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BRITPAVE Soil Stabilisation Task Group:- Projectg®et
D D Higgins', S Phipp$ & A Coates’

Summary

This report reviews the test methods used to atisegsotential for treated/stabilised
soils to swell or disintegrate because of the pres®f sulfates or sulphides in the
soil. It also reports the results of a laboratest program which compared three of
these test methods, i.e.:

» BS EN 13286-47: ‘CBR swell test’

 BS EN 13286-49: ‘accelerated, unconfined, expantast’

» A loss of strength on immersion test
Three clays were used for this comparative tegirgra:

» a highly plastic, but ‘zero sulfate’ glacial clay

* a Lias clay with medium sulfates

» alLondon clay with low sulfate but high sulfide
The binders were:

» unstabilised without binder

» stabilised with 2% lime

» stabilised with 2% lime and 2% Portland cement

» stabilised with 2% lime and 2% GGBS

It was found that:

» All three tests detected potential problems withrtedium sulfate clay.

» There was no evidence that the European accelaeseis better at detecting
the potential for sulfide-induced expansion than@BR swell test. The
European accelerated test is carried out &€ 4@hich raises concerns about
its ability to replicate reactions that occur oatjow temperatures.

* The loss-of-strength-on-immersion test was the reegére of the three tests
and may be overly severe for evaluating mixture vawer binder contents

» All three test methods showed an enhanced resestarsulfate-disruption for
the specimens where the binder was 2% lime + 2% &GB
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1. Introduction

Stabilising soil with lime and/or cement is an effiee method of converting weak
soil into a useable construction material. It idely used in the construction of
highway pavements, car/ lorry parks, foundatiomdlmr slabs and the remediation
of contaminated land. However, the presence édtad in the soil, can potentially
cause expansion problems [1] because in wet conditcalcium (from the lime or
cement) can react with alumina (a primary constitwé clay) and sulfate to produce
calcium-aluminate-sulfate-hydrate minerals, whielévery large expansion
potentials, up to as much as 250%.

The potential for stabilised soils to swell is ugumeasured by compacting a mixture
of soil and binder, into a circular mould and tl@mersing the mixture, still in the
mould, in water at a temperature of@0 The mould constrains the specimen
horizontally and the linear expansion in the vaititirection is measured. This test
method is referred to as the “CBR Swell Test” arabwriginally set out in BS 1924:
Part 2:1990 [2]. In 2005, BS1924-2 was withdrawd eeplaced by a European
Standard, BS EN 13286-47: 2004 [3].

Over the last 20 years, some concerns have beeassea that the CBR Swell Test
may not fully replicate the conditions encounterethe field and may underestimate
the potential for swell. These concerns were fagged during extensive
investigations of problems encountered during trestruction of the Banbury section
of the M40 in the late 1980’s, where there was aspm of the lime stabilised
capping layer. The initially 250mm thick stabilisiger heaved by up to 50mm.
Snedker [4] has reported the problems and subsegquestigations and attributes
the problems to the presence of sulfides in thefof pyrites (iron sulfide), which,
after the construction processes, oxidised to wudad reacted to produce expansion.
Although chemical testing had been carried outrgodesting, it had only measured
the total sulfate and no testing was carried ous@tfide. Subsequently, designers of
soil stabilisation have recognised the importarfceutfides. Highways Agency
publication HA 74/95 [5] was a key document, puidid in 1995, which was written
in the light of the M40 case and provided extengiviglance on the assessment of
sulfates and sulfides in materials stabilised & in highway construction.

About ten years after the problems with the M46,réport [6] from the Thaumasite
Expert Group, set up to investigate sulfate-relafket@rioration in concrete,
highlighted the extent to which disturbance of daan induce pyrites to oxidise and
significantly increase the sulfate level. This @tidn would be accelerated during
soil stabilisation operations by both the pulvdi@aprocess and the use of lime
and/or cement, which increases the pH level aneltyedecreases the chemical
stability of the pyrites [7]. The Expert Group ogpalso identified a mechanism of
sulfate attack which differed from conventionalfaté attack where gypsum and
ettringite are formed. This alternative attackjalkiproduced mainly thaumasite,
only occurred in cold wet conditions, required asrse of carbonate and attacked
concrete to produce a wet pulpy mass. Longwortig was a member of the
Thaumasite Expert Group, noted [8] that investaeagion the M40 soil stabilisation
problems had found that ettringite, initially forchduring summer months, was
converted to thaumasite by exposure to cold wichaditions. Based on experience
with sulfate reactions in cementitious materiatsshggested that 20 is too high a
temperature to reproduce the thaumasite type &dteuleactions, because thaumasite



only forms readily at temperatures betwe&@ &nd 15C. In his view, a procedure is
called for that includes testing at temperaturas déine more typical of UK ground
conditions, which for much of the year are lesath&@C.

Others have also suggested [1,9,10] that the dondifor oxidation of pyrite and/or
the development of swell realised in the field, moéfully replicated using the BS EN
13286-47 CBR swell test because both the protecfifamed by the CBR mould and
the method of soaking employed, hinder the acceast@r and air. Various
alternative tests have been proposed, often basetkasuring the strength lost by
specimens following immersion in water. For overygars the Highways Agency
Series 800 [11] has included a test, originallydoit cement, where the strength of
immersed specimens is required to be greater @%@ the strength of non-
immersed specimens (the test details have changedh®e years). Others have
adapted this test procedure to assess the staifiktyabilised, sulfate-containing fine-
grained soils, e.g. Kennedy used a variation [1ilking specimens prepared in
MCV moulds, in trials for a number of road schemsluding projects on the A130,
A421 and A505, involving stabilisation of chalksdaziays. Another alternative test
procedure is the European accelerated test: BSE2B6E49 [13], which specifies an
unconfined swell test, where the material is conghye@mmersed in water at 40°C
and the volumetric expansion is measured ratherttmalinear swell.

As well as selecting a test method, appropriate@tedility limits have to be
determined. The European Standard for ‘Soil tebatelime’ [14] contains a
requirement that the average CBR swell value shootexceed 5 mm and no
individual value should exceed 10 mm. This isgshme test and limits, as
recommended in the Highways Agency Advice Note HA7HL5], except that the
European Standard requires the water to be cofiyragrated. The European
Standard for ‘Soil treated by lime’ [14] also cantlimits for specimens tested using
the BS EN 13286-49 ‘European accelerated testedtires that the volumetric
expansion should not exceed 5%, subject to a hateéwhere the volumetric swelling
is greater than 5 % but does not exceed 10 %, the use of the mixture is generally not
possible; however a complementary study can be made according to experience at the
place of use’.

It is not easy to relate the linear swell measwredpecimens constrained in CBR
moulds to the volumetric expansion measured irEllm®pean accelerated unconfined
test. In the CBR swell test, linear expansion é&asured on a 127mm high CBR
mould sample and the 5mm limit equates to 3.9%aliexpansion and thelOmm limit
to 7.8% linear expansion. If the specimen in tB&RCGnould was fluid and flowed
freely out of the mould (like toothpaste squeezedhfa tube) then 5mm linear
expansion would equate to 3.9% volume expansiooweer, if the CBR mould was
fully restraining all horizontal expansion and theasured 5mm expansion was only
the expansion in the vertical direction, then thaild equate to 12% unrestrained
volumetric expansion. Notman [9] reported that weetruding the CBR specimens
after testing, considerable force was requiredveyapme the specimen’s
adhesion/frictional resistance against the intesodlace of the CBR mould. This was
measured as between 16 and 20 kN. Such a forcelwodoubtedly prevent the
specimen squeezing out like toothpaste and sigmifig reduce the measured
expansion. Because of the complications of thestcaimt, it is not simple to relate
linear expansions to volumetric.



Subsequent to the problems on the M40, varioussiigagions have been carried out
into the applicability of swelling tests for stabéd soils. In 2001, MacNeil and
Steele, [16] reported on CBR swelling tests caraetwith seven cohesive soils
taken from around the UK. The acid soluble sultatetent of the soils ranged from
0.07 to 1.55 % SO4, and total potential sulfategets from <0.1 to 5.7 % SOA4.
The soils were stabilised with between 2.5% an@06ob quicklime (determined as
the ICL (Initial Consumption of Lime) for the s@il0.5%). None of the 62
specimens tested had a swell value in excess oM Othe upper limit stated in
HA74/07, and only one specimen (a Gault clay wiB?®acid soluble SO4), had a
swell in excess of the upper 5 mm average swallevaFrom the CBR swell results,
the Report inferred that all of the soils were tabie” for stabilisation and concluded
that no data had been generated to suggest th@BReswell test procedure and
associated limits, provide anything other thanaffe performance indicators for
mix design and long-term durability; it recommendeat the swell test procedure be
retained in the UK specification in its currentrfor As pointed out by Notman [9],
this is despite the soils tested containing up. T@®btotal potential sulfate and HA/74
suggesting that the upper limiting value of TPSuithmot exceed 1% and warning
that there is evidence that, for some materialsiegaas low as 0.25% may cause
swelling (17). In the absence of any corroboraéwiglence of the suitability of the
soils, it would appear that whilst the Report hatigenerated any data that the CBR
swell test was not an effective performance indicarguably it had not actually
generated any data to confirm that it was an effechdicator.

Notman [9, 10] compared the performance of threertaory methods for comparing
the swell performance of stabilised soils. Theyenbe CBR swell test (BS 1924-2:
1990), the European accelerated unconfined tesE(®33286-49: 2004) and a loss
of strength upon immersion test [11] He concluthed the test most likely to pass a
material as being suitable was the CBR swell #@isgreas the loss of strength on
immersion test, with a limit of < 80%, was the mdsticult to satisfy. He
recommended further investigation to establishntiost suitable test.

Buttress et al [18] compared the European accelgtast with the CBR swell test
(the older BS1924-2:1990 version) They used a kaniid a montmorillonite clay,
artificially spiked with various proportions of $afe (gypsum) and stabilised with
lime. Surprisingly the CBR swell test showed ohl$mm expansion for the kaolin
clay, when it had been spiked with 5% SO4. Inrttests the relative severity of the
test seemed to vary with the clay type, with theolpaan accelerated test showing
more expansion for the kaolin clays spiked witHagelthan the CBR swell test,
whilst for the spiked montmorrilonite clays the eese was apparent. The European
accelerated test failed the stabilised kaolin gléiout any sulfate.

In 2004, significant heave occurred in the staddisoil capping layer, during
construction of the A10 Wadesmill Bypass. It hasrbsuggested by Notman [9] that
a contributory factor may have been the failuréhefCBR swell test to pick up the
potential for swelling. However, subsequent inigdtons [19] found that high levels
of sulfates and sulfides (up to 4.3% SO4) weregnesporadically in the glacial tills,
used in the capping layer and sub base, but thssmissed by both the pre-contract
site investigation carried out for the HA and tleenprehensive pre-construction
checking undertaken by the contractor. There isvidence to suggest that



inadequacies in the CBR swell testing proceduréritiuted to missing the potential
for expansion.

The differences in opinion about the most suitdéx® method to assess the swelling
potential of stabilised soils, are noted in the BRAVE publication ‘Guidelines for
Best Practice for the Stabilisation of Sulfate-beaSoils’ [1]. In order to compare
the effectiveness of different test methods foeding sulfate/sulfide swell and
disintegration in stabilised soils, the BRITPAVEiISstabilisation Task Group
embarked on an experimental programme of resedrbh.principle aims were:

- to check the validity of concerns that the BS EIR8&47: ‘CBR swell test
may not fully detect the potential for sulfate/sldf swelling, due to the CBR
mould restricting the access for air and moistue @so restraining the
specimen against lateral expansion.

- to assess which tests can give a reliable indicatfahe potential for swell, in
the shortest period of time.

2. Experimental
Testing was carried out on three samples of clay:

1) a highly plastic, but ‘zero sulfate’ glacial clay which would not be liable
to sulfate-swell but could expand due to water-kgtd his clay was
included to differentiate between sulfate-expansiod swelling due to
‘plasticity’.

2) a Lias clay with medium sulfates which would potentially exhibit sulfate
expansion and disintegration. Czerewko et al [Me carried out detailed
investigations on clay samples from the same source

3) a London clay with low sulfate but high sulfide which might not swell in
the CBR test because of lack of oxygen accessittisexthe sulfide to
sulfate.

Their plastic and liquid limits were determinedaiccordance with BS1377-2:1990
and their initial consumptions of lime in accordanagth BS1924-2:1990. Their
moisture condition values were determined in acaocd with BSEN13286-46:2003,
after addition of 2% lime

The following binders were used:

1) unstabilised without binder

2) stabilised with 2% lime (CaO)

3) stabilised with 2% lime and 2% Portland cement

4) stabilised with 2% lime and 2% GGBS (ground graraddlast furnace slag)
GGBS was included because it is one of the risigatibpn measures, which has been
shown to inhibit expansive sulfate reactions. Tladifornian Bearing Ratios were
measured in accordance with BSEN 13286-47:2012.

Three test methods were employed to measure sekatnsion/disruption:

1) BS EN 13286-47: ‘CBR swell test’: The mixtures were mellowed for 48 hours
after adding lime. Subsequently, where requiretherg or GGBS was added and the
specimens were immediately moulded and then imrdersevater. Swelling was
monitored during 56 days of soaking



2) BS EN 13286-49: ‘accelerated, unconfined, expansioest’: The specimens
were stored at 20°C and >90% RH for 72 hours, thignimmersed for 7 days in
water at 40°C, prior to the measurement of expansio

3) A loss of strength on immersion test:This followed a procedure developed by
Kennedy [12] which was based on the MCHW clauser@8thod [11] for assessing
cement bound granular materials. The specimens prepared in MCV moulds and
then immediately extruded from their moulds andexeto prevent evaporation (by
wrapping in cling film and placing in closed plastiags). The strengths of
specimens which had been cured sealed for 7 dalythan immersed in water for 21
days were compared with the strengths of contretispens, which had been cured
sealed for 28-days. Comparisons were also madsgptmimens with extended curing
(a) 7-day sealed + 49-day immersed vs 56-day ‘de@d¢ 7-day sealed + 84-day
immersed vs 90-day‘sealed’

It proved impractical to carry out strength testorgaccelerated-expansion testing on
specimens without binder.

3. Results
The results of the tests on the clays are showWraide 1 and the results of the CBR
strength tests in table 2.

Table 1: Properties of clays

Sulfate: Plastc | Liquid MCV ICL
(average values) limit limit
Clay WS AS TPS
Low-sulfate, low 65 <0.1 <.01 18% 50% 10.5 3.4%
sulfide Glacial clay | mg SO4/l | %S04 | %S04
Mediurr-sulfate, 1,450 mg 0.5 0.7 22% 57% 11 3.5%
low-sulfide Lias SO4 %S04 | %S04
Clay
Low-sulfate, high- 800 0.1 1.6 22% 53% 11 3.4%
sulfide London clay| mg SO4/l | %S04 | %S04

Table 2: CBR strength tests (after 56 days of insioe)

Clay Binder CBR at 2.5mm penetration
Top Bottom
Low-sulfate, low sulfide None 04 2.1
Glacial clay 2% lime 18 36
2% lime+ 2% cement 22 57
2% lime + 2% GGBS 18 17
Medium-sulfate, low- None 04 35
sulfide Lias Clay 2% lime 5 26
2% lime+ 2% cement 13 99
2% lime + 2% GGBS 35 40
Low-sulfate, high- sulfide None 0.5 4.0
London clay 2% lime 14 27
2% lime+ 2% cement 20 105
2% lime + 2% GGBS 37 39

Figures 1 to 3 show the CBR expansion against tiroethe low-sulfate, low-sulfide
clay, without binder (Fig.1), the expansion wasid. As expected, the addition of
binder to stabilise the soil, substantially reduttezlexpansion, although it is



noticeable that with 2% lime and 2% cement thers avaignificant initial expansion
(~ 4mm) during the first day of immersion.

Figure 1: CBR Swell of Low Sulfate and Low
Sulfide Clay
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With the medium sulfate clay, (Fig.2) the samplesich had been stabilised with 2%
lime, expanded by about 10mm and the samples Wiilirde + 2% cement expanded
by about 8mm. The expansion increased steadilydmat 1 and 56-days and was
typical of what would be expected as a result daserinduced swell. The sample
stabilised with 2% lime + 2% GGBS did not expandirtsn).

Figure 2: CBR Swell of Medium Sulfate and Low
Sulfide clay
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The low-sulfate, high sulfide clay also showed ergians (Fig.3). The samples
stabilised with 2% lime expanded by about 2mm &edsamples with 2% lime + 2%
cement expanded by about 6mm. With this clay eleegansions took place within
the first 3 days and no subsequent expansion wasl,which is not typical of sulfate
expansion. The sample stabilised with 2% lime +@&BS did not expand (<1mm).



Figure 3: CBR Swell of Low Sulfate and High
Sulfide Clay
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Table 3 shows the 56-day CBR swell, the Europeasalaated expansion and the
loss=of-strength upon immersion at 28-, 56- anda9sd

Table 3: Expansion and loss-of-strength tests

1k

Clay Binder CBR EN Compressive strength (N/mrf)
Swell | Accel’ 28-day 56-day 91-day
@56 | Test | ajr | soak| air| soak aif sog
days | (vol %)
(mm)

Low Sulfate 2% lime 0.€ 1.t 0.t 0.2 0.5 0.2 1 0.5
& Low 2% lime + 2% 3.3 4.2 1 0 1.1 0.t 1.t 1
Sulfides cement

2% lime + 2% 0.6 2.0 0.4 0 0.2 0.2 0.5 0
GGBS
Medium 2% lime 10.3 8.0 0.6 0 0.5 D* 0.5 D¥
Sulfate & 2% lime + 2% 7.5 7.1 11 0 1 D* 1.8 D*
Low Sulfides cement
2% lime + 2% 0.5 3.3 0 0.5 | 0.6 0 0.2 | nit*
GGBS

Low Sulfate 2% lime 21 4.2 0.€ 0 0 0 0.t 0
& High 2% lime + 2% 6.1 3.5 1.1 0 1 0t | 1.2 | O.€
Sulfides cement

2% lime + 2% 0.4 2.0 0.4 0.6 0.5 0.2 1 0.2
GGBS

D* = disintegrated under soaking n/t* = no speen

Table 4 assesses the results in Table 3 againdinggnbased on the pass/fail limits,
which are generally applied for the three tests; i.
* CBR immersed swell should be less than 5mm
» European accelerated expansion should be les$%an
» 28-day strength on immersion should be greater 8t of the non-
immersed strength



Table 4: Assessment of expansion and loss-of-dtieegults
CBR EN 28-day soaked/
Swell @ | Accelerated| unsoaked strength
56 days Test
(mm) (vol %)
Assessment Pass <3mm <4% Soaked strength >
used for test 90% of unsoaked
results ?2?? 3to 4t0 7% Soaked strength
7mm 70% to 90% of
unsoaked
Fall >7mm > 7% Soaked strength <
70% of unsoaked
Clay Binder
Low Sulfate 2% lime Pass Pass Fail
and Low 2% lime+ 2% cemer ?7?? 27 Fall
Sulfides 2% lime+ 2% GGB:¢ Pass Pass Fall
Medium 2% lime Fail Fail Fail
Sulfate & 2% lime + 2% cement| Fail Fail Fail
Low Sulfides| 2% lime + 2% GGBS| Pass Pass Pass
Low Sulfate 2% lime Pass ?7?? Fail
& High 2% lime+ 2% cemer 7 Pass Fail
Sulfides 2% lime & 2% GGB: Pass Pass Pass

Comparing the CBR swell test and the European axateld test in Table 4:

» Both detected significant but “just acceptable” Bdar 2% lime + 2% cement
with the low-sulfate, low-sulfide clay. It may bat this binder content was
too low to fully stabilise this high-swell clay.

» Both clearly “failed” the medium-sulfate, low-sulé clay stabilised with 2%
lime or 2% lime+ 2% cement. However, when thiyalas stabilised with
2% lime + 2% GGBS both tests showed much lower esipas and a “pass”.

» With the low-sulfate, high-sulfide clay, the CBRdimest failed this clay,
when stabilised with 2% lime + 2% cement. The pesn accelerated test
showed significant but “acceptable” expansionsbimh 2% lime and for 2%
lime + 2% cement. Once again, stabilisation wih [Ene + 2% GGBS
showed significantly less expansion than with othieders.

4. Discussion

It should be noted that the binder contents welects to be on the low side of what
might be used in practice, and the lime contentgwass than the initial consumption
of lime requirement (Table 1).

The medium-sulfate clay contained 0.5% acid sol&@tlg which is around the
minimum level expected to produce deleterious seixpansion, in practical
applications [1]. When this clay was stabilisedw@% lime or 2% lime+ 2%

cement, the CBR swell test detected a gradual esxpaufsee Figure 2) consistent
with sulfate heave and the expansions at both 2858-days were somewhat in
excess of the normal limit of 5mm. These mixtuals® somewhat exceeded the 5%
limit in the European Accelerated test and lossa#ngth when subjected to the loss-



of-strength-on-immersion test. This clay appearsave been particularly
appropriate for the present study, with a medium still potentially detrimental
sulfate content. All three tests classified itfading” when stabilised with 2% lime
or 2% lime + 2% cement. In contrast, all thregstetassified it as “passing” when it
was stabilised with 2% lime + 2% GGBS, consisteitih whe ability of GGBS to
resist sulfate-expansion [Ref]

With the low-sulfate, high-sulfide clay, the CBRedirtest detected an initial (but not
continuing) expansion over the first few days, iahicas sufficient to “fail” this clay
when stabilised with 2% lime + 2% cement. Whembiiteed with 2% lime, there was
a smaller initial expansion which gave a “passtliesWith both 2% lime and 2%

lime + 2% cement, the European accelerated testiet expansions, which were just
less than the 5% limit. From the tests on this ,dlagre was no evidence to support
the suggestion [1] that the European accelerastdrtight be more able to detect
potential expansion associated with sulfides, capgto the CBR swell test.

Mixtures of this clay with 2% lime and 2%lime + 2%ment lost most of their
strength when subjected to immersion and alsoddiies test. Once again, when this
clay was stabilised with 2% lime + 2% GGBS, theangions were much reduced
and “passes” were achieved for all three testdyding the loss-of-strength-on-
immersion test.

When the control clay (low-sulfate, low-sulfide) svstabilised with 2% lime + 2%
cement there was a significant expansion, justtless the limiting values, in both the
CBR swell test and the European accelerated th&.probably indicates that this
binder content was too low to fully stabilise thigh-swell clay.

The loss of strength on immersion test was the sm&tre of the tests and failed all
of the combinations of clays and binders, exceptife sulfate/sulfide containing
clays stabilised with lime+GGBS, where the soakeehgth was slightly greater than
the unsoaked strength. This can be attributebde@ttivating effect of sulfate on the
strength development of GGBS [21] and with GGB®iader, the presence of sulfate
may well have a beneficial rather than a deletereftect. It should be noted that the
loss of strength on immersion test would normafilyde used for sub-base and base
applications, and not capping.

As reported in the Introduction, it has been sugggkf8] that testing at even ZD
may be too high to fully induce the thaumasite fafnsulphate expansion. The
European accelerated test is undertaken at 40°Cambt be expected to replicate
chemical reactions which only occur at lower terapaes [15].



5. Conclusions
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» All three tests detected the potential for sulfatgblems with the medium
sulfate clay.

» There was no evidence that the European acceldedtid better at detecting
the potential for sulfide-induced expansion tham@BR swell test. The
European accelerated test utilises a temperatut€’Gf which raises
concerns about its ability to replicate reactitre occur only at low
temperatures.

» The loss-of-strength-on-immersion test was the reegére of the three tests
and may be overly severe for evaluating mixtureh vawer binder contents.

» All three test methods showed an enhanced resestargulfate-disruption for
the specimens where the binder was 2% lime + 2% &GB
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