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SULFATE SOIL STABILIZATION WITH MAGNESIUM BINDERS FOR ROAD 

SUBGRADE CONSTRUCTION 

ABSTRACT 

This paper analyzes the ability of magnesium oxide-based additives to stabilize a low 

bearing gypsum marly soil, in order to reach subgrade requirements. This soil was not 

adequate for stabilization with lime or cement because of its high sulfate content. Binders 

considered in this investigation were composed of three reactive Mg products and 

byproductsSulfamag, both with and without ground granulated blast furnace slags 

(GGBS). They were compared to two cements and an aerial lime as soil stabilizers in a 

laboratory investigation and a field trial. Laboratory tests showed that Mg products with 

GGBS reached strength results close and at times even better than those of cement. One 

of the Mg products was the only additive able to reduce the natural soil swellingSulfamag. 

Leaching tests demonstrated the ability of the Mg products toSulfamag reduce the soil 

leaching of substances like calcium, magnesium, sulfate and chloride. In field trials two 

of the Mg products combined with GGBS met the bearing capacity requirements for 

subgrades, in accordance with the Spanish standard. 
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SULFATE SOIL STABILIZATION WITH MAGNESIUM BINDERS FOR ROAD 

SUBGRADE CONSTRUCTION 

 

1. INTRODUCTION 

In geotechnical engineering subgrade is the name associated with the material that 

supports the road pavement. In-situ soils’ strength or stiffness are very often not enough 

for the subgrade engineering requirements. When that is the case, replacement or 

stabilization of the local soil is required to improve the bearing capacity of the pavement 

foundation (Ward et al. 2017, Kakrasul et al. 2018, Amini y Ghasemi 2019). Replacing 

a weak local soil with a better quality one is not always possible because of the 

unavailability of adequate materials, extra cost or environmental regulations (Ardah et al. 

2017). Soil chemical stabilization has been demonstrated to be an effective and economic 

method for improving the local soil engineering properties (Ceylan et al. 2015, Nagrale, 

Prashant P., & Patil 2017, Liu et al. 2019). The most common method for soil 

stabilization is the addition of cement or lime applied with or without pozzolanic materials 

like fly ash or ground granulated blast furnace slags (GGBS) (Seco, Ramírez, Miqueleiz, 

Garci, et al. 2011, Puppala 2016, Karatai et al. 2017, Ward et al. 2017, Ikeagwuani et al. 

2018, Kakrasul et al. 2018, Dheyab et al. 2019, Wei et al. 2019). Cement and lime get 

hydrated in presence of water and release OH- ions that increase the pH up to about 12.4. 

Under these conditions, silicon and aluminum from clay minerals combine with calcium 

from the additive, generating hydrated cementitious compounds known as pozzolanic 

gels. These pozzolanic gels are schematically named calcium silicate hydrates (C-S-H), 

calcium aluminate hydrates (C-A-H) and calcium aluminosilicate hydrates (C-S-A-H). 

These gels are responsible of the enhancement of the engineering properties of the 

stabilized soil (Nalbantoǧlu 2004, Guney et al. 2007, Yong y Ouhadi 2007, Chen et al. 
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2009), being responsible for the enhancement of the engineering properties of the 

stabilized soil (Nalbantoǧlu 2004, Guney et al. 2007, Yong y Ouhadi 2007, Chen et al. 

2009).  

Cement and lime manufacturing generate large energy consumption and CO2 emissions. 

These considerable environmental impacts have increased last years the interest in more 

environmentally friendly binders (Phummiphan et al. 2018, Amini y Ghasemi 2019, 

Dheyab et al. 2019, Shen et al. 2019). However, calcium-based additives are not adequate 

for the stabilization of soils containing sulfate (𝑆𝑆𝑆𝑆42−). Calcium supplied by lime or 

cement, as well as aluminum and sulfate from those soils react in the presence of water 

generating expansive minerals. The most common one is a highly hydrated and expansive 

crystalline mineral named ettringite [Ca6Al2(SO4)3(OH)12·26H2O] (Crammond 2002, 

Nobst y Stark 2003, Ciliberto et al. 2008, Norman et al. 2013, Puppala et al. 2018). One 

effective way to reduce the formation of ettringite in a stabilized sulfate soil is the partial 

substitution of lime or cement by GGBS. GGBS provide a large amount of quickly 

available alumina and silica, both of which react with the available calcium, expending it 

for the cementitious gels formation, avoiding the formation of ettringite. GGBS also 

produce a denser cementitious matrix, reduce permeability and hence water availability, 

increasing durability against the internal and external sulfate attacks (Tasong et al. 1999, 

Wild et al. 1999, Obuzor et al. 2011, Seco et al. 2017).  

Magnesium oxide has demonstrated in MgO-SiO2-H2O systems its ability to form 

nanosized phyllosilicates gels with cementitious properties known as magnesium silicate 

hydrates (M-S-H) (Li et al. 2014, Roosz et al. 2015, Bernard et al. 2019). MgO can be 

considered a more environmentally friendly stabilizer additive than Portland Cement (PC) 

because of its lower manufacturing impact (Ruan y Unluer 2016). Yi et al. (2014) 

demonstrated that after 28 days the correct proportion of MgO and GGBS overcame the 
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mechanical strength of the soil stabilized with cement. Del Valle-Zermeño et al. (del 

Valle-Zermeño et al. 2015) demonstrated the reactivity and convenience of low-grade 

magnesium oxides obtained as byproducts in the calcined magnesite manufacturing for 

environmental applications. Seco et al. (Seco et al. 2017) observed that a magnesium-

based additive enhanced the engineering properties of sulfate soils better than calcium-

based ones. In that investigation, five sulfate soils reached unconfined compressive 

strength above 10 MPa after 21 days, surpassing the requirements of a subbase layer 

(Ardah et al. 2017). Another beneficial effect of the magnesium stabilization was the 

decrease of the soils’ swell strain after prolonged exposure to moisture. Li et al. (2020) 

demonstrated the advantage of a MgO-GGBS binder in a gypseous soil against swelling 

and the better strength obtained after samples soaking, compared to cement. These results 

suggest the potential of stabilization of local sulfate soils with Mg based binders as road 

subgrades.  

Existing experimental studies of sulfate soils stabilization are mainly focused on their 

mechanical strength and engineering properties improvement (Seco, Ramírez, Miqueleiz, 

y García 2011, Celik y Nalbantoglu 2013, Mccarthy et al. 2014, Seco et al. 2017, 

Behnood 2018). Nowadays there is a lack of knowledge about the effectiveness of the 

different reactive MgO sources, about the potential releasing of soluble metals and other 

ions in stabilized soil leaching, and about the load bearing capacity of this kind of 

stabilized soils. A comprehensive evaluation of the engineering and leaching properties 

of stabilized sulfate soils with magnesium is crucial. Construction of roads requires a 

substantial amount of suitable subgrade materials, and leaching could become a threat to 

the environment. In this study, a sulfate soil was stabilized with a commercial MgO 

product, two low-grade MgO byproducts generated in the commercial MgO 

manufacturing process, and GGBS. The use of byproducts containing reactive MgO could 
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become an additional environmental advantage by avoiding the manufacturing of 

commercial MgO products and by their own valorization. PC, Sulfate Resistant Portland 

Cement (SR-PC), and Hydrated Lime (HL) were considered as references. Unconfined 

compressive strength (UCS), swelling and swell strain after prolonged exposure to 

moisture , leaching and X-Ray Diffraction (XRD) tests were carried out in laboratory. A 

field trial was conducted to investigate the load bearing capacity of the stabilized sulfate 

soil as a road subgrade. 

 

2. MATERIALS AND METHODS 

2.1. MATERIALS 

2.1.1. SOIL 

The soil used in this study was a sample of gypsum marl collected in Mañeru (Spain). 

Marls include a great variety of soft rocks, depending on clay minerals content, 

cementation process and other geological factors. Environmental conditions such as 

humidity, temperature, insolation, or freezing-thawing processes, usually modify their 

physical properties, turning them into low load-bearing capacity soils. This, in addition 

to the sulfate content, greatly limits the use of this material in civil engineering. In order 

to carry out this experiment, one ton of natural gypsum marl was extracted. The sample 

was homogenized and crushed to a maximum particle size of 1 mm. Table 1 shows the 

gypsum marly soil characterization parameters. 

 

 

SOIL Gypsum marl 
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Origin  Mañeru (Spain) 
WGS84 coordinates 42º 39’ 49.89’’ N 

1º 51’ 23.89’’ W 
Atterberg Limits: 

LL (UNE 103103) 
PL (UNE 103104) 
PI 

 
21.0 
15.0 
6.0 

USCS classification CL-ML 
Standard Proctor (EN 13286-2) 

Maximun density (g/cm3) 
Optimun moisture (%) 

 
1.87 
11.4 

CBR index (UNE 103502) 8 
Free swelling (UNE 103601) 2.3% 
Organic matter (UNE 103204) 0.40% 
Soluble sulfates (EN 1744-1) 20.64% 
Granulometric curve (EN 933-1) 
Sieve (mm) 

4 
1 
0.63 
0.40 
0.25 
0.08 

 
% passing 
100 
100 
92 
84 
76 
60.6 

Soil mineralogy (X-Ray Difraction) Gypsum 
Calcite 
Quartz 
Dolomite 
Mica 

Table 1. Gypsum marl soil characterization 

Under the Extended Casagrande Classification, this soil belongs to the CL-ML class. The 

Spanish Road Instruction classify soils from the point of view of their use as building 

materials, based on their granulometry, Atterberg limits, organic matter content and 

sulfate content (Ministerio de Fomento 2002). Under this Spanish standard, the sample 

of soil is classified as “marginal soil”. This classification limits the use of this material to 

the foundations and core of embankments and excludes it for the construction of the top 

of embankments and road subgrades.  

 

2.1.2. ADDITIVES 
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Table 2 shows the richness of the main oxides of interest of the seven additives used in 

this study. 

 

CHEMICAL 
COMPOSITION (%) 

Ca-based additives Mg-based additives  
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SiO2 9.17 9.56 0.45 3.41 2.80 1.41 32.18 

CaO 76.32 74.43 97.83 3.79 9.10 32.90 43.94 

Fe2O3 5.63 7.44 0.18 2.90 2.34 1.11 0.33 

Al2O3 2.96 2.49 0.02 0.82 0.57 0.56 10.40 

SO3 2.07 2.45 0.43 0.21 6.27 19.71 2.00 

MgO 1.08 1.18 0.72 82.26 59.67 25.06 9.05 

Loss of ignition at 1,050 ºC 4.97 4.36 25.32 6.61 19.25 19.25 0.91 
Citric acid Reactivity 

(minutes) >600 >600 4 2 29 1119 >600 

pH in wáter  
(UNE-ISO 10390) 11.88 12.31 12.47 10.88 10.66 12.63 9.82 

Free lime (%) 3.67 3.84  1.04 0.81 13.08 0.28 
 

Table 2. Additives composition and reactivity parameters. 

 

PC, SR-PC and HL are commercial additives that are usually used as soil stabilizers that 

were considered as reference. PC and SR-PC were manufactured in accordance with the 

European Standard EN 197–1 and are respectively marketed under the trade names CEM 

I 52.5 N and CEM I 52.5 N SR. HL is a commercial hydrated lime CL-90-S manufactured 

in accordance with the European Standard UNE-EN 459-1. 

Three reactive MgO samples were used in the laboratory investigation: a commercial 

MgO named MCB100 and two byproducts named PC-8 and Sulfamag. All of them are 

produced in the manufacturing process of the calcined magnesite, as shown in Figure 1. 
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Figure 1. Calcined magnesite manufacturing process. 

 

Calcined magnesite is obtained from magnesite rocks. In this case it was calcined at 1,050 

ºC to produce a reactive material with low size, high porosity and high specific surface 

area particles marketed as MCB100. This product is mainly consumed in industry 

applications that require a high reactive MgO like the gases’ desulfurization. The second 

MgO source is an MKD recovered from the combustion gases of two kilns, working 

respectively at 1,100 ºC and 1,800 ºC. This dust contains a mix of unburned magnesite, 

calcined MgO, and occasionally sintered MgO, depending on the part of the combustion 

chamber where they were pulled from and the higher temperature they were exposed to. 

This byproduct is marketed under the name PC-8 for the agriculture and livestock 

industries, wastewater treatment and heavy metals’ stabilization. The third product is 

Sulfamag. It is a spent hydrated lime used to desulfurize the combustion gases previous 

to their venting to the atmosphere. Nowadays the most usual application of this product 

is the fertilizers manufacturing. GGBS is a byproduct obtained during the manufacturing 

of pig iron. It is formed by rapid cooling of molten iron slag to maintain an amorphous 

structure and then ground to increase its SSA. As shown in Table 2, it has a large 
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pozzolanic activity potential because of its richness in reactive calcium, silicon and 

aluminum oxides.  

 

2.2. SAMPLES AND FIELD TRIALS MANUFACTURING AND TESTING 

Two kinds of samples were prepared during the laboratory investigation. The first 

category were the samples required to carry out the UCS and leaching tests of the different 

combinations. The manufacturing process was as follows: soil and additives were mixed 

in a laboratory mixer for 5 minutes. Water corresponding to the soil Standard Proctor (SP) 

test was subsequently added slowly. An additional mix was carried out for 5 minutes to 

guarantee a complete homogenization. Once the quality of the mixtures was verified 

visually, cylindrical samples of 65 mm in diameter and 75 mm high were prepared by 

pressing the material into a mold, until reaching a 10 MPa pressure at a constant velocity 

of 50 mm/min. The samples produced were immediately demolded and covered by a 

polyethylene sheet in order to avoid dehydration. Specimens were cured to the testing 

age, in a wet chamber at 20 °C and 100% of relative humidity. Table 3 shows the 20 

combinations considered for the UCS testing and the constituents’ percentages in mass, 

considering total dosages of 5% and 10%. Once the samples were tested, they were used 

for leaching and XRD tests. 
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2 90 10       
3 95  5      
4 90  10      
5 95   5     
6 90   10     
7 95    5    
8 90    10    
9 95     5   

10 90     10   
11 95      5  
12 90      10  
13 95   1    4 
14 90   2    8 
15 95     1  4 
16 90     2  8 
17 95    1   4 
18 90    2   8 
19 95      1 4 
20 90      2 8 

 

Table 3. Combinations considered for the UCS testing. Constituents are expressed 

as dry mass percentage. 

 

The combinations with 5% of CEM I, CEM I SR, CL-90-S, PC-8, MCB100 and Sulfamag 

were picked out to test the swelling, the swell strain after prolonged exposure to moisture 

of the treated soils because of the formation of expansive gels and their chemical 

composition. In this case, samples of 50 mm in diameter and 20 mm high were prepared 

at SP test maximum density and optimum wet content, inside oedometer sample rings. 

The mixing as well as the sample compaction were performed by hand in accordance with 

the Spanish standard UNE 103601. Samples were maintained in water immersion and 

linear expansion was controlled daily by means of dial gauges with an accuracy of 10-5 

m.  

SulfamagThe characterization of the mechanical properties of the laboratory samples was 

carried out after 7, 14, 28, 56 and 90 days, according to the UCS test defined in the 
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Spanish standard UNE 103400. Previous to the leaching and XRD tests, representative 

fragments of the specimens tested were crushed and dried for 1 week at 40 ºC, in a 

desiccator with silica gel and a CO2 sorbent, to completely stop the cementation reactions. 

Leaching tests were conducted on the natural soil, the additives, and the stabilized soil 

samples on day 28 and day 90, following the procedure defined by the European standard 

12457-4. The samples’ swelling was tested in the oedometer after 24 hours of testing in 

accordance with the Spanish standard UNE 103601. The swell strain after prolonged 

exposure to moisture was analyzed in two ways: On the one hand by the extension of the 

swelling test to 50 days in order to observe any delayed swelling effect. On the other 

hand, all the samples at the end of this test were analyzed by XRD to identify any possible 

mineralogical changes in the samples composition, especially the development of 

expansive minerals like ettringite or any others able to affect the swell strain after 

prolonged exposure to moisture of the stabilized soil.  

A field trial construction was carried out to test the bearing capacity of the stabilized 

material. The field trial was constructed in Eugi (Spain), WGS84 coordinates: 43º 00’ 

33.00’’N, 1º 30’ 27.04’’ W. Firstly the in-situ soil was leveled, compacted and the 

different combination 4x5 m reaches were marked by means of stakes. Marly soil was 

extended and leveled to guarantee a homogeneous layer of 25 cm. On each reach the 

additives were spread and mixed using a rotavator, making sure not to contaminate the 

adjacent sections. For this test CEM I, CEM I SR, CL-90-S+GGBS, PC-8+GGBS, 

MCB100+GGBS and Sulfamag+GGBS combinations at 5% and 10% were considered. 

Once the different soil and additives mixes were prepared, optimum SP test water content 

was added by means of a water tank truck and mixed again to guarantee the correct 

distribution of moisture in the whole sample’s thickness. Water content was verified by a 

nuclear density and moisture gauge. The treated soil was compacted by means of a civil 
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works compactor to the SP maximum density. after 7, 14, 28, 56 and 90 days, according 

to the UCS, the field trial remained exposed to environmental conditions. Plate loading 

test, in accordance with the Spanish standard UNE 103808, was performed to evaluate 

the field soil bearing capacity. This test is currently the only test required by Spanish and 

international regulations to define the bearing capacity of subgrades. It basically consists 

of recording the settlements of a steel plate of a known diameter during an initial 

increasing load cycle, followed by an unloading and a second loading cycle. The result 

obtained in this test is based on the ratio between the static deformation modulus at the 

second loading cycle and the static deformation modulus at the first loading cycle 

(Ev2/Ev1) (Ministerio de Fomento 2015, Hidalgo-Signes et al. 2016). This test was carried 

out using a plate 300 mm in diameter on day 40 and day 140. 

 

3. RESULTS 

3.1. UNCONFINED COMPRESSIVE STRENGTH 

Figures 2a and 2b show the UCS results obtained by the combinations of soil treated with 

cements, lime, and the MgO additives.  
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a) 

 

b) 
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c) 

 

d) 

Figure 2. UCS results obtained by the combinations of soil stabilized. a) cements, 

lime, and Mg additives at 5%, b) cements, lime, and Mg additives at 10%, c) lime 

and Mg additives with GGBS at 5% and d) lime and Mg additives with GGBS at 

10%. 
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CEM I 52.5 reached the highest UCS for 5% and 10% of dosage after 90 days, with 15.2 

MPa and 17.5 MPa, respectively. Because of the reactivity of this cement, the strength of 

the CEM I 52.5 samples unexpectedly increased for all the curing ages. This could be due 

to the ability of the Ca(OH)2 produced as a byproduct of cement hydration to activate the 

soil aluminum and silicon oxides and generate additional cementitious compounds. After 

28 days, CEM I 52.5 SR reached UCS strengths close to those of CEM I 52.5 for a dosage 

of 5%. Similar results were observed after 56 days for the 10% dosage. At later stages, 

only small strength increases were observed, showing that this cement had reached its 

bonding potential in the soil, reaching 12.0 MPa and 14.4 MPa for the dosages of 5% and 

10% respectively. It is noticeable that the treatment with 5% of lime achieved a final UCS 

of 12.2 MPa after 90 days, surpassing the result obtained by CEM I SR. This demonstrate 

the ability of lime to activate aluminum and silicon from the soil clay matrix to produce 

cementitious gels. On the other hand, when 10% of lime was used, UCS decreased to 10.2 

MPa after 90 days, showing an excess of dosage (Seco, Ramírez, Miqueleiz, Garci, et al. 

2011). PC-8, MCB100, and Sulfamag showed UCS values in the range of 2 to 3 MPa for 

both dosages after 7 days. Samples strength increased slightly over time, with final UCS 

values between 5 MPa and 7 MPa. These results demonstrate that these additives have a 

lower ability than lime to activate the oxides in a low reactivity soil. This is probably due 

to the lower content on reactive MgO and CaO of these products, compared to lime. 

Sulfamag reached the best UCS among the MgO containing additives with 7.0 MPa after 

90 days and 10% of dosage, highlighting the ability of the CaO as a soil activator. 

Unexpectedly, but in accordance with the results obtained by Seco et al. (Seco et al. 

2017), no adverse effects related to the presence of ettringite in samples were observed in 

spite of the high content of sulfate and calcium in many of the combinations. 
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Figures 2c and 2d show the UCS results obtained when the soil was treated with lime and 

the MgO additives, combined with GGBS. Samples showed an increase in UCS for all 

the combinations at all the curing ages and for both dosages, demonstrating the reactivity 

of the GGBS and the ability of lime, PC-8, MCB100, and Sulfamag to activate it. Apart 

from day 7 and day 14, MgO additives achieved higher UCS values than lime for the 

dosage of 5%, demonstrating their ability as activators of the GGBS. Another interesting 

property observed by using GGBS is the rapid UCS increase at earlier stages because of 

the GGBS reactivity. GGBS containing combinations, as well as those which did not 

contain any, showed only small strength improvements when the additive dosages were 

increased from 5% to 10%. This points out the existence of an optimum additive dosage 

for an optimum stabilization of this soil. 

The best additive combination containing GGBS was MCB100+GGBS. After 90 days it 

reached 17.6 MPa and 18.1 MPa for the dosages of 5% and 10%, respectively. PC-8, 

MCB100, and Sulfamag, combined with GGBS and a dosage of 5%, achieved UCS 

values that exceeded those obtained by CEM I 52.5 after 90 days. These values 

demonstrate the advantage of the MgO based additives combined with GGBS for the soil 

stabilization. 

 

3.2. SWELLING AND LONG-TERM STABILITY  

Figures 3a and 3b depict the soils swell strain after prolonged exposure to moisture after 

the stabilization treatment. Sulfamag 
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a) 

 

b) 

Figure 3. Swelling and swell strain after prolonged exposure to moisture of the 

stabilized soil combinations. a) All combinations swelling and b) detail of the lower 

swelling combinations. 
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After 24 hours, CEM I combination decreased the natural soil swelling from 2.3% to 

0.1%, whereas CEM I SR achieved 0.5 %. This demonstrates a short-term beneficial 

effect of these binders on the natural soil swelling. CL-90-S reached 5.3 % of swelling, 

demonstrating the negative effect of the excess of Ca against swelling and the probable 

formation of expansive compounds. After 24 hours, MCB100 and Sulfamag showed 

swelling values of 3.0% and 6.2% that were also attributed to the availability of Ca. PC-

8 reached a swelling of 1.8% that slightly decreased the natural soil’s one. Lime and 

Sulfamag showed an increasing swelling over the period of 50 days, respectively reaching 

42.6% and 35%. This behavior demonstrates the formation of big amounts of hydrated 

swelling minerals in these samples, probably ettringite. These swelling values contrast 

with the lack of damage in the UCS samples and the increasing strength values along the 

curing time for both combinations. These differences are probably due to the high water 

availability in the oedometer cell compared to the UCS samples, which favor the ettringite 

formation. PC-8 sample demonstrated a dimensional stability over time from the 

beginning and a reduction of the natural soil’s swelling. After one day, this combination 

had reached 1.8% of swelling, and a final value of 2.1% after 50 days. MCB100 sample 

also showed a swelling of 3% after 24 hours and a swell strain of 3.3% after complete 

exposure to moisture. These differences between PC-8 and MCB100 could be related to 

the higher content of free lime in this last product. At the earlier stages, cements showed 

a decrease of the soil swelling as a result of the presence of CaO. Cement hydration and 

cementation are quick processes delaying the ettringite swelling, but they do not stop it. 

Thus, soils with CEM I SR overcame the natural soil’s swelling after 20 days and reached 

a swelling of 5.1% after 50 days. Soils with CEM I overcame the swelling of the natural 

soil after 27 days and reached a swelling of 3.3% after 50 days. These unexpected results 
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demonstrated a higher weakness on the ettringite formation of the soil treated with sulfo 

resistant cement compared to the conventional one.  

After observing a macroscopic swelling behavior of the samples, they were analyzed by 

XRD to establish the relationship between the observed swelling and the presence of 

expansive minerals. XRD demonstrated the presence of ettringite in samples of the 

combinations treated with CL-90-S and Sulfamag. Figure 4 shows how peaks of ettringite 

appear in the diffractograms of these samples, revealing the presence of this mineral. 

These results agree with the swelling behavior observed in the dimensional stability 

analysis of the samples, except in the case of the combinations of CEM I and CEM I SR, 

where the presence of ettringite was expected. This fact, together with the small size of 

the ettringite's peaks in the diffractograms of the samples where this mineral was 

observed, suggests, as do Seco et al. (Seco et al. 2017), that the observed type of ettringite 

would have a low crystalline structure, or more probably, that it would appear in small 

amounts, making its identification difficult.  

 

 

 

SULFAMAG 

LIME 

* ETTRINGITE PEAKS 
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Figure 4. XRD diffractograms of the samples of soil stabilized with CL-90-S and 

Sulfamag after the prolonged exposure to moisture.  

 

3.3. LEACHING  

Table 4 shows the leaching parameters, methodology and test results of the natural 

gypsum marly soil and those of the stabilized soil after 28 days and after 90 days. The 

column “reference” shows the limit values for each leaching parameter considered by the 

Spanish leaching prescriptions to classify a material as “inert” based on (Ministerio de 

Medio Ambiente 2013). Shaded in yellow are all the results that exceeded the reference 

values.  
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  testing method Unit Reference Gypsum marl CEM I CEM I SR PC-8+GGBS MCB100+GGBS Sulfamag+GGBS 
pH Electrometry     8.6 11.3 11.5 10.5 10.3 10.9 
Conductivity a 20ºC Electrometry μS/cm   2240 2560 3200 2040 2060 2660 
As dissolved ICP/MS mg/l 0.06 0.006 0.03 <0.0025 0.023 0.009 <0.0025 
Cd dissolved ICP/MS mg/l 0.02 <0.001 <0.001 <0.0025 <0.001 0.001 <0.0025 
Cr dissolved ICP/MS mg/l 0.1 <0.003 0.099 0.10851 0.005 0.009 <0.0025 
Pb dissolved ICP/MS mg/l 0.15 <0.002 0.003 <0.0025 0.003 0.004 <0.0025 
Ni dissolved ICP/MS mg/l 0.12 0.018 0.014 0.00421 0.011 0.007 <0.0025 
Hg ICP/MS mg/l 0.002 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 
Ca Atomic absorption  mg/l - 665 533 557 516 504 550 
Mg Ionic cromatography mg/l - 29 0.1 <0.2 0.31 0.42 <0.2 
SO4 Ionic cromatography mg/l 1500 1626 1801 1450 1524 1583 1370 
Cl- Ionic cromatography mg/l 450 13 <3.0 <20 <3.0 <3.0 <20 
Total dissolved solids Gravimetry mg/l - 2562 3035 2550 2421 2652 2550 

a) 

  testing method Unit CEM I CEM I SR PC-8+GGBS MCB100+GGBS Sulfamag+GGBS 
pH Electrometry   11.3 11.4 10.9 11.0 11.1 
Conductivity a 20ºC Electrometry μS/cm 3370 3380 2620 2790 2750 
As dissolved ICP/MS mg/l <0.1 <0.1 <0.0025 <0.1 <0.0025 
Cd dissolved ICP/MS mg/l <0.1 <0.1 <0.0025 <0.1 <0.0025 
Cr dissolved ICP/MS mg/l <0.1 0.272 <0.0025 <0.1 <0.0025 
Pb dissolved ICP/MS mg/l <0.1 <0.1 <0.0025 <0.1 <0.0025 
Ni dissolved ICP/MS mg/l <0.1 <0.1 <0.0025 <0.1 <0.0025 
Hg ICP/MS mg/l <0.04 <0.4 <0.001 <0.04 <0.001 
Ca Atomic absorption  mg/l 553 571 536 561 550 
Mg Ionic cromatography mg/l <0.2 <0.2 <0.2 <0.2 <0.2 
SO4 Ionic cromatography mg/l 1550 1560 1370 1490 1410 
Cl- Ionic cromatography mg/l <20 <20 <20 <20 <20 
Total dissolved solids Gravimetry mg/l 2840 2880 2410 2590 2380 

b) 

Table 4. Leaching test results. a) 28 days and b) 90 days. 
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Raw gypsum marly soil overcame the sulfate leaching and it would be classified as “not 

dangerous” for the environment. As expected, the combinations of CEM I and CEM I SR 

increased the soil pH above 11, while binders containing Mg oscillate between 10.3 and 

10.9 after 28 days. After 90 days, MCB100+GGBS and Sulfamag+GGBS respectively 

reached 11.0 and 11.1, because of their content of available CaO hydrating and releasing 

OH-. After 28 days, raw soil as well as the stabilized combinations maintained the 

leachability of the majority of the metals under the reference values and only CEM I SR 

overcame the Cr leaching. An increase in the metals leachability of the combinations 

stabilized with CEM I, CEM I SR and MCB100+GGBS was observed after 90 days. This 

increase was attributed to the changes in the cementitious compounds of these 

combinations over time. The stabilization had a beneficial effect on the leaching of Ca 

and Mg. This leachability decreased compared to the natural soil at both curing ages. 

After 28 days, CEM I increased the sulfate leaching from 1,626 mg/l to 1,801 mg/l, while 

CEM I SR, PC-8+GGBS, MCB100+GGBS and Sulfamag+GGBS reduced it. After 90 

days, all the combinations reduced the sulfate leaching observed after 28 days, reaching 

PC-8+GGBS, MCB100+GGBS and Sulfamag+GGBS values under the reference to 

classify these combinations as “inert”. The stabilization of this soil reduced the Cl- 

leaching after 28 days, except for the CEM I SR combination. After 90 days, the Cl- 

leaching detection limit did not allow to consider if this substance leachability increased 

but the results in all the cases remained under the reference value. 

 

3.4. BEARING CAPACITY 

Figure 5 shows the field trial construction process carried out on May 19, 2019.  
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a) b) 

  
c) d) 

  
e) f) 

  
g) h) 

Figure 5. Field trial construction. a) gypseous soil layer, b) binders in big-bags, c) 

binders distribution, d) dry soil-binder mixing, e) layer watering, f) wet soil-binder 

mixing, g) layer compaction and h) layer density and moisture control. 
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 Figure 6 shows the meteorological conditions during the outdoor exposition period. At 

this period, a total rainfall of 284 mm was registered by a meteorological station situated 

at 2 km from the study area.  

 

Figure 6. Meteorological conditions during the field study period. 

 

Figure 7 shows the field bearing plate testing procedure and Table 5 shows the bearing 

plate test results of the different combinations of the stabilized soil at the ages of 40 days 

and 140 days.  
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Figure 7. Field bearing plate testing procedure. 

 

Additive dosage 
(5%) 

 

40 DAYS 
 

140 DAYS 
 

Ev1 
(MPa) 

Ev2 
MPa Ev2/Ev1 Ev1 

(MPa) 
Ev2 

(MPa) Ev2/Ev1 

Gypsum marl 46 162 3.5 27 139 5.1 
CEM I 8 55 6.9 28 82 2.9 

CEM I SR 7 44 6.3 9 116 12.9 
CL-90-S+GGBS 7 85 12.1 - - - 

PC-8+GGBS 113 156 1.4 34 63 1.9 
MCB100+GGBS 69 117 1.7 57 80 1.4 
Sulfamag+GGBS 19 54 2.8 29 65 2.2 

 

Table 5. Bearing plate test results of the different combinations of the stabilized soil 

 

After 40 days CEM I, CEM I SR, CL-90-S+GGBS, and Sulfamag+GGBS combinations 

showed important decreases in the Ev1 and Ev2 modulus compared to gypsum marl. This 

was attributed to the presence of calcium in these additives. The formation of expansive 

minerals provoked the destruction of the cementitious compounds and the reduction of 
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the bearing capacity of these combinations. CEM I, CEM I SR, and CL-90-S+GGBS also 

showed important increases of their Ev2/Ev1 ratios that evidenced the low effectiveness of 

the stabilization with additives rich in calcium. On the other hand, PC-8+GGBS and 

MCB100+GGBS showed increases of both the Ev1 and Ev2 modulus after 40 days, and a 

decrease of their Ev2/Ev1 ratios down to 1.4 and 1.7 respectively. This highlights the 

effectiveness of the magnesium-based additives for the soil stabilization. A noticeable 

difference of all the combinations’ Ev1 and Ev2 modulus was observed when comparing 

day 40 with day 140. This was due to the soil’s humidity differences caused by the rain 

between the two testing stages, on 18/06/2019 and 26/09/2019 respectively. Despite this, 

PC-8+GGBS and MCB100+GGBS combinations reached Ev2/Ev1 ratios of 1.9 and 1.4 

respectively, lower than the 2.2 required for the stabilized soils in accordance with the 

Spanish road construction instruction (Ministerio de Fomento 2015). 

 

4. CONCLUSIONS 

The results obtained in this investigation demonstrated the convenience of the 

stabilization of sulfate soils with Mg based binders for road subgrades construction. This 

general conclusion is based on the following specific conclusions: 

1. The stabilization with 5% and 10% of Mg additives improved the mechanical 

properties of the gypsum marly soil up to usual values obtained with lime in other 

soils. For both dosages, calcium-based additives reached higher UCS values than 

Mg ones, demonstrating higher stabilizer efficacy in this soil. Mg additives 

combined with GGBS reached UCS values close to those of the cements used as 

references. PC-8+GGBS and MCB100+GGBS combinations surpassed the 

results obtained by CL-90-S combination, demonstrating a higher ability of the 



28 
 

Mg additives than lime to activate the GGBS. The minor differences of UCS 

obtained with the dosages of 5% and 10% pointed out the convenience of the 

lowest dosage for the stabilization of this soil. None of the samples showed any 

damages or lack of strength due to the presence of expansive minerals. 

2. CEM I, CEM I SR and PC-8 decreased the natural soil swelling after 24 hours 

while CL-90-S, MCB100, and Sulfamag increased it. In the long term, CL-90-S 

and Sulfamag showed from the very beginning a high swelling behavior that was 

attributed to the ettringite formation. CEM I and CEM I SR also showed a delayed 

swelling, higher in the case of CEM I SR. These results, in addition to the lack of 

swelling evidenced in the UCS samples up to 90 days, highlight the complexity 

of the ettringite formation, which seems to depend largely on the water 

availability. 

3. The stabilization with Mg additives demonstrated their convenience to decrease 

the soil leaching potential, mainly in the case of sulfate, Ca, Mg and Cl-. This 

allows to classify the stabilized soil in the most restrictive category of the Spanish 

leaching regulations.  

4. The field trial demonstrated the bearing capacity of the soil stabilized with PC-

8+GGBS and MCB100+GGBS. These combinations reached Ev2/Ev1 ratios 

adequate for the subgrade construction. The lower bearing capacity of the other 

combinations was attributed to the formation of ettringite which swelling 

decreased said combinations’ bearing capacity. 

The analysis of the results obtained from the different tests demonstrated that PC-

8+GGBS was the most effective stabilizer combination. This, in addition to the fact that 

PC-8 and GGBS are byproducts that allow to valorize low bearing capacity soils as 

pavement foundations, highlights the environmental convenience of this application.  
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The raw data required to reproduce these findings are available from the authors. 
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