cracking on permeability.
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1. INTRODUCTION

Sprayed concrete is concrete that is applied by pumping through a nozzle and is consolidated by
the impact of subsequent sprayed particles. Wet sprayed concrete means that a ready mixed
concrete is pumped from a hopper to the nozzle where compressed air and accelerator are added
so that the wet mix is sprayed and flash-set occurs as it hits the substrate. This is different to
conventional concrete, which is applied manually or by pumping through a pipe, and consolidated
under gravity and often mechanically by vibration or other forms of compaction. The placement
method enables sprayed concrete to be placed in vertical or overhead locations, in irregular
geometry, and with little or no formwork [1].

The sustainability of sprayed concrete tunnel linings (SCL) mainly depends on the concrete
composition, the volume of concrete used and on the service life.

1.1 Sprayability

The term sprayability is frequently used to describe sprayed concrete properties. The term
sprayability is a European term, whereas the term “shootability” is commonly encountered in
North America.

We can refer to a definition for the pumpability of concrete, i.e. how easily concrete can be
pumped. Jolin et al [2] defined concrete pumpability as the capacity of a concrete to be mobilised
under pressure while maintaining its initial properties. We can develop this definition further:
concrete pumpability is the capacity of a concrete to be pressed through pipes and hoses under
pressure while maintaining its initial properties.

The properties of concrete are affected by the spray application process due to the addition of
accelerator at the nozzle, which increases the early age strength. The final compressive strength
of sprayed concrete can be lower than that for cast concrete [3] due to the effect of the set
accelerator and the compaction porosity, see further discussion in Sections 4 and 5. So the above
definition for sprayability is too simple and we propose the following definition:

Sprayability is the ability of a specific concrete mix to be sprayed and obtain
satisfactory production and in-situ properties after pumping, addition of
accelerator at the nozzle and spraying with a specific spraying set up and specific
settings (pump speed, air pressure, accelerator dosage, spraying distance and
angle, nozzle rotation etc).

Sprayability can be considered as a qualitative measurement, defined by a series of defined and
measurable criteria:

e  Mix composition e Rebound
e Flow or slump e  Strength gain with time
e Adhesion and cohesion e Compaction.
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Sprayability is dependent on several processes through the process of producing and applying the
sprayed concrete. This starts with the composition of the mix: the mix must be sufficiently
flowable to be pumped and sprayed, but sufficiently “stiff” for the sprayed concrete to adhere to
the substrate and not fail in cohesion. The sprayed concrete must achieve sufficient “set” to
solidify and develop shear strength, and not fall or drip away from the surface as a liquid.

1.2 Dry or wet process

For a dry process of sprayed application of concrete, a dry cementitious mixture is transported
through a hose to the nozzle, where water is added by the operator. The dry process relies on the
skill level of the operator to determine and implement the mixing ratios of the dry mix and water
at the nozzle. A schematic diagram showing the dry process for sprayed concrete is presented in
Figure 1 [4].

For a wet process the fresh concrete mixture, excluding set accelerator, is fed into the hopper of
the spraying machine. From there it is pumped to the nozzle, where compressed air and set
accelerator are added. A schematic diagram depicting the wet process for spraying concrete is
included in Figure 2. The water content of the fresh sprayed concrete is determined during
batching rather than at the nozzle, so the nature and the quality of the final product is less
dependent on the skill of the operator.

Concrete

. o
nto
hopper l .

— b g
=l —

Concrete pumped

through hose l

wer 7=

cement + Compressed air
aggregates water and accelerator
Figure 1 — Diagram of dry process for Figure 2 — Diagram of wet process for

sprayed concrete [4] sprayed concrete

The wet process for sprayed concrete is more common than the dry one and is used for sprayed
concrete tunnel linings. Dry process application would be used more for repair works or projects
in remote locations, where supply of concrete from batching plant is impractical. As such this
study only considers the wet process for sprayed concrete.

1.3 Scope

The scope of this paper is to investigate and describe the often-encountered term “sprayability”
of concrete and the variables that affect this. Then we give an overview of constituent materials,
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application and central properties of wet sprayed concrete that we believe are essential for the
sprayability, with regard to productivity, economy, function, durability and sustainability.

This paper studies the mix composition, rheology, pumping, application, compaction of wet
sprayed concrete. Physical properties of the in-situ properties that are related to the quality of
application are considered — such as the presence of macro air voids.

Suggestions for investigations to understand sprayability and the essential material properties that
affect SCL quality and sustainability are proposed. The outlook for the future of wet sprayed
concrete is also discussed, for example ideas for improved durability and sustainability.

2. MATERIALS, PROPORTIONING AND RHEOLOGY
2.1 Constituent materials and proportioning

Proportioning and rheology of fresh concrete can be modelled by the two-phase particle matrix
model (PMM) [5]. The matrix phase consists of water, additives, admixtures and the finest
aggregate particles, whilst the particle phase consists of all particles larger than 0.125 mm.

The air voids can be considered as a part of the matrix since workability is assumed to be a
function of quality and volume fraction of matrix. A rule of thumb could be that half a litre of air
voids could be equivalent to a litre of matrix for workability, per metre volume of concrete. In
practical calculation of the two phases the sum must be 1 so air voids can then be placed as part
of the matrix, though reported separately in the proportioning:

Vinatrix including air Vpanicles =1 (1)

A typical sprayed concrete mix is detailed in Table 1. A set accelerator is added at the nozzle. In
Table 1 we have presented the batched composition and then determined the placed composition
due to increased water content from the accelerator and macro voids in the placed composition.

Table 1 — Typical sprayed concrete mix declared by ready mix producer and placed composition
corrected for volume change by accelerator added at spraying and compaction porosity after

spraying

Placed concrete
. Mass Volume Volume composition* (kg per m?
Phase Constituent (kg/m?) (I/'m%) (I/'m®) concrete after spraying)
Standard fly ash cement 462 156 440
Water 206 206 219
Silica fume 19,2 8,7 18,3
. Super plasticiser 4.8 4,6 4.6
N}Ile:ltsréx Air entrainment agent 0,45 0,45 424 0.43
P Set accelerator (dry) - - 24,8
0 — 8 mm aggregate (<0.125 218 8.3 20,8

mm)
Air 40 65
Particle 0 — 8 mm aggregate (>0.125 1505,8 570,4 1435

hase mm) 576

P Steel fibres 45 5,6 42,9
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* The placed concrete composition is calculated from the mass and volume in the first two columns
in two steps:

1) Correct the mass of constituents to (kg/m?) due to increased volume by 10 % accelerator
of effective binder mass = +24 kg of water. The dissolved chemicals of the accelerator are
assumed to have no volume.

2) Correct the mass of constituents to (kg/m?®) due to final, sprayed macro void content, for
example 6.5 % macro voids, i.e. 2.5 % more air voids than declared by the ready-mix
concrete producer at batching.

The purpose of the air entrainment agent is to improve the workability of the fresh concrete. This
is thought to work by the ball bearing effect of air voids in the fresh concrete. These air voids are
believed to be ejected upon impact of the sprayed concrete with the substrate, and the removal of
this entrained air reduces the workability of the concrete. Air entraining agents are thus assumed
to increase the workability to improve performance during pumping and spraying, whilst reducing
the workability after impact with the substrate, improving stability during hardening [1].

A retarder may be added to delay set time and achieve a longer duration of full workability.

For sprayed concrete the maximum aggregate size is typically 6-8 mm. This aggregate size,
smaller than for conventional concrete, improves the performance of the concrete under spraying
and pumping. Furthermore smaller aggregate sizes reduce the amount of rebound compared with
larger aggregate sizes [6].

Structural fibres are generally included in the sprayed concrete mix. The structural fibres give the
concrete ductility and tensile strength and replace conventional reinforcement. Structural fibres
can either be steel or macro-polymer fibres. Only steel fibres are considered for this review,
because macro-polymer fibres are now banned for use in sprayed concrete linings for Norwegian
road tunnels for environmental reasons, as described by Myren et al [7].

The particle matrix model will be useful to investigate how to:

e Increase the use of supplementary cementitious materials such as fly ash or limestone filler,

e Reduce cement content to make more environmentally friendly sprayed concrete mixes,

e Add fillers and other mineral additives whilst keeping matrix volume constant to maintain
workability.
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Table 2 — Example of sprayed concrete mix with reduction of cement content by use of fly ash and
filler

. Mass per Volume Volume
Phase Constituent volume (litres per m?) (litres per m’)
(kg /m3) p p
Standard fly ash cement 18% 384 130
FA
Fly ash 43 20
Water 200 200
Silica fume 19.2 8.7
Matrix phase Super plasticiser 4.8 4.6 424
Air entrainment agent 0.45 0.45
Hardening accelerator 14.0 12.3
0 — 8 mm aggregate (< 0.125 218 83
mm)
Air - 40
0 — 8 mm aggregate (> 0.125 1505.8 570.4
Particle phase mm) 576
Steel fibres 45 5.6

Limestone powder and other fillers, for example from manufactured sand and crushed aggregate,
would be good alternatives for filler to be investigated in sprayed concrete studies.

Table 2 provides details on proportioning for two variations of a standard sprayed concrete mix,
based on the ready-mix proportions in Table 1. The cement content is reduced by adding fly ash.
Hardening accelerator is added to compensate for the low early age strength development of high
fly ash concrete [9].

2.2 Rheology

Rheology is defined as “the science of the deformation and flow of matter” [10]. But why is the
rheology of the fresh concrete important? Clearly if concrete cannot be pumped from the hopper
of the spraying machine to the nozzle, neither can it be sprayed. Kaplan et al [11] determined the
range of fresh concrete properties across which concrete can be pumped through a pipe. The
criteria that Kaplan determined included the slump of the fresh concrete, stability such as bleed
tendency and aggregate size. Perhaps we can infer a similar range of properties at which concrete
can be sprayed.

The rheology of concrete can be measured by using a viscometer, which consists of a cylindrical
array of steel ribs that is placed into a cylinder that is filled with the concrete to be tested. As the
cylinder filled with concrete rotates, the torque versus speed is recorded. This enables the shear
stress vs the rate of shear to be plotted for the fresh concrete. The yield shear stress and plastic
viscosity can then be derived. A diagram of a concrete viscometer is included in Figure 3.
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Figure 2 — Concrete viscometer [12]

According to the particle matrix model the rheology of the concrete is governed by:
e The properties of the particles,

e  The properties of the matrix,

e The volume ratio of matrix phase/particle phase.

But is the rheology of the concrete important once the sprayed concrete has left the nozzle? Does
the rheology of the sprayed concrete effect the adhesion to the application surface, or the cohesion
of the freshly sprayed concrete?

Beaupré [4] measured build up thicknesses for different sprayed concrete mixes, measuring the
thickness of sprayed concrete that was sprayed onto the application surface whilst keeping the
nozzle stationary, before the in place sprayed concrete fell under its own weight. Beaupré
determined a relationship between build up thickness and yield stress — the concrete was able to
be built up in thicker layers with higher yield stress of the concrete [4]. He also calculated
minimum yield stress to avoid fall out under shear stress caused due to self-weight of the sprayed
concrete [4]. Note that Beaupré termed the yield stress “flow resistance of the fresh concrete”,
though still following the Bingham flow model [10] for simple concrete viscometers:

T=g+hN 2)
with T Torque (Nm),

g initial yield (or yield stress x constant 1),

h proportionality (or plastic viscosity x constant 2) and

N rotational speed (rpm) of the viscometer impeller.

23 Workability
The workability of fresh concrete is a practical term used to describe the most important properties

of fresh concrete: stability, ability to flow by gravity and ability to be compacted and let out
encapsulated air.
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Standard practice is to perform a flow test [13] or slump test [14] for each batch of sprayed
concrete before application. Both tests are simple procedures and can be readily undertaken in a
small area of a construction site or concrete mixing plant.

The purpose of either is to test the concrete is sufficiently flowable to be pumped and sprayed, but
stiff enough to adhere to the application surface and not fail in cohesion. Stability can be assessed
by looking at the edge of the pancake for bleeding and at the centre to look for segregation of the
coarse particles.

Based on our preliminary observations of the spraying of a batch of concrete, which experienced
a workability loss over a time of more than two hours while varying the accelerator from 0 to
10 % of the binder mass, we think accelerator variation has a greater effect on sprayability than
varying workability.

24 Accelerator

Hardening

Time, t
Figure 4 — The effects of setting and hardening accelerators on the rate of heat evolution [15]

Accelerators for concrete fall into two categories:

e  Setting accelerators are applied at the nozzle and produce an earlier initiation of hydration of
the cement.

e Hardening accelerators are incorporated into the mix and increase the rate of hydration of the
cement, once the reaction has initiated.

The effect of these two types of accelerator is shown in Figure 4 [15].

241 Set accelerator

Set accelerator is normally added at the nozzle to reduce the set time of the sprayed concrete and
enabling thickness of the sprayed concrete to build up on the application surface. Use of
accelerator is particularly important when applying sprayed concrete to the sides and crown of
tunnel sections, where the sprayed concrete would run off or fall from the substrate without
accelerator. Set accelerator increases the rate of strength development of the sprayed concrete,
which is described in Section 4.1.

The set accelerator dosage is controlled by the operator and typical dosages can range from 2 %
to 10 % of binder mass. For example a low dosage may be selected when spraying onto the invert
of a tunnel, whereas a higher dosage would be desirable when spraying onto the tunnel crown,
enabling a faster strength development and hence reducing the likelihood of a fall of the sprayed
concrete.
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Due to the addition of the accelerator at the nozzle and the compaction porosity, the placed
concrete has a different composition to the batched concrete. The additional water content Aw
was calculated for the concrete proportioned in Table 1 after the addition of varying dosages of a
set accelerator, with 48 % water content, at the nozzle.

Aw = accelerator dosage x accelerator water 6 % accelerator

content x (m. + k my) Aw=0.06 x 0.48 x (500) = 14.4 kg
New my/(mctk.ms) = (206 + Aw)/500 myl(metk.mg) = (206 + Aw)/500 = 0.441
0 % accelerator 10 % accelerator

my/(metk.ms) = 206/500 = 0.412 Aw=0.10x 0.48 x (500) = 24.0 kg

myl(metk.ms) = (206 + Aw)/500 = 0.460
3 % accelerator
Aw=0.03 x 0.48 x (500)=7.2 kg
mywl(metk.ms) = (206 + Aw)/500 = 0.426

where Mme mass of cement

ms mass of silica fume

w mass of water

k k factor for equivalent w/m. ratio
2.4.2 Hardening accelerator

Hardening accelerator can be incorporated into the mix to compensate for the lower rate of
strength development that occurs when fly ash is incorporated into the mix. Hardening
accelerators are incorporated into the mix and increase the rate of hydration of the cement, without
changing the initial reaction time (see Figure 4) [15]. Recently hardening accelerators been used
in sprayed concrete with high volume of fly ash [9].

Incorporating fly ash into the concrete proportioning, whilst reducing the rate of early strength
development, increases the final strength of concrete due to the pozzolanic reaction. The silica in
the pozzolan reacts with the calcium hydroxide, which is a by-product of cement hydration, to
produce more calcium silicate hydrate (CSH). This pozzolanic reaction, though increasing the
amount of gel and hence gel porosity, reduces the capillary porosity, which reduces water
transport through the concrete and hence improves durability. Long term strength is also increased
due to the reduced capillary porosity and higher CSH content.

3. SPRAY APPLICATION

31 Pumping

When concrete is pumped from the hopper to the nozzle through pipes, coarser particles migrate
towards the centre of the flow, whilst a layer of paste, formed from smaller particles, forms around

the pipe wall. This paste can be referred to as a lubrication layer and a schematic picture is shown
in Figure 5 [16].
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pipe

lubrication layer  bulk

Figure 5 — Schematic of concrete flow in pipe, reproduced from Choi [16], showing lubrication
layer during concrete pumping

Choi [16] measured the thickness of this layer as approximately 2 mm, for concrete flow through
a plastic pipe of 125 mm diameter. For concrete spraying equipment, the concrete line to the
nozzle is through a rubber hose. A rubber hose will have a rougher intrados than a smooth plastic
pipe. It is therefore anticipated that the thickness of the lubrication layer would be greater for the
flow of pumped concrete through the rubber hose, compared to the 2 mm thickness measured by
Choi.

3.2 Mixing at the nozzle

Sprayed concrete is pumped to the nozzle, where it is mixed with pressurised air and accelerator,
and discharged through the nozzle. A typical schematic of the interactions at the nozzle is
presented in Figure 6. Blockages at the nozzle can occur. The cause of this is likely to be the
concrete gaining cohesion during pumping and upon addition of accelerator, and hence clogging
the nozzle.

Fresh
concrete

Compressed air ] Sprayed

and accelerator concrete
Figure 6 — Typical diagram showing interactions between pressurised air, accelerator and
sprayed concrete

33 Application mechanics

The quality of sprayed concrete is, to a great extent, determined by the actions of the operator,
who can affect the application parameters, notably distance and angle between spray and
substrate, movement of the nozzle, ratio between concrete and air flow, and accelerator dosage. It
has been demonstrated by Ginouse and Jolin [17] that there is a greater mass flux density at the
centre of the spray cone than at the edges, as shown in Figure 7. Furthermore, there is a different
material content throughout the spray cone — there is a migration of aggregate and larger particles
towards the centre of the spray cone, whereas at the edge of the spray cone there is a higher
proportion of concrete paste or matrix. This is perhaps an extension of the lubrication layer effect
in the pipe flow, where the coarse particles migrate towards the centre of the pump line flow,
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described Section 3.1. So the flow conditions of concrete in the hose before reaching the nozzle
likely affect the composition and material distribution in the spray cone.

M}u

____ T
Figure 7 — Max flux density of spray cone [17]

To ensure consistent mass and particle distribution throughout the sprayed concrete, the operator
often articulates the nozzle in small circular motions. Ginouse and Jolin [17] opined that the
circular motions and particle distribution ensure that paste-rich material is always deposited
immediately before larger particles and fibres hit the surface. The paste and fine particles provide
better encapsulation for the larger particles and the fibres and enable better retention, hence
reducing rebound from the spray application. The final effect of this on compaction is hard to
judge in our opinion since little information exists on the sequence of events and movement
through the different phases, impact, compaction and rate of set at impact.

The distance of the nozzle from the application surface is an important parameter. A study by
Ginouse et al [17] measured the velocity of particles greater than 5 mm diameter and these were
found to accelerate over distances 0.5 — 1.0 m from the nozzle. At smaller distances the spray area
is narrower, due to the total cone angle of 24.5 degrees for wet spraying reported by Ginouse et
al [18]. Ginouse et al [ 18] also measured an influence of gravity in the spray cone — for a horizontal
application of sprayed concrete, they measured a slightly greater flux density below the horizontal
axis.

Ginouse & Jolin [19] used a high-speed camera to observe speed of particles greater than 5 mm
from a nozzle with 32 mm outlet diameter during wet spray. They measured 26 and 28 ms™ in the
centre of the spray cones at 0.5 and 1 m distance. The speed towards the edge of the cone dropped
to around 20-22 ms'.

Opsahl [20] sprayed on a wheel arrangement 0.2 m in front of a 1'% inch nozzle and observed 32—
35 ms’! exit velocity. Though perhaps the wheel arrangement was affected by the compressed air
itself as well as the impact of the particles.

Reinhold and Wetzig [21] conducted concrete spraying experiments and determined that the

variations in the nozzle distance and air flow rate did not significantly affect the in-situ properties
of sprayed concrete.
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The nozzle should be perpendicular to the application surface, as specified by [22]. Perpendicular
application is important to improve compaction and reduce rebound. Although the irregular
surfaces of blasted tunnels have relatively large roughness, so perpendicular application is
impossible in practice when combined with the rotational movement.

34 Rebound

Rebound is an unavoidable by-product of the sprayed application of concrete and occurs when
spray-applied material fails to adhere to the substrate and instead falls to the ground. Reference
[22] reports that rebound material for today’s sprayed concrete technology is measured as 5 % or
less.

The rebound material does not have the same particle distribution as the sprayed concrete mix —
there is a larger percentage of aggregate and steel fibres. Kaufman et al [23] measured the amount
of fibre (both steel and polymer fibres were measured) rebound as 25—44 % of the fibre content
of the concrete mix. They also observed that coarse aggregate was over-represented in the
rebound, though not as much as that of the fibres. Thus the placed fibre content of the sprayed
concrete is significantly reduced compared to that of the mix composition.

3.5 Adhesion and cohesion

Sprayed concrete applied onto a substrate must achieve sufficient adhesion to the substrate to
avoid falling, and sufficient cohesion to avoid falling or slumping under its own weight. The
cohesion of sprayed concrete can be measured in terms of the build-up thickness, i.e. how much
thickness can be applied before the sprayed concrete falls under self-weight. Austin et al [24]
measured build up thicknesses of 130-320 mm for different mix designs in laboratory tests.

Adhesion is controlled by two factors:
e the nature of the substrate, and
o the shear strength of the sprayed concrete.

The surface onto which the sprayed concrete is to be applied should be clean, moist and free from

dust and loose material prior to application. The methods for cleaning the surface are described in
[22]. Cleaning by jet wash with water is the most common surface preparation measure.
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Figure 8 — Photograph showing area where sprayed concrete has fallen from tunnel crown, cause
unknown but likely sprayed concrete failed under own self-weight (photograph Nicholas Trussell)

4. HARDENING
4.1 Strength development

Early age strength of sprayed concrete is the main quality criterion for immediate rock support. It
allows the necessary progress, safety and quality during construction of sprayed concrete tunnels
and reduces the likelihood of falls of loose rock or sprayed concrete during, or immediately after,
application. In [25] the requirements to strength over time are given as classes, see Figure 9. The
J is from the German word jung, meaning young, and A, B and C are the boundaries between the
Ji, J2 and J3 strength classes.

Early age strength is tested by penetrometer for strengths typically up to one or two hours. At
higher strengths (from 3 hours to 24 hours) the Hilti stud driving test is used. 28 day and longer-
term strength is tested by laboratory crushing of core samples.
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Figure 9 — Early age strength curves for sprayed concrete [25]
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The high early strength gain is due to the effect of the set accelerator. However higher early age
strength can reduce long term compressive strength in a similar way to high temperature early
curing. A balance between early age and long-term strength should be achieved.

Neville [26] reported that higher temperature during and following the initial contact between
cement and water reduces the length of the dormant period and leads to a coarser structure of the
CSH gel with a higher porosity. A higher porosity leads to a lower long-term strength, as discussed
in Section 5.1. Given that the set accelerator reduces the dormant period (as shown in Figure 10)
for hydration, we suspect that this yields a coarser structure of the CSH gel (and/or perhaps
capillary) porosity in the same way.

Opsahl [20] reported strength loss up to 50 % with a 12 % dosage of alkaline accelerator. Usually
there are limits to the recommended dosage beyond which the accelerator can have a detrimental
effect on the long-term strength.

4.2 Temperature development

The hydration of Portland cement generates approximately 500 kJ/kg [27] for complete hydration.
Figure 10 shows how 3 % by cement mass of alkaline accelerator and 7 % by cement mass of
alkali-free accelerator paste affect isothermal calorimeter curves for hydration of 100 g of cement
[28]. Figure 10 shows how the dormant period was far briefer and the acceleration period of
cement hydration occurred much sooner for the accelerated cement pastes.
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Figure 10 — Heat flow curves of hydration of cement pastes and effect of sprayed concrete
accelerators [28]

Beck [29] measured early age strength gain whilst varying the ambient temperature and
temperature of the fresh sprayed concrete. It was found that the initial temperature of the sprayed
concrete and initial ambient temperature affect the rate of hydration of the cement in the same
way as for conventional concrete.

Cepuritis [30] developed a test method for mixing cement paste with accelerator to test the set
time of the paste. The test involves manually mixing cement paste with accelerator in a small
container. The set time is then determined using the Vicat apparatus [31]. The needle is lowered
into contact with the cement and then allowed to fall freely. The cement is considered set once
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the Vicat needle is withdrawn and is clean from cement. This test is applicable to give an
indication of the early age strength development of sprayed concrete.

4.3 Shrinkage and cracking in-situ

Concrete experiences volume changes during early age and curing. There is plastic shrinkage due
to evaporation of water from fresh concrete, autogenous shrinkage due to hydration, temperature
variations and chemical shrinkage, and drying shrinkage due to loss of water from the hardened
phase. Internal tensile stresses develop which are resisted by the bond to the substrate. If shrinkage
is great enough, the sprayed concrete will crack or debond [32].

Shrinkage of concrete, &, is a function of volume of paste, ¥, = (1 — V;) where V; = volume fraction
of aggregate and ¢, = shrinkage of the paste. So a high volume fraction of cement paste (1-V7) will
lead to higher shrinkage.

ge=¢g (113 (3)
withn=12-1.7 [26]

The term “plastic shrinkage” does perhaps not apply to sprayed concrete because, due to the flash
set of cement caused by addition of the set accelerator at the nozzle, the concrete is not in the
plastic state after application. To our knowledge there is little information about the evolution of
shrinkage stresses in sprayed concrete, especially at early age.

Opshal [20] measured free drying shrinkage at 50 % relative humidity on beams cut from sprayed
panels at 6 days, then measured from 7 days to 360 days. He observed shrinkage up to 0.7 x 107
for sprayed concrete samples with 450 kg/m® cement content and water/cement ratio of 0.44. He
hence concluded that sprayed concrete behaves in a normal way with respect to drying shrinkage
in that period. He found that the presence of steel fibres in the sprayed concrete did not affect the
shrinkage.

Holter [33] measured crack widths and spacings in the lining of the Gevingés rail tunnel. The
lining was sprayed directly onto the rock and his observations were made a year after spraying.
Holter [33] mapped approximately 210 cracks and determined most common crack spacing of
0.7—1.0 m with most crack widths between 0.05 to 0.5 mm. Distributing the crack widths over the
spacing corresponds to strains in the order of 0.05 x 102 to 0.5 x 1073, Holter [33] observed
typically 6 °C variation of the temperature of the lining over the year. Compared to a thermal
expansion coefficient of approximately 10 - °C ! this 6°C decrease of temperature corresponds
to a free deformation of 0.06 x 10°. When compared to a tensile fracture strain of concrete of
0.1 x 10 to 0.2 x 107 it appears likely that shrinkage is the most important cause of the cracking.

In the literature there are a few studies on shrinkage of sprayed concrete but few/none of these
concern direct measurements of shrinkage of wet sprayed concrete tunnel linings. Bryne et al [34]
studied restrained shrinkage by casting sprayable concrete into a ring test, on an instrumented
granite slab and by modelling. They studied early age shrinkage up to a few weeks and found that
glass fibres could be used to reduce cracking. Menu et al [35] also compared modelling with
measurements of shrinkage up to some weeks. Further investigation is therefore needed into
shrinkage of sprayed concrete.
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5. POROSITY, PERMEABILITY AND DURABILITY
51 Porosity

Current sprayed concrete methods produce a less compacted and less consistent concrete than cast
concrete — hardened sprayed concrete contains many small and larger air voids, or macro pores.
A photograph of an example core from sprayed concrete is shown in Figure 11 where macro pores
larger than 1 mm can be seen on the core surface.

Holter [33] used the capillary suction method [36] and the PF (pore ratio) method [37] to measure
porosity of sprayed concrete samples from the Harangen road tunnel. Holter determined suction
porosity as around 20 %, mean open macro porosity of 0.5 % and closed macro porosity of 4.2 %.
The open macro porosity was defined as the increase in water uptake from the end point of the
one-sided capillary suction curve to a constant mass after subsequent submersion at atmospheric
pressure of the same concrete specimens, whereas the closed macro porosity is measured by
pressure saturation in the PF test after submersion at atmospheric pressure. In Holter’s
experiments the open macro porosity made up 11 % of the total macro porosity 0.5/(0.5 + 4.2).

Figure 11 — Photograph showing typical core taken from sprayed concrete lining
(photograph Nicholas Trussell)

Holter [33] also used an image analysis (IMA) method [38] to measure the macro porosity and
compared it to the closed macro porosity measured with the PF method. This comparison was
done on a larger set of specimens from four different tunnel linings. Macro pore volumes were
measured to be 4.0-6.0 % from 27 samples, with a mean of 4.5 % measured with the PF method.
The image analysis method determined macro pore volume on comparable specimens of 5.7 %.
If we now define open macroporosity as the difference between macroporosity measured with
IMA and with PF we find that the open macro porosity makes up 21 % of the total macroporosity
(5.7—4.5)/5.7 of those specimens. Hence open macro porosity, depending on the test method, is
in the order of 11-21 % of the total porosity.

Opsahl [20] used microscopic analysis following [39] with an automated camera procedure on a
total of 21 different mixes sprayed in full scale on both tunnel linings and test panels. He measured
3.6 to 6.5 % air void content of which most were irregularly shaped compaction voids larger than
300 microns as determined by image analysis.
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Macro pores can be greater than 10 mm in size for cores of a “good” quality [33]. Cores of poorer
quality may have far larger macro pores. A high content of irregular macro pores is likely to
increase the permeability of the sprayed concrete due to the increased probability the pores
percolate.

From percolation theory we know that the critical volume fraction for percolation, p., of
monospheres is 28 % of volume according to Garboczi et al [40]. Elongated pore shape reduces
pe. Ellipsoids of length/width ratio of 20/1 percolate at 4 % of volume. At length width ratio of
50/1, pc is 1.5 % of volume and at ratio 100/1 it is only 0.6 % of volume.

Sprayed concrete permeability can be affected by percolation in two ways. Firstly, the shape of
the macro pores seen in sprayed concrete is very angular so they are likely to percolate. Secondly,
the interfacial transition zone (ITZ) is known to be more permeable than bulk concrete
permeability. Therefore 0.6 % of volume as fibres with length/width ratio of 100/1 can increase
the permeability. Both factors could lead to a reduction in the durability of the sprayed concrete.
This is especially important for tunnel linings, where a high permeability enables groundwater,
which may be aggressive to the concrete, to flow through the lining. Though a recent study of air
voids in an asphalt concrete material using CT scanning [41] was used to determine
interconnectivity between air voids, showing that not all interconnective air voids are valid for
permeability.

Furthermore, strength depends on the porosity of the concrete. A 2 % increase in void ratio can
decrease the compressive strength by 10 % [26].

An interesting comparison is that the features of the porosity in cold sprayed metals [42] are very
similar to the macropore structure in sprayed concrete. Perhaps the relative size of the pores scales
to the relative size of the particles in the two different materials.

5.2 Permeability

Opsahl [20] performed hydraulic conductivity tests on sprayed concrete specimens with water
pressure of 4-8 MPa. Whilst permeability was found to vary largely, the lowest values measured
were 2 x 107* ms™ on concrete drilled from panels sprayed with w/c = 0.35 with fibres but without
accelerator. With accelerator, fibre and higher w/c = 0.47 as low values as 4 x 10™* ms™! were
reported. For some other specimens much higher values were measured. Poor curing and fibres
were mentioned as possible explanations for the variation. Opsahl [20] also used the water
penetration method to test permeability. He measured water penetration depths of maximum 7 mm
for specimens from tunnel linings, subjected to pressure of 0.5 MPa on one side over 14 days. For
specimens from test panels, subjected to pressure of 0.8 MPa on one side for 24 hours he measured
water penetration depths in the range of 10-70 mm.

Holter [33] performed hydraulic conductivity measurements with 0.5 MPa water pressure on
sprayed concrete without imperfections (i.e. cracks). He measured water permeability of 35
sprayed concrete specimens from three different tunnels. He measured water permeabilities
between 3.3 x 107! and 9.6 x 107> ms™ in four of the specimens, whilst measuring zero water
flow through the remaining specimens. With the sensitivity of the equipment being 5 x 1074 ms™!
he concluded that crack free and well compacted sprayed concrete can have a very low water
permeability of less than 5 x 1074 ms™.
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Based on this it seems that if one can avoid too high w/c ratio, too much variation in compaction,
cracking and poor curing it is possible to produce low permeable tunnel linings with conventional
wet sprayed concrete.

5.3 Durability

The durability of concrete is a large subject and is only covered briefly here. Whilst durability of
sprayed concrete depends on the type of environment that the concrete is exposed to, it also
depends on water transport in the sprayed concrete, which is discussed in Sections 5.1 and 5.2.

Accelerated freeze-thaw testing of sprayed concrete has been reported by several, for example by
Opsahl [20], Shrader and Kaden [32] and Holter [33]. These studies showed that entrained air
voids of the right size and/or very high strength can work to protect sprayed concrete against frost
deterioration in severe testing. It was also shown that, as for conventional concrete, the critical
dilation test can be used to assess whether a given capillary saturated state will cause internal frost
damage. The principle of both type of environment (load: frost, saturation, salt, etc) and material
(resistance: strength, air voids, permeability, etc) determine durability.

Hagelia [43] studied chemical degradation of sprayed concrete cores sampled from tunnel linings
up to age of about 25 years with variable degrees of deterioration. He found that a w/b ratio of 0.4
and a low capillary porosity, less than 20 %, are good properties for the durability of sprayed
concrete. He found that capillary porosities of 18 to 20 % seemed to largely prevent the diffusion
of saline waters and corrosion of the specimens. The main deterioration mechanisms were found
to be chemical and biological degradation of the cement paste in thin (less than 80 mm thickness)
sprayed concrete linings with poor adhesion to the substrate rock.

6. CONCLUSIONS

o We propose a definition of “sprayability” that relates the application to the development and
the final properties of the hardened sprayed concrete. “Sprayability” is governed by the
concrete constituents, proportioning and application mechanics.

e The rheology of concrete is important to enable pumping of fresh concrete. If the concrete
cannot be pumped, then it cannot be sprayed.

e The addition of set accelerator at the nozzle is essential to reduce the set time of the sprayed
concrete and enables thickness of the sprayed concrete to build up on the substrate. The
reaction of the set accelerator with the cement paste gives high early age strength but is
detrimental to long term strength.

e Incorporating fly ash into the paste improves long term strength due to the pozzolanic reaction
between the silica in the fly ash and calcium hydroxide to produce more calcium silicate
hydrate (CSH). Inclusion of fly ash reduces the rate of strength development. This has been
compensated for using a hardening accelerator. It has recently been proven possible to spray
high fly ash concrete by the wet process (fly ash content up to 33 % of the cement content by
mass).
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There is greater mass density at the centre of the spray cone. Furthermore there is a greater
concentration of aggregate at the centre of the spray cone, with a higher proportion of paste
at the edge. The nozzle operator should therefore manipulate the nozzle in small, circular
movements to ensure even distribution and consistency of sprayed concrete. It is not fully
understood how spraying mechanics affect the compaction of the sprayed concrete.

There is a higher proportion of aggregate, and particularly fibres, in sprayed concrete
rebound.

Very few shrinkage measurements of in-situ sprayed concrete exist. From observed cracks in
tunnel linings sprayed directly onto the rock, shrinkage seems to be the main cause of
cracking. Whether the observed shrinkage cracking is due to plastic, early age or drying
shrinkage is still under investigation.

Measurements of macro porosity show that 10 to 20 % of the macro pores are open.

Low permeabilities of less than 2 x 1074 ms™! are possible to achieve in uncracked sprayed
concrete. Cracks and compaction voids cause higher permeabilities of sprayed concrete.
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ABSTRACT

This paper describes sprayed concrete experiments varying the set accelerator dose. Literature on
the hydration of cement with modern alkali-free set accelerators is reviewed and two full scale
wet spraying experiments have been conducted, varying the dose of set accelerator in each. The
effects on the properties of the hardening and hardened sprayed concrete were investigated by
field and laboratory testing. Increasing the set accelerator dose was found to increase the rate of
early age strength development but reduce density, long term strength and increase suction
porosity of hardened sprayed concrete.

Key words: Sprayed concrete, shotcrete, accelerator, porosity.

19


http://creaticecommons.org/licenses/by.nc-nd/3.0/
mailto:nicholas.h.trussell@ntnu.no
mailto:stefan.jacobsen@ntnu.no

Nordic Concrete Research — Publ. No. NCR 66 — ISSUE 1 /2022 — Article 2, pp. 19-39

1 INTRODUCTION
1.1. Background

Set accelerators are added to sprayed concrete at the nozzle immediately before spraying and
increase the early age strength development of sprayed concrete. Studies [1-4] state that alkali-
free sprayed concrete set accelerators increase the rate of the early-age strength development due
to formation of hydrous calcium aluminium sulphates (mainly ettringite), which causes rapid
increase in stiffness of the matrix (setting). The addition of set accelerator at the nozzle is essential
for sprayed concrete used for tunnel linings as the rapid early age strength development allows
concrete sprayed onto sidewalls and overhead to remain in place, rather than falling or flowing
from the substrate. The set accelerator reduces the dormant period after the initial reaction during
hydration [1].

Several authors [1,5,6,7,8] have reported that modern alkali-free set accelerators are mainly
aluminium sulphate water solutions or slurries. Myrdal [5] reviewed well-known commercial
alkali-free sprayed concrete accelerators on the market in Europe and North America, based on
their Material Safety Data Sheets (MSDS), and demonstrated that modern, commercial, alkali-
free set accelerators contain aluminium salts and almost all (probably all) contain aluminium
sulphate. Although Myrdal [5] stated that the actual chemical composition of the commercial
alkali-free accelerators are closely guarded trade secrets and therefore the precise chemical
compositions are not published. Wang [8] reported that alkali-free accelerators can also contain
fluoride salts, such as hydrogen or sodium fluoride, which increase the solubility of aluminium
sulphate, as well as accelerate the setting of Portland cement. Furthermore Wang [8] reported that
almost all alkali-free liquid accelerators contain alkanolamines, especially diethanolamine and
triethanolamine, which both accelerate the hydration of Portland cement and increase the
solubility of aluminium sulphate.

Many of the latest studies [1-4] on the effect of alkali-free accelerators on the hardening and
hardened cementitious matrixes used accelerators that were composed of aluminium
hydrosulphate solutions (aluminium sulphate solutions with different additions of aluminium
hydroxide) with an addition of inorganic silicate or organic acid as the stabilisers. These
admixtures had a pH of around 3.0 and an Al:03/SO4* molar ratio of 0.33-0.74.

Higher alkali-free shotcrete accelerator doses are in the range of 6—8 % of the mass of cement or
equivalent binder (further simply stated as dose %), or even exceeding 10 % [5,7]. The actual dose
is varied depending on the concrete and binder composition, ambient environment [7] and
geometry of the substrate. The dose can be varied to compensate for the changes in any of these
conditions. However, the actual effect of the accelerator dose on the hardening and hardened
properties of concrete has not been thoroughly explored and only a few papers on this subject
have been published over the last few years. Furthermore, almost no publications are available
that have also attempted to consider the actual full-scale spraying mechanisms in combination
with the set accelerator dose.

Previous studies [1,2,3,4,6,8,9] have shown that the use of the alkali-free accelerators increases
the rate of the early-age strength development due to formation of hydrous calcium aluminium
sulphates (mainly ettringite), which causes rapid increase in stiffness of the matrix (setting). Each
mole of ettringite contains 32 moles of water [10]. Ettringite formation and chemical binding of
water thus increase the solid/liquid ratio and the viscosity of the cement paste, leading to setting
of the cement. Wang [8] reported that the needle-like ettringite crystals connect to form a reticular
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structure, which also causes setting. Tan [11] mixed C3S pastes with aluminium sulphate and
found that CSH and ettringite coexist at ages 2 hours to 28 days.

It has also been demonstrated [1,2,3,4,6] that the compatibility between the cement type and the
alkali-free accelerator plays a major role in the hydration kinetics and mechanical strength
evolution. This is mainly with respect to the final C3A/SO3 molar ratio that is calculated
considering the sulphate remaining after the accelerator reaction and the initial C3A content of a
cement. The initial strength and setting determined by needle penetration resistance testing (up to
3—4 hours of sprayed concrete age) will mainly depend on the accelerator reactivity. A high AP
content incorporated into cement matrices will result in exothermic ettringite formation, providing
fast setting and elevated early strength gain. The strength gain after 3—4 hours (typically measured
by the stud driving or pin penetration testing) will not depend solely on the porosity of the obtained
matrix, but also on the final C3A/SO3; molar ratio. This is because when the system is under-
sulphated (high final C3A/SO3 molar ratio), accelerated C3A reactions occur before or during the
acceleration period of the silicate reactions, filling the pores of the matrix and reducing solubility
of the main cement phases. Consequently the accelerator decreases the extent and rate of alite
hydration and leads to lower degrees of hydration and strength gain at lower ages. This explains
a lower strength development after the initial 4 hours when high (about 8-10 %) alkali-free
accelerator doses are used.

A low dose (typically at around 2 %) is known from practice to cause retardation of the sprayed
concrete [7]. This has been explained experimentally by [9], who showed that a low dose, a small
extra amount of AI** and SO*4 are supplied to the pore solution, leading to a further thin layer of
ettringite forming on the surface of the cement particles. This thin layer can slow the hydration of
cement pastes, causing a retarded setting compared to samples without accelerator.

The above mechanisms also suggest that the availability of the sulphate ions in the solution of the
fresh cementitious matrix is important. This has been verified by [1,9], who demonstrated that
these mechanisms of alkali-free accelerator effect in a cementitious matrix depend on the type of
set regulator in a cement. It has been found [1,9] that calcium sulphate hemihydrate saturates the
mixing water faster with calcium and sulphate ions (as it has a higher solubility than gypsum) and
thus leads to a faster sulphate ion reactivity and faster precipitation of the hydrous aluminium
sulphates.

The addition of set accelerators changes the microstructure of the concrete [8]. When large
ettringite amounts are formed, the matrix stiffens quickly due to increase in solid/liquid ratio
leading to improper consolidating and air entrapment [4]. Salvador [4] reported that the “water
accessible porosity”, which we interpret as the suction porosity, increases in accelerated matrices
and the compressive strength reduces. Han [12] reported that a 6 % dose of aluminium sulphate
decreased the volume of 5-30 nm pores but increased the volume of 30—100 nm pores at 24 hour
age, indicating a coarser capillary pore structure, with a similar conclusion at 28 days.

It has been demonstrated by [4] that from a certain time the accelerated mix compressive strength
is always lower than that of a reference mix without alkali-free set accelerator. The faster the
setting time (more reactive accelerator or higher dose), the lower the compressive strength from
1 day on.

Salvador [3] investigated the influence of the spraying process on the hydration of cement pastes
with alkali-free accelerators and demonstrated that the mixing procedure significantly influences
the microstructure of the matrix. They determined that the aluminate hydrates are more evenly
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distributed throughout the whole matrix in sprayed pastes. Furthermore, ettringite is found in a
disarranged microstructure and is composed by shorter, irregular, and dispersed needle-like
crystals. Salvador [3] accordingly recommended preparing pastes by spraying in contrast to
simple hand-mixing in order to obtain a more representative microstructure of the resulting
hardened cementitious matrix.

The suction porosity of hardened wet sprayed concrete in tunnel linings was investigated by Holter
[13] by systematic measurements on 234 slices sawn from drilled cores taken from four different
tunnels after 150—1100 days. Suction porosity measurements on the concretes with w/b = 0.45,
0.44, 0.46 and 0.47 were compared to theoretical values calculated with Power’s model [14].
Holter [13] stated that mix designs, including w/b ratio, were corrected for water content of the
set accelerator. The comparison to Power’s model indicated degrees of hydration of 65 %.

Myren & Bjentegaard [15] measured the suction porosity of sprayed concrete samples with w/b
ratio of 0.42 and set accelerator dose of 6 % of binder mass. The sprayed panels were cured in air
then cores were taken, which were cured in water and tested at 400 days age. Again, Power’s
model [14] was used to calculate theoretical values of suction porosity, and an assumed 80 %
degree of hydration gave similar suction porosity values to those measured by capillary suction
and PF (pore fraction) tests.

1.2 Scope

This paper attempts to connect the previous detailed laboratory studies, which have been mainly
done on paste and mortar samples with the actual sprayed concrete process by describing two full
scale wet spraying experiments and presenting results from these experiments. The set accelerator
dose added at the nozzle was varied in both spraying experiments. The properties of the hardening
and hardened sprayed concrete from full scale wet spraying experiments that are investigated are
early age strength development, density, compressive strength, porosity and capillary absorption.

2 EXPERIMENTAL WORK
2.1 Spraying experiments
Two full scale wet spraying experiments were carried out at separate locations with different

equipment, teams and ready mixed concrete suppliers. The details of the two full scale wet
spraying experiments are given in Table 1.
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Table 1 — Details of two full scale wet spraying experiments

Location AMYV, Flekkefjord NTNU, Trondheim

Dates 18" February 2020 16" June 2020

Spraying machine AMYV 7450 shotcrete robot Normet Spraymec NorRunner 140
DVC shotcrete robot

Concrete pump Olin pump Normet pump

Hose diameter 75 mm 75 mm

Nozzle diameter 40 mm 40 mm

Concrete flow rate 10 m’/hr 14 m*/hr

Accelerator type Master Builders Masterroc SA 188 Master Builders Masterroc SA 168

Accelerator dose Varied Varied

0, 3, 6 and 10% of binder mass 3.5 and 7% of binder mass
Distance nozzle to substrate 20m 1.5m

and angle
Curing and coring

Perpendicular to the panel
Wrapped in plastic before coring.
Cored 13" March 2020

© 75 mm, h 150 mm for strength
and density tests. Cured in water
until compressive strength testing.
@ 100 mm for capillary suction, PF
and image analysis tests. Cured in
air before oven drying.

Perpendicular to the panel
Wrapped in plastic before coring.
1t — 214 July 2020

© 75 mm, h 150 mm for strength
and density tests. Cured in water
until compressive strength testing.
@ 100 mm for capillary suction, PF
and image analysis tests. Cured in
water before oven drying.

Concrete constituents, proportioning and placed concrete composition

The concrete proportioning for the Flekkefjord spraying experiment is shown in Table 2. This mix
represents a typical sprayed concrete mix currently used for sprayed concrete tunnel linings in
Norway. The slump test immediately after batching was 220 mm. The placed concrete
composition was corrected for the addition of set accelerator (at the nozzle) and equating

compaction voids, measured by image analysis, to air content following [16].

Table 2 — Fresh concrete composition and placed concrete composition (for sample with 10 %

accelerator added) from set accelerator spraying experiment in Flekkefjord

Placed concrete composition* [kg

Phase Constituent 1[\l/£galsli13] ?l,/(;::;]m ¢ ?17/0[:11;][11 ¢ per m® concrete after spraying] for
10 % set accelerator dose
Standard fly ash cement 462 156 444
Water 206 206 221
Silica fume 19.2 8,7 18.5
Matrix Sl}per plqsticiser 4.8 4,6 4.6
phase Air entrainment agent 0.45 0,45 424 0.43
Set accelerator (dry) - - 25.0
0 — 8 mm aggregate (< 0.125 218 83 21.0
mm)
Air 40* Volume = 55.5 litres **
Particle 0 — 8 mm aggregate (> 0.125 1505,8 570,4 1448
phase mm) 576
Steel fibres 45 5,6 433
SUM 2304.8 2225.1

* Assumed air content for batching.
** Typical measured value for macro porosity of hardened specimens, see Table 6.

The binder was standard fly ash cement, with density 2990 kg/m?, and microsilica with density
2200 kg/m?. The aggregate was granitic sand (crushed) with a particle density of 2645 kg/m? and
a water absorption of 0.46 % by mass. The effective water/binder ratio of the mix was 0.42. But
with set accelerator added to the mix at the nozzle the water/binder ratio of the placed concrete
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changed. The additional water content Aw was calculated for the concrete proportioned in Table
2 after addition of the varying doses of set accelerator. The set accelerator used had a water content

of 0.48 and solids content of 0.52 by mass [17]. A placed concrete composition, whic

h is

calculated for the 10 % set accelerator and corrected for compaction porosity, is shown in the

column on the right of Table 2.

Table 3 — Particle size distribution and denszly of aggregate of the Flekkeford mix

Sieve size 32 16 11.2 8 1 0.5 0.25 0.125 0.063
(mm)
% passing 100 100 100 98 82 72 53 25 8 2 1

Aw = accelerator dose x accelerator water content x (mc + k ms)
New mw/(mctk.ms) = (206 + Aw)/500

0 % accelerator 6 % accelerator

mw/(mctk.ms) = 206/500 = 0.419 Aw =0.06 x 0.48 x (500) = 14.4 kg
mw/(metk.ms) = (206 + Aw)/500 = 0.448

3 % accelerator

Aw=10.03 x 0.48 x (500) =7.2 kg 10 % accelerator
mw/(metk.ms) = (206 + Aw)/500 = 0.434 Aw =0.10 x 0.48 x (500) = 24.0 kg
mw/(mctk.ms) = (206 + Aw)/500 = 0.467
where me mass of cement
ms mass of silica fume
w mass of water
k k factor for equivalent w/m. ratio

The concrete proportioning for the Trondheim set accelerator experiment is detailed in Table 4.
Again this mix was intended to represent a typical mix for sprayed concrete, but in this case steel
fibres were omitted from the mix. The slump test before spraying was 220 mm. The placed
concrete composition for the addition of 7 % set accelerator by binder mass and corrected for

compaction porosity is shown in the right column of Table 4.

Table 4 — Fresh concrete composition and placed concrete composition (with 7 % accelerator

added) from set accelerator spraying experiment in Trondheim

Placed concrete

Phase Constituent Mass 3 Voln;me Voh;me composition* [kg per m®
[kg/m’]  [Vm’] [Vm’] .
concrete after spraying]|
Standard fly ash cement 433 145 424
Water 214 214 226
Microsilica 43 19.5 42.0
Retarder 0.4 0.36 0.4
Super plasticiser 3.7 35 3.6
Matrix Air entrainment agent 0.6 0.6 477 0.6
phase Set accelerator (dry) - - 21.5
0 — 4 mm aggregate
(<0.125 mm) 22 7.2 21.2
0 — 8 mm aggregate
(<0.125 mm) 129 473 126
Air 40* Volume = 45.5 litres **
. 0 —4 mm aggregate 153 50.5 150
Pﬁ:;gle 0 - 8 mm aggregate 1284 472 523 1256
P Steel fibres - - -
SUM 2282.7 2268.9
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* Assumed air content for batching.
** Typical measured value for macro porosity of hardened specimens, see Table 6.

Table 5 — Particle size distribution of aggregate of the Trondheim mix
Sieve size, mm 32 16 11.2 8 4 2 1 0.5 0.25 0.125 0.063
0/8 aggregate % passing 100 100 100 982 845 70.6 552 392 223 9.1 23
0/4 aggregate % passing 100 100 100 99.8 89.2 589 384 262 18.0 124 8.1

The binder was standard fly ash cement, with density 2990 kg/m?, and microsilica with density
2200 kg/m®. The sand 0/4 mm was crushed gabbro rock with a particle density of 3030 kg/m? and
a water absorption of 0.5 % by mass. The 0/8 mm sand was natural fluvial glacial deposits with
mainly granitic gneiss and some sandstone and mafic rock with a particle density of 2720 kg/m?
and 0.7 % water absorption by mass. The effective water/binder ratio of this mix was 0.42. The
additional water content Aw was calculated for the concrete proportioned in Table 4 after
additional of the varying doses of set accelerator. The accelerator used had a water content of
0.425 and solids content of 0.575 [18].

Aw = accelerator dose x accelerator water content x (mc + k.ms)
New my/(mctk.mg) = (214 + Aw)/519.1

0 % accelerator mwl/(metk.ms) = (214 + Aw)/519.1 = 0.433
mwl(mctk.ms) =214/519.1 = 0.418

7 % accelerator

Aw=0.07x 0.48 x (519.1) = 15.44 kg
3.5 % accelerator mw/(mctk.ms) = (214 + Aw)/500 = 0.448
Aw=0.035 % 0.48 x (519.1)=7.72 kg

One batch of concrete was used for each of the Flekkefjord and the Trondheim experiments.

Set accelerator

In the Flekkefjord spraying experiments the accelerator dose by effective binder mass was varied,
and the different doses were 0, 3, 6 and 10 %. Concrete mixes with all four doses were sprayed.
However the concrete intended to be sprayed with 6% accelerator did not behave as expected and
likely contained zero accelerator — a blockage was discovered in the accelerator line immediately
after spraying. This panel showed early strength development equal to the panel sprayed with 0 %
accelerator and this result is marked with * in each case.

In the Trondheim spraying experiments the accelerator dose by effective binder mass was varied,
and the different doses were 0, 3.5 and 7 %. Concrete was sprayed with 3.5 % and 7 % set
accelerator, whilst the concrete with zero accelerator was cast by pumping the concrete through
the nozzle, adding neither compressed air nor set accelerator.

Spray application

For the experiments in Flekkefjord concrete was sprayed into 600 mm diameter and 100 mm deep
moulds with a plywood base and steel sides. The moulds were placed horizontally on the floor so
that the unaccelerated sprayed concrete would not flow during/after spraying. The nozzle was
perpendicular to the mould and 2 m away when spraying, as shown in Figure 1.

For the experiments in Trondheim concrete was sprayed in 1 m x 1 m wooden panels of 150 mm
depth and slanted sides in accordance with EN 14488-1 [19]. The panels were placed at 60° from
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the horizontal. The concrete was sprayed with the nozzle at 1.5 m distance and perpendicular to
the mould, as shown in Figure 2.

Sprayed
concrete

e ' Concrete hose

Figure 2 — Spraying set up for Trondheim spraying experiments.

2.2 Laboratory testing

Strength

The early age strength development of the sprayed concrete was tested in accordance with EN
14487-1 [20] and EN 14488-2 [21]. The penetration needle was used up to a compressive strength
of 1 MPa and above that the stud driving method was used until 24 hours after spraying. The
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penetrometer needle method measures the force required to drive a needle of 3 mm diameter into
the concrete to a depth of 15 mm [21]. For the stud driving method a stud is percussively fired
into the concrete and the penetration depth measured. The stud is then extracted and the pull-out
force measured. The ratio of pull-out force to penetration depth is used to determine the
compressive strength [21].

Three parallel cores of 75 mm diameter and height 150 mm were drilled through the full thickness
of the panels and tested for compressive strength in accordance with EN 12390-3 [22] at 28 days
after spraying. The panels were wrapped in plastic before coring. The cores for density and
compressive strength were cured in water before testing. The Flekkefjord cores for capillary
suction and PF test were cured in air before oven drying, while the Trondheim cores for these tests
were cured in water before oven drying.

Density

Cores were weighed in air and then in water to determine the density immediately before
compression strength testing. Furthermore the PF test (Section 2.2.4) also gives density results for
individual discs.

Capillary suction

The capillary suction test was undertaken on the sprayed concrete samples following [23] and
[24]. Discs of 100 mm diameter and 25 mm thickness were cut and dried at 105 °C for 48 hours
before testing. The mass of each sample after drying was recorded as wi.

The discs were then placed on a perforated metal tray with a depth of 1 mm of the disc immersed
in the water. The capillary suction causes water to be drawn into the concrete and there is an
increase of mass from this absorbed water. The relationship between mass increase and square
route of time is normally linear [24] and the capillary number of the concrete is determined by the
gradient of the mass increase against square route of time. After immersion in 1 mm of water the
samples were weighed at regular intervals over the first four days. The experiment determines the
capillary and resistance numbers.

G(t
Keap = 22 (M

where Kcap is the capillary number, and G(¢) is absorption (kg/m?) at time # (seconds)

The resistance number m is given by fcap, Which is the time for the water front rising in the
specimen to reach the top of the specimen of thickness /. tcap is the point of inflection on the
absorption vs square route of time plot.

tca
m = o 2)
A lid was placed over the samples to reduce evaporation. The mass after four days of capillary
suction and before submersion is recorded as wi.5. The sum of gel and capillary porosity, equal to
the suction porosity, is calculated as:

Wis— Wy

Esuction = 5 3)
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where v is volume measured by weighing in air and in water. gsucion can then be used for
comparison with total porosity (equal to capillary plus gel porosity) in Power’s model after
correction for paste volume fraction in the concrete [14].

PF (pore fraction) test

Following the capillary suction test the same samples were submerged completely under water at
atmospheric pressure for four days. The additional uptake from unilateral to complete submersion
is considered to fill the open macro pores. The mass after atmospheric (unpressurised) submersion
is recorded as wy. The samples were then submerged under a pressure of 5 MPa for 48 hours to
fill the closed macro pores. The mass after pressurised submersion is recorded as w3 [14].

The total porosity is calculated by:

Etotal = W3;W1 )
The open macro porosity is calculated by:

Eopen macro = (5)
And the closed macro porosity, or air voids, is calculated by:

Eclosed macro = ——2 (6)

v

Image analysis

The macro porosity was measured by black and white image analysis [25]. A core from each
sprayed panel was cut in half lengthways to make two samples and the flat surface of each sample
was polished. A Tegramin 30 apparatus was used and the samples were polished using resin
bonded, diamond surfaced discs of:

1. Vickers hardness 220, grain size 75 pm,
2. Vickers hardness 600, grain size 30 pum,
3. Vickers hardness 1200, grain size 15 pm.

The polished surface was then coloured black using marker pen, and then the macro pores were
filled with white sulphate nitrate powder of particle size 1-4 um. An example is shown in
Figure 3(a). The samples were then scanned at a resolution of 2400 pixels per inch. A Matlab
script was used to calculate the ratio of white and hence the macro porosity of each specimen.

28



Nordic Concrete Research — Publ. No. NCR 66 — ISSUE 1 /2022 — Article 2, pp. 19-39

(b)

Major lamination excluded

 ——

Cropped
| area

ooy : ’ Original scan Cropped scan
Figure 3 — Scanned black and white image of sample sprayed with: (a) 7 % set accelerator
(Trondheim series); (b) 10 % set accelerator (Flekkefjord series), with major lamination was
considered not representative of the bulk material and was removed by cropping.

Major imperfections were cropped out of the image analysis. For example the concrete sprayed
with 10 % set accelerator in Flekkefjord contained a major lamination normal to the spraying
direction, several tens of millimetres wide, due to pulsation of the flow at the nozzle where

accelerator was added at a steady flow, and this is omitted from the image analysis, as shown in
Figure 3(b).

3 RESULTS AND DISCUSSION
3.1 Early age strength development

The early age strength development of the Trondheim set accelerator experiments is shown in
Figure 4, which shows the higher set accelerator dose with a faster strength development. The J1,
J2 and J3 curves in Figure 4 are standard strength development curves that are defined in [20] and
these define the strength class of the sprayed concrete.

Furthermore Figure 4 also gives a comparison of three different measurement methods of early
age strength: penetrometer, stud driving and compressive testing of drilled cores. Both the
penetrometer and stud driving method measurements were taken at 2.5 hours for the concrete
sprayed with 7 % set accelerator, with a difference of 0.5 MPa between the readings. For the same
specimen the stud driving method was used at 9 hours, with a result of 9.3 MPa, and a core was
tested in compression at 8.5 hours after spraying, with the strength measured at 12 MPa.
Furthermore a core was tested in compression at 30.5 hours after spraying with the strength
measured at 20 MPa, and this can be compared to a compressive strength of 17.6 MPa measured
at 26 hours after spraying with the stud driving method. The penetrometer and stud driving
methods indicate a clear acceleration of strength the first 6 hours and then the stud driving method
and the compressive strength of cores indicate same strength class after 9 hours.
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Figure 4 — Early age strength development of samples spayed in set accelerator experiment in
Trondheim.

3.2 Density and strength

The relationship between density and compressive strength for individual specimens from both
the Flekkefjord and Trondheim series is plotted in Figure 5. This graph shows that there is a clear
relationship between bulk density and compressive strength — higher density causes higher
compressive strength. This is as we would expect since bulk density, pvuik, scales linearly to total
POToSity &ot as &ot = 1 — (Poulk / Psolid) Where psolid 18 the density of pore free concrete material and
porosity is the key to concrete strength. Furthermore Figure 5 shows that higher doses of set
accelerator give a lower density of sprayed concrete, and hence a lower compressive strength.

The measured density values for the cast Trondheim samples are in fairly good agreement with
the sum of mass calculated in Table 4 (2283 kg/m?®) and after correction for the addition of
7 % accelerator given that the moisture content of the cylinders for strength measurements had
first dropped during air curing of the panels and then increased after coring and 3 days water
storage before testing.

30



Nordic Concrete Research — Publ. No. NCR 66 — ISSUE 1 /2022 — Article 2, pp. 19-39

® Trondheim 0%

80
accelerator, cast
Trondheim 3.5 %
70
., accelerator
E 60 o e,‘ R? 20,6905 Trondheim 7 %
= ) accelerator
= e ® Flekkefjord 0%
S 50 P PR ®
U4 L L0
o e ® Flekkeford 3%
% 40 -
@ R?=0,4118
> ec ®  Flekkefjord 6 % *
g 30 Lot e
(] %
s R=07515 ® ® Flekkefjord 10 %
E 20 -
IS}
© @ e Linear (Combined
10 Flekkefjord)
--------- Linear (Combined
0 Trondheim)
2200 2250 2300 2350 2400 =77 Linear (Combined)

Density (kg/m3)

Figure 5 — Combined plot of compressive strength at 28 days against density results from
Flekkefjord and Trondheim (individual cylindrical specimens).

33 Porosity

The porosity of the samples measured by the PF test are shown in Table 6. There is a higher
suction porosity values of the samples with higher doses of set accelerator. The capillary numbers
in Table 6 are calculated as the gradient capillary absorption graphs during the initial phase of
absorption [24], as defined by Eq. 1, and these are calculated from the capillary suction graphs
included in Figures 7 and 8. The results show increasing capillary numbers and higher total
volume of water absorption for the higher accelerator doses.

The capillary number is sensitive to the paste volume fraction of the concrete, which can vary in
sprayed concrete due to rebound of the particle phase [26], whereas the resistance number, defined
by Eq. 2, does not depend on the paste volume.

A graph of compressive strength against total porosity for samples from all the spraying
experiments is presented in Figure 6(a). This shows a notable relationship, with decreasing
compressive strength with increasing total porosity. Figure 6(b) shows a graph of compressive
strength against macro porosity, but no relationship is evident. Figure 6(c) shows a graph of
compressive strength against suction porosity, which shows the trend of decreasing compressive
strength with increasing suction porosity, although with slightly weaker correlation than for total
porosity vs strength. A graph of compressive strength against capillary number is shown in Figure
6(d), and no relationship is evident.

The relationship of decreasing strength with increasing total porosity is as we would expect —
Neville [27] reported that a 2 % increase in void ratio (i.e. macro porosity) can decrease the
compressive strength by 10 %. It is interesting that the relationship of decreasing strength is with
the suction porosity, and even stronger with total porosity, rather than the macro porosity of the
sprayed concrete, and this warrants further studies of the suction and microporosity of sprayed
concrete. Perhaps the nature of the macro pores and the suction pores in sprayed concrete are
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different from those of conventionally cast concrete in terms of the size and type of pores that fill
under suction and under pressure saturation in the PF test.

Table 6 — Capillary numbers, resistance numbers and porosity results from capillary suction and
PF tests (individual specimens) and macro porosity from image analysis

Capillary suction and PF test Image
analysis
Sample Keap Eq.(1) m Eq.(2) Total Suction Open Closed Macro
Capillary Resistance porosity porosity macro macro porosity
number number porosity porosity
(kg/m?.s"%) (s/m?) Volume Volume Volume Volume  Volume %
% % % %
Flekkefjord 0.012 1.30x 108 18.4 14.6 0.4 3.7 44
0% 0.012 1.21x 108 18.3 14.5 0.4 3.7 5.3
Flekkefjord 0.018 7.74 x 107 20.5 16.4 0.7 4.1 4.7
3% 0.018 7.06 x 107 20.4 15.8 0.5 4.7 4.5
Flekkefjord 0.015 10.8 x 107 19.2 15.4 0.4 3.8 44
6% * 0.015 9.60 x 107 18.1 14.7 0.3 3.4 4.0
Flekkefjord 0.055 2.88x 107 26.5 22.7 0.6 3.8 53
10% 0.046 3.46 x 107 25.8 22.1 0.7 3.7 5.8
Trondheim 0.011 2.76 x 107 223 17.9 0.3 43 6.3
Zero 0.013 22.7 18.2 0.3 4.5 6.1
accelerator —
cast 2.76 x 107
Trondheim 0.013 2.76 x 107 21.8 18.1 0.5 3.7 3.1
3.5% 0.009 22.5 17.7 0.6 49 4.7
accelerator 4.15x 107
Trondheim 0.017 2.76 x 107 24.5 20.5 0.5 4.0 4.4
7% 0.016 23.8 20.1 0.6 3.8 4.7
accelerator 2.76 x 107

* actually zero percent accelerator.

Furthermore, with the increasing suction porosity with accelerator dose (Table 6) there is a trend
of decreasing strength with increasing set accelerator dose. This is apparent in the density against
strength plot Figure 5, with higher porosity (and hence lower density) from higher set accelerator
dose resulting in lower strength. This is as we would expect, for instance Opsahl [28] reported
strength loss up to 50 % with a 12 % dose of (alkaline) accelerator. The mechanisms could perhaps
be a mixture of increased w/c, different hydration products and how the macro-pores are formed
during the spraying process.

As discussed with Figure 4, a higher dose of set accelerator increases the rate of early strength
development of sprayed concrete. This agrees with the early strength gain found by [1,2,3,4,6,9]
discussed in Section 1. But an excessive dose of set accelerator can have a detrimental effect on
long term strength. Figure 4 shows that the early age strength development of the concrete with
3.5% set accelerator dose overtakes that with 7% dose at around 10—-12 hours after spraying.
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Figure 6 — Compressive strength (mean value for cores from each panel) against: (a) total
porosity (mean value for cores from each panel); (b) macro porosity (mean value for cores from
each panel), (c) suction porosity (mean value for cores from each panel); (d) capillary number
(mean value for cores from each panel).

The samples of higher accelerator doses exhibited a higher total porosity than the zero and lower
accelerator doses, as shown in Table 6. The values for macro porosity are similar, albeit with a
degree of scatter. The difference between the higher accelerator doses and the lower and zero
doses is the effect on suction porosity. The difference in suction porosity could be for two reasons:

e The set accelerator has a water content of 0.4—0.5 so adding set accelerator at the nozzle
increases the water/binder ratio of the placed concrete as discussed in Section 2.1.1.

e The effect on hydration of the set accelerator is “freezing” the hydration at a low degree
and/or altering the hydration products, in line with Salvador [1-4].
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Figure 7 — Capillary suction curves for samples from Flekkefjord spraying experiments.
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Figure 8 — Capillary suction curves for samples from Trondheim spraying experiments.
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We can use Power’s equation linking suction porosity, w/b ratio and degree of hydration to
calculate the expected increase of suction porosity due to the increased w/b ratio only. Eq. 7 is a
modified Power’s equation [14,29].

2-0.172a+0.1162as

Esuction = _+0 333+E ] (7)
where Esuction suction porosity
wle mass of water / mass of cement
a degree of hydration of cement
s/c mass of microsilica / mass of cement
Os degree of hydration of microsilica
Vo volume fraction of paste.

Calculating Aesuction using the w/b ratios of the sprayed concrete with 7 % set accelerator by
equivalent binder mass versus that with zero set accelerator, the theoretical Agsuction is 1 %.
Whereas there is a measured difference of 2.3 % between suction porosity of the Trondheim
samples with 7 % set accelerator and those with zero set accelerator. Likewise there is a measured
difference of 7.8 % between suction porosity of the Flekkefjord samples with 10 % set accelerator
and those with zero set accelerator, whereas there is a theoretical Agsyction 0f 1.2 % between these
samples.

Therefore the increased suction porosity is not only due the increased water content from the set
accelerator added at the nozzle. There must be a “freezing effect” of the set accelerator on the
hydration as well. This is consistent with [5], who used the notion that the water accessible
porosity of the mortars increases in accelerated matrices and compressive strength reduces. This
could be due to the matrix stiffening quickly due to the increase in solid/liquid ratio when large
amounts of ettringite form, leading to improper consolidating and air entrapment [5].

Eq. 7 can be rearranged to solve for degree of cement hydration, giving Eq. 8. Calculated degree
of hydration values are shown in Table 7, using calculated w/c from the concrete compositions in
Section 2.1.1. The degree of hydration of the microsilica, os, is assumed to be 1.0.

q=——Y 4 2100435 Ssuction (9333 4 ¥  + L3 (8)
0172C 0.172 ¢ 0172V 2.2c¢C

The calculated degrees of hydration shown in Table 7 for the Flekkefjord samples with zero or
low accelerator doses (remember the concrete supposedly sprayed with 6 % set accelerator
actually contained zero accelerator) are from 0.681 to 0.984. These seem reasonable degrees of
hydration given the age of these samples was 125 days at the start of the capillary suction test.
However, calculated degrees of hydration for the samples sprayed with the accelerator dose of
10 % are 0.285 to 0.326, which are low. It appears that addition of accelerator has affected the
usefulness of the equation and it appears that the modified Power’s equation is not applicable for
concrete with set accelerator added, presumably because the hydration products no longer have
the usual fractions of CSH.
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Table 7 — Suction porosity and solving for degree of hydration using modified Powers equation

Sample Suction wic sle Paste volume Degree of
porosity Vo hydration
Esuc Volume of cement + silica a
fume + water + water
Volume % from accelerator Calculated
from Table 6 with
Equation 8
Flekkefjord 0% 14.6 0.446 0.0416 0.367 0.775
Flekkefjord 0% 14.5 0.446 0.0416 0.367 0.788
Flekkefjord 3% 16.4 0.478 0.0416 0.372 0.681
Flekkefjord 3% 15.8 0.478 0.0416 0.372 0.759
Flekkefjord 6% * 15.4 0.511 0.0416 0.376 0.944
Flekkefjord 6% * 15.1 0.511 0.0416 0.376 0.984
Flekkefjord 10% 21.5 0.554 0.0416 0.382 0.285
Flekkefjord 10% 21.2 0.554 0.0416 0.382 0.326
Trondheim zero 17.9 0.494 0.099 0.377 0.532
accelerator — cast
Trondheim zero 18.2 0.494 0.099 0.377 0.492
accelerator — cast
Trondheim 3.5% 18.1 0.536 0.099 0.382 0.666
accelerator
Trondheim 3.5% 17.7 0.536 0.099 0.382 0.721
accelerator
Trondheim 7% 20.5 0.578 0.099 0.387 0.483
accelerator
Trondheim 7% 20.1 0.578 0.099 0.387 0.541
accelerator

* Actually zero set accelerator.

All the concrete mixes for these experiments contained an air entrainment agent, which forms
spherical air bubbles in the fresh concrete. Beaupré [30] reported that, for mixes with a high air
content due to inclusion of an air entrainment agent, most of the air content can be lost during
spraying and/or impact with the substrate, leaving an air content of, for example, 5 %. Table 6
shows that while this effect has expelled most of the entrained air from the sprayed samples, for
the cast samples the high air content of the fresh concrete was retained. This high air content
accounts for the higher suction porosity values recorded in Table 6 for the unaccelerated cast
samples (Trondheim series), and hence lower calculated average degree of hydration values
(Table 7), compared with the unaccelerated sprayed samples (Flekkefjord series). For the
Trondheim samples with 3.5 % set accelerator the results are comparable to the Flekkefjord
samples with 3 % set accelerator, while the samples with 7 % set accelerator show a reduction in
calculated degree of hydration, but less than the samples with 10 % set accelerator from
Flekkefjord.

Table 7 shows that when calculating cement paste volume fraction and then using it to calculate
degree of hydration based on the modified Power’s equation (Eq. 8), the accelerator reduced the
degree of hydration for the Flekkefjord series, and possibly also for the Trondheim series. Though
Eq. 8 is sensitive to the volume fraction of paste.

Concerning the low calculated degree of hydration values, it is likely that a high dose of set
accelerator has led to an excess of aluminium-based ions and sulphate ions and that these have
altered the hydration products — firstly due to the needle-like structure of the excess ettringite
formed, which is likely to give a higher suction porosity. Secondly the composition of the CSH
gel is likely to be altered. Gartner [31] reported that sulphates, alumina and other impurities are
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found in the CSH, and that up to 50 % of the total sulphates and alumina are found in the CSH
gel, rather than in the ettringite or monosulphate phases that are generally considered to contain
these species. Therefore it is likely that such a high dose of set accelerator has led to an excess of
aluminium based ions and sulphate ions and that these have altered the composition of the CSH
gel, giving different CSH gel porosity in the samples with lower or zero set accelerator doses.
The altered hydration products renders the modified Power’s equation inapplicable given that it
is based primarily on the hydration products of the standard Portland cement reactions. The latter
reaction has its chemical shrinkage, gel and capillary formation from mainly CSH and calcium
hydroxide- and not so much from aluminate-sulphate phase reactions.

Due to the extra water added with the accelerator the capillary number is possibly affected by both
accelerator and variations in w/c. Smeplass [23] indicated that for silica fume concrete with w/c
increasing from 0.41 to 0.46, the capillary number could increase from 0.010 to almost 0.015.
And that for concrete with w/c variation in the range 0.41-0.46, resistance number could vary in
the range 9 — 11 x 107 (s/m?). Comparing these findings from [23] with the observed effects of
accelerator on capillary and resistance numbers in Table 6, the variations for Flekkefjord 3 %
mixes are within this scatter. However there is a probable effect of accelerator when comparing
the 3 % to the 0 % mix, and there is a clear effect on capillary and resistance numbers for 10 %
accelerator. For Trondheim there is a probable/clear effect on capillary and resistance numbers
from the 0 % to the 7 % mix.

To definitively determine whether the increase in suction porosity in sprayed concrete with higher
set accelerator doses, further work is planned: laboratory casting of concrete with varying doses
of set accelerator, but with water also added to samples to give a constant w/b ratio in the samples.
Capillary suction and PF test would then be carried out to measure suction porosity. Given
constant w/b, any change in the suction porosity would be solely due to the effect of the accelerator
on the hydration products.

4 CONCLUSIONS

e A higher set accelerator dose gives a higher early age strength development in sprayed
concrete but reduces density and long-term strength of the sprayed concrete.

e There is a clear trend between the density of the hardened sprayed concrete and its
compressive strength — samples with a higher density have a higher compressive strength.

e The methods of measuring early age strength — the penetrometer, the stud driving method
and compression testing of cores — give relatively close results.

e A higher set accelerator dose causes a lower density and a higher suction porosity in the
hardened sprayed concrete. The higher suction porosity also causes an increased rate of
capillary absorption in the hardened sprayed concrete.

e The capillary porosity increases with higher doses of set accelerator. This is due to the
matrix stiffening quickly when large amounts of needle-like ettringite are formed in the
early stages of hydration.

e With increasing doses of set accelerator the hydration products are altered and renders the
modified Power’s suction porosity equation inapplicable.

e The macro pore content of sprayed concrete is different from that of conventional air
entrained concrete and image analysis seems to give the largest measurement of macro
pore content.
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e A further experiment to cast samples with varying set accelerator doses, with water added
to give a constant w/b ratio in the samples, is proposed. Given constant w/b, any change
in the suction porosity would be solely due to the effect of the accelerator on the hydration
products.
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ABSTRACT

Alkali-free set accelerators are added at the nozzle to ensure rapid set of wet sprayed concrete.
The accelerator affects the strength development, porosity and transport properties, and hence the
durability, of the sprayed concrete. We developed a method to cast samples with varying set
accelerator doses to measure the effect of the accelerator on porosity, but with a constant effective
water/binder ratio of 0.45 for each accelerator dose. Six cylinders of concrete were cast with set
accelerator doses of 0, 2, 4, 6, 8 and 10 % of effective binder mass. High workability was achieved
to enable mixing before rapid stiffening occurred, though this high workability led to some
aggregate settlement in the cylinders. Porosity was measured by capillary suction on dried
specimens of hardened concrete and subsequent pressure saturation of macro pores (PF test). The
samples cast with higher doses of set accelerator had higher suction porosities and higher rates of
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capillary suction. Using a modified Powers equation gave very low calculated degree of hydration
values for concrete with set accelerator, indicating that the equation is not applicable for concrete
with set accelerators, due to the higher suction porosity in accelerated matrices, caused by
different hydration products.

Key words: Sprayed concrete, shotcrete, accelerator, porosity, tunnel, durability.

1. INTRODUCTION

Wet-sprayed concrete is increasingly used in large quantities for tunnel linings in infrastructure.
The functions of sprayed concrete tunnel linings are to provide immediate ground support to
enable excavation to proceed and provide safety during construction, and to provide long-term
support of the tunnel. Due to its composition and production method sprayed concrete is not
covered by usual standards for structural concrete such as EN 206 [1]. The production method
consists of pulsed concrete flow from a piston pump to a nozzle where a steady flow of accelerator
is added together with compressed air, propelling the concrete through the nozzle to the substrate
while rapidly setting. Compared to the fresh concrete in the hopper of the pump, the final product
is altered by addition of the accelerator, increased water/binder mass ratio due to the water content
of the accelerator and the effects of the spraying. The spraying process causes variable
composition over the spray cone [2], rebound [3], irregular compaction porosity [4, 5] and
anisotropy of the hardened concrete [6].

We address porosity of sprayed concrete because the limiting water/binder mass ratios prescribed
for the 18 exposure classes defined in EN 206 [1] are based on the limiting water transport by
limiting capillary porosity. For cast concrete the suction porosity depends on the water/binder
mass ratio, binder type, degree of hydration and the paste volume fraction [7]. The water/binder
mass ratios defined in standard EN 206 [1] to achieve desired suction porosities govern durability,
given that water transport underlines most degradation phenomena in concrete [8] and that water
transport occurs, in intact concrete, through the capillary pore network. This is also where
deleterious substances collect. Power’s classic model [7, 8] quantifies the relationship between
water/cement mass ratio, degree of hydration and porosity. The two classes of cement paste
porosity are nanoscopic gel pores, where there is little transport of substance, and microscopic
capillary pores, where transport can take place. Volume fraction, size and degree of
interconnectivity of capillary pores depend on the water/cement mass ratio and degree of
hydration. Powers’ model was developed several decades ago for hydration of Portland cement
[7]. The effect of microsilica, particularly the increased chemical shrinkage and increased CSH
gel produced, was investigated later and the model adjusted accordingly [9]. Later investigations
found the model to give good quantification of degree of hydration [10]. More recently the model
was even adapted to cement replacement by limestone [11]. Knowledge of porosity is abundant
for cast concrete with standardised constituents and captured by EN 206 [1], but scarce data exists
for sprayed concrete.

However EN 206 does not cover sprayed concrete for tunnel linings [1]. The accelerator changes
the hydration products, which in turn changes the porosity [12]. Durability classes for Norwegian
sprayed concrete for tunnel linings can be found in Norwegian Concrete Association publication
No. 7, “Sprayed concrete for rock support” [13]. These classes specify M40 concrete with
water/binder ratio of 0.40 for most exposure classes for rock support in subsea tunnels, and M45
with water/binder ratio of 0.45 for most exposure classes for rock support where the lining is
exposed to freshwater. Norwegian Concrete Association publication No. 7 [13] does stress that
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the water content of the accelerator must be considered in the water/binder mass ratio. These
classes are stricter than the equivalent classes for cast concrete, specified in the Norwegian
national annex to EN 206 [1].

1.1 Effect of set accelerators

Modern, alkali-free set accelerators for wet sprayed concrete are mainly aluminium sulphate based
solutions [13, 14, 15, 16]. They cause rapid set and increase the rate of early strength development
due to the formation of hydrous aluminium sulphates (mainly ettringite). Given that each mole of
ettringite binds 32 moles of water [17], ettringite formation increases the solid/liquid ratio and
leads to stiffening of the matrix.

Addition of set accelerator affects the porosity of sprayed concrete. Firstly the set accelerator
contains water, which increases the effective water/binder ratio when added to the fresh concrete
and increases the suction porosity [18]. We can designate this the additional water effect.
Furthermore Salvador et al. [16] described an increase in water accessible porosity, which we
interpret as suction porosity, in matrices containing set accelerators, which we can designate as
the accelerator effect. These effects on the suction porosity are separate to the typical 4-6 % macro
porosity in sprayed concrete caused by the spraying process [4, 5].

Trussell et al. [19] varied set accelerator doses in full-scale sprayed concrete experiments and
measured increased suction porosity with increased set accelerator dose. They found that Powers’
equation linking suction porosity, water/binder ratio and degree of hydration in hardened cement
paste [7] gives very low values for degree of hydration for concrete with high doses of set
accelerator and concluded that Powers” model is inapplicable for sprayed concrete containing set
accelerator.

Due the uncertainty of the placed concrete composition for concrete sprayed at full scale
(uncertainty over the precise set accelerator dose added at nozzle, and the effect of rebound and
dust) the laboratory experiment described in this manuscript, where the proportions could be
controlled more precisely, was performed to verify the findings of Trussell et al [19]. This will
give further understanding of the effect of set accelerators on concrete properties and is important
for research and development on the use of sprayed concrete for permanent tunnel linings.
Furthermore the water/binder ratio is kept constant in this study, to ensure that the difference in
measured porosity between the samples is due to set accelerator effect only, and not due to the
additional water effect.

Whilst set accelerators are essential for use in sprayed concrete to enable build-up of concrete
thickness, the rapid stiffening of accelerated concrete makes it impractical to mix set accelerator
into fresh concrete for casting — the rapid stiffening occurs before the accelerator can be mixed
evenly into the concrete. Hence it is difficult to investigate the effect of set accelerator on concrete
cast under controlled laboratory conditions.

1.2 Effect on durability

Experience on long-term durability of sprayed concrete is increasing, for example Hagelia [20]
concluded that the main durability issue is chemical attack on the cement paste fraction, while
Galan et al. [21] identified a wide range of causes and connections.
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The sulphate content of modern, alkali-free set accelerators may affect the durability. Sulphates
in concrete present durability issues [22]. Sulphate ions can react to form gypsum and/or ettringite,
leading to expansion, cracking and/or spalling. Sulphate ions can also react to form thaumasite,
leading to strength loss, which is covered in EN 206 by limiting the use of limestone filler where
external sulphate attack may occur [1]. Degradation of tunnel linings due to sulphate in the
groundwater has been recorded [20, 21, 23]. Small scale studies indicate that sulphate-containing
accelerators increase the expansion of mortar exposed to external sulphate attack compared to
mortar specimens without accelerator [24].

Recently research by Manquehual et al [25] on the effect of both old-fashioned water glass and
modern alkali-free accelerators provide information about performance of alkali free accelerators
in sprayed concrete with the (to our knowledge) longest service life so far — greater than 20 years
at the time of writing. The tunnel linings studied in their paper were the first use of sprayed
concrete linings with aluminium sulphate based set accelerators in Norwegian road tunnels [25].
Higher suction porosity, lower density and lower strength were measured in concrete sprayed with
aluminium sulphate based set accelerator compared to that sprayed with traditional sodium silicate
(water glass) based accelerator. Ettringite enrichment was measured in the sprayed concrete with
aluminium sulphate based set accelerator, especially between layers of sprayed concrete
application. Corrosion of the steel fibres was only observed in the carbonation zone at the intrados
of the linings. Given the uncertainties about concrete composition and variations over the 6.8 km
long tunnel, the study indicates no clear negative long-term durability of concerns of sprayed
concrete with alkali free accelerators compared to water glass accelerators [25].

1.3 Scope

The manuscript investigates set accelerators for sprayed concrete and their effect on concrete
properties. The effect of aluminium sulphate based set accelerators has been well covered at small
scale level in cement samples, which we have referred to and discussed, but not at larger scale in
concrete samples. In this work we maintain a constant water/binder ratio of the concrete for the
different doses of set accelerator to remove the effect of this variable on the porosity, and thus
isolate the effect of the set accelerator on concrete porosity. Thus we can definitively determine
the effect of set accelerator on concrete porosity.

We developed the method for mixing the set accelerator into fresh concrete and casting this
concrete. We carried out an experiment adding a range of set accelerator doses: 0, 2, 4, 6, 8 and
10 % of effective binder mass (mass of cement + 2 x mass of microsilica, following & factors
specified in EN 206 [1]. The method involved adding water to the set accelerator to dilute it,
giving more time before rapid stiffening occurred, and to achieve constant water/binder ratio
between all the set accelerator doses. The capillary suction rates and porosity of the hardened
concrete were investigated to verify that the effects on porosity and capillary suction measured by
Trussell et al. [19] were due to the effect of set accelerator on porosity, and not merely a result of
water/binder variations due to the additional water content with higher doses of set accelerator.
We compared measured porosities to a modified Powers model to assess the effect of accelerator
on the hydration products.

18



Nordic Concrete Research — Publ. No. NCR 67 — ISSUE 2 / 2022 — Article 2, pp. 15-34

2. METHOD
2.1 Development and trials

A typical Norwegian sprayed concrete mix can have a water/binder ratio of 0.42 and matrix
volume (total concrete volume — volume of aggregate greater than 0.125 mm) of 42 volume %
before addition of the set accelerator [5]. With addition of, for example, 6 or 7 % set accelerator
the water/binder ratio increases to around 0.45 [5]. To trial the method, a base mix was batched
with a water/binder ratio of 0.42 and matrix volume of 0.42 to replicate a typical sprayed concrete
mix. Two litres of concrete were placed in 150 mm diameter cylinders and doses of 6 and 10 %
set accelerator by binder mass were added. The concrete was mixed for 15 seconds with a hand
mixer and vibrated for 30 seconds. The hand mixer, cylinder and vibration table are shown in
Figure 1. With these set accelerator doses the concrete stiffened rapidly and was not able to be
mixed properly. The cylinders cast during these earlier trials are shown on the left of Figure 2,
which shows that good compaction was not unachieved due to the rapid stiffening.

-y

Figure 1 — Hand mixer, 150 mm diameter steel cylinder and vibration table used to mix and
cast concrete with set accelerator.

Figure 2 — Cylinders cast during method development — lners fm early trails are to the
left and those from later trials to the right of the photographs.
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To reduce the rapid stiffening effect, the set accelerator was diluted with water. To compensate
for this additional water added with the set accelerator, water was removed from the base mix,
keeping the water/binder ratio at 0.45 after addition of the set accelerator solution. Diluting the
set accelerator, whilst reducing the water in the base mix to achieve water/binder of 0.45 after
adding the accelerator solution, delayed rapid stiffening long enough for mixing with doses of 6
and 10 % by binder mass. The trial cylinders cast with this method are the two cylinders on the
right of Figure 2 and show much better compaction compared to the previous trials on the left.

23 Proportioning

For the actual experiments the base mix was proportioned as detailed in Table 1. The set
accelerator doses added are detailed in Table 2. The set accelerator used was Masterroc SA 168,
which has a solids mass fraction of 0.575 [26]. Hence the water content of the set accelerator is
0.425. Water doses were added to dilute the set accelerator and to achieve constant water/binder
ratio for all the set accelerator doses.

Table 1 — Proportioning of base mix per litre (before addition of accelerator and water mixtures
detailed in Table 2)

Constituent Mass Density Volume
(kg) (kg/m?) (litres)
Standard fly ash cement 468 2990 156
Microsilica 46.3 2200 21.1
Water 175 1000 175
Superplasticiser (water content 0.79 by mass) 4.88 1050 4.64
Air (assumed) 0 0 25
Ardal 0-8 mm aggregate < 0.125 mm 129 2670 48.2
Ardal 0-8 mm aggregate > 0.125 mm 1522 2670 570
SUM 2357 kg 1000
Water / cement ratio of base mix =0.382
Effective water / binder ratio of base mix =0.319

Table 2 — Set accelerator doses and water dilution per m’ of base mix concrete

Set accelerator Mass of Mass of water in  Mass of water added Total water added
dose (% of accelerator  the accelerator to accelerator (kg) (kg)
binder mass) (kg) (kg)
0 0 0 75 75
2 11 5 70 75
4 22 10 65 75
6 34 14 61 75
8 45 19 56 75
10 56 24 51 75
Water/cement ratio after addition of accelerator/water solutions =0.542
Effective water/binder ratio after addition of accelerator/water solutions =0.453
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24 Mixing and casting
The mixing procedure was as follows.
1. 40 litres of the base mix were batched.

2. Slump, density and air content of the fresh base mix concrete were measured following EN
12350 parts 1, 2, 6 and 7 respectively [27, 28, 29, 30].

3. For each specimen two litres of concrete were measured and placed in a cylindrical metal
mould.

4.  The set accelerator and water solution was added.

5. The concrete was mixed for 10 seconds in the cylinder with a hand mixer (shown in Figure

1) and vibrated using the vibration table for 45 seconds (from the time of set accelerator
solution addition).

The moulds were 150 mm diameter cylinders. This diameter was selected to enable a 120 mm
impeller to mix the concrete in the moulds. Three 100 x 100 x 100 mm cubes were cast with the
base mix only, without addition of set accelerator nor additional water. So these cubes were cast
with an effective water/binder ratio of 0.319. The cylinders were stripped after 48 hours and were
stored in water. The density of the cubes (without accelerator) and cylinders (with different doses
of accelerator added) after storage in water for 87 days was measured by weighing them in air and
water.

2.5 Capillary suction

The capillary suction test was undertaken on the sprayed concrete samples following Punkki &
Sellevold [31] and Smeplass [32]. Three 25 mm thick discs were cut from each cylinder and dried
at 105°C for 72 hours before testing. The mass of each sample after drying was recorded as wi.

The discs were placed on perforated metal trays with a depth of 1 mm of the disc immersed in
water. The suction face of the top and middle discs from each cylinder were sawn, while the
suction face for the bottom disc had been cast against the steel mould.

Capillary suction leads to an increase of the mass of each disc. After immersion in 1 mm of water
the samples were weighed at regular intervals up to a time of 5 days. The mass after 5 days of
capillary suction was recorded as w1.s. The graph plotted is mass increase/absorption area against
\time [18] and the capillary number of the concrete is determined by the gradient of the mass
increase against Vtime, shown in Equation 1.

6 1
IO (M

Where Keap capillary number
G(1) absorption (kg/m?) at time ¢ (seconds).

The resistance number is calculated by Equation 2.

tcap 2
m=lon @)
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Where m resistance number
teap the time for the rising water front in the specimen to reach the top of
the specimen. This is the point of inflection on the capillary suction
plot of water absorption against \time
h height of the disc.

2.6 PF test

The PF (pore fraction) test was carried out following the capillary suction test on the same
samples. These samples were submerged in water at atmospheric pressure for 5 days. The samples
were then weighed in air and water to determine the mass after atmospheric (unpressurised)
submersion, w», and the volume, v. The density after submersion in water was calculated.

The samples were then submerged under a pressure of 5 MPa for 48 hours to fill the closed macro
pores. The mass after pressurised submersion is recorded as ws [18]. The total porosity is
calculated according to Equation 3:

Ws= W1 3)

Etotal = »

The gel porosity plus the capillary porosity, equal to the suction porosity, is calculated by Equation
4:

Wis — Wq 4)
v

Esuction

The open macro porosity is calculated by Equation 5:

Wz — Wis %)

€open macro = »

And the closed macro porosity, or air voids content, is calculated by Equation 6:

Ws— Wa (6)

Eclosed =
closed macro v

The solid density, psoia, was calculated by the mass after drying at 105 °C over the volume
multiplied by 1 minus the total porosity, as detailed in Equation 7.

o Pbulk dry @)
Psolid 1— Erotal
3. RESULTS AND DISCUSSION
3.1 Fresh concrete properties of the base mix

The measurements of the fresh concrete base mix were:
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Slump 270 mm
Density 2307.5 kg/m?
Air content 0.8 %

No separation of water was observed at the edge of the slump test.

3.2 Casting and inspection of cylinders

For the cylinders with set accelerator doses of 6 % and higher, the increase in stiffness of the
concrete occurred rapidly. Nevertheless the hand mixer was successfully used and extracted and
each cylinder was vibrated for 45 seconds. Bleeding was observed at the top of the cylinder mixed
with 0 % accelerator, whereas no separation had been observed at the edge of the slump test, so
the addition of 150 g of water to the 2 litres of base mix before vibrating for 45 seconds led to this
bleeding.

F zgul:e”3 Cast c inders with different set accelerator doses

The cast cylinders are shown in Figure 3. Whilst the cylinders are all even and free of major voids,
there is increasing layering visible in the cylinders with higher set accelerator doses. There is just
a minor evidence of bleeding at the top of the cylinder cast with 0 % set accelerator.

3.2 Density

The density of the cylinders after water storage at 89 days age is shown in Figure 4. The graph
shows reducing density with increasing dose of set accelerator, albeit with similar densities for 6,
8 and 10 % set accelerator doses. The cylinders for doses of 6, 8 and 10 % set accelerator have a
decrease in density of 1.7-1.9 %.

The density of cubes cast from the base mix, with addition of neither set accelerator nor water, is

also included in the graph. The density of the base mix (effective water/binder = 0.319) is higher
than the cylinder cast with zero set accelerator but 150 g of water added (effective water/binder =
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0.453) to the 2 litres of base mix, which is as we would expect. The higher water content results
in a higher capillary porosity content after hydration [18].

2360

2340 °

2320 —8— Cylinders, all

w/b=0.452, with

= 2300 various set
=) necalars oed
ED 2280 accelerator dosages
; 2260
£ 2240
[
A 2220 ® Base mix cubes,

2180

0 2 10

4 6
Set accelerator dosage (%)

Figure 4 — Density against set accelerator dosage for the cast cylinders and cubes cast from
the base mix at 89 days age after storage in water

Table 3 — Capillary numbers, resistance numbers, total porosity and suction porosity from
capillary suction and PF tests

Sample Capillary Resistance  Total Suction Macro Solid
number  number porosity porosity porosity density
(calculated (calculated (calculated (calculated
kg/m?.s"  s/m? byEq.3) byEq.4) DbyEq.6) byEq.7)
Volume % Volume % Volume % kg/m®
0 % top 0.0261 8.1 x 10’ 25.1 23.4 1.6 2683
0 % middle 0.0206 8.5 %107 21.2 19.6 1.4 2680
0 % bottom 0.0126 2.1 %108 19.7 17.7 1.1 2673
2 % top 0.0294 6.1 x107 26.5 24.0 2.1 2691
2 % middle 0.0273 6.4 x 107 25.2 22.7 2.1 2693
2 % bottom 0.0213 1.1 x10% 25.5 22.6 1.9 2690
4 % top 0.0331 52x107 28.2 25.1 2.4 2693
4 % middle 0.0314 5.5 %107 27.1 23.8 2.7 2694
4 % bottom 0.0273 7.4 x 107 24.5 21.6 2.4 2687
6 % top 0.0377 4.6 x 107 29.8 26.6 2.4 2698
6 % middle 0.0332 4.6 x 107 27.6 24.4 2.6 2695
6 % bottom 0.0218 9.6 x 107 24.4 21.4 2.5 2689
8 % top 0.0374 4.6 x 107 29.6 26.5 2.5 2704
8 % middle 0.0348 4.9 x 107 27.8 24.9 2.3 2700
8 % bottom 0.0352 3.6 x 107 24.5 21.8 2.4 2692
10 % top 0.0470 3.4 x 107 29.6 26.4 2.8 2699
10 % 0.0371 4.1 x 107 28.6 253 2.8 2699
middle
10 % 0.0252 6.4 x 107 23.8 20.7 2.6 2689
bottom
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3.2 Capillary suction and PF test

The capillary suction curves are shown in Figures 6 and 7. The capillary numbers and resistance
numbers from the capillary suction curves, as well as total porosity and suction porosity calculated
from the PF test, are included in Table 3. The capillary numbers against set accelerator dose are
plotted in Figure 5.
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Figure 5 — Capillary number against set accelerator dose
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Figure 9 — Suction porosity against set accelerator dose
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The capillary suction curves shown in Figures 6 and 7 show an increased rate of capillary suction
in the discs with higher doses of set accelerator. This is confirmed by the plot of capillary number
against set accelerator dose in Figure 5, though there is a degree of scatter in both graphs.

Figure 8 is a plot of the resistance numbers from the capillary suction curves against set accelerator
dose. The graph shows that discs from the bottom of the cylinders have higher resistance numbers,
especially for the 0 % set accelerator dose, so a longer time for the rising water front to reach the
top of each disc. This is due to aggregate settlement in the cylinders, so the discs at the bottom
have a higher proportion of aggregate and lower paste content. The cement paste content does not
affect the resistance number but does affects the capillary number — therefore we see more
variation in the capillary numbers compared to the resistance numbers. The mean values for each
cylinder show a trend of decreasing resistance number with increasing set accelerator dose.

Figure 9 is a plot of suction porosity of the concrete against set accelerator dose and shows that
suction porosity is increased from zero to 6 % set accelerator, albeit with similar suction porosity
values for 6, 8 and 10 % set accelerator doses. The 4 volume % increase of mean suction porosity
from zero % set accelerator to 6, 8 and 10 % set accelerator is even more marked when calculated
as paste volume % — then the increase is 10 volume %. These porosity measurements in Figure 9
are consistent with the density measurements in Figure 4.

Despite the scatter, Figures 7 — 9 confirm previous findings from sprayed concrete specimens
cored from panels after full-scale spraying with different accelerator doses [19] — the accelerator
alters the pore structure of the sprayed concrete — increasing both suction porosity and the rate of
capillary suction. The increase in suction porosity in accelerated sprayed concrete is due to both
the additional water affect and the accelerator effect. This also agrees with findings from Salvador
et al [16], that the “water accessible porosity” (which we interpret as suction porosity) increases
in accelerated matrices.

The difference in suction porosity between top and bottom discs cut from the same cylinder
indicates the degree of settlement, and resulting difference in paste content, between discs cut
from the same cylinder. But the average values should meet the proportioned matrix volume and
water/binder ratio. In general the cylinders with higher set accelerator doses show less difference
in porosity between top and bottom disc, indicating less settlement of the aggregate. This is due
to faster stiffening of the matrix with higher set accelerator doses.

The degree of hydration for each cast sample was calculated by rearranging a modified Powers
equation. The modified Powers equation is given by Equation 8, based on [7, 9, 10, 11].

== 0172a +0.116 7 ag ®)
Esuction =
w 1 s p
< +0.333 + 77 ¢
where Esuction suction porosity

wlc mass of water / mass of cement

a degree of hydration of cement

slc mass of microsilica / mass of cement

Os degree of hydration of microsilica

Vo volume fraction of paste
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Equation 8 can be rearranged to solve for degree of hydration, shown as Equation 9:

1 w 0.116as Esuc w 1s 9
- 0333 +—+—-
V ( + c + 2.2 C)

“=0172¢ t o172 ¢ 0172,

The suction porosity, w/c and s/c ratios, paste volume fraction and calculated degree of hydration
for each disc are shown in Table 4. The degree of hydration of the microsilica, as, is assumed to
be 1.0. The paste volume has been calculated from the placed concrete composition [5], with the
macro porosity measured by the PF equated to the air content of the placed concrete.

Table 4 — Suction porosity and solving for degree of hydration using modified Powers equation

Sample Suction Water/ Microsilica Paste Degree of  Mean
porosity cement /cement volume hydration  degree of
Esuction mass ratio  mass ratio  fraction a hydration
Volume % Vp Qlaverage
From Calculated
Table 3 with
equation 9
0 % top 23.4 0.542 0.099 0.403 0.112
0 % middle 19.6 0.542 0.099 0.404 0.623 0.539
0% 17.7 0.542 0.099 0.405 0.880 ’
bottom
2 % top 24.0 0.542 0.099 0.406 0.056
2 % middle 22.7 0.542 0.099 0.406 0.227 0.175
2% 22.6 0.542 0.099 0.406 0.240 ’
bottom
4 % top 25.1 0.542 0.099 0.409 -0.065
4 % middle 23.8 0.542 0.099 0.408 0.098 0.142
4% 21.6 0.542 0.099 0.409 0.393 ’
bottom
6 % top 26.6 0.542 0.099 0.414 -0.219
6 % middle 244 0.542 0.099 0.413 0.058 0.095
6 % 21.4 0.542 0.099 0.413 0.446 ’
bottom
8 % top 26.5 0.542 0.099 0.418 -0.173
8 % middle 24.9 0.542 0.099 0.419 0.039 0.098
8% 21.8 0.542 0.099 0.418 0.428 ’
bottom
10 % top 26.4 0.542 0.099 0.426 -0.097
10 % 253 0.542 0.099 0.426 0.041
middle 0.190
10 % 20.7 0.542 0.099 0.427 0.625
bottom

The average degree of hydration value calculated for the discs with zero set accelerator is 0.54,
which is a little lower than the expected value after three months of curing of the 150 mm diameter
cylinders in water. The values for the discs cut from lower in the cylinder have higher degrees of
hydration which are around the values we would expect, but the calculated degree of hydration
for the disc cut from the top of the cylinder is only 0.11. This low value is due to aggregate
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settlement, giving a higher actual paste volume fraction than the theoretical value used for the
calculations. The higher paste volume fraction thus gives a higher suction porosity compared to
lower in the unaccelerated cylinder, where the actual paste volume fraction is lower due to the
aggregate settlement.

The calculated mean degree of hydration values for the samples cast containing set accelerator
are very low — between 0.095 and 0.190. This is clearly not realistic given the three months of
curing in water. Equation 9 is very sensitive to the paste volume fraction and a low ¥}, value gives
an overly large negative part of the equation.

One uncertainty here is the interpretation of suction porosity in Equations 8 & 9 from the one
sided capillary suction experiments and the fully submerged PF test, see Equations 3—6. The
additional absorption from one sided to full submersion is in the order of 1-2 volume % of
concrete according to our laboratory experience. For sprayed concrete we have previously
proposed that this difference is entirely ascribed to filling of macro pores due to the special
irregular and partly open macro pore structure in sprayed concrete, and hence not to be included
as suction porosity in the cement paste [S]. However, in this work on laboratory cast accelerated
concrete we observed that the difference in water absorption from one sided to fully submerged
is similar to what we observed in sprayed concrete specimens [19]. Hence the mechanisms of
filling open and closed macro pores as defined by Equations 46 are uncertain and it is not entirely
clear whether the extra porosity filled from one-sided to submerged state should be ascribed to
what we term suction porosity or macro porosity. In this study this difference makes up 0.1—
1.0 volume % of concrete, so 0.25-2.5 volume % of paste, hence there is this volume %
uncertainty in the calculated degrees of hydration.

We have corrected paste volume fractions for variations in macro porosity to avoid this problem.
Furthermore the use of slices from top, middle and bottom of each cylinder will give average
values representing the bulk of each cylinder so that effects of bleeding on effective water/binder
variation over cylinder height are averaged out in the capillary transport and porosity
measurements.

Overall we believe that the difference in calculated degree of hydration values between samples
without and with accelerator demonstrate that the Powers porosity equation is invalid for concrete
with set accelerators. This is due to different hydration products, other than the standard ordinary
Portland cement with mainly CSH and calcium hydroxide, with phases containing more aluminate
and sulphate [14, 16, 33, 34, 35]. The higher suction porosity in accelerated pastes increases the
negative part of Equation 9, resulting in very low calculated degree of hydration values.

The use of set accelerators for permanent sprayed concrete tunnel linings is a compromise, in that
the accelerator is essential for early strength development, enabling adhesion to the substrate and
immediate ground support, but high accelerator doses give reduced long-term strength, increased
porosity and increased water transport.

4. CONCLUSIONS

e In order to cast concrete with varying doses of set accelerator, the workability is a
compromise between the different accelerator doses — a high slump was needed to give
valuable seconds to mix in the higher doses of set accelerator before rapid stiffening occurred.
Yet that high slump led to settlement of the aggregate in the cylinders, so the paste volume at
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the top of the cylinder was higher than that at the bottom of the cylinder. Nevertheless a clear
effect of accelerator dose could be deduced from these experiments.

Whilst addition of set accelerator in wet sprayed concrete increases the water/binder ratio
(due to the water content of the set accelerator), this experiment demonstrates that the increase
in porosity is not only due to the additional water effect but also due to the effect of the
accelerator on the hydration products. The porosity of the concrete increased by 4 volume %
from zero set accelerator to set accelerator doses of 6, 8 and 10 % of effective binder mass.
When considered as paste volume only this increase is in the order of 10 volume %.

A clear effect of increased accelerator dose was seen on the rate of capillary suction. The
mean capillary number increased by 84 % for the highest accelerator dose. This higher rate
of water transport and higher suction porosity reduces the durability of the sprayed concrete.

The degree of hydration values calculated with Powers’ porosity equation demonstrate that
this equation is invalid for concrete with set accelerators. This is due to higher suction
porosity caused by addition of set accelerator leading to different hydration products
compared to the hydration of standard Portland cement and microsilica. These results verify
the findings from Trussell et al [19] from full scale spraying experiments.
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Abstract

Sprayed concrete typically contains large, irregular macro pores. These are a product of the spray
application and are different to spherical pores formed by an air entrainment agent for frost protection.
Image analysis, capillary suction and pressurised saturation (PF test) and CT scanning were used to
measure and analyse the macro porosity in specimens taken from 20 different panels sprayed in four
series with varying accelerator doses, varying spraying distances and angles and varying sprayed
concrete mixes. Macro porosity measurements by image analysis (3.8-7.5 %) and CT scanning (4.7—
10.1 % measured on five specimens only) were higher than measurements by pressure saturation (2.5—
4.9 %). The macro porosity increased with increased set accelerator dose. 9-20 % of the of the PF macro
pore volume filled with water when submerged at atmospheric pressure. The shape of the macro pores
was measured to be non-spherical, with 50 % of length/width ratios greater than 1.5. The macro pores
were measured to tend towards orientation parallel to the substrate. Likewise fibre orientation was
measured by CT scanning to tend towards orientation towards parallel to the substrate. Water
penetration tests were done on specimens with the water pressure applied parallel and perpendicular to
the direction of sprayed concrete application. Water penetration was measured to be very low parallel
to the direction of application, but much higher perpendicular to the direction of application, due to
macro porosity and laminations in this direction, indicating the importance of execution in wet spraying
of concrete.

Keywords: Sprayed concrete, shotcrete, porosity, voids, fibres, PF test, image analysis, CT scanning.




1. Introduction

Wet sprayed concrete is used for immediate tunnel support and increasingly for permanent linings [1].
Hence the durability of sprayed concrete tunnel linings is given increased attention [2]. Recent field
studies have mapped long-term chemical changes indicating leaching after 25 years of service life [3],
indicating the importance of pore structure and transport properties of sprayed concrete.

The wet spraying production method involves pumping a paste-rich fresh concrete with reduced coarse
aggregate size to the nozzle, where a set accelerator is added and compressed air propels the concrete.
The set accelerator causes rapid setting as the concrete impacts with the substrate. Sprayed concrete
typically contains large, irregular macro pores that are a product of the spray application [4] [5]. These
macro pores are different from the spherical pores formed by an air entrainment agent for frost
protection in ordinary cast concrete. Figure 1 shows an example of a core from a sprayed concrete lining
with macro pores larger than 1 mm visible.

Fibres are another important constituent of sprayed concrete and fibre orientation in hardened sprayed
concrete has been measured to tend towards perpendicular to the spraying direction [6]. Segura-Castillo
et al. [7] measured this anisotropy by double punch (Barcelona) tests and measured 3.5 times higher
residual loading capacity in specimens loaded parallel to the spraying direction than in specimens
loaded perpendicular. Perhaps the orientation of the macro pores may also tend towards the same
orientation due to the impact of the sprayed concrete with the substrate causing anisotropic compaction?

If so this anisotropy of the macro pores may also result in reduced mechanical properties such as

stiffness and strength in the direction with the largest pore area.

Figure 1 Example of a core from sprayed concrete lining with macro pores larger than 1 mm
Video camera recordings of spray application show pulsation and uneven concrete flow during the spray
application and two frames are given as an example in Figure 2. The constant flow of accelerator while

concrete flow is pulsed may cause local overdoses of accelerator, leading to laminations in the hardened



sprayed concrete, even when sprayed during continuous application. Hence this gives an anisotropy

which affects both mechanical properties and permeability.

No concrete in
the spray cone.
Accelerator only.

Full concrete
spray cone.

Figure 2 Left: sprayed concrete application with a full concrete spray cone. Right: sprayed concrete application with a pause
in concrete flow, so pure accelerator is propelled through the nozzle to the substrate

1.1. Macro porosity in sprayed concrete

Increased macro pore content gives a reduction in strength [8], but the irregular macro pores in sprayed
concrete [4] [5] further indicate that they can be partly open or form part of a continuous pore structure
available for transport on a larger scale than capillary pores of 10-30 um. The measured macro pore
volume in hardened concrete depends, in addition to the concrete itself, on the measurement method.
Gravimetric methods for measuring pore volume accessible to water include various drying, sorption,
vacuum, boiling and pressure saturation methods on slices of concrete [9]. The macro pore content can
be distinguished from the finer gel and capillary porosity in the hardened cement paste. The PF (pore
fraction) is described by Sellevold & Farstad [10] and involves submerging the dried specimens in
water, first at atmospheric and then at higher pressure. The mass increases following these steps are
used to determine the suction and macro porosities. Furthermore we can differentiate between “open”
and “closed” macro pores by defining the open macro pores as those that fill with water under
atmospheric pressure, and defining the closed macro pores as those that only fill with water under
subsequent pressurised saturation.

Optical 2D methods based on polished/impregnated surfaces and microscopy enable quantifying pore
size distributions, shape and percolation using image analysis. The pore size that can be detected on
polished sections prepared according to optic methods such as ASTM C457 [11] depends on the
polishing and dye impregnation techniques and on the image resolution, but a minimum size of

approximately 10-30 microns is typical. An image analysis method is described by Fonseca & Scherer



[12] and involves polishing the concrete surface, colouring it black, then filling the macro pores with a
fine white powder. A Matlab script is used to analyse the scanned sample. The size distribution and
total macro pore content can be computed.

The main 3D method is CT (computed tomography) scanning and uses x-ray measurements from
different angles to produce tomographic images of a specimen [13]. Both macro pores and steel fibres
can be differentiated from the aggregate and hydrated cement due to the high density of steel and the
lower density of air/water in the macro pores. The two steps for CT scanning are image acquisition and
reconstruction. In the first step 2D projections are acquired, and the second step involves the back-
projection algorithm to reconstruct it as a 3D tomographic image [14].

Sellevold & Farstad [10] compared macro porosity measurements by optical microscopy (&ma) with PF
method measurements (epr ¢1) on cast concrete. They found the macro porosity measured by optical
microscopy to be lower than the equivalent values measured by the PF method by approximately
1 volume %.

Holter [4] used both the PF and image analysis methods to measure and compare the macro porosity
content of sprayed concrete from four different tunnel linings. Holter measured macro pore volumes
epr el 0f 4.0-6.0 % from 27 samples, with a mean of 4.5 %, using the PF method, while he measured a
mean macro pore volume ema of 5.7 % using the image analysis method [12] on similar samples.
Measurements of water permeability on 35 specimens taken from linings of three different wet sprayed
concrete tunnels were done by Holter [4] showing that 89 % of the specimens had permeability
coefficients less than 5x107* m/s.

Myren & Bjentegaard [15] compared macro porosity in sprayed concrete. They measured an air content
of 4.8-6.0 % in the fresh concrete, while they measured air content of 3.6-3.8 % by PF method and
2.9-3.1 % by image analysis in the hardened sprayed concrete. Yun et al. [16] used image analysis to
measure macro porosity before and after spraying of concretes with and without an air entrainment
agent. They found that the smallest entrained air pores (10—150 um) were lost in mixes with an air
entrainment agent after spraying, while concretes without an air entrainment agent had no difference in

this pore size range before and after spraying.

1.2. Fibre content and orientation

The loss of fibres in sprayed concrete due to rebound is a well known phenomenon [6] [17]. Rebound
is the mass of the concrete that does not adhere to the substrate, but instead bounces off. Rebound can
be measured by placing a large tarpaulin on the floor prior to spraying to collect the rebound, weighing
the collected rebound material and calculating this as a percentage of the mass of sprayed concrete [18].
The Norwegian Concrete Association publication no.7 [18] states that rebound is normally 5 % or less

with modern wet spraying methods. But fibres are overrepresented in the rebound [6]. Given the



importance of fibres for the mechanical properties of the concrete (flexural and tensile strength, limiting
crack widths), it is interesting to investigate in-situ fibre content and isotropic properties.

Kaufman et al. [6] measured the content and orientation of both steel and plastic fibres in sprayed
concrete by CT scanning. He measured a reduction in the batched fibre content to the measured in-situ
content of 25-44 %, due to rebound, with higher reduction in content for steel fibres compared to that
of plastic fibres. He measured fibre orientation close to parallel to the substrate (i.e. perpendicular to
the direction of spray application).

Zirgulis [19] used an orientation tensor to define the orientation of multiple fibres in cast concrete
beams. He found that concrete with a fibre distribution closer to parallel (i.e. perpendicular to direction
of load application) had a higher residual flexural strength [20], in line with the findings of Segura-
Castillo [7].

1.3. Scope

The scope of this paper is to investigate anisotropy of macro pore shape and orientation, anisotropy of
fibre orientation and anisotropy of permeability in wet sprayed concrete. The extent to which macro
pores in sprayed concrete are partly open so can be filled with water under atmospheric pressure is also
investigated. Anisotropy of macro pore shape and orientation is studied by image analysis of polished
sections. Anisotropy of fibre orientation is studied by CT scanning and the fibre content measured by
CT scanning is compared with measurements by crushing specimens, extracting the fibres using a
magnet then weighing. Anisotropy of permeability is studied by water penetration followed by image
analysis of the specimens after splitting and polishing. The fraction of closed and open macro porosity
is studied by macro pores filled by pressure saturation compared to total macro porosity measured by
PF test and by image analysis on polished sections. The macro porosity measurements by PF method,

image analysis and CT scanning are compared.

2. Methods

The experimental programme consists of four series of full scale sprayed concrete experiments:

o Flekkefjord experiments with the set accelerator dose varied.

e Trondheim experiments with the set accelerator dose varied, with a reference mix (containing

zero accelerator) pumped.

e Trondheim experiments with the spraying mechanics (spraying angle and distance) varied.

e Svorkmo experiments with the concrete proportioning varied.
Panels were sprayed for each experiment. Each panel was sprayed by a single application to a thickness
of approximately 150 mm, from which cylinders were cored and specimens prepared for the laboratory

tests.



2.1. Full scale spraying experiments

The details of the full scale wet sprayed concrete experiments are shown in Table 1.

Table 1 Summary of the full scale concrete spraying experiments

Series

Flekkefjord set
accelerator

experiments

Trondheim set
accelerator

experiments

Trondheim spraying

mechanics experiments

Svorkmo mix
proportioning

experiments

Spraying machine

AMYV 7450 shotcrete

Normet Spraymec

Normet Spraymec

Normet Spraymec

nozzle to substrate

Perpendicular to the

panel

Perpendicular to the

panel

robot NorRunner 140 DVC NorRunner 140 DVC NorRunner 140 DVC
shotcrete robot shotcrete robot shotcrete robot
Concrete pump Olin pump Normet pump Normet pump Normet pump
Concrete flow rate 10 m*/hr 14 m*/hr 14 m*/hr 24 m¥/hr
Accelerator type MasterRoc SA 188 MasterRoc SA 168 MasterRoc SA 168 MasterRoc SA 188
Accelerator dose Varied Varied 7 % of effective binder 7 % of effective binder
0,3,6and 10 % of 0,3.5and 7 % of mass mass
effective binder mass effective binder mass
Distance and angle of 20m 1.5m Varied 1.5m

Perpendicular to the

panel

The concrete proportioning for the Flekkefjord and Trondheim spraying experiments, as well as the
placed concrete compositions [5], were detailed in an earlier paper by Trussell et al. [21]. The concrete
proportioning and the placed concrete composition for the spraying mechanics experiments is shown in

Table 2, while the placed concrete proportioning for the Svorkmo spraying experiments is shown in

Table 3.

2.2. Density and strength

Density was measured on cylinders of 75 mm diameter and 150 mm height by weighing in air and

water. Strength was measured at ages 28—38 days by compressive strength tests.




Table 2 Fresh concrete composition and placed concrete composition (with 7 % accelerator added at the nozzle) for spraying
mechanics experiment in Trondheim

Phase Constituent Mass Volume Volume Placed concrete composition*®
[kg/m?] [/m?] [I/m?] [kg per m* concrete after
spraying]
Matrix Standard fly ash cement 433 145 417
phase Water 214 214 223
Microsilica 43 19.5 41.3
Retarder 04 0.36 0.39
Super plasticiser 3.7 3.5 3.56
Air entrainment agent 0.6 0.6 0.58
Set accelerator (dry) - - 437 18.5
0 — 4 mm aggregate
(<0125 mm) 22 72 20.8
0 — 8 mm aggregate
(<0.125 mm) 128 473 123
1 * =
Air (assumed) 40 Measured \l{olumc 59.7
itres
Particle 0 — 4 mm aggregate 152 50 147
phase 0 — 8 mm aggregate 1275 469 523 1228
Steel fibres 30 42 28.9

* Air volume in hardened concrete measured by image analysis (Table 4)

Table 3 Placed concrete proportioning for eight mixes for sprayed concrete experiments at Svorkmo. Only mass is shown
(for brevity) so air content is not shown

Phase Constituent Mass of constituents (kg/m®) and air content (volume %)
Ref'1 Ref2 Ref3 Ref4 Polymer = Fly ash Lime Low
Different  No SRA = No HA mix mix filler matrix
fibre type it
Matrix Std fly ash cement 447 452 459 453 432 356 384 366
phase Silica fume 18.6 18.8 19.1 18.8 18.1 18.7 20.2 15.1
Fly ash - - - - - 92.7 - -
Limestone powder - - - - - - 98.6 -
Added water 211 215 219 223 204 203 199 181

(including water part
of accelerator)

Superplasticiser 4.0 4.1 4.1 4.1 39 4.0 4.8 6.7
Air entrainment agent | 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.5
Retarder 1.0 1.0 1.0 1.0 0.5 0.8 0.4 0.4
Shrinkage reducing | 2.3 24 - 2.4 23 23 25 1.9
agent (SRA)
Hardening 7.6 7.7 7.8 - 7.8 7.6 7.7 7.5
accelerator (HA)
Polymer powder - - - - 19.3 - -
Set accelerator 16.9 17.1 17.4 17.1 16.3 13.4 14.5 13.8
Air content 7.3 5.7 52 59 5.8 7.0 6.2 7.1
(volume %)
Aggregate 140 143 143 142 143 141 142 156
<0.125 mm
Particle Aggregate 1343 1366 1368 1357 1364 1345 1359 1491
>0.125 mm
phase
Steel fibres 38.0 48.5 38.9 38.5 38.7 38.0 38.7 373
SUM (kg/m®) 2230 2266 2278 2258 2250 2222 2272 2277
Matrix volume fraction 434 441 445 443 441 436 439 383
(excluding air)
Effective water/binder ratio 0.457 0.462 0.462 0.465 0.459 0.466 0.494 0.488




2.3. Capillary suction and PF (pore fraction) test

The capillary suction and PF tests were undertaken on specimens following Smeplass [22] and Sellevold
& Farstad [10]. Samples were 100—120 days old at the start of the test. Discs of 98 mm diameter and
25 mm thickness were dried at 105 °C for 72 hours before testing. The mass after drying was recorded
as wi. The discs were then placed on a perforated metal tray with a depth of 1 mm of the disc immersed
in water. The increase of mass with time was measured. The mass after four days of capillary suction
was recorded as wis. Samples were then completely submerged under water at atmospheric pressure
for four days. The additional uptake from unilateral to complete submersion is considered to fill the
open macro pores. The mass after atmospheric (unpressurised) submersion is recorded as w». The
samples were then submerged under a pressure of 5 MPa for 48 hours to fill the closed macro pores.
The mass after pressurised submersion is recorded as ws.

The total porosity is calculated by:

W3— Wy

Etotal = — )
The open macro porosity (€op) is calculated by:

Ecap abs open macro = - ®)
The closed macro porosity (gcp) is calculated by:

EPF closed macro = 2y ©)

v

According to Sellevold & Farstad [6] the standard deviation of macro pore content measured by pressure
saturation varies in the range 0.2—1.0 volume % based on 8 different concrete qualities, each with 6

parallel specimens.

2.4. Image analysis
Macro porosity was measured by black and white image analysis [12]. A core from each sprayed panel
was cut in halflengthways to make two specimens and the flat surface of each was polished. A Tegramin
30 apparatus was used and the samples were polished using resin bonded, diamond surfaced discs of:

1. Vickers hardness 220, grain size 75 pm,

2. Vickers hardness 600, grain size 30 pm,

3. Vickers hardness 1200, grain size 15 pm.
The polished surface was coloured black and the macro pores were filled with white barium sulphate
powder of particle size 1-4 pm. An example is shown in Figure 3a. The samples were then scanned at
a resolution of 2400 pixels per inch. A Matlab script [12] was used to calculate the ratio of white and
hence the macro porosity of each specimen. The accuracy of this method is given in [12], suggesting a
log-normal distribution of frequency as a function of size for conventional, air entrained concrete. We
have not computed distribution functions for sprayed concrete due to the content of large macro pores
causing steps in the distributions in Figure 10 and Figure 11. We consider the accuracy of sample

preparation, scanning and analysis in this study to be equivalent to that in [12] but with different

8



distribution functions. One potential source of error in this study, though, is the polishing of specimens
containing steel fibres, as the polishing may cause movement of the fibres resulting in damage to the
surrounding hardened paste. This would manifest as macro pore so may lead to an overestimate of
macro porosity with this method.

Major imperfections were cropped out of the image analysis. For example the concrete sprayed with 10
% set accelerator in Flekkefjord contained a major lamination normal to the spraying direction, several
tens of millimetres wide, due to pulsation of the concrete flow while accelerator was added at a steady

flow, as shown in Figure 2. This lamination is omitted from the image analysis, as shown in Figure 3b.

(b)

Major lamination excluded

Cropped
j area

Original scan Cropped scan
Figure 3 Example of polished concrete surface coloured black and white for image analysis

The shape and orientation of the macro pores were analysed using JMicroVision v1.3.4 software [23].
The length was measured as the longest dimension of a pore and the width as the dimension
perpendicular to the length, while the length/width ratio was calculated for each pore. An example is
shown in Figure 4. The orientation of the macro pores to the direction of spraying was also analysed by
measuring the angle between the length and the orientation of the substrate. The orientation of macro
pores is described by Figure 5 and is grouped by 0-30°, which we define as parallel to the substrate,
30-60°, which we define as having no orientation, and 60—90°, which we define as perpendicular to the

substrate.

Direction of ¥ L=3.195 mm

sprayin
PEAyIng W = 1.464 mm

L/'W=2.18

Figure 4 Example for measuring length/width ratio of macro pores using image analysis



150°

wﬁﬂon

Parallel

180°

Paraliel

Figure 5 Definition of macro pores orientation

2.5. Water penetration

Water penetration is a test of water permeability [24]. Water permeability of concrete is a material
parameter that takes a long time to measure under steady state. Permeability is very sensitive to curing,
ageing, drying and wetting in addition to concrete composition because it depends on pore structure
[25] [26]. Here a comparative study was made on cubes sawn from panels with the water pressure
applied either parallel or perpendicular to the direction of spraying. The water pressure and exposure
time was varied and applied to the cube face of dimensions 125x125 mm. The concrete was from the
Flekkefjord experiments sprayed with 3 % or 10 % set accelerator. These samples were 2 years and 1
month old and the panels had been stored in air before sawing into cubes a few days before water
penetration tests.

The cubes were split immediately after water penetration testing to mark the water front within the
concrete. After marking and photographing, the split surface was sawn, ground and polished following
the method described in section 2.4 to identify any laminations in the sprayed concrete that may have
affected the water penetration. The equivalent permeability values, Kvaena (m/s) were calculated
according to a simplified solution of non-steady-state pressurised flow, which is defined in Equation 8

(8]:

e?v
Kvalenta = 2ht (®)

Where e (m) is the observed maximum water penetrationdepth in m, v is the volumetric fraction of
macro pores that fill by water under pressure, ¢ is the duration in seconds, and / is the pressure expressed
as an equivalent hydraulic height, & =p/pg.

The accuracy of the calculated value depends on the simplification that Equation 8 represents and the
accuracy of the measured penetration depth. Given that a penetration depth of 1 mm can be measured,
for a water pressure of 0.1 MPa applied for 72 hours with a macro pore content of 4.1 % (average of all
specimens in this study), we calculate the minimum Kvalenta Value that could be determined to be 7.8x10

15 m/s with this experimental set up.

2.6. CT scanning for porosity measurements and fibre orientation
A METROTOM 1500 G2 scanner with the acquisition software METROTOM OS 3.6.2.19227 [27]

was used. A voltage of 190 kV and a current of 440 pA was used to scan cored cylinders of 98 mm

10



diameter and variable height. Postprocessing of the 3D images included segmentation to distinguish
between the pores, steel fibres and solid matrix/aggregate. The histogram option in the VG Studio max
software was used to analyse the images, as shown in Figure 6. The lower density parts of materials,
such as air voids, are presented as dark points, and the higher density materials, like steel fibres, are

brighter. The voxel size was 74-118 pm.

Figure 6 (a) Identification of steel fibres and macro pores by different grey values in 2D slice, and (b) image of 3D scanned
cylinder with steel fibres visible as white

An artefact effect was produced due to high density contrast between the steel fibres and the other
materials and pores. Therefore, the “VGDefX” algorithm [27] was selected when applying the “noise
reduction” filter. The “medium adaptive” noise reduction, a Gauss filter algorithm, was applied.

Figure 7 shows grey histograms for segmentation of surfaces of pores and steel fibres based on the local
grey value. The iso value applies a grey value to the data set. We used iso 50 (red line), which is the
mean of material and the background (Figure 7a — pores), and the mean of the first material and the

second material (Figure 7b — steel fibres).

(a+05

Number of voxels

1.0e+0d

Number of voxels

=
[ [

Figure 7 (a) Histogram for CT scan of sample with surface threshold and iso value (red) for macro pores shown, and (b) with
the surface threshold and iso value (red) for steel fibres shown

2.7. Fibre content
The fibre content of the hardened sprayed concrete specimens was also measured manually by crushing

cored cylinders and extracting the fibres with a magnet from the crushed concrete. The fibres were

11



weighed and fibre volume calculated, then divided by the volume of the core, which had been measured

by weighing in air and water before crushing.

3. Results and Discussion

3.1. Porosity measurements

Porosity measurements measured by capillary suction and PF method, and by image analysis for all the
samples are shown in Table 4. Ratios between the porosity measured by PF method and image analysis
are also shown in the right two columns. The fact that the measured capillary suction increased with
increased set accelerator dose has been explored in another paper [21]. There is a correlation between
increased set accelerator dose and increased macro porosity in the Flekkefjord experiments, whereas
the opposite trend was measured in the Trondheim experiments (though the sample with zero
accelerator was cast by pumping the ready-mixed concrete from the hopper of the spraying machine
through the nozzle and into moulds, thus retaining a higher content of the entrained air in the fresh
concrete). The macro porosity measured by image analysis was higher than that measured by PF
method, by a mean of 0.94 volume %. The porosity values measured by CT scanning are closer to those
measured by image analysis than those measured by the PF method.

Figure 8 shows the ratio of macro porosity measured by PF method (both open and open + closed) over
that measured by image analysis for the Flekkefjord and Svorkmo series. All the ratios determined for
ecp/emva are less than 1.0, while the ratios for (ecp + €op)/emva are higher but 19 of the 20 are still lower
than 1.0. This demonstrates that image analysis measures a higher macro porosity than PF method. This
disagrees with the results of Sellevold & Farstad [10], who measured higher macro porosity with PF
method than with image analysis on conventional concrete with and without air entrainment. The
implication of this is that macro pores in conventional concrete are less likely filled by water under
(atmospheric) capillary suction than macro pores in wet sprayed concrete. However, Sellevold &
Farstad [10] used 10 MPa water pressure and fluorescent impregnated polished sections so the results

are not entirely comparable.

3.2. Density and strength
Mean values for measured density and strength are included in Table 4. The results for the two
experiments in which the accelerator dose was varied gave good correlation between density, total
porosity (measured by PF method) and strength.

Strength (MPa) = 0.395 x density (kg/m?) — 864

with an R? value of 0.89 for density between 22502350 kg/m?, and

Strength (MPa) = 139 — 4.11 X total porosity (volume %)

with an R? value of 0.78 for total porosity between 17-26 volume %.

12



Table 4 Porosity measurements by PF method, image analysis and CT scanning (individual specimens) and density and

strength (mean values)

Sample Strength Density Capillary suction and PF method CcT Image £cp/Ema (ecp +
(MPa) (kg/m’) (volume %) scanning  analysis £op)/Er
MA
Suction Open Closed (volume (volume
porosity macro macro %) %)
porosity porosity

14.6 0.4 3.7 4.4

1 0 % accelerator 59.9 2345 0.90 0.99
14.5 04 3.7 3.8
16.4 0.7 4.1 4.7

2 3 % accelerator 545 2303 0.93 1.05
15.8 0.5 4.7 4.8
15.4 04 38 44

3 6 % accelerator 65.1 2357 0.87 0.95
14.7 0.3 34 4.0
10 % 22.7 0.6 3.8 5.4

4 244 2265 0.64 0.75
accelerator 22.1 0.7 3.7 6.2
0 % accelerator 17.9 03 43 6.3

5 50.2 2316 0.71 0.76
(cast) 182 0.3 4.5 6.1
35% 18.1 0.5 3.7 5.1

6 37.8 2279 0.88 0.99
accelerator 17.7 0.6 4.9 4.7
20.5 0.5 4.0 4.4

7 7 % accelerator 46.1 2307 0.86 0.98
20.1 0.6 3.8 4.7
1.5 m spraying 23.6 0.8 4.1 5.5

8 353 2287 8.1 0.69 0.81
distance 18.6 0.7 42 6.6
2.5 m spraying 20.1 0.5 4.5 5.1

9 . 39.3 2287 4.7 0.76 0.86
distance 18.5 0.6 3.8 59
3.5 m spraying 24.1 0.6 3.6 59

10 . 39.2 2285 7.4 0.59 0.70
distance 23.6 0.9 3.8 6.7
23° from 253 1.0 4.2 55

11 X 293 2234 10.1 0.57 0.71
perpendicular 26.4 0.6 24 6.1

12 45° from Not measured — insufficient 20.1 0.6 3.9 73 6.6 0.63 074

. well compacted concrete for - 8 -

perpendicular extracting cylinders 22.4 0.7 4.0 59
Reference mix 19.7 1.0 4.1 7.5

13 36.0 2303 0.58 0.71
1 19.0 0.8 4.4 7.1
Reference mix 18.6 0.7 4.2 59

14 38.7 2306 0.74 0.85
2 20.1 0.6 4.2 54
Reference mix 20.9 0.8 44 5.1

15 38.9 2321 0.84 0.99
no SRA 19.9 0.8 43 53
Reference mix 18.9 0.8 4.7 6.0

16 389 2292 0.75 0.90
no HA 19.0 0.9 4.1 557/
Mix with fly 21.0 0.9 4.5 6.7

17 42.8 2274 0.59 0.72
ash 23.7 0.9 3.8 7.3
Mix with 19.1 0.8 4.5 59

18 45.8 2287 0.73 0.85
limestone filler 18.8 0.7 4.5 6.4
Mix with 19.6 0.9 4.5 59

19 | polymer 36.6 2286 0.81 0.93
17.2 0.9 5.0 5.8

powder

18.9 0.8 4.7 6.7

20 | Low matrix mix 41.0 2323 0.63 0.75
17.8 0.9 43 7.5
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Figure 9 shows fractions of open macro pore content measured by PF method (y axis) and by pressure
saturation as a fraction of image analysis (x axis) for all the sprayed concrete mixes investigated in this
study. Figure 9 shows that the fraction of open macro pores detected going from one sided capillary
suction to full submersion in water varies from 0.09-0.2 of the total macro pores measured by water
suction and pressure saturation (y-axis). The fraction of open macro pores relative to the total macro
porosity measured by image analysis (x-axis) varies more, from 0.04—0.43. The one series that was not
sprayed but pumped through the nozzle gave an average value of 0.29 on the x-axis which is not in line
with the conventional concretes studied by Sellevold and Farstad [10], whereas the value on the y-axis
was only 0.06. These results indicate that the two methods of measuring fraction open macro porosity
(x axis and y axis) correlate to some extent. Hence the simpler and less laborious PF test can probably

be used alone as an indication of open macro porosity in sprayed concrete.
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Figure 9 Open/total macro porosity in all sprayed concrete specimens measured by PF method and image analysis

Cumulative macro pore size distribution measured by image analysis are shown in Figure 10 for
Flekkefjord and Figure 11 for Trondheim set accelerator experiments. Figure 11 shows that the cast
specimens containing zero set accelerator have a higher total macro porosity, with most of the macro
pores up to a size of 800 um. This is due to the air entrainment agent in the concrete mix which forms
spherical air bubbles in the fresh concrete. Most of the entrained air content is lost during the spraying
process and/or upon impact with the substrate, whereas this air content is retained in the cast concrete.
Figure 11 shows that the cumulative macro pore content in the cast concrete diverges from the sprayed

at around 150 microns. These results agree with findings from Yun et al. [16] and Beaupré [29]. Figure
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10 and Figure 11 show that the samples with lower doses of set accelerator (0—7 %) have similar
cumulative macro pore size distributions, whereas the samples containing 10 % set accelerator have a

higher content of larger macro pores.
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Figure 10 Cumulative macro pore size distribution for the Flekkefjord set accelerator experiments
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Figure 11 Cumulative macro pore size distribution for the Trondheim set accelerator experiments

16



3.3. Shape analysis
Cumulative length/width distributions for macro porosity measured by image analysis are shown in

Figure 12 for Flekkefjord and Figure 13 for Trondheim set accelerator experiments.
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Figure 12 Cumulative length/width distribution for the Flekkefjord set accelerator experiments
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Figure 13 Cumulative length/width distribution for the Trondheim set accelerator experiments

Figure 13 shows a far higher content of spherical macro pores, with length/width ratio close to 1.0, in
the cast concrete than in the sprayed concrete samples. The length/width ratio distributions are similar
among the sprayed samples with different accelerator doses. Figure 12 shows a slightly lower
length/width ratio distribution with increasing set accelerator dose for the Flekkefjord series, suggesting

that the sphericity of the macro pores reduces with increasing set accelerator dose. Hence we can infer
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that the flash set due to the accelerator affects the formation of the macro pores. All the mixes in this
study included an air entrainment agent, which improves the workability of fresh concrete due to the
spherical air bubbles [29], though a high proportion of these are lost through the spraying process
(Figure 11). We have not investigated the macro porosity in sprayed concrete without an air entrainment

agent, though that has been investigated elsewhere [16].

3.4. Orientation analysis and macroscopic effects

The orientation of the macro pores is plotted in Figure 14, Figure 15, Figure 16 and Figure 17 for the
Flekkefjord set accelerator experiments, the Trondheim set accelerator experiments, the Trondheim
spraying mechanics experiments and the Svorkmo proportioning experiments respectively. Each vector
length is the mean of two parallel specimens. Amongst all the series there is a trend of orientation of
macro pores towards parallel to the substrate, with 35-50 % of macro pores orientated in this direction,
while 20-30 % are orientated normal to the substrate, although there is a degree of scatter in the data.
This data demonstrates that sprayed concrete is not an isotropic material. Based on the measurements
of elongated, irregularly shaped macro pores (Figure 4-5, Figure 12—13) and the orientations in Figure
1417, there are possible implications for the concrete properties. The key properties of strength and
permeability are affected differently in the directions normal and parallel to the direction of spray
application by the eclongated macro pores and steel fibres, both tending towards orientation
perpendicular to the direction of spray application. Furthermore there is the effect of pulsation of
concrete from the nozzle, which may result in a concentration of set accelerator and laminations in the
hardened sprayed concrete. So we may expect reduced strength in the direction parallel to the direction
of spray application and increased permeability in the perpendicular direction. Hence careful attention

to execution is needed during wet spraying.
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Figure 17 Macro porosity orientation for the Svorkmo
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Examples of measured water penetration fronts for faces of split cubes sprayed with 10 % set accelerator

(Figure 18) and 3 % set accelerator (Figure 19) are presented. Table 5 gives all individual measurements

and equivalent permeabilities calculated according to Equation 8. Table 5 shows that the sprayed

concrete specimens with 3 % accelerator have very low water penetration values. The lowest single

values are three specimens with zero water penetration observed with water pressure parallel to the

spraying direction though there is a degree of scatter as one specimen has a permeability of 210! ms™

!, For the specimens sprayed with 10 % accelerator the water penetration is much higher.
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Table 5 Water penetration results, and corresponding permeability coefficients calculated with Equation 8

Sample and orientation Pressure Duration Maximum water Koaienta
(MPa) (hours) penetration depth (m/s)
(mm)
3 % normal 0.3 72 31 2.7x10°12
3 % normal 0.1 48 16 3.2x10™"2
3 % normal 0.3 72 13 4.7x10"
3 % normal 0.3 72 41 4.7x1012
3 % parallel 0.5 (70 hours) and 94 10 1.2x10"3
0.7 (24 hours)
3 % parallel 0.3 72 0 -
3 % parallel 0.5 3 23 2.1x10™M
3 % parallel 0.1 48 14 2.4x10°12
3 % parallel 0.3 72 0 -
3 % parallel 03 72 0 -
3 % parallel 0.5 70 6 6.1x1071*
3 % parallel 0.5 (70 hours) and 94 11 1.4x10"
0.7 (24 hours)
10 % normal 0.1 1.75 84 2.0x10*
10 % normal 0.1 1.75 67 1.4x10°
10 % normal 0.1 24 >100 >2.1x1071°
10 % normal 0.1 1.75 96 3.1x10”°
10 % parallel 03 6.33 70 1.3x107'°
10 % parallel 0.3 6.33 80 1.7x10°1°
10 % parallel 0.1 1.75 19 1.0x1071°
10 % parallel 0.1 24 26 1.4x10°"
10 % parallel 0.1 1.75 5 6.6x10"%
10 % parallel 0.1 1.75 14 5.3x10™"

Simultaneously looking at water penetration profiles and polished sections visualizing laminations and
macro pores we can observe very low or even zero (Figure 19) water penetration where the water
pressure is applied in the same direction as the direction of spraying. In this case the laminations,
identifiable in the polished black and white image analysis, are normal to the direction of water pressure,
so the water front would have to penetrate layers of properly compacted sprayed concrete before
reaching the laminations. Where the water pressure is applied perpendicular to the direction of spraying
we can see local areas of higher water penetration. These areas coincide with the laminations, which
are again identifiable in the polished black and white image analysis, whereas they are not always
identifiable in the unpolished and uncoloured concrete. Applying Equation 8, the results indicate low
permeability parallel to the direction of spraying, which is equivalent to water pressure applied to the
extrados of a tunnel lining permeating towards the intrados.

Permeability through sprayed concrete linings can be much higher perpendicular to the direction of
spraying, which would be in the circumferential (or hoop) direction in a tunnel lining, where layering

or laminations in the sprayed concrete occur. These can be caused by pulsation during spraying giving
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layers of increased concentration of accelerator, high macro pore content orientated perpendicular to
the spraying direction and/or spraying fresh concrete onto hardened concrete. The results demonstrate
that the kind of pulsation execution seen in Figure 2 and local variations in accelerator dose may cause

large variations in permeability of wet sprayed concrete.

3.6. Fibre content and orientation

The fibre content of the hardened sprayed concrete, as volume %, was measured by crushing hardened
specimens, extracting the fibres by hand and with a magnet and weighing the fibres, which was then
compared to the volume which had been measured by weighing the sample in air and water. The fibre
content measured by this method and that measured by CT scanning on adjacent cores from the same
panel, is shown in Table 6, along with a measure of fibre orientation. The proportioned fibre content of
the fresh concrete was 0.42 volume % and the theoretical volume for the placed concrete should be 0.37
volume % after correction for addition of accelerator and measured macro porosity. We see a little fibre
loss in the samples, though the fibre content in the concrete sprayed perpendicular at a distance of 1.5 m
has a slightly higher fibre content than the proportioned value. There is scatter in the fibre content of
the different samples, but a slight trend of decreasing fibre content with increasing spraying distance /
spraying angle from perpendicular. Any fibre loss would be due to rebound.

Examples of the fibre orientation measurements are shown in Figure 20, with the direction of sprayed
concrete application perpendicular to the substrate for Figure 20 (a) and at 45° for Figure 20 (b). Figure
20 (a) shows that the orientation of the fibres tends towards perpendicular to the direction of spraying,
so parallel to the substrate. Figure 20 (b) shows that at the bottom of the core, where the concrete was
sprayed directly onto the substrate, the fibres tend to align parallel to the substrate, whereas as the
thickness was built up this alignment changes to orientation at 45° to the substrate, so still perpendicular

to the direction of spray application.

Table 6 Fibre content and orientation

Fibre content measured Fibre content measured by Median fibre orientation from
manually (volume %) CT scan (volume %) substrate (degrees)

1.5 m spraying distance 0.42 0.66 30.8

2.5 m spraying distance 0.38 0.31 30.3

3.5 m spraying distance 0.27 0.40 313

67° spraying angle 0.35 0.31 289

45° spraying angle Not measured 0.34 31.8
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Figure 18 Water penetration front (top) for adjacent cubes sprayed with 10 % set accelerator with the water applied
parallel to the direction of spraying (left) and perpendicular to the direction of spraying (right).
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Figure 19  Water penetration front (top) for adjacent cubes sprayed with 3 % set accelerator with the water applied parallel
to the direction of spraying (left) and perpendicular to the direction of spraying (right)
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Deviationfangle][deg]

Figure 20 Fibre orientation ts by CT scanning for cores from panel sprayed with (a) nozzle
perpendicular to and at a distance of 1.5 m from substrate and (b) nozzle at 45°to substrate at a distance
of 1.5 m. Scale is deviation from the z-axis (vertical).

4. Conclusions

e Macro pores are ubiquitous in sprayed concrete and are non-spherical in shape. These irregular
macro pores due to the spraying process are different to the spherical pores caused by use of an
air entrainment agent in the fresh concrete. The spray application causes most of the spherical
entrained air bubbles due to use of an air entrainment agent to be lost.

e There is a trend of increased macro porosity with increasing set accelerator dose.

e The image analysis method measured higher macro pore content than the PF method and this
excess macro pore content can be interpreted as open macro pores, made up of 7-43 % of the
macro porosity measured by image analysis.

e Macro porosity measured by CT scanning was higher than that measured by PF method.

e CT scanning gives us a new, quick and non-destructive laboratory method to measure porosity.
It can also be used to give information on the shape and size distribution of macro pores. It is
quicker than the PF and image analysis methods, though post-processing can take some time.

e The orientation of macro pores (i.e. the longest internal dimension of the macro pore) tends to

orientate perpendicular to the direction of spraying.
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e Laminations can occur in sprayed concrete. One cause of laminations is that this is a part of the
material that has received a higher accelerator dose due to pulsation in the concrete flow.
Another would be spraying fresh concrete onto hardened concrete. Water penetration tests
indicated that these laminations cause the permeability perpendicular to the direction of
spraying to be far higher than parallel to the direction of spraying. Hence careful attention to
execution is needed during wet spraying.

e Fibres in sprayed concrete align towards parallel to the substrate. Where the direction of
application is not perpendicular to the substrate, the fibres orientate towards parallel in the
initial sprayed thickness before tending towards perpendicular to the direction of spraying in
subsequent thickness.

e Due to the tendency for the fibres and macro pores to be orientated perpendicular to the
direction of spraying, as well as the presence of laminations with lower permeability normal to

spraying than parallel to spraying, sprayed concrete is an anisotropic material.
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Abstract

Experiments were undertaken on wet sprayed concrete discs to investigate the effect of cracking on capillary
suction and permeation through sprayed concrete for tunnel linings. The 98 mm diameter, 50 mm thick discs were
cracked by tensile splitting, with the crack widths controlled and measured by digital image correlation and also
checked by microscope measurements. Both a standard sprayed concrete mix and a mix containing an EVA
(ethylene-vinyl-acetate) based co-polymer powder were tested. Cracks increased the rate of capillary suction
compared to uncracked samples, due to rapid rise of water in the crack and absorption occurring over the surface
area of the crack in addition to the area of the base of the disc. Discs with wider crack widths exhibited a higher
rate of water permeation per area of crack. Inclusion of the EVA based co-polymer reduced the rate of capillary
suction and the permeation flow rate coefficient (measured flow / theoretical viscous laminar flow) for a given
crack width compared to the standard mix. Self-healing occurred both during water permeation and water storage
of cracked discs. The use of CT scanning to measure the crack through the full thickness of a disc was explored
and compared to crack width measurements made at one surface of the disc only.

Keywords: Sprayed concrete, shotcrete, cracking, permeation, capillary suction, polymer, healing

1. Introduction

Sprayed concrete tunnel linings in contact with water-bearing ground are subjected to water transport.
The pathways for groundwater and deleterious substances through the sprayed concrete tunnel lining
are the capillary pore system or cracks in the lining. Water transport through tunnel linings is
undesirable due to visible water ingress within the tunnel, durability of the fixings and fittings within

the tunnel and for the durability of the concrete lining itself. Water transport underlies most degradation
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phenomena in concrete [1]. Water transport through the lining and evaporation at the intrados leads to
an accumulation of deleterious substances, yielding higher concentrations in the concrete and this can
be detrimental to the durability. Transport of water through the concrete linings also leads to leaching
[2]. The durability of sprayed concrete tunnel linings can be improved by improving the water tightness
of the linings. Hence the sustainability can be improved, given that increased service life leads to
reduced environmental impact. Durability of sprayed concrete linings is important with increased use
of wet sprayed concrete worldwide due to the global need for underground infrastructure [3]. So limiting
water transport through the concrete is vital to achieve durable, permanent, sprayed concrete linings. It
is also important to increase our understanding and knowledge of the sprayed concrete material, given
that we only have approximately 50 years’ experience with wet sprayed concrete and only around
25 years’ experience with alkali-free set accelerators for sprayed concrete [4].

Sprayed concrete typically has a water/effective binder ratio of 0.45 or less, including the water
content of the set accelerator added at the nozzle [5]. But the capillary porosity is higher due to the
effect of the set accelerator on the hydration products [6] [7]. The capillary porosity is the path for water
transport in bulk concrete. Holter [8] performed water permeability measurements with 0.5 MPa water
pressure on 35 sprayed concrete specimens without imperfections (i.e. without cracks and large macro
pores) from three different tunnels in Norway. He measured permeability between 3.3x107!! and
9.6x107'2 ms™! in four of the specimens, whilst measuring zero water flow through the remaining
specimens. With the sensitivity of the equipment being 5x107* ms™!, we can conclude from Holter’s
results that crack free and well compacted sprayed concrete can have a very low water permeability of
less than 5x107"* ms™.

But cracking is inevitable in sprayed concrete linings. Linings experience cracks at joints
between consecutive applications of sprayed concrete and due to shrinkage [8] [9]. Shrinkage cracking
can occur in sprayed concrete as it is restrained when sprayed onto the rock surface or previous layer.
Furthermore the initial temperature rise due to the cement hydration precedes cooling, which also may
induce tensile strains and hence cracks, as concrete has a thermal expansion and shrinkage coefficient
in the order of 107 K-' [10]. Such cracks present paths for water transport [8], which is higher than
through the capillary porosity by orders of magnitude.

In the following sections we review the transport mechanisms, factors and methods for the study
of transport through cracks in sprayed concrete tunnel linings. Capillary suction, diffusion and
permeation are the three main transport mechanisms for flow through concrete tunnel linings. In cracks,
however, diffusion is less significant than permeation and capillary suction because the increase of flow
is only proportional to crack cross sectional area as a fraction of the exposed concrete surface area [11].

So we consider capillary suction and permeation as the most important transport mechanisms.

1.1 Capillary suction



We can consider the rise y (m) at time ¢ (s) of a liquid in an ideal crack given by Equation (1), which

is derived from the LaPlace equation [12],

_ [wag
y(f)—\[ = Vi ¢))

where w (m) is the crack width, ojg (N/m) is the surface tension at the air-water meniscus, and 17 (Pa.s)
is the dynamic fluid viscosity. Considering concrete discs of height of 50 mm (0.05 m), the water rise
calculated from Equation (1) is shown in Figure 1 using crack widths w € {0.05,0.10,0.20,0.30} in
mm, with ojg = 0.073 N/m and n = 0.001 Pa.s. The water under suction in these cracks should
theoretically rise to the top the disc in a few seconds, whereas the rise in the bulk concrete with a
resistance number of 108 (typical value[13]) is far slower. So we can expect capillary suction to be faster
in cracked concrete.

0.050

Concrete m = 108

0.040
Crack width 0.05mm

0.030
Crack width 0.1mm

0.020

Crack width 0.2mm

Height of water rise (m)

0.010

Crack width 0.3mm

0.000
0.0 1.0 2.0 3.0 4.0 5.0

Vtime (seconds 1/2)
Figure 1 Expected rise of water in cracks calculated from Equation (1) compared with the rise in bulk uncracked concrete due

to capillary suction

1.2 Permeation

Equation (2) [14] defines the flow rate @ (in m?/s) of a liquid permeating through a crack, excluding
any flow in the bulk, uncracked material.

_ qwPbAP

12nL @)

Here, AP is the pressure difference (in Pa), while L is the length (in m) over which the pressure
difference acts and b is the length of the crack (in m). The tortuosity, roughness and discontinuity of
the crack is accounted for by the flow rate coefficient, {. Equation (2) states that flow rate Q is
proportional to w?, so crack width is the key criterium for flow through cracks.

Alternatively, we can consider the flow velocity (m/s) of a liquid permeating through a crack

with Equation (3):
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Here, the expression % can be considered the Darcian permeability coefficient for steady state

flow velocity in the crack. The flow rate coefficient, { is equal to the measured flow rate divided by the

theoretical, as defined in Equation (4). For viscous laminar flow through an ideal crack, { = 1.

_ Qmeasured

¢ 4

- cheoretical
Hence the flow rate coefficient can be calculated from flow rate measurements by rearranging
Equation (2) to form Equation (5),
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1.3 Cracking and water transport

There are several methods to obtain controlled crack widths for laboratory experiments. Recent
studies have used tensile splitting given it can give a constant tension over the centreline of the specimen
and given the simple experimental set-up. Rapoport et al [15] carried out tensile splitting (Brazilian)
tests on fibre reinforced concrete discs and the samples were cracked to specific crack widths. After
cracking, the discs were tested for permeability. They found a linear relationship between the crack
width and the logarithm of the permeability of the cracks.

Akhavan et al [ 16] measured water permeation through cracks with increasing crack width. The
cracks were formed by tensile splitting, with the crack width measured indirectly using linear variable
differential transformers (LVDTs) at the sides of the samples. They measured increasing crack
permeability with increasing crack width and determined that crack permeability, represented by
{w?/12n in equation (2), is a function of the crack width squared. They calculated Reynolds numbers
lower than 118, confirming the flow to be laminar. They investigated crack tortuosity and modified the
Louis equation [16] with a tortuosity factor to calculate crack permeability as a function of crack
geometry.

Rastiello et al [17] also measured water permeation through cracks. The cracks were formed by
tensile splitting, with the crack width again measured indirectly using LVDTs at the sides of the
samples. Rastiello et al measured water permeation through the crack simultaneously to tensile splitting.
Separate tests, without water permeation through the crack, used digital image correlation to validate
the crack measurements from the LVDTs. They measured increasing crack permeability with increasing
crack width, with permeability values from 10712 m/s for crack widths of 0.02 mm to 10 m/s for crack
widths of 0.14 mm. They calculated Reynolds numbers to confirm the flow to be laminar.

Ripphausen [14] performed water permeation tests through cracks in reinforced concrete slabs



and determined flow rate coefficients between 0.005 and 0.17, though with a larger, more traditional
set-up to form the cracks. Clear [18], also with a different set-up to form the cracks, used equation (2)
but without the flow rate coefficient . Instead he solved for crack width and used the measured flow
rate to calculate the “effective crack width”, which he used to describe the cracks. In this work we

choose to use the factor ¢ to quantify how the measured flow deviates from theoretical laminar flow.

1.4 Crack healing

Edvarsen [19] stated that precipitation of calcium carbonate in the crack is the primary cause of
autogenous healing and is initially faster and slows significantly over time. Clear [ 18] determined that
initial autogenous healing is due to mechanical blocking before precipitation of calcium carbonate.
Crack width is the most significant factor that influences the rate of crack healing [19], with the water
pressure the second most significant factor [19]. White precipitate at the surface of concrete members
indicates calcite formation [19] [20].

Reinhardt & Jooss [21] tested water permeation through cracks formed by tensile splitting and
studied self-healing. They measured a 55 % reduction in flow rate through a crack of 0.05 mm width
after 25 hours. They measured just 2 % of the initial flow rate after 336 hours in this sample and 14 %
of the initial flow rate through a crack of width 0.15 mm. Akhavan et al [16] also measured crack
healing, with up to an 85 % reduction in crack permeability after 24 hours of water permeation, with

the permeability of narrower cracks reducing more than wider cracks.

1.5 Sprayed concrete with set accelerator

In sprayed concrete set accelerators based on aluminium sulphates [22] are added at the nozzle
to give rapid set as the concrete hits the substrate. These accelerators affect the hydration and give
different hydration products [6] [23] [24] [25]. Therefore it is important to investigate whether sprayed
concrete with set accelerator has self-healing properties. Study of crack healing of sprayed concrete
with set accelerator is of interest given the waterproofing function of tunnel linings and the limited
knowledge of self-healing in sprayed concrete with set accelerators. We have not found any laboratory
studies of self-healing of sprayed concrete, but evidence of crack healing, by precipitation of white
calcium carbonate, can often be seen in sprayed concrete tunnel linings, as recorded by Aldrian et al

[26].

1.6 Polymer admixtures

The effect of polymers on transport in bulk concrete, i.e. transport through the capillary pores, has been
investigated previously but (to our knowledge) not for transport through cracks. Ohana [27] reported
that upon hardening, the polymer particles form a film of polymer, or a co-matrix, around aggregates.
Ohana reported that polymer modified concrete has a lower water permeability and water absorption

[27]. @ye [28] reported a strong decrease in the rate of capillary suction in polymer modified mortars.
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Justnes et al [29] measured capillary suction and vapour diffusion in mortars with various redispersible
polymer powders. They determined reduced diffusion coefficients and reduced rates of capillary suction
with increased polymer content in mortars.

Ethylene-vinyl-acetate (EVA) co-polymer based waterproofing membranes are commonly used
between layers of sprayed concrete tunnel linings [8]. But inclusion of EVA co-polymers may be used
in the concrete itself to modify the properties of the concrete with respect to water transport properties.
Bonin [30] reported visual assessment of water permeation through sprayed concrete containing
different dosages of ethylene-vinyl-acetate (EVA) co-polymer. With application of firstly 0.15 then
0.6 MPa water pressure on one side of the concrete he reported damp patches on the other side of the
sprayed concrete with zero co-polymer. He observed the surface of the sprayed concrete containing
7.5 % co-polymer by binder mass to be dry after 0.15 MPa water pressure while that containing 10 %
of co-polymer was observed to be dry after both 0.15 and 0.6 MPa water pressure application.

Lee et al [31] studied the effect of polyacrylate based superabsorbent polymers included as
admixtures on crack healing in concrete. They found peak flow decreased to negligible flow rates after
around 10 hours, faster than in the reference concrete without the polymer admixture. While polymers
are a wide group of materials with different properties as admixtures, reviews [32] [33] have
summarised the effect of various polymers on self-healing of cracks, indicating that polymers can have

a positive effect on healing of cracks.

1.7 CT scanning

X-ray computed tomography (CT scanning) is a non-destructive test for visualizing the
microstructure of concrete [34]. This technique provides a three-dimensional image of the specimen
and can be used to measure crack volume, geometry and continuity. This may help study cracks through
the full thickness of specimens, whereas otherwise cracks can only be measured at the surfaces. In this
study we explore measuring cracks by CT scanning and present the results on a single specimen,

comparing the crack measurements with those by digital image correlation on the surface only.

1.8 Scope

From the reviewed literature it seems that research is needed in the field of flow through cracks
in sprayed concrete tunnel linings. The spraying production technique with the addition of set
accelerator at the nozzle causes a distinct material with a different pore structure and hydration products
compared with conventional concrete [9]. Hence there is a need to investigate aspects such as the water
transport in the cracks and how it is affected by varying crack widths, use of a polymer admixture and
the self-healing potential of sprayed concrete.

This paper investigates the effect of cracking in sprayed concrete on two water transport
mechanisms: capillary suction and permeation. An ordinary sprayed concrete mix is compared to one

containing an ethylene-vinyl-acetate (EVA) based dispersible co-polymer powder to investigate the
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effect of this co-polymer on water transport in the cracked concrete. The fresh concrete was mixed at a
commercial plant and panels were sprayed in full scale experiments with wet spraying equipment. The
placed composition [9] was corrected for the macro pore content in the hardened sprayed concrete,
measured optically on cored specimens, and the effective water/binder ratio was calculated including
the water content of the accelerator added at the nozzle.

Cracks were formed by tensile splitting of the steel fibre reinforced sprayed concrete discs and
the crack widths were controlled and measured by digital image correlation (DIC) using the in-house
developed code eCorr [35]. The crack widths were also measured with an optic microscope to check
the validity of the DIC measurements. Capillary suction testing was then performed on both cracked
and uncracked discs to determine the effect of the cracking on the rate of capillary suction. Water
permeation tests were performed on cracked specimens. Both a standard sprayed concrete mix and a
mix containing an ethylene-vinyl-acetate (EVA) based dispersible co-polymer powder were tested, to
investigate the effect of the co-polymer on water transport in the sprayed concrete. A single cracked
disc was retested after storage in water to investigate the effect of crack healing. CT scanning was used

to measure the crack through the full thickness of the disc, to explore the potential of this method.

2. Experimental work

2.1 Spraying of samples

The samples were produced by full-scale concrete wet spraying equipment in an access tunnel in
Svorkmo, near Orkanger in Norway. The concrete spraying machine was a Normet Spraymec
NorRunner 140 DVC shotcrete robot. The concrete was sprayed onto panels orientated at 75° to the
horizontal, with the nozzle perpendicular and 1.5 m from the panels whilst spraying at a concrete flow

rate of 15-20 m*hour. 7 % set accelerator (MasterRoc SA 188) of cement mass was added at the nozzle.

2.2 Proportioning of sprayed concrete and firesh concrete properties

Three mixes were tested for this study — the first two mixes are standard sprayed concrete mixes,
the difference between them being the type of steel fibre. The third mix contains an ethyl-vinyl-acetate
(EVA) co-polymer — Etonis 3500 W. The placed concrete compositions were calculated following the
method outlined by Trussell & Jacobsen [9] and are shown in Table 1. The placed compositions are
corrected for the measured air content of the fresh concrete, the addition of the set accelerator at the
nozzle and the measured air content of the hardened sprayed concrete measured by image analysis
following [36]. The mixes contained super-plasticiser (MasterEase 1020, a polycarboxylate based
solution), air entrainment agent (MasterAir 11, tenside based surfactant), retarder (MasterRoc HCA 20),
a prototype shrinkage reducing agent (from Master Builders Solutions) and a hardening accelerator

based on seeding (Master X-Seed 100). The 0—4 mm aggregate was crushed gabbro rock with a particle



density of 3030 kg/m® and a water absorption of 0.5 % by mass. The 0-8 mm sand was natural fluvial
glacial deposits with mainly granitic gneiss and some sandstone and mafic rock with a particle density
of 2720 kg/m3 and 0.7 % water absorption by mass. The cement was Norcem standard fly ash cement

(CEM 1I/B-M 42.5 R).

2.3 Preparation of specimens

The sprayed concrete panels were stored in the tunnel wrapped in plastic at 10—15 °C for three weeks
before being transported to the lab. Cores of 98 mm diameter were taken from the panels and these were
stored in water for 70 days at room temperature. 50 mm discs were cut from these cores. The discs were
sprayed with a solid white background paint and a black speckled pattern to aid use of DIC, as shown

in Figure 2.

Table 1 Placed concrete compositions for the full-scale spraying experiments

Standard mix 1 Standard mix 2 Mix with Etonis
Phas Constituent Mass Volume |Volume |Mass Volume |Volume |Mass Volume |Volume
ase |Constitue [ke/m'] |[Vm*]  |[m]  |[kg/m’] |[Um’]  |[Um’]  |[kgm’] |[Um’]  |[Um’]
Standard fly ash 447 149 452 151 432 151
cement
Water 211 211 215 215 204 204
Silica fume 18.6 84 18.8 8.5 18.1 8.2
Super plasticiser 4.0 3.8 4.1 39 39 3.7
Alr entrainment 0.62 0.61 0.63 0.61 0.59 0.58
lagent
Retarder 1.0 0.89 1.0 0.90 0.46 0.42
. Shrinkage reducing
;\)/][;ISr::X agent 23 25 507 24 25 498 23 24 499
Hardening 7.6 6.7 77 6.8 7.8 6.8
accelerator
Etonis 3500 W - - - - 19.3 18.0
Set accelerator
(solids) 16.9 17.1 16.3
Aggregate (<0.125 140 50.8 143 517 143 52
mm)
Air
(measured) 73.0 56.8 58.5
Particl 0 — 4 mm aggregate 1343 488 1366 497 1364 496
ﬁas‘g € 1(>0.125 mm) 493 502 501
P Steel fibres 38.0 4.8 38.5 4.9 38.7 4.9
SUM 2230 1000 2266 1000 2250 1000
Effective water/binder ratio 0.457 0.462 0.459

2.4 Tensile splitting

Two points were marked at 20 mm on each side of the vertical diameter of the disc before applying the
tensile splitting load to the top and bottom of the disc. These points were used for the digital
extensometer; the length extension between these two points was monitored in real-time, as indicated
in Figure 2, to measure an extension equivalent to the target crack widths of 0.2—-0.4 mm, after which
the load application was stopped. The compressive force was applied by increasing vertical
displacement at the top of the disc of 1.0 mm/minute. The experimental set-up is shown in Figure 3.

The compressive force was applied in the direction perpendicular to the orientation of spraying,



and in the same plane as dominant fibre orientation (given that the fibres orientate perpendicular to the
direction of spray application [37]). Thus this compressive force is applied in the same direction as a
hoop compressive force in a tunnel lining, so can be considered to simulate such a force. A typical

single crack is shown in Figure 4 — Figure 7.

2.5 Digital image correlation for crack measurement

DIC analyses based on finite elements (FE) were run to measure the global displacement field
[35]. The nodal displacements are found by iteratively building and solving a linear system of equations
[38]. The displacements are constrained to being continuous and are optimised to minimise the
grayscale residuals for the part of the image covered by the mesh. The finite element solution is thus
not ideal after cracks appear, although some accommodations can be made for the crack path in the FE
mesh. Still, it is possible to estimate the location of a crack by a localised spike in grayscale residuals
as illustrated in Figure 4. Thus, the crack widths were rather measured by the subset tracking option in

the DIC code.

Test specimen

:
21152079 pix

B Cinea: B camen2
88 Measuring extension between king pictures for measuring
i twopontsdurngtest ackwidths after testing
-8 ik

Figure 2 A specimen with the positions for the subsets used

for crack measurement, also acting as a digital extensometer. Figure 3 Experimental set-up of tensile splitting test.



Subset pairs S

Subset left side of crack

1
. - 5

L -

Figure 5 Diagram showing measurement of displacement in x and y directions to measure the change in distance between
subset pairs.

Figure 6 Diagram of cracks on specimen S11, with yellow lines drawn in software to measure crack length.

Using the DIC residual field map to determine where the cracks appeared on the surface of each
sample, subset pairs were placed on opposing sides normal to the crack along the length of the crack.
The crack widths were found by measuring the relative rigid body pixel displacement between the
subsets in each pair as shown in Figure 5. The average crack width is then the average relative
displacement over all subset pairs. In addition, the crack length in pixels was measured using the
residual field map as exemplified in Figure 6. Knowing the diameter of the cylinder gives the pixel to

millimetre ratio.
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2.6 Measurement of crack widths by microscope

To verify the crack widths measured by the DIC, crack widths were manually measured using a digital
calliper and microscope and compared with the DIC measurements. An example of microscope crack
width measurements is shown in Figure 7.

K

k

Figure 7 Example of microscope measurements of crack width for sample P11, with measurements shown in red.

2.7 Capillary suction

Cracked and uncracked samples were placed in the oven at 105 °C for 5 days to remove the moisture.
Then capillary suction was undertaken following [39]. The samples were placed on a perforated metal
tray with a depth of 1 mm of the disc immersed in water as shown in Figure 8. The samples were

weighed at time intervals to measure the rate of water absorption over time. The capillary number K,p

and the resistance number m were calculated according to Equations (6) and (7) respectively,

Ga@®
Kcap = W (6)
m= t;;" @)

in which G(¢) is the water absorption (kg/m?) at time t (seconds), A is the height (m) of the disc and
teap is the time (seconds) it takes for the rising water to reach the top of the disc, which occurs at the
inflection point on the capillary suction curve.

After capillary suction, the specimens were submerged in water until constant mass was
reached. The volume was determined by weighing the specimens in air and water. The suction porosity

Esuction Of the samples was then calculated by Equation (8), following [40],

Wsubmerged — War:
Esuction = £ : (8)
volume

where Wgypmerged 1S the constant mass after submersion in water and wg,y is the weight in air. The
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volume is the weight in air minus the weight in water.

Figure 8 Capillary suction test for cracked and uncracked discs

2.8 Water permeation

Different cracked specimens were used for water permeation tests, given that the harsh drying prior to
capillary suction changes the porosity. The specimens used for permeation testing were stored in air
between tensile splitting and permeation testing rather than water to prevent crack healing. Butyl tape
was wrapped around the circumference of each disc and onto the top and bottom to seal and prevent
water outflow from the circumference of the disc. During trials this butyl tape failed under the water
pressure so, to prevent this, each specimen was wrapped with a steel sleeve to provide restraint. An
example of the wrapped discs is shown in Figure 9. Rubber rings of diameter 145 mm with a hole of
diameter 70 mm were placed above and below the samples to seal the water flow. Water pressure was
applied and measured at the top of the sample. The water flowing through the sample was collected in
a measuring cylinder with the mass measured and logged every second. The experimental set-up is

shown in Figure 10.
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imen Water in flow to
wrappedin the test specimen
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collecting
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Figure 9 Cracked sprayed concrete disc wrapped in butyl tape Figure 10 Experimental set-up for measuring water
and steel sleeve. permeation through cracked discs

2.9 Crack healing

A single specimen was stored in water after initial testing and the water permeation was retested at time

intervals.

2.10 CT scanning of cracked disc

The CT scanner METROTOM 1500 was used to scan a single specimen, which was the same specimen
used for crack healing measurements. The sample was scanned in the CT scanner with a tube voltage
of 150 kV and a current of 360 nA, respectively. The software VGStudio Max 3.5.2 was applied to

analyse the obtained image.
3. Results and Discussion

3.1 Tensile splitting and crack measurement

A graph showing the tensile splitting stress against the strain measured by the digital extensometer is

shown in Figure 11. The tensile splitting stress f.; was calculated using Equation (9) [41]

2F

foo = Id ®

where F is the force applied, L is the thickness of the disc, and d is the diameter of the disc. The peak
tensile splitting stress occurs at fracture of the disc and decreases during further widening of the crack

in our experiments. The peak tensile splitting stress was slightly lower in the mix containing the EVA-
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based co-polymer compared with the standard mix. The displacement between the two points closes
during unloading by between 0.05 and 0.15 mm. So, whilst the peak crack width during tensile splitting

can be accurately controlled, the displacement between the two points after unloading is lower.

e Standard mix target crack
width 0.4 mm

e Standard mix target crack
width 0.4 mm

— — = Standard mix target crack
width 0.3 mm

= e= == Standard mix target crack
width 0.3 mm

++ Standard mix target crack
width 0.2 mm

~~~~~~~~~ Standard mix target crack
width 0.2 mm

Mix with EVA based co-
polymer target crack width
0.4 mm

Mix with EVA based co-
polymer target crack width
0.4 mm

Mix with EVA based co-
polymer target crack width
0.3 mm

Mix with EVA based co-
polymer target crack width
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Mix with EVA based co-
polymer target crack width
0.2 mm

Tensile splitting stress (N/mm?)

B

0 0.002 0.004 0.006 0.008 0.01 0.012 Mix with EVA based co-
Strain measured by digital extensometer 302”“’]‘:;‘ target crack width

Figure 11 Tensile splitting stress against strain measured by the digital extensometer.

The tensile splitting stress against crack width measured by subset tracking is plotted in Figure
12. The graph shows that the maximum average crack width is lower than both the target crack width
and the displacements between the points measured by the digital extensometer. This is because the
digital extensometer is positioned at the centre of the disc, so only measures the crack at this location,
and crack widths may vary above or below. This is illustrated by Figure 13, which describes the
variation in crack width along the crack length for a single sample, with the crack width varying from
0.12 mm to 0.39 mm. Microscope measurements of the crack widths were done on all specimens and

confirmed the DIC measurements.
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Figure 12 Tensile splitting stress against average crack width measured over the length of the crack by digital image correlation

(DIC).

A Ao

ack width

Figure 13 DIC measurements of crack widths on specimen P9, with measured crack widths annotated in right diagram.

Figure 14 shows the major principal strain field as calculated by the FE-based DIC. The figure

shows the progressing major principal strain fields for a disc with a target crack width of 0.3 mm. The

top image of part (a) shows the disc at peak load. The strain field below shows a clear indication of a

crack before it is visible to the naked eye. The same is true for part (b), which shows the disc just after

reaching the peak load. Part (c) shows that the strain clearly localises in a band across the diameter of

the disc, while part (d) shows the disc at maximum crack width. Finally, part (¢) shows the force vs. the

average crack width as measured by subset tracking. Here we observe that the crack width closes by

approximately 0.06 mm after unloading.
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Figure 14 Strain field diagrams of tensile splitting showing development of the crack for sample S12

3.2 Capillary suction

Figure 15 shows the difference in water rise between a cracked (left) and uncracked specimen (right).
The capillary suction curves for both cracked and uncracked discs are shown in Figure 16. The graphs
show that cracked discs have a faster rate of water absorption than uncracked. Further, the rate of water
absorption is slower in the discs from the mix containing the co-polymer than in the standard mix.

The calculated capillary and resistance numbers for each disc tested are shown in Table 2. The
capillary numbers are calculated as the gradient of the first part of the capillary suction curve to the
knee point and are plotted against crack width in Figure 17. The resistance numbers are the time to
reach the knee point and are plotted against crack width in Figure 18. The tested discs were 50 mm
thick, so the capillary suction curves do not feature the sharp “knee points” of curves for 20 mm thick
discs as described by [39], and especially for the co-polymer mix. The crack widths, crack areas and

suction porosity values for the discs are also included in Table 2.

Figure 15 Left: example of capillary suction in a cracked sample. The water rise in the crack is visible compared to the lower
level of capillary rise in the remainder of the specimen. Right: capillary suction in uncracked sample.
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Figure 16 Capillary suction curves for cracked and uncracked discs from both a standard sprayed concrete mix and a mix
containing polymer

Table 2 Crack widths measured by DIC, crack areas, crack volumes, suction porosity, capillary number, and resistance
numbers for cracked and uncracked discs from capillary suction test

Sample Mean crack Crack area Suction Capillary number | Resistance number
width (mm) (mm?) porosity (%) (kg/m? \'s) (s/m?)

Standard mix

S1 Uncracked 20.3 0.0193 1.1x108
S2 Uncracked 19.0 0.0167 1.1 x 108
S3 0.05 4.15 20.3 0.0257 7.8 x 107
S4 0.05 5.42 21.2 0.0493 4.4 x107
S5 0.20 20.10 20.1 0.0436 4.4x 107
S6 0.12 14.96 20.5 0.0452 4.4 x 107
S7 0.12 16.63 21.7 0.0450 4.4x107
S8 0.18 27.13 19.1 0.0350 4.4x107
Mix containing EVA based co-polymer

Pl Uncracked 19.6 0.0127 4.5x108
P2 Uncracked 19.1 0.0148 4.1x10%
P3 0.07 6.73 19.1 0.0149 3.5x10%
P4 0.06 6.54 21.2 0.0161 4.5x 108
P5 0.09 12.01 21.7 0.0280 2.4x10%
P6 0.09 10.20 18.5 0.0130 4.8 x 108
P7 0.17 20.68 19.8 0.0169 4.8x 108
P8 0.15 15.16 18.4 0.0249 2.4x108
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Figure 17 and Figure 18 show that the rate of capillary suction (capillary number) is increased

and resistance number decreased by cracking. They also show that the rate of capillary suction is

reduced and resistance number increased for the mix containing the EVA based co-polymer compared

to the standard mix. Figure 17 shows that the rate of water absorption in the capillary suction experiment

is independent of the crack width, while Figure 18 shows that for the full range of the crack widths the

time to reach the top of the disc is equal, and greater than for the uncracked discs.

states

If this

We can investigate further the effect of the cracks on the rate of capillary suction. Figure 1
that suction to a height of 50 mm occurs in an ideal crack of 0.05-0.4 mm in only 0-3 seconds.

crack quickly becomes full of water then the surface of the crack will provide additional surface
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area for absorption. The surface area of the crack can be estimated as,

Acrack surface = 2Leh (10)

with L, being the effective length of the crack, and h is the height of the disc.

Replotting the capillary suction curves, for the standard mix only, with the absorption area equal
to the area of the base of the disc plus the surface area of the crack, we find that the initial rates for
capillary suction for the cracked and uncracked discs are in the same range, shown in Figure 19. The
rate of capillary absorption per total area in contact with water (base of disc plus crack surface area) for
all but one of the cracked samples (disc S3) lies between the capillary suction lines for the uncracked
discs, which are unchanged from Figure 17. The modified capillary suction curves support the
hypothesis that the water rise in the crack is rapid (Figure 1), after which the crack provides additional
surface area for water absorption and increases the rate of capillary absorption. The rate of water
absorption through the surface area of the crack is demonstrated to be equal to that through the base of
the disc in the first part of the capillary suction curve, until approximately 6 hours (vt = 147 s'2). After
that the rate of water absorption over the crack surface area plus the area of the base of the disc reduces
compared with the uncracked specimens (water absorption through base of the disc only), presumably
due to overlap between the capillary water rise from the different surfaces — rising capillary level in the

intact concrete overlaps with horizontal capillary water absorbed from the crack surface.
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Figure 19 Capillary absorption per area of base of disc plus surface area of the crack against square root of time.
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Figure 20 Capillary absorption per area of base of disc plus surface area of the crack against square root of time modified to
solve for crack depth of partially cracked disc S3

In disc S3, with a crack width of 0.05 mm and resistance number of 7.8x107 m/s?, the crack is
only identifiable on the painted side (used for DIC measurements) and not on the opposite side,
indicating that the crack is not continuous. The other cracked discs have equal resistance numbers
(4.4x107 m/s?). Hence the time is lower for the water to rise to the top of the disc with a discontinuous
crack than for the other cracked discs. This indicates the time for water rise in the disc is decreased by
the crack but independent of crack width, in line with the theoretical rise described in Figure 1. By
considering the maximum and minimum of the other capillary suction lines in Figure 19 as upper and
lower bounds, we can solve to determine the depth of the crack through disc S3. The total capillary
absorption area for the sample with the discontinuous crack is the area of the base of the disc plus the
crack surface area multiplied by a fraction representing the crack depth. Two lines are replotted in
orange in the adjusted capillary suction curves presented in Figure 20 — the upper line represents a crack
depth of 5 mm and the lower a crack depth of 30 mm in the 50 mm thick disc. These two lines fit within
the upper and lower bounds of the data so we can deduce that the depth of the crack is between 5 and
30 mm in disc S3.

These results are important with respect to the effect of cracking on transport in concrete tunnel
linings. While the capillary suction is not a realistic experiment, due to the harsh drying beforehand, the
effect of cracking clearly gives access to a much larger surface area of bulk concrete, considering the

substantial crack patterns observed and recorded by Holter [8] in tunnel linings.
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The concept for increased rate of capillary suction in cracked discs due to rapid rise of water in
the crack, which provides a larger area for absorption, is less applicable for the mix containing the EVA
based co-polymer. This is because the water rise in the crack is slower than for the standard mix. While
the rise of water in the cracks results in additional absorption surface for capillary suction in the discs
containing the EVA based co-polymer, the rise in the crack is slower. So, the increase in capillary
suction due to cracking is less for the discs containing the co-polymer. These results agree with those

of [28] and [29], who reported decreased rates of capillary suction in concretes containing polymers.

3.3 Water permeation through cracks

A summary of the specimens, the crack widths, the measured flow rates and the calculated flow
rate coefficients is given in Table 3. A graph of the mass of water flow through the cracked discs is
shown in Figure 21 and Figure 22. Both graphs capture the same data with different scales on the
horizontal axis due to the very different rates of water permeation through the cracked discs. The water
permeation through specimens with wider crack widths, around 0.15 mm or greater, filled the
measuring cylinder of 250 ml in a time of 20-30 seconds but the volume of water that flowed through
narrower crack widths, of less than 0.1 mm, in a period of 3—4 hours was less than the 250 ml capacity
of the measuring cylinder. Reynolds numbers were calculated between 0.09 (lower flow rates) and 10.7
(higher flow rates), confirming the flow to be laminar.

The rates of water permeation shown in Figure 21 and Figure 22 are not constant — the rate of
water permeation is initially higher and decreases over time. This is illustrated in Figure 23, which plots
the rate of water flow against time. This agrees with results from [21], who reported a reduction of
initial flow rate of 55 % after 25 hours. This is not due to water absorption into non-saturated concrete
adjacent to the crack, as that would give the opposite trend. Instead this must be due to clogging of the
crack or self-healing of the crack.

The rate of water flow through the discs in mass per second against mean crack width is plotted
in Figure 24, showing a tendency of increased flow with increasing mean crack width, though with
some scatter. For the faster rates of water permeation, those that are near linear in Figure 21 with a
duration of typically 20-30 seconds, a mean value for the duration of the experiment was plotted. Where
the rate of water permeation can be seen to decrease over time, both an initial rate and a rate once flow
becomes linear, representing steady state flow, were plotted based on Figure 22.

Figure 25 plots the flow rate of water, O, against mean crack width, while Figure 26 plots the
flow rate coefficient, calculated with Equation (5) against mean crack width. Both Figure 25 and Figure
26 show far lower flows through cracks of average crack width less than 0.1 mm for both the standard
mix and for the mix containing the EVA based co-polymer. For cracks above 0.1 mm mean width, the
mix containing the co-polymer shows a clear trend of gradually increasing flow and flow rate coefficient
with increasing crack width. However, for the standard mix there is no clear trend above crack widths

of 0.1 mm. A lack of a clear trend suggests that the data could be analysed in a different manner.
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Table 3 Crack widths measured by DIC, crack areas, measured flow rates and calculated flow rate coefficients for water
permeation tests.

Sample Mean crack | Maximum Crack area Mean flow rate (m?/s) Mean flow rate
width (mm) crack width | (mm?) coefficient {
(mm) Initial flow Steady state Initial Steady

rate (m%/s) flow rate (m%s) | flow state flow
Standard mix
S9 0.19 0.19 14.4 1.9x10°% 0.0763
S10 0.18 0.22 11.4 1.3x10° 0.0769
S11 0.18 0.21 11.0 1.8x10°° 0.109
S12 0.14 0.25 7.15 1.2x10° 0.180
S13 0.23 0.21 18.0 1.2x10°% 0.0246
S14 0.11 0.28 7.01 1.6x10°° 0.377
S15 0.10 0.17 6.70 1.0x10* 0.0309
S16 0.07 0.07 2.81 6.5x10% | 1.0x10° | 0.00354 | 0.00021
S17 0.07 0.08 4.52 23x10°% | 1.4x10° | 0.00865 | 0.00013
Mix containing EVA based co-polymer
P9 0.29 0.39 15.8 2.1x10°% 0.0315
P10 0.23 0.46 16.8 1.7x107 0.0392
P11 0.23 0.23 139 4.8x10¢ 0.0131
P12 0.14 0.18 8.30 5.0x107 0.00295
P13 0.07 0.07 3.74 1.9x107 | 1.0x10° | 0.0207 | 0.00011
P14 0.05 0.06 2.77 3.8x10% | 1.3x10° | 0.0102 | 0.00035
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Figure 21 Mass of water flow through discs against time (0 — 100 seconds).
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Figure 24 Rate of water flow through discs against mean crack width.
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Figure 25 Rate of water flow through discs against mean crack width.
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Figure 26 Flow rate coefficient against mean crack width.

We know from Figure 24 that the water flow through narrower cracks (less than 0.1 mm) is
much lower than that through wider cracks. And we also know that the crack width along the length of
the crack is not constant, instead it can vary, as demonstrated by the example shown in Figure 13. So
perhaps describing the crack by the mean width is inadequate.

Instead, we can plot the flow rate coefficient against the maximum crack width, which is
presented as Figure 27. For this relationship there is a clear trend of increasing flow rate coefficient
with increasing maximum crack width. The data points indicate that the flow rate coefficient increases
in an exponential manner with increasing crack width for the standard sprayed concrete mix. The
improved correlation by plotting maximum instead of mean crack width is in line with the effect of
crack width cubed on total flow through a crack (Equation 2). We expect that the actual flow rate varies
along the length of the crack due to the variation in crack width. The rate of water permeation is likely
highest through the widest part of the crack and lower through narrower parts. The deviation from the
theoretical crack flow (described by {) increases with narrower crack width, likely because a large
fraction of the flowing water is affected by the surface roughness. We think the narrower cracks are
also likely to be less continuous through the thickness of the disc. The flow rate coefficients values
plotted in Figure 26 and Figure 27 range from 0.00057 (for a narrow crack) to 0.38 (for a wider crack).
These compare well with the values of 0.005 and 0.17 measured by Ripphausen in cracks in reinforced
concrete slabs [14].

The plotted points suggest that the trend for the mix containing the EVA based co-polymer is a
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more linear increase of flow rate coefficient with increasing crack width. Figure 27 demonstrates that
addition of the EVA based co-polymer reduces the flow rate coefficient for cracks wider than 0.1 mm
compared to the standard mix. Hence the EVA based co-polymer reduces viscous flow through a crack

with a given crack width and pressure gradient.
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Figure 27 Flow rate coefficient against maximum crack width.

3.4 Crack healing

A graph showing the mass of water flow through specimen S9 (standard mix with mean crack width of
0.19 mm) re-tested at time intervals after storage in water is shown in Figure 28. The rate of water
permeation through the crack decreases after time stored in water. The reduction of flow rate coefficient
after water storage is due to crack healing.

The flow rate coefficient against time that the sample had been stored in water is plotted in
Figure 29. The flow rate coefficient decreases to 12 % of the initial value after 32 days stored in water,
and 7 % after further storage in water. These results indicate that crack healing does indeed occur in

sprayed concrete containing aluminium sulphate based set accelerators.

26



= Initial

300 measurement
\? 250 [ =72 days
<
g 200
g 11 days
5
2z 150
§ 18 days
100
—e—132 days
50
0 86 days

50 100 150 200 250

Time (seconds)

<)

Figure 28 Mass of water flow through disc against time for sample S9 with a crack width 0.19 mm
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Figure 29 Flow rate coefficient against duration of water immersion for sample S9 with a crack width 0.19 mm

3.5 CT scan of cracked disc

Figure 30 shows the crack distribution in sample S9 from above (a) and side view (b) visualised by CT
scanning. The crack volume was calculated by refining the region of interest (ROI) around the crack to
remove the measurement of macro pores, which would otherwise lead us to overestimate the crack
volume. Furthermore during tensile splitting partial pull-out of the fibres occurred, as indicated by the
voids around the fibres shown in Figure 31. These voids are connected to the crack in some instances,
so this is another reason to refine the ROI around the crack to avoid overestimating the crack volume.
The centre of the sample contained many ring artefacts. Therefore, making a binary image made

many errors in segmentation between the crack and matrix. Thus the sample was divided into 23
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different slices with a thickness of 2 mm (the total height of ROI was selected as 46 mm to avoid errors
at the surfaces). The crack volume for each slice was calculated by applying the “only threshold”
algorithm in the VG studio software porosity/inclusion analysis. In this algorithm, each group of defect
candidates is considered a defect if the grey value is below the specified threshold. The voxel size was
0.000300763 mm? with resolution length of 0.067 mm in x, y, and z dimensions. The crack volume in
each 2 mm thick slice is reported in Figure 32, which also shows images at six different heights through
the thickness of the disc. Figure 32 shows that the crack length varies through the thickness of the disc,
hence demonstrating how useful CT scanning could be for measuring cracks through the full thickness
of specimens. The total volume of the crack in the sample is the sum of these individual volumes and
is 1565 mm?>. This is 1.65 times the crack volume estimated using the crack width at the surface
measured by DIC (0.19 mm crack width x 100 mm crack length x 50 mm specimen thickness =
950 mm?®). Given that the crack width and length varies through the thickness of the specimen, flow
rates will also vary along the length of the crack and through the thickness of the specimen following

equation (2).

Figure 30 Visualisation of the crack (a) from top and (b) from the side by CT scanning in specimen S9. The crack
is shown in dark pink.

Figure 31 CT scan of specimen S9 showing void around fibres, indicating pull-out of the fibres during tensile
splitting
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Figure 32 Calculated volume of crack for each 2 mm thick slice, and images for at six different locations through
the thickness of specimen S9

4. Conclusions

e A series of DIC-controlled tensile splitting tests were conducted on sprayed concrete specimens,
drilled from panels from full-scale spraying of standard mixes and a mix containing an EVA based
co-polymer. The objective was to investigate the effect of cracks on water transport in sprayed
concrete. The peak crack width was controlled accurately during tensile splitting, but the crack
closed by between 0.05 and 0.15 mm after unloading, so the final crack width was always less than

the target crack width. The crack widths measured by digital image correlation subset tracking
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concurred with the values obtained by microscope measurement to a tenth of a millimetre.

The peak tensile splitting stress, i.e. the peak stress before cracking, for the discs containing the EVA
based dispersible co-polymer powder was slightly lower than that for the standard mix. This was
contrary to expected results — Ohana [27] stated that matrices containing polymer have a higher
tensile strength and fracture toughness.

The rate of capillary suction was higher in the cracked discs than in the uncracked discs. This is due
to rapid rise of water in the crack, and the crack surface providing additional area for absorption.
The rate of capillary suction was lower in the mix containing the EVA based co-polymer for both
cracked and uncracked discs. The water rise in the crack was slower, so the crack surface provided
less additional area for absorption, and water suction through the capillary pores was slower. These
results agree with those of @ye [28] and Justnes et al [29], who reported decreased rates of capillary
suction in concretes containing polymer.

The flow rate of permeating water increased with increasing crack widths. Flow rates of less than
1x107° m?/s were measured for crack widths of 0.1 mm and lower while, above this threshold crack
width, flow rates of up to 2x10-° m*/s were measured.

Describing each crack simply by a mean crack width is insufficient. The width varied along the
length of the crack and permeation through cracks is higher by an order of magnitude in wider cracks.
Describing the crack by the maximum width rather than mean gave clearer trends.

The inclusion of the ethylene-vinyl-acetate (EVA) based dispersible co-polymer powder had no
effect on water permeation in cracks less than 0.1 mm width but reduced the flow rate coefficient in
wider cracks. Above 0.1 mm width the flow rate coefficient increases exponentially with increasing
crack width in the standard sprayed concrete discs, whereas with inclusion of the EVA based co-
polymer, flow rate coefficient increases far less with increasing crack width.

Water permeation through the cracked specimens is not constant, rather it decreases over the
duration of a single test, due to clogging of the cracks, swelling of the concrete or crack healing.
Water permeation reduced after water storage due to crack healing.

Inclusion of the EVA (ethylene-vinyl-acetate) based co-polymer in sprayed concrete reduces water
transport in sprayed concrete linings, both through the capillary pore network and through cracks.
Thus this admixture improves durability and can help to achieve durable, permanent, sprayed
concrete linings.

The X-ray computer tomography scanner was applied to visualise a crack through the whole
thickness of a specimen and accurately measure the volume. The macro porosity appeared as void,
as did the partial fibre pull-out that occurred during tensile splitting. It is necessary to refine the
region of interest to remove these voids around the fibres and avoid over-estimating the crack
volume. CT scanning is a promising method for measuring cracks and we recommend use for future

studies on cracks.
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