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ABSTRACT: Ground improvement of sulphate-bearing soils with calcium-based stabilisers can be severely compromised due to delayed deleterious reactions of the sulphates with calcium, and the consequent formation of expansive crystals of minerals such as ettringite or thaumasite.  Amongst other ways to prevent this or mitigate the effects, the literature recommended the use of slags and pozzolanic industrial by-products to replace partially calcium-based stabilisers. This study is thus focusing on assessing whether suitable combinations of such materials partially or fully replacing calcium lime could effectively stabilise sulphate-bearing soils. In addition, the use of magnesium-based additives instead the calcium-based ones is investigated. The added advantage of using these materials is that they are more environmentally friendly than Ordinary Portland Cement and calcium lime, whose production involves high energy input and CO2 emissions. An artificial sulphate bearing soil was treated with mixtures of lime, paper sludge ash (PSA), pulverized fuel ash (PFA), ground granulated blast furnace slag (GGBS) and reactive magnesia cement. Using favourable conditions for the formation of sulphate-induced swelling, compacted soil samples were created and subjected to moisture ingress after 7 and 28 days of curing respectively. Following this, the swelling of the specimens was monitored, and their unconfined compressive strength (UCS) measured. It was found that, although some binder combinations were more successful and showed promise, no binder mix was fully successful in preventing the damage of the samples and suppressing swelling fully. More research is required leading to precise specifications, so that such stabiliser mixes can be used in industrial applications with confidence.
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Introduction 
In the context of engineering sustainability, chemical ground improvement is becoming an increasingly common practice to improve the hydromechanical properties of unsuitable for construction geomaterials, instead of the traditional practice of replacing them with a more suitable imported material and landfilling them. Some of the most common chemical additives used for ground improvement are cement and lime (the latter stabiliser being mostly used for clay soils). These materials are known to improve considerably the properties of soils in terms of strength and compressibility or plasticity characteristics. However, they could lead to long term problems when used for sulphate-bearing soils. Similar problems can also occur if soils stabilised with calcium-based stabilisers are subjected to a subsequent ingress of sulphates e.g., through water. This is because the calcium they contain can react with the sulphates (or sulphides), leading to the formation of expansive crystals such as ettringite (Ca6Al2(SO4)3(OH)12·26H2O) and/or thaumasite (Ca3Si(OH)6(CO3)(SO4)·12H2O). This can cause serious and costly damage to roads and pavements founded on stabilised soils, due to heaving caused by these crystals. For instance, sulphate-induced heave damage to Texas highways was reported to have amounted to tens of millions of dollars in one decade (Harris et al, 2004). In the UK some high profile sulphate-induced heave damages were also reported, such as the failure of the Banbury section of the M40, which had resulted from a lack of early design guidance on the use of calcium-based stabilisers for sulphate-bearing soils. The reactions can be very rapid and occur overnight following a single rainfall event but in other cases the reactions are delayed and can take years to occur as e.g. mentioned in Mitchell (1986). 

[bookmark: _Hlk67758551]Ettringite /thaumasite expansive crystal formation in calcium stabilised sulphate bearing soils or calcium stabilised soils subjected to a subsequent ingress of sulphates e.g. through water, is a complex phenomenon. Due to the severity of the engineering problem, a lot of research has been carried out on the topic to gain a better understanding of the reactions and mineral formation and to find methods of minimising the risk of such reactions (e.g. Dermatas, 1995; Berger et al, 2001; Harris et al, 2004; Wild et al, 1999 etc.). As a result of this research effort, a number of recommendations were made, e.g. to set a limit of sulphate content beyond which calcium-based stabiliser treatment is not recommended (e.g. a safe limit has been identified as 2,000 ppm or 0.2% of soluble sulphate, whereas for sulphate contents above 7,000 ppm the use of calcium based stabilisers would not be recommended  according e.g. to Harris et al, 2004); apply the stabiliser in two stages (Berger et al, 2001); to extend the mellowing periods as much as possible and use a low compaction density, so that expansive crystals have space for growing without disrupting the soil matrix (Harris et al, 2004); mix as much water as practically possible (Little et al, 2010) -for example, Harris et al (2004) suggest that 2% above optimum is better than optimum water content and suggest this as the maximum practical water content above optimum to add, but report that the National Lime Association recommends even higher water contents i.e. 3 to 5% above the optimum water content  to  give  plenty  of  water  for  the  sulphate  to  react; finally, it was recommended to use slags and pozzolanic materials such as ground granulated blast furnace slag (GGBS) and pulverised fuel ash (PFA) to replace partially calcium based stabilisers (Chesomi et al, 2017; Wild et al, 1999). However, the reactions and mechanisms of crystal growth (or the lack of it) are very complex and hence the topic constitutes the focus of ongoing research (e.g. Ouhadi & Yong, 2008; Little et al, 2010; Knopp & Moormann, 2016; Chrysochoou et al, 2012 etc.). In addition, with increasing environmental awareness, the use of innovative chemical stabilisers is actively researched. These are based on industrial waste materials (see e.g., Mavroulidou 2018; Mavroulidou et al. 2017; 2019; 2020) or alternatively, materials such as reactive magnesia cement, proposed to be more environmentally friendly than Ordinary Portland Cement in view of the lower temperatures involved in its production. The latter cements showed potential as soil stabilisers. Following early work by Xeidakis (1996), who showed that the addition of Mg(OH)2 could result in expansive clay modification and discussed the theoretical possibility that Mg-based cementitious gels can form, recent research also showed that MgO at 5-20% per dry soil mass can be successful in stabilising clay soils (see e.g. Yi et al, 2014; 2015; 2016 or Gu et al. 2015). 

The need has therefore emerged to investigate how these innovative stabilisers behave in the presence of sulphates in soil and whether they could be used without risks of sulphate induced reactions. 

This study is thus focusing on assessing whether suitable combinations of such materials used to partially or fully replace lime could effectively stabilise sulphate bearing soils, while also suppressing the formation of expansive crystals. 
Materials and methods
The soil used as basis for the experiments was an artiﬁcial sulphate-rich soil prepared by mixing kaolin clay from the South West of England supplied by Imerys, with 4% per soil mass analytical grade sodium sulphate powder supplied by Fisher Scientific. The clay and the sulphate were mixed in the form of dry powders. This mixture is referred to herein as ‘untreated soil’. Sodium sulphate was chosen due to its high solubility (as opposed e.g. to gypsum) to create favourable conditions for ettringite formation. Tests for the total and water-soluble sulphate content based on the gravimetric method of BS 1377-3:1990 (BSI, 1990) showed no evidence of sulphates in the original kaolin soil. The soil stabilisers used were: a) a hydrated lime with a relative Ca(OH)2/CaO ratio of 4.88/1.00; b) Paper Sludge Ash (PSA) provided by a newspaper recycling company from the South-East of England. PSA is mainly a calcium aluminosilicate, as the principal compounds are lime (CaO) (ca 60%), silica (SiO2) and alumina (Al2O3); due to high free lime contents PSA has a pH=12.3-12.4, which is the same as that of the hydrated lime used; (c) ground granulated blast furnace slag (GGBS) from Hanson-Regen; GGBS was used in mixes with other stabilisers, as when used on its own chemical reactions are slow, and Portland cement or lime normally provide the alkalinity to activate and accelerate these; (d) reactive magnesia cement i.e. calcined magnesite containing a minimum of 94 % MgO, supplied by Richard Baker Harrison Ltd. This is a light-coloured non-hazardous free-flowing powder, of a grading 95% finer than the 75 μm sieve, a specific surface area of 15.9 m2/g and a reactivity of 976s (in terms of time required for the neutralization of an acidic solution) as determined by Jin et al (2015) using the acetic acid test;  e) PFA, a by-product of pulverised power station coal, commercially distributed by CEMEX as Cemex-450S. It is a dark grey powder of a grading 12% retained in the 45μm sieve and a specific surface area of 0.6 m2/g. Typical oxide compositions of the materials based on available suppliers’ information and the literature (Spathi, 2015; Bernal et al, 2014; Mozaffari et al, 2009; Mavroulidou et al, 2015 and Mavroulidou, 2018) are shown in Table 1. The particle size distribution of the tested soils and stabilisers based on hydrometer testing or information by the suppliers/literature is shown in Figure 1. For MgO mixes, typical MgO percentages recommended in the literature were used. The minimum required stabiliser dosage (per dry soil mass) for lime and PSA was determined from Initial Consumption of Lime (ICL) tests (Eades & Grim, 1965). These were 4% and 6% respectively. Different percentages were also used in the form of a parametric study, as these materials were partially replaced by PFA and GGBS. Note that the percentage of the stabilizers mentioned are per mass of the artificial sulphate rich soil (‘untreated soil’) mass.
Table 1. Typical oxide composition (%) of the stabilisers
	Oxide
	PFA
	PSA
	GGBS
	MgO
	Hydrated Calcium lime

	SiO2
	45-51
	19.20
	34.68
	1.00
	0.70-1.00

	Al2O3
	27-32
	8.70
	14.16
	
	0.10-0.20

	CaO
	1-7
	60.70
	38.74
	2.00
	95.00-97.00

	MgO
	1-4
	2.80
	7.74
	94.00 (minimum)
	1.40-0.50

	Fe2O3
	7-11
	0.50
	0.05
	
	0.06-0.10

	Na2O
	1
	0.15
	0.46
	
	

	K2O
	3-4
	0.20
	0.55
	
	

	SO3
	0.8
	0.48
	0.21
	
	

	P2O5
	
	0.17
	
	
	

	TiO2
	1
	0.20
	
	
	

	SrO 
	
	0.09
	
	
	

	MnO
	
	0.02
	
	
	

	BaO
	
	0.04
	
	
	

	Li2O
	
	0.01
	
	
	

	Refractory oxides (R2O3)
	
	
	
	0.70
	



The specimens were prepared so that conditions are most favourable for the formation of expansive minerals. Namely, a) low compaction water contents, adopting a constant liquidity index of IL=-0.05 for all soil mixtures to maintain the same consistency across samples; this IL is below the Proctor optimum –which is around the plastic limit-, thus more critical for expansion due to sulphates (Harris et al, 2004); b) short mellowing periods of 1h; c) a high compaction dry density for the clay, i.e. 1.4 g/cm3; d) application of stabilisers in one dose.

After mellowing for 1 hour, cylindrical specimens of 50 mm diameter and 100mm height were statically compacted at the required water content and dry density in equal layers, using a monotonic displacement rate of 1mm/min. Specimens still in moulds were wrapped in several layers of cling film and cured at constant moisture in an environmental cabinet (with temperature and humidity control) for the required period of time, i.e. 7 and 28 days. After constant moisture curing, and while still in the cabinet, the specimens (still in moulds) were placed on porous stones in a tray of water where they remained for 1½ months (to cause delayed migration of water); during this period the specimen swelling ΔH was recorded using external dial gauges mounted at the top of the specimens. 
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Figure 1. Particle size distribution of the kaolin soil and stabilisers
Results 
Table 2 shows plasticity characteristics of the untreated and treated soils (at 1 h of mellowing). All stabilisers increased the liquid limit of the untreated soil, consistently with observations on lime-stabilised kaolinitic clay soils (Bell, 1996). Regarding unconfined compressive strength qu and swelling ΔH of water immersed samples, Figures 2 and 3 show a summary of average values from at least duplicate samples (some tests were replicated in duplicate later). Based on these, there are indications that: a) PSA, rich in CaO, may perform better than lime, presumably due to its aluminosilicates content; b) GGBS improved the performance of lime but not as much that of PSA; c) PFA used at low proportions is not as effective as GGBS, failing to give higher strengths and resulting in higher expansions; d) MgO at high dosages gives relatively high strengths and low swelling but when used in combination with GGBS the results start worsen with higher GGBS dosages presumably due to the calcium in GGBS; e) most 28 day cured samples showed lower strengths than 7-day treated samples as hypothesised. However, the UCS results should be treated with caution as visual observations showed that no stabiliser mix prevented deleterious reactions, as salt crystals formed on the top of all samples (including purely MgO treated specimens, where magnesium sulphate crystals clearly appear to have formed, see Fig 4) so that specimens were cracked before UCS testing (see Fig. 4); the adopted compaction characteristics could have contributed to this. As a result of this, there could be large discrepancies in the values of qu (with some outliers discarded being up to 4 times higher than the mean values shown), presumably depending on the crack pattern.
[bookmark: _Hlk67747437]Table 2. Plasticity characteristics of the soil before and after treatments
	[bookmark: _Hlk67746927]Soil type
	LL
(%)
	PL
(%)
	PI
(%)

	Untreated soil                
	52
	25
	27

	4% lime-treated 
	61
	27
	34

	4% PSA-treated   
	59
	27
	32

	6% PSA-treated  
	69
	39
	29

	2% Lime-2% GGBS-treated  
	58
	32
	26

	2% PSA-2% GGBS-treated   
	64
	40
	24

	3% PSA-3% GGBS-treated   
	63
	37
	26

	2% Lime-2% PFA-treated   
	65
	43
	22

	3% PSA-3% PFA-treated   
	63
	44
	19

	10% MgO-treated
	62
	38
	24

	12% MgO-treated
	54
	36
	18

	9%  MgO -3% GGBS-treated 
	60
	36
	24

	3%  MgO -9% GGBS-treated  
	60
	37
	23
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[bookmark: _Hlk67835391][bookmark: _Hlk67754225]Figure 2. Unconfined compressive strength after immersion in water for 7 and 28 days respectively
[bookmark: _Hlk67766634][image: ]
Figure 3. Change in height after immersion in water for 7 and 28 days respectively
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Figure 4. Salt formation in MgO mixes and specimen damage (here, MgO-GGBS mix) before UCS testing 
Conclusions
[bookmark: _Hlk67761861]The results showed that, providing most favourable conditions for the formation of expansive salts and potential resulting damage, no combination of binder was fully successful in preventing the damage of the samples and suppressing swelling. Although rich in CaO, PSA performed better than lime, presumably due to its aluminosilicates content.  GGBS improved the performance of lime but not as much that of PSA, whereas PFA used at same proportions as GGBS was not as effective. MgO used on its own gave some promise however crystal forming was observed in all samples. The reactions and mechanisms of expansive crystal growth (or the lack of it) in sulphate bearing soils are very complex. Despite some promising results shown here and in the literature for admixtures with slags and pozzolans or alternative cements, it is the Authors’ opinion that more research is required leading to precise specifications, so that such stabiliser mixes can be used in industrial applications with confidence.
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