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Abstract: Concrete trials were initially carried out in 2012 on aluminosilicates materials generated from
the processing of West Australian spodumene after removal of lithium, with limited test data presented
at the 2013 CIA Biennial Conference. Subsequently a more comprehensive testing program was
carried out and results presented in 2017 CIA Biennial Conference with the balance of unreported and
on-going test results included a paper presented at the 2019 CIA Biennial Conference.

Development of these de-lithiated aluminosilicates has continued into 2020 and 2021 with a view to
providing closure for any outstanding test work, such as the potential to mitigate alkali expansion,
selection of relevant performance tests, identify target fineness range to ensure that behaviour was
comparable to other SCMs currently in use in Australia, selection of relevant soundness tests and the
assessment of durability. Additional testing on pastes was also undertaken to determine the sensitivity
of potential expansion to different drying temperatures and the determination of mineralogy by X-ray
diffraction both before and after testing. The results of this testing program were presented at 2021 CIA
Virtual Conference.

Testing has continued on the de-lithiated aluminosilicates to refine products and assess their responses
to a wider range of environments in 2022 and 2023 with the results of testing included in this paper.
The results of these investigations continue to confirm that these new aluminosilicates are pozzolanic
and that they meet acceptable performance requirements for use in typical concretes and therefore the
de-lithiated aluminosilicates have potential for use as supplementary cementitious materials in both
domestic and structural concretes.
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1. Introduction

Previous investigation carried out by BCRC in 2012 and 2013 and reported in a paper by Haigh et al.
published at the 26t Biennial Conference in the Gold Coast, October 2013, concluded that Tiangi de-
lithiated aluminosilicate (TAS) had pozzolanic properties and could be used as supplementary
cementitious materials (SCM) in concretes. Tiangi Lithium Australia Pty Ltd has taken over the
development of the TAS products and proposed beneficial use of TAS products from its new processing
plant in Kwinana, Western Australia that is expected to be supplying commercial quantities in late 2023.

Another lithium producer, Covalent Lithium Pty Ltd has also joined this development program and
proposes to produce de-lithiated aluminosilicates which have pozzolanic properties from their
processing plant in Kwinana, Western Australia in the near future. When these plants become
operational, Tiangi aluminosilicate and Covalent de-lithiated beta spodumene (DBS) are expected to
be available in the southwest of Western Australia for use as SCMs from 2023.

Previous technical papers presented at the CIA Biennial Conferences 2017, 2019 and 2021 have
reported on the properties of the materials and concretes made with de-lithiated aluminosilicates used
as SCMs. Considering that there has been substantial product development since the earlier trials
were reported and a new, relevant Australian Standard 3582.4 has been published, the TAS and DBS
materials were reassessed in a further testing program that includes properties of materials, mortars
and structural concretes.

Compliance of TAS and DBS with the requirements of AS3582.4 was established and reported in the
2021 CIA paper and confirmation of some basic properties is provided this paper. The current paper
also includes further testing of materials and concrete properties, testing of mortars and structural
concretes relevant to durability.



2, Chemical and physical properties of TAS and DBS

The two new aluminosilicate materials, TAS and DBS have been assessed to determine consistency
with previously tested samples. These products are more correctly described as de-lithiated beta
spodumenes and behave as zeolites so assessment as manufactured pozzolans is appropriate. This
reference data has been derived from a TAS and DBS samples supplied to a program undertaken by
Cement Australia in the Darra Laboratory for the development of the draft AS3582.4 in 2020. The more
recent data has been supplied by analyses carried out by the producers in external chemical
laboratories.

Key chemical and physical properties of the two products assessed are presented in Table 1.

Table 1 — Specific product properties and specification limits

. AS Eraring TAS DBS TAS DBS
Properties 3582.4 | FlyAsh | 2020 | 2020 | 2023 | 2023
) Grade (1) min 65 87 - 75 92 92
Fineness

passing min 50 - -

45um, [%] Grade (2) -- 54 --

Medium Diameter [um] -- 20 31 20 24 22
D10 Diameter [um] - 4 6 4 4 5
D90 Diameter [um] -- 62 227 80 65 60

Alumina [%] 27.3 23.4 21.8 231 22.0

Oxide

composition Silica [%] 63.4 69.2 64.3 65.9 62.7
Fe,03 [%] 3.1 0.8 1.3 1.2 1.1
S0s, [%] max 3 0.1 0.3 2.9 1.9 3
Chloride [%] <0.1 0.002 0.01 0.002 - -
Magnesia [%] max 5 0.4 0.1 0.3 0.3 04
Na,O equivalent [%] -- 1.29 0.59 0.90 0.7 1.0
SiO, +AlL,03 +Fe,05 [%] - 93.8 934 87.4 90.2 85.9

Notes: (1) Eraring fly ash was classified to remove coarse fractions in plant prior to testing.

(2) Samples of TAS and DBS were washed and screened on 90um sieve prior to drying and
testing.

Fineness — The TAS and DBS products have similar fineness when compared to Eraring fly ash (NSW).
The fineness of the TAS tested in 2020 was similar to that of medium grade fly ash and the DBS similar
to the fineness of fine grade fly ash. The TAS and DBS products tested in 2023 both meet AS3582.4
limits for fine grade following screening on the 90um sieve to remove the coarse fractions and both
products are more reactive than fly ash.

SO; — The results for TAS and DBS are below the maximum limit of AS 3582.4. The DBS result test is
higher than for TAS test result due to the higher gypsum content of the DBS product.



Chlorides — The test results are very low for both TAS and DBS products.

Magnesia — Both TAS and DBS lithium residue products contain low magnesia similar to Eraring fly
ash. There is no need for an autoclave expansion test for periclase as the MgO content is well below
the 5% requirement for the test to be performed.

Available alkali — The test is not mandatory in the AS 3852.4 but may be specified, tested and reported.
Both TAS and DBS products exhibit low alkali content.

SiO,+Al,0;3+Fe,0; — It is well known that high SiO, and Al,O3 content in SCM products assist in the
strength development and control of the alkali silica reaction (ASR). The TAS and DBS products contain
high silica and alumina contents similar to fly ash samples and would be expected to exhibit pozzolanic
behaviour. Test results from later tests are similar to those of previous tests indicating chemical
consistency.

3. Assessment of the TAS aluminosilicates in domestic and structural, high durability
concretes

Domestic concrete - Domestic concrete applications represent the majority of concrete used in
Western Australia. In 2020 tests were undertaken to determine whether consistent performance was
demonstrated over a longer time period, properties of domestic concrete were evaluated using strength
grade 20MPa with 90 slump and 20mm aggregate concrete with TAS replacing 20% of the cement
content. A control concrete was also cast using 20% of the cement content replaced by Eraring fly ash
with all concrete prepared in the Boral Testing Services Laboratory. The mix designs were similar to
those used and reported in the CIA Biennial Conference paper in 2017 with lower cement content and
test results were reported in the CIA 2021 paper.

High durability concrete - High durability concretes play an important role in the WA concrete industry
and in particular the mining industry, gas and port projects, railway, bridges, etc. The assessment of
the TAS products in high durability, structural concrete was carried out as required for a typical bridge
concrete mix in NSW as per B80-B2 Class exposure. The design strength grade was 40 MPa, with 20
mm maximum sized aggregate and nominal slump of 100 mm. The TAS was used at 24% replacement
of cement content. The results for fresh concrete properties and hardened concrete properties were
reported in the CIA 2021 paper.

Additional concrete trials of the 40MPa strength grade with similar mix composition to that prepared in
2023 were made with Eraring fly ash, TAS and DBS used at 25 % replacement of Goliath portland
cement with key properties were tested as previously that included slump, density, air content,
compressive strength, drying shrinkage and measurement of potential submerged expansion. The mix
design used was similar to that reported in the CIA 2017 paper with a blended cement content of
420kg/m3.

The purpose of this testing program was to determine whether the results were consistent over time
and as in the previous trial programs the concrete was prepared at in water content. The plastic and
hardened state properties of these concretes are shown in Table 2 and Table 3 respectively.

Table 2 — Fresh Concrete Properties for 40MPa mixes

40MPa | 40MPa | 40MPa

properties | (25% | ~25% | ~25%
p flyash | TAS | DBS
Slump [mm] | 100 95 9

Water/cement 0.48 0.49 0.49

Density

2350
[kg/m3] 2360 2340




31

fresh
structural,
concretes

- Slump -

mixes
or DBS
slump
the mix

- Density
DBS

different

- Air
and DBS
slightly
fly ash

As a general
are no
impacts on

Air Content
[%]

1.8

3.1 3.0

Table 3 — Hardened Concrete Properties for 40MPa mixes

40MPa-
40MPa- | 40MPa-
H 0,
Concrete Properties 25a/; I:‘Iy 25% TAS | 25% DBS
3 days 27.5 28.0 28.5
Compressive | 7 days 35.0 37.0 37.5
Strength
[MPa] 28 days 45.5 57.5 61.5
90 days --- - ---
7 days 280 350 380
Drying 14 days 400 440 490
Shrinkage
[ue] 28 days 510 510 570
56 days --- - -
7 days 10 10 0
Submerged | 14 days 0 30 20
dimensional
change [ue]-
T expansion | 5g qavs | -10 30 -10
- contraction
56 days - - o

Comments on
properties  of
high durability

No difficulty was
experienced in
containing TAS
achieving the
requirements of
design (100
+20mm).

- The TAS and
mixes are not
significantly
from the fly ash
concrete.

content -TAS
mixes are
higher than the
concrete.

comment, there
negative
fresh concrete

properties when TAS or DBS is used as SCMs with 25% replacing fly ash in the mix designs.

3.2 Comments on hardened concrete properties of structural, high durability concretes

Compressive strength

Age 3 days - TAS and DBS concretes have similar test results compared with fly ash concrete.

Age 7 days - TAS and DBS concretes have similar test results compared with fly ash concrete.

Age 28 days - The compressive strengths of the TAS and DBS concretes show significantly
increased strength that is at least 25% greater than the fly ash concrete.



Age 56 days — Testing will continue at ages up to 91 days.

Testing of the domestic and structural concretes confirms that TAS concretes exhibit good
pozzolanic activity. The strength growth profile is improved compared with earlier test results
that indicates that reduction in the coarser particles within the size distribution of both products
such that they are similar to fine grade fly ash, the pozzolanic activity has been accelerated that
is considered to be a result of the greater fineness of the TAS and DBS compared with earlier
test samples.

Drying shrinkage - The test results at 7, 14 and 28 days for the TAS and DBS concretes are
not significantly different when compared with fly ash concretes. Test measurements will
continue to age of 91 days.

Submerged dimensional change — Test prisms normally used for measuring the drying
shrinkage of concrete were prepared and instead of measuring and removing the prisms from
lime saturated water after 7days, the prisms were measured and replaced in the lime saturated
water and measured periodically and then relaced under water to determine whether there was
any significant expansion of the test samples over time. In this case, negative test values
indicate contraction and review of the data obtained up to the age of 28 days since initial
measurement indicate that only minor expansion or contraction has been observed in each of
the concretes. At this stage it is concluded that there is insufficient shrinkage or expansion in
concrete whether it contains fly ash, TAS or DBS to result in concrete cracking.

General - These test results show that concretes containing TAS and DBS de-lithiated
aluminosilicates have generally superior performance in strength, serviceability and durability
related properties when used in similar proportions and comparable concretes made with well
recognised fly ash.

Further testing of TAS and DBS de-lithiated aluminosilicates in mortars

In addition to concrete testing, the recent testing program for TAS and DBS has included testing
of mortars using the test methods adopted for the evaluation of Australian cements as found is
AS 2350 for compressive strength, soundness, sulphate expansion and drying shrinkage. The
tests used the reference Goliath cement with 25% replacement of Eraring fly ash, TAS and
DBS to form blended cements and were carried out in the Boral Materials Testing Laboratory
at Baulkham Hills.

In addition, shrinkage test specimens have submerged in lime water over an extended time and
periodically measured to determine if expansion occurs. These tests have been chosen to
assess the suitability of the SCMs for use in different types of special purpose cements and
also to determine the dimensional stability of mortars containing these SCMs when exposed in
different environments. The results of tests are shown in Table 4.

The results of the strength tests on cement mortars confirm the pozzolanic properties of the
TAS and DBS with substantially increased compressive strength compared with the blended
cement containing Eraring fly ash at 28 days. The drying shrinkage tests on the blended
cements show that there is no significant difference in drying shrinkage after 28 days drying.

The potential expansion of the mortars has been evaluated using the mortar composition and
test specimens used for assessing the drying shrinkage of cements to AS2350.13. However,
the test specimens were submerged in lime water for an extended period and periodically
measured rather than being stored in a drying room. The results of measurement of the
submerged specimen’s length change do not show any significant expansion or contraction has
occurred to date.



Table 4 — Testing of cement mortars for strength, drying shrinkage and submerged expansion

Mortar Properties
o,
to AS2350 test zsa/;r: V' | 25%Tas | 25% pBS
methods
1 days 13.5 15.5 13.5
Compressive | 7 days 34.0 34.5 35.0
Strength
[MPa] 28 days 45.0 54.0 59.0
90 days
7 days 310 300 370
Drying 14 days 520 460 510
Shrinkage
[ue] 28 days [ 640 590 610
56 days
Submerged 7 days 10 20 20
dimensional
change [ue]- | 14 days -30 60 10
+ expansion e T 30 30 20
- contraction
56 days - . =
5. Testing for expansion using accelerated methods on concrete prisms

Accelerated expansion testing was carried out on standard drying shrinkage prisms (section dimensions
75mm x 75mm) made with domestic concretes from testing program for TAS and DBS discussed in
Section 3 above, following wet curing for 1 day and then stored in lime saturated water at 23°C. Testing
for expansion was subsequently undertaken periodically on these prisms according to the AS1012.13
method used for measurement of the change in length of shrinkage specimens in the Boral Technical
Services Laboratory. In addition to the above freshly cast prisms of the same concretes containing TAS
and DBS were subjected to a typical steam curing cycle with initial length measurements made after 24
hours. Prisms were then stored in lime saturated water and then measured for change in length
periodically following the above methodology. Table 5 sets out the average length change of the
concrete prisms for each concrete mix measured at ages of 7, 28, 56 days, 91 days,182 days and 364
days.

Some expansion or contraction was observed at early ages as is present in most concretes that appears
to be sensitive to the curing technique. The measured expansion or contraction of shrinkage prisms
after 56 days storage in lime water appear to have stabilised and were an order of magnitude less than
the autoclave test results and insufficient magnitude to result in cracking in unreinforced concrete
despite curing under conditions most pessimistic for promotion of expansion. The expansion of
concrete prisms stored in water is so small and contraction following steam curing was such that neither
is not likely to cause cracking in unreinforced or reinforced concrete.



Table 5 — Accelerated shrinkage prism test results for length change

TAS prisms | TAS prisms D.BS D.BS
Concrete prisms prisms
cured at steam
Typel/Age 230C cured cured at steam
23°C cured
Length Expansion- | Contraction- | Expansion- | Contraction-
change (+/-) ME ME ME ME
1 day 0 0 0 0
7 days 50 -70 110 -60
21 days 70 -60 120 -30
56 days 60 -60 120 -40
91 days 70 -70 130 -20
182 days 70 -70 120 -30
364 days 70 -80 130 -50
6. Potential expansion of lithium residues (TAS and DBS) when tested to ASTM

C151.

The testing program undertaken by Cement Australia confirmed many of the properties of the testing
previously available for TAS and DBS but also included additional testing and analysis for mineral
composition, paste properties, pozzolanic activity, and the testing of both mortars and concretes
containing TAS and DBS. Test carried out on pastes included soundness to AS3583.4 (autoclave) and
to AS2350.5 (Le Chatelier) and whilst the tests to the latter standard test method indicated expansion
of 1mm to 3mm which are similar to test results on Portland cement and fly ash obtained from the same
testing program, the autoclave expansion tests to AS3583.4, indicated expansions of 0.10% to 0.14%
which are significantly greater than the corresponding values for Portland cement and fly ash.

The authors understand that two soundness tests were included in this testing program because the
autoclave test to ASTM C151 is included in ASTM C618 as a soundness test however the AS2350.5
test method is more commonly used Australia for cement and pozzolan testing. The autoclave testing
methods AS3583.4 and ASTM C151 are very similar and comparable test results would be expected.
The expansion reported of 0.10% to 0.14% in the Cement Australia testing program is much lower than
the maximum of 0.8% permitted in ASTM C618 for natural pozzolans which has been in place for
decades in the USA so if a similar limit was set in the draft AS3582.4 to ASTM C151, the expansions
recorded would be acceptable however a more cautious approach was taken by the AS3582.4 drafting
committee.

As is the case with ASR expansion, it is important to note that autoclave expansion in a cement paste
does not reliably indicate expansion in concrete will occur and several authors in North America, where
this test is most commonly used, have argued that this autoclave test is not a reliable indicator of
unsoundness. In particular, a report prepared for the American Coal Ash Association by Ella Shkolnik
of Wiss, Janney, Elsner Associates Inc. found this test has never been incorporated in major standards
outside North America because European concrete experts believe “The autoclave test is not relevant
to practical application of concrete since they have not experienced any concrete failure in practice due
to MgO unsoundness as long as MgO content is limited”.

Recent investigations into the relevance of the autoclave expansion testing of cements have been
published by Kabir, Hooton and Popoff found that the ASTM C151 test does not correctly predict the-



long-term expansion of cements and whilst it is desirable to have an accelerated cement soundness
test, the result must reflect the long-term behaviour. In this study, paste, mortar and concrete prisms
were stored at different temperatures, measured and it was found that the autoclave test provides an
unrealistic basis for assessing volume stability as well as for rejecting portland cement for concrete use.

With this background, the authors have embarked on this further testing program to determine whether
the expansion recorded in autoclaved paste tests is replicated or potentially present in mortars and
concretes. Some of the findings from this additional testing are discussed below.

6. Discussion on potential expansion of de-lithiated aluminosilicates in mortars or
concrete.

6.1 Comments on autoclave test results from 2021 paper

o Differences in expansion following autoclaving were found in all samples but expansion
measured was greater in the TAS and DBS paste prisms compared to GP cement and fly
ash blended cements.

o Small differences in expansion following autoclaving between TAS prisms and DBS prisms
were noted at each drying temperature.

o Differences in expansion of samples subjected to different drying temperatures confirmed
that samples should be dried at temperatures at or above 105°C.

e The mean expansion of all samples was less than 0.15%.

e The features observed by XRD analysis confirmed pozzolanic activity in autoclaved TAS
and DBS prisms with significant reduction of portlandite presence.

¢ In reference cement prisms, the presence of portlandite increased significantly following

autoclaving with limited garnet formed.

Ettringite was significantly reduced in all samples following autoclaving.

No free lime presence was identified in the analyses.

No minerals containing significant magnesium were detected by XRD.

No traditional minerals causing expansion following autoclaving appear to be present.

Portlandite and B-spodumene appear to have reacted to form garnet in the autoclave.

Garnet is easily synthesised from any aluminosilicate and lime at high temperature and

pressure and explains the disappearance of portlandite and appearance of garnet.

e The likely cause of expansion in TAS and DBS samples following autoclaving is conversion
of zeolitic minerals present into garnet occupying a greater volume in the paste.

6.2 Discussion on findings as result of dimensional testing of mortars and concretes

e Blended cements are used in many Australian applications but the largest single application
in the manufacture of concrete. Significant quantities are also used in production of mortars
which use only fine aggregates with blended cements, water and admixtures.

e The authors have embarked on further testing programs for de-lithiated aluminosilicates to
determine whether the potential expansion indicated by the ASTM C151 accelerated test
is actually observed in concretes and mortars.

¢ Results of tests carried out on concretes and mortars have been reported in the CIA Virtual
Conference 2021 and in the current paper. These tests indicate that slight expansion may
occur in concretes and mortars stored permanently in water but that the magnitude of
expansion is insufficient to result in cracking.

e For concretes and mortars exposed to drying environments, the measured drying shrinkage
of TAS and DBS concretes is not significantly changed from that of a reference concrete
using similar fly ash blended cement.

e The maximum autoclave test value permitted in AS3582.4 is 0.15% that is 1500ue. The
maximum value recorded in the concrete and mortar assessments is 130ue, or less than
10% of the value obtained in the ASTM C151 autoclave test.

o ltis therefore concluded that ASTM C151 test is not relevant and provides no indication of
the expansive behaviour that may compromise the dimensional stability of blended
cements used in concretes and mortars.



e The autoclave test is considered a very pessimistic test and it is no longer used for testing
soundness for other Australian SCM’s. The test method used to establish soundness is
AS2350.5 (Le Chatelier) and this test should also be used for manufactured pozzolans in
AS3582.4.

e |t is recommended that autoclave expansion to the AS3583.4 test method be made a
reportable property rather than a mandatory property and the AS2350.5 test be used to
establish soundness as with other cement components for mortar and concrete
applications.

e The authors recommend that a note should be included in AS3582.4 to the effect that
manufactured pozzolans with autoclave expansion greater than 0.20% be used with
caution and subjected to additional testing only when using blended cement pastes in
adverse environments.

7. Conclusions

Both TAS and DBS products show good pozzolanic activity with positive effects on fresh and hardened
concrete properties and so could be used as partial GP cement or fly ash replacement in concrete
mixes. The two products were assessed for their basic properties and performance in concrete.

The authors have embarked on further testing programs for de-lithiated aluminosilicates to determine
whether the potential expansion indicated by the ASTM C151 accelerated test is actually observed in
concretes and mortars. These programs have included testing to significant ages with only minor
expansion only reported that is considered insufficient to cause cracking in concrete.

Results of tests carried out on concretes and mortars have been reported in the CIA Virtual Conference
2021 and in the current paper. These tests indicate that slight expansion may occur in concretes and
mortars stored permanently in water but that the magnitude of expansion is insufficient to result in
cracking. For concretes and mortars exposed to drying environments, the measured drying shrinkage
of TAS and DBS concretes is not significantly changed from that of a reference concrete using similar
fly ash blended cement.

Based on the recent testing programs it is therefore concluded that ASTM C151 test is not relevant and
provides no indication of the expansive behaviour that may compromise the dimensional stability of
blended cements in concretes and mortars.

The autoclave test is considered a very pessimistic test and it is no longer used for testing soundness
for other Australian SCM’s. The test method used to establish soundness is AS2350.5 (Le Chatelier)
and this test should also be used for manufactured pozzolans in AS3582.4.

It is recommended that autoclave expansion to the AS3583.4 test method be made a reportable
property rather than a mandatory property and the AS2350.5 test be used to establish soundness as
with other cement components for mortar and concrete applications. Testing by autoclave should be
considered only when using blended cement pastes in adverse environments.

Both TAS and DBS aluminosilicates have been found to be good SCMs in concretes with improved
strength, serviceability and durability compared with good quality fly ash. These aluminosilicate
products are a new class of pozzolan that have the potential to improve compressive strength, mitigate
ASR expansion, reduce sorptivity, reduce chloride diffusion and the potential for widespread use to
partly replace GP cement and replace other SCMs in both domestic and structural concretes.
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