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Sprayed concrete is a widely used constructiomigcie for new infrastructure and
repairs to existing structures. Millions of cubiet@rs of concrete are sprayed every
year, with underground construction constitutingga@or use of sprayed concrete.
It can offer several advantages over more conveallp cast concrete such as
easier access to the work area and substrate, whenase of formwork is not
possible, where thin or variable thickness is regglior where it offers a cheaper
and faster construction method. In tunnelling aggtions, sprayed concrete can
offer several economic and technical advantages ocweventionally placed
concrete such as quicker progression and proteagiamst tunnel collapse. In the
UK, several tunnelling projects including Thamedéhiay have employed sprayed
concrete for the tunnel lining; sections of tunreeiddigh Speed 2 (HS2) rail project
will also include a sprayed concrete lining.

In order to bind to the substrate, prevent seatmmvergence and collapse as well
as allow quick progression of the tunneling operatj the sprayed concrete has to
have a very short setting time and early age stnemtpvelopment. These
requirements for rapid setting, early age stremgielopment, good pumpability
and good bond to the substrate, coupled with alsaggtegate size necessary for
the practicalities of spraying, leads to the useeshent rich mixes mainly using
CEM I. The maximum aggregate size in sprayed coadsetypically is typically
limited to between 6 and 8 mm (Trussell and Jaagh2@20). It is common for
sprayed concretes to have cement contents in exafed®0 kg/ni. Sprayed
concretes, therefore, tend to have a larger carfootprint compared with
conventionally cast concretes.

Small amounts of silica fume are often also incoapex into the sprayed concrete
to reduce the amount of waste from rebound, as agelmproving the concretes
fresh and hardened properties. The (cement) rapkatelevel is typically in the
range of 6-10 % as permitted by EN 197-1. Europtandards such as NF EN
206/CN also stipulate a maximum silica fume replaeet level of 10%. Recent
developments in European practice also include itto®rporation of some
limestone filler in CEM II/A-L cements at replacentéevels of between 6 and 20
% (Galobardes et al., 2015).

Pulverized fuel ash (PFA) and ground granulatedtifilanace slag (GGBS) are by-
products of burning coal in coal fired power stai@nd the manufacturing of steel
respectively and as such, have a much lower emtd@cliz than CEM I. They are
typically used in cast in situ concrete applicasi@s supplementary cementitious
materials (SCMs) and can help reduce carbon foutmi concrete. Relevant
cement and concrete standards including EN 1972@Nand BS 8500 permit the
use of SCMs and these are commonly used in cast@tal concrete applications.
For example, cement type CEM 11I/B or CllIB can tain up to 80% GGBS. Many
ready-mix concrete producers offer concretes coimg@iSCMs as part of their ‘eco-
friendly’ range of concretes.
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Figure 1: Comparison of embodied carbon for different Supplementary

Cementitious M aterial replacement levels (M PA, 2015)

Figure 1 compares the estimated embodied carbon per tohoentents/cement
blends containing different replacement levels GMS (MPA, 2015). It can be
seen that incorporating up to 80% GGBS in the césneamn potentially reduce the
embodied carbon of the cement by about 70% froraret@60 kgC@e/tonne to
approximately 240 kgCg/tonne. Therefore, incorporating GGBS at high
replacement levels could significantly reduce tlaebon footprint of sprayed
concrete.

The use of SCMs in sprayed concrete has hithegno beatively limited compared
to other cast in situ applications. This is maibhBcause they react more slowly
compared to CEM I, hence have slower strength deweént — critical for sprayed
concrete linings and tunnelling. Higher acceleratosages are therefore required.
There is also the problem of a lack of compatipitf GGBS with aluminium
sulfate and sodium aluminate liquid acceleratoeg #re typically employed in
sprayed concrete construction (Salvador et al.9R01

1.2 Knowledge and experience gaps

Typical current sprayed concrete practice is to piglominantly CEM 1 rich
mixes. The sustainability benefits derived fromulse of high-volume replacement
with SCMs such as GGBS (as employed in other comptacement methods) have
not yet been realised in sprayed concrete tunnielgs. There are some examples
of the use of low volume replacement with PFA inaAdshida et al., 2009); there
is also a relatively recent trend in Europe to nsee limestone filler in sprayed
concrete (Galobardes et al., 2015), but thesesatated examples. In addition,
some European standards such as NF EN 206 lim@&@BS replacement level to
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50% (Armengaud et al., 2018). There is also a t#agbublished literature on the
understanding of the early hydration mechanisnsprdyed concrete incorporating
high volume GGBS replacement levels of 70-80% wehaccelerators.

Historically, liquid alkaline accelerators based swdium aluminate and sodium
carbonates (Zhang et al., 2020) and more recenlkali free accelerating
admixtures based on aluminium sulfate solution (&% et al., 2007) have been
used in sprayed concrete. Alkali free accelerdtarge become the more favoured
option due to health and safety concerns with tkaliae alternatives (Salvador et
al., 2016) and the lower risk of an alkali silieaction with the aggregate (Zhang
et al., 2020). The differences in the chemical position between the alkaline and
alkali free accelerators means that the hydrati@thanisms and kinetics are
different. However, both result in a reduction @itsg time and increase in early
age strength development (Salvador et al., 2016).

The older liquid alkali free accelerators were tghly used at a dosage of 8-10%
although newer formulations allow this to be drapp®around 5-7%. When used
at this dosage in sprayed concrete containing pnedmtly CEM I, these
admixtures have been shown to provide the requssiteng time and early age
strength development (Zhang et al., 2020). Howewenen large volume
replacement with SCMs such as GGBS are used, s&y, T0e hydration
mechanisms change. The result of this is thatetteng time and early age strength
development are significantly slowed down (Kordalet2019).

The development of Calcium Aluminate (CA) and QaiciSulfoaluminate (CSA)
based powdered accelerators has the potentiafdogieater SCM use in sprayed
concrete. PFA has been used in a number of tungefirojects in Japan with
replacement levels up to around 27% and acceleraittda calcium aluminate
based powdered accelerator (Ishida et al., 2008jeThas also been some use of
GGBS in tunnel applications in Japan using CSA lacators. However, this has
been relatively limited due to the increase ingb#ing time and reduction in the
rate of early age strength development brought tabpuhe addition of GGBS.
Ishida et al., (2009) suggested that most of thstiag CSA based accelerators
available at the time of the study could only allbw replacement levels for GGBS
of up to around 45%.

In the UK, the set-up of most sprayed concrete @uiipactors, including their

spraying and dosing machines and handling procedare designed for liquid

admixtures. There is insufficient knowledge on peved accelerators, a lack of
industry experience, and insufficiently developesidg and spraying machines.
This is also compounded by industry standard sigatibns for large infrastructure
projects in the UK which typically stipulate liquadkali free accelerators. This can
hamper the development and adoption of alternagebnologies such as CSA
based powdered accelerators with the potentialdeige equivalent performance.

The main aim of this IStructkE research project teasstablish whether new CSA
based powdered accelerators can provide the sedinml early age strength
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development required when sprayed concrete con&BBBS at a replacement level
of between 70% and 80% and to evaluate the impadhe durability of the
resultant sprayed concrete. The laboratory testiage has been completed but the
spraying trials are yet to be completed at the taheompiling this report. The
samples from the spraying trials will be assesgginat the typical requirements
of specifications for sprayed concrete in tunneinigs for a large infrastructure
project in the UK, in this case HS2.

The objectives of the project were to:

* Evaluate how the setting time changes as the GGBfewt of cement
pastes accelerated with a conventional liquid afikeé liquid accelerator
based on an aluminium sulfate solution is incredised 0 to 80%;

* Evaluate how the setting time changes as the GGBfewt of cement
pastes accelerated with the new CSA based powdmsredlerators is
increased from 0 to 80%;

« Establish the early hydration mechanisms in cerpastes accelerated with
the new CSA based powdered accelerators;

* Evaluate the early age strength development ang-term strength of
sprayed concrete containing between 70 and 80% GGBS

» Evaluate the durability of sprayed concrete comair70-80% GGBS.
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2 Trials

2.1 L aboratory trials

The research programme included a series of latmgratials which sought to
understand the chemical reactions and microstraicititanges that take place
during the early stages of hydration when differantelerators are added to
blended cements. The following materials were uséde trials:

« CEM I 525N to BS EN 197-1 provided by Shotcretevides Limited
(SSL);

« GGBS supplied by Ecocem;

» Alkali free aluminum sulfate solution based liqaiccelerator with a solids
to water ratio of 55 to 45 provided by SSL,;

 Two CSA based powdered accelerators supplied bgdfco

As the cement paste is the component of the spragedrete that governs the
reactions, the laboratory phase of the study heasskd primarily on the cement
pastes.

The first part of the laboratory trials was carrmaat at Loughborough University
between February and May 2021. This stage invabetiing time measurement in
cement pastes containing different levels of GG&3acement ranging from O to
80%. GGBS content levels of 0%, 25%, 50%, 70% d1d &ere selected.

The initial and final setting times were measursoh@ Vicat apparatus to BS EN
196-3. The admixture dosage was 8% and the testsgarried out at 20°Table

1 presents the details of the cement paste combngatised in the setting time
measurements:
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Paste w/c | Accelerator | Accelerator | CEMI GGBS content
Designation | ratio | Type Dosage (%) content (%) | (%)
P 0O O| 0.3 |[None 0 100 0
Alkali free
P 8A 0| 0.3 [ liquid 8 100 0
CSA Powder
P8 O0O| 03 |1 8 100 0
CSA Powder
P8O0| 03 |2 8 100 0
Alkali free
P 8A 25| 0.5 | liquid 8 75 25
CSA Powder
P8 25| 05 |1 8 75 25
CSA Powder
P8C 25| 05 |2 8 75 25
Alkali free
P 8A 50| 0.5 | liquid 8 50 50
CSA Powder
P8 50| 05 |1 8 50 50
CSA Powder
P 8 50| 05 |2 8 50 50
Alkali free
P 8A 70| 0.5 | liquid 8 30 70
CSA Powder
P8 70| 05 |1 8 30 70
CSA Powder
P8 70| 05 |2 8 30 70
Alkali free
P_8A 80| 0.5 | liquid 8 20 80
CSA Powder
P8 80| 05 |1 8 20 80
CSA Powder
P 8 80| 05 |2 8 20 80

Table 1. Cement paste combinationsinvestigated

In the paste designation system adopted in Table 1:

e The P denotes a paste;

e The first number (0 or 8) is the accelerator dosag@ percentage of the
cement or cement blend;

* Theletters A, B or C denote the accelerator typeelerator A is the liquid
alkali free accelerator, B and C are CSA Powderedeferators 1 and 2
respectively;

* The last number 0, 25, 50, 70 or 80 is the GGBS3ettiras a percentage of

the cement blend.
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The second part of the laboratory trials involveatenials characterisation and was
completed at the University of Leeds between Jmdefaigust 2021. This included
X-ray fluorescence (XRF) spectrometry to determimeechemical composition of
the CEM I, GGBS and powdered accelerators.

2.2 Sprayingtrials

SSL are a sprayed concrete subcontractor and Ecacesuppliers of low carbon

concrete and constituents. Between 2017 and 20&9, ¢onducted a series of
spraying trials on panels using a machine prototgpable of using the CSA based
powdered accelerators with concrete mixes contginpto 70% GGBS (Reddy et

al., 2018) Figure 2 shows a panel from the spraying trials.

Figure 2: Sprayed concrete panels from Ecocem and Shotcretetrials

The trials sought to establish the performance e rcalcium sulfoaluminate
cement based powdered accelerators against moverdgwnal aluminium sulfate
solution based liquid alkali free accelerating axtome. The trials evaluated the
following mechanical properties:

1. Early age strength measurements using a needlérperater in the first
hour after spraying and a nail pull test typicalgtween 6 and 24 hours after

spraying;
2. Compressive strength testing on cubes at 7, 2&6arthys;
3. Compressive strength testing on cores at 1, %@&nd 90 days;

4. Fibre content determination;
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Flexural strength testing using a notched beam test
Water penetration tests;
Bond strength between layers sprayed 4 hours apart;

Shrinkage.

The trials also involved the following durabilitgsts:

1.

4.
5.

Carbonation testing: both natural carbonation @&€rdays and accelerated
carbonation at a CQconcentration of 1%, at 20+2 °C at 60+10 % RH for
72 days;

Free-thaw resistance: accelerated scaling testsodaum chloride (NacCl)
solution;

Sulfate resistance: BRE procedure based on BRErR&pd where cubes
are stored in varying sulfate solutions;

Fire resistance: exposure to the Eurocode hydrooacbrve;

Alkali-silica reaction desk study.

These trials and results were not part of thisulQE study but provided important
supporting and contributory data and findings fopsut this current research work.
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3 Results and discussions

3.1 L aboratory trials

The initial and final setting times are summarisedable 2, Figure4 andFigure
4.

Test
successfully
Group GGBS Replacement Mix completed
Level (%) Designation (Y/N)

Reference Group:
no accelerator 0 POO Y
0 P_0_8A Y
Group A: Alkali 25 P_25_8A Y
Free Liquid 50 P_50 8A Y
Accelerator @8% 70 P_70 _8A Y
80 P_80_8A Y
0 P_0_8B Y
G;°”pd5: CjA 25 P 25 8B Y

owdere
Accelerator 1 @ >0 P_>0_88 Y
8% 70 P_70_8B Y
80 P_80_8B Y
0 P_0_8C Y
25 P_25 8C N
Group C: CSA

Powdered 20 P_50_8C N
Accelerator 2 70 P_70_8C N
@8% 80 P_80_8C N

Table 2: Summary of setting time tests successfully completed
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FromFigure 4 andFigure 4, the following comparisons can be made between the
performance of the three accelerators:

 For the CEM | cement pastes with 0% GGBS, the digaikali free
accelerator provided the quickest initial and fiselting time;
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At GGBS contents of 25% and above, CSA Powderedelkcator 2
provided the quickest setting time although this d#ficult to quantify due
to the rapid setting of the pastes;

At GGBS contents of 0 to 25%, the alkali free ldj@ccelerator yielded
quicker setting times than the CSA Powdered Aceaéberl;

* At GGBS contents of 70% and above, the CSA PowdAstlerator 1
yielded significantly faster setting times than thé&ali free liquid
accelerator.

3.2 Materials characterisation: XRF

The XRF was completed on both CSA powdered acdelsrahe GGBS and the
CEM I. Due to commercial sensitivities, the fulide composition of the powdered
accelerators cannot be disclosed here. NonetheateBas been noted that both
powdered accelerators are CSA based. CSA Powdereglekator 2 has a
significantly higher content of alkalis compared@8A Powdered Accelerator 1.
CSA Powdered Accelerator 1 has a higheeNand FeOs content than CSA

Powdered Accelerator 2 but CSA Powdered Acceletalars a significantly higher
CaO content than CSA Powdered Accelerator 1.

As expected, a notable difference in the compasitibthe GGBS and CEM I is
the significantly higher content of of Abs compared to CEM I. approximately
13% in the GGBS compared to approximately 5% inGEM I.

3.3 Discussion of laboratory results

FromFigure4 andFigure4, it can be observed that in the CEM | pasteslidjoed
accelerator in paste P_8A_0 significantly redubessitting time compared to the
reference paste P_0_0. However, in the pastesesated with the CSA powders,
pastes P_8B 0 and P_8C 0, the effect is much smalkes indicates a low
compatibility between the powdered CSA acceleraaasthe CEM | compared to
that between the same cement and the liquid dleaiaccelerator.

FromFigure 3, it can be observed that the initial and findtisg times increase
as the GGBS content is increased in the cemen¢pastelerated with the liquid
alkali accelerator. However, froffigure 4, the converse is generally true for the
pastes accelerated with the CSA powdered accetsrato

The explanations provided below may help explasttends observed. Proske et
al. (2018) notes that alkali conditions are neagsgafacilitate the hydration of
GGBS to form calcium silicate hydrates. The alkede liquid accelerators are
typically stabilised in an acidic solution and tfere have a low pH. However, the
CSA powdered accelerators have a high alkali contgth CSA Powdered
Accelerator 2 having a significantly higher CaO teont than CSA Powdered
Accelerator 1. This may explain the differenceha teaction as the GGBS content
is increased. The higher pH environment broughtubg the alkalis in the CSA
accelerators create conditions that are conduoitieet hydration of GGBS.
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A reason for the difference in the reactivity bedweéCSA Powdered Accelerator 1
and 2 may be explained by the difference in thedaliuem contents. CSA Powdered
Accelerator 1 has higher Ma content than the 2. Zajac et al., (2016) noted th
sodium based compounds can be used to retard C®Ante by inhibiting the
nucleation of ettringite. This may be a reasontha difference in the reactivity
observed. It may be that the higherQaontent retards some of the reaction of the
CSA Powdered Accelerator 1 leading to a lower readhan the CSA Powdered
Accelerator 2 which has a very low Xacontent.

Adu-Amankwah et al. (2017) and Panesar and Zhab20)zhave noted the effect
of limestone filler in providing nucleation siteshieh aid in the precipitation of

hydration products. It is not clear if the GGBS Icblbe performing a similar role

here by providing a suitable substrate for etttm@irecipitation but that may be a
hypothesis also worth investigating. The finendsh® GGBS used in comparison
to that of the CEM I influences this nucleationeetf (Scrivener et al (2015).

At GGBS contents of 70% and 80%, the setting tinmthe cement pastes
accelerated with the CSA Powdered Accelerator lcamparable to the CEM |
pastes accelerated with the liquid alkali free bzegor. As the liquid accelerator
used in the trials is regularly used in sprayedcoete tunnelling applications, this
result may also indicate that both CSA powder ae#brs could potentially
provide the requisite setting time for a sprayediccete for underground
construction with a GGBS content of 80%. Howeuds, worth noting that the high
pH of these powdered accelerators could pose haatitsafety risks for operators
on site and therefore the materials handling proesdadopted for the use of CSA
powdered accelerators would need to address this.

34 Spraying trials

Ecocem had conducted spraying trials previouslyhis work using the CSA
Powdered Accelerator 2. The trials included a nemtaining 70% GGBS and the
testing was carried out against the requirementh@fThames Tideway project
specification. Below is a summary of the resultsheftesting.

34.1 Early age strength development

The results of the needle penetrometer typicallywben 6 and 60 minutes after
spraying and the nail pull-out tests between 6 Zhtiours after spraying indicate
that at 70% replacement with GGBS, the early agagth is above the J2 curve
from BS EN 14487.

3.4.2 Compressive strength

100mm diameter cores were cut from the sprayedpand tested for compressive
strength. 6 cores were taken from each of the paphyed and the mean 28-day
compressive strength was 75 MPa with the minimumngth observed of 68.7
MPa which was greater than required in the Than@sway specification.
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3.4.3 Flexural strength

Three-point notched beam tests to determine theuridé strength. Three beams
were tested and these yielded limit of proportigpaésults of 7.8, 4.0 and 7.2 MPa
and kavalues of 2.2, 2.1 and 1.9 MPa respectively whigteagreater than the

requirement for a minimumgg value of 1.75 MPa for the Thames Tideway
specification.

344 Bond strength

The spraying trials included a bond strength tasiepwhere the second layer was
sprayed four hours after the first. Three coresviested yielding values 2.35, 1.28
and 2.75 MPa which were greater than the minimugnirement 0.5 MPa

345 Water penetration

The results of water penetration on three no. 15@h@meter cores showed depths
of penetration of 9, 13, and 10mm which were |ésstthe maximum depth of
penetration of 50mm stipulated.

3.4.6 Carbonation resistance

The maximum depths of carbonation were not stipdlah the specification.
However, this was still evaluated using a natuaalbonation test and an accelerated
carbonation test. In the natural carbonation rasc test, the phenolphthalein tests
indicated a mean depth of carbonation of 1.3mnr 48 days and 1.4mm after
365 days.

The accelerated carbonation tests were carrieth@ut atmosphere containing 1%
COy, at a temperature of 21+2 °C and a relative humiolfi 60+10 %. The mean
depth of carbonation at the end of the trials atlags was 7.6mm.

3.4.7 Freeze-thaw resistance

The freeze-thaw resistance was carried out in dacae with PD CEN/TS 12390-
9. The test involved subjecting 150 x 150 x 50mecgpens to repeated cycles of
freezing and thawing in a 3mm deep solution of wadchloride. The resistance is
measured in the amount of scaled material in kg/m

The maximum measurement of scaled material fronmdnidual sample after 56
cycles was 0.511 kgfnUK standards do not include a maximum limit thattthe
equivalent Dutch standard stipulates a maximunkgfriv.

348 Sulfateresistance

These tests are still on-going. The testing coretut an in-house one developed
by BRE. 100mm concrete cubes are stored in varsitiigite solutions. At certain
intervals, the cubes are removed from the solwimhthe length of the diagonal is
measured. The change in the length of the diagprwlides a measure of the
resistance to sulfate attack.
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BRE state that the final stage is when the cubesemtuced to a sphere. There was
no discernible change in the shape of the cubes 880 days of immersion. The
change in the length of the diagonal in the cubstetl was between 1 and 4 mm.
At 365 days, the change in the lengths of the diatpowas still between 1 and
4mm. The 730-day results have not yet been received

3.4.9 Firetesting

The fire testing involved subjecting three no. 1@®@wiameter and 100mm length
cylinders to the Eurocode hydrocarbon curve foreaigol of 60 minutes and
measuring the change in mass. The starting masal fidhwee samples was 1.7 kg
and the post-test mass for all three samples whkd.. BRE also made some
observations that there was no evident explosiadisg.

3.4.10 Alkali silicareaction

This was a desk study carried out by BRE. The tesidithe study suggests that the
risk of alkali-silica reaction from the cement aaggregates used in this trial is
fairly low. However, this result is only applicaliie the combination of materials

used in these trials. If the aggregate source wreoe is changed, then that could
also affect this risk.
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4 Key conclusions and recommendations for
further work

4.1 Key conclusions

From the laboratory and spraying trials detailedvah the following conclusions
can be drawn:

* CSA based powdered accelerators can allow the pocation of 70%
GGBS in sprayed concrete whilst successfully mgetime early age
strength requirements of the J2 curve from BS EABY4This would enable
a reduction in the embodied carbon of the cemepbténtially more than
60%;

e Sprayed concrete containing 70% GGBS can succhsshiget the long-
term strength and durability requirements of typicalustry standard
infrastructure specifications such as Thames Tigewa

4.2 Recommendations for further work

The results from the laboratory trials indicatet tiee CSA powdered accelerators
could provide the required setting time in spragedcrete containing 80% GGBS.
However, further sprayed concrete trials would nieede conducted to establish
the feasibility of increasing the GGBS content @848

The Ecocem and Shotcrete trials were conductedguairprototype spraying

machine. Therefore, new accelerator dosing ang/sgr@quipment will also need

to be developed to provide a route to market feruke of the CSA powders. As
noted earlier, most of the accelerators currentgduare liquid alkali free

accelerators. Therefore, most sprayed concretgamtats in the UK and Europe
are currently unlikely to have the equipment andcpsses in place to spray
concrete successfully using powdered accelerators.

Materials handling procedures developed as pattietrials should also seek to
address the health and safety concerns with théyhadkaline CSA powders. The
trials could also evaluate the amount of waste frebound as well as the amount
of dust generated.
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