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Abstract. The unpredictable expansiveness of clayey soils due to the change of water content can be 

responsible for significant pathologies on civil infrastructure. This behaviour depends mainly on the physical 

and chemical characteristics of the clayey soil and the stress-suction state of the soil. Extensive research has 

been carried out to control the swelling potential of clayey soils with traditional inorganic additives such as 

lime and cement. However, the use of these stabilizers presents adverse implications in terms of cost and 

environmental impact. Bio-products and waste by-products are an environmentally friendly alternative for 

geotechnical soil stabilization. In this article, we assess the effect of lignin on the hydro-mechanical behaviour 

of highly expansive clay. The research focuses on the behaviour upon wetting and the soil-water retention 

properties of clay and lignin-treated clay with different percentages. Suction measurements were made by 

using the filter paper technique. Particular emphasis on the mercury intrusion porosimetry analysis of the 

untreated and treated CR-Clay is done. Results of CR-Clay with lignin-based stabilizer show significant 

reduction of swelling upon wetting for the higher percentage of addition. Increase of the aggregation is 

observed with the growth of lignin percentage. An analysis of the soil-water retention properties with the van-

Genutchen model is presented. 

 

1 Introduction 
Moisture variations due to wetting and drying cycles of 

clayey soils composed by smectite-type minerals can 

produce volumetric changes that could generate 

significant pathologies in structures or civil constructions.  

Several authors have studied natural soils treatment with 

traditional inorganic additives such as lime or cement, to 

reduce the swelling potential of expansive clays (p.e. 

Hoyos et al.[1]). However, the use of these stabilizers 

presents adverse implications in terms of cost and 

environmental impact [2]. In particular, these kinds of 

additives increase soil pH affecting groundwater quality. 

In recent years, Latin America has implemented new bio-

economy concepts based on bio-fuels and bio-products 

production (Sasson and Malpica, 2018, Orlandi et al. 

2020). Several authors have studied different products 

derived from biomass as soil stabilizers, such as β-glucan 

[3], chitosan [4], power and ash rice ([5,6], seeds and 

starches [7]),  olive waste [8], and tree resins [9], among 

others. 

The effect of green additives on the properties of clayey 

soils depends mainly on the soil-additive interaction and 

the physico-chemical characteristics of the additive. One 

of these green additives is lignin. It is a polyphenolic 

biopolymer, obtained as by-products in pulp and paper 

industries. All around the world, the paper pulp industry 

produces vast quantities of lignin, and its disposal has 

become a global ecological problem ( [2,10]).  

Lignins are a non-toxic compound in comparison with 

lime or cement [11]). Indraratna et al. (2008) reported that 

lignins reduce the coefficient of soil erosion and 

significantly increased the critical shear stress of a silt 

clay soil. Recently, several authors focused their studies 

on the reduction of the swelling capacity of high 

expansive clays (Alazigha et al., [2,11]; Fernandez et al., 

[12,13]; Orlandi et al [14,15,7].  However, the unsaturated 

behaviour of clay –lignin require more attention. In this 

work, we studied the behaviour of compacted samples of 

clay and lignin-treated clay upon wetting, the analysis of 

microstructure with MIP and SEM and the soil-water 

retention properties. 
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2 Materials
A natural clayey soil (CR-Clay) from Comodoro 

Rivadavia, Chubut, Argentina and Calcium 

Ligonoslfonate (CLS) bioproduct were used. 

1.1 CR-clay: Patagonian expansive selected soil

CR-clay comes from a near-surface layer of a strongly-

fissured formation. Manually extracted samples were 

obtained in the form of irregular blocks at a depth of 0.50-

2.20m from open pits located in Comodoro Rivadavia

City. Then, they were air-dried, pulverized and sieved 

through the #10 ASTM sieve. Table 1 shows physico-

chemical properties of CR-Clay, such as the particle size, 

the index properties (LL, PL, PI, shrinkage limit, SL; 

specific gravity, Gs) following ASTM standards, the 

mineralogy by XRD, sulphate concentration, specific 

surface area,  Se; and Cation Exchange Capacity, 

CEC[4,7,16]. The predominant cation is  Na+, although 

Ca2+, Mg2+ and K+ are also present. The clay has a 

relatively low sulphate concentration (3608 ppm). The 

specific surface of Clay, measured using the maximum 

adsorption of methylene blue, is higher than 563 m2/g. 

According to the Unified Soil Classification System 

(USCS), Clay is classified as MH.  

CR-clay is a soil with a high swelling potential, mostly 

composted by smectite. In natural conditions, its natural 

moisture is nearby 18%. 

Table 1. CRclay properties. 

properties CRclay 
% clay 76.6 

% mood 21.4 

% sand 1.96 

Textural class clay 

Liquid limit, LL 74.5 

Plastic index, PI 35.3 

shrinkage limit, SL 24.2 

SUCS MH 

RX mineralogical identification 100% smectite 

    Specific surface area [m2/g]  563 

    SO4- [mg/kg]  3608 

    Ca [meq/100g]  16.0 

    Mg [meq/100g]  1.5 

    K [meq/100g]  7.8 

    Na [meq/100g]  28.5 

    CEC 55 

1.2 Calcium Ligonoslfonate - CLS

CLS is brownish powder lignin from calcium and sodium 

sulphite process (L4) provided by Norlig (Argentina).

Some physicochemical characteristics of the product, 

provided by the manufacturer, are listed in Table 2.  

 

 

 

 

Table 2: Technical report. CLS composition. 

Analysis description Unity Technical 
specification 

Typical 
values 

pH (10% solution) [%] 3.0-4.5 3.8 

Moisture (at 105°C) [%] Max. 8.0 6.0 

Ashes (at 800°C) [%] Max. 10.0 7.7 

Calcium (as Ca) [%] 1.5 – 2.4 1.8 

Magnesium (as Mg) [%] 1.4 – 2.2 1.8 

Iron (as Fe) [%] Max. 0.1 0.04 

Sulphur (as S) [%] Max. 8.0 6.0 

Reductive substances  Max. 25.0 22.0 

Colour - Brown Brown 

Water-insoluble  [%] Max. 0.20 0.15 

Density [g/cm3] 0.37 – 0.41 0.40 

1.3 Blends of CRclay and CLS
CR-Clay was firstly mixed with two different mass 

percentages of CLS to clay: 3% (Clay + 3% CLS) and 5% 

(Clay + 5% CLS). The mixtures were wetted to the 

desired water content and stored in an airtight container 

for at least twenty-four hours to homogenize the moisture 

content. Finally, samples were statically compacted to a 

standard Proctor compaction procedure (ASTM D698) to 

select the initial densities and water contents for the tests. 

Table 3 shows the maximum dry density (γdmax) and 95% 

of the maximum dry density (γd95%). 

Table 3: Proctor Standard results.

 Clay Clay + 
3% CLS

Clay + 
5% CLS

C
om

pa
ct

io
n 

pr
op

er
tie

s

�dmax [kN/m3] 13.0 12.4 12.5
�d95% [kN/m3] 12.4 11.8 11.9
�dry [%] 18.0 28.0 27.0
�opt [%] 31.0 34.0 35.0
�wet [%] 37.0 40.0 44.0

3 Methods
The behavior of compacted samples upon wetting was 

measured in an oedometer apparatus. The expansiveness 

capacity of the soil is the increment of the height of the 

samples. The test consists of flooding a sample of 18 mm 

height and 76 mm diameter with deionized water while 

measuring its height variation.  

The pore size distributions of the compacted specimens 

were characterized through mercury intrusion 

porosimetry (MIP) according to ASTM 2873 in a Pascal 

440 Thermo Fisher, for measuring pores size between 

7 nm to 13 000 nm, and Pascal 140 Thermo Scientific, for 

measuring pores size between 13 000 nm to 100 000 nm. 

The morphology of the samples was studied using 

scanning electron microscopy (SEM) within a Phenom-

World ProX. For SEM images, small samples portions 

were mounted on aluminium stubs with carbon coating to 

ensure conductivity through the sample. The detail 

procedures followed is in Fernandez et al. [13].

For determining soil suction, the filter paper method test 

was used, according to ASTM D5298. The procedure 
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consists in measuring the moisture content of a calibrated 

filter paper in contact with soil (matric suction) or in 

equilibrium with the partial vapour pressure in a sealed 

container with no more than 1ºC temperature fluctuation 

(total suction). Samples require a minimum of seven days 

to reach a hygroscopic balance between the filter paper 

and the soil mixtures. A precision weighing balance is 

used to measure the moisture content of the filter paper. 

The ASTM standard proposes the calibration of the 

gravimetric water contents of the filter paper Whatman 

No. 42 and suction measured adopted for this study. 

The procedures for measuring the matric and total suction 

consists of preparing two soil specimens of 100 mm

diameter and 25 mm height. A set of three filter papers 

between both compacted samples are to measure the 

matrix suction. The filter papers in contact with the 

samples have a larger diameter (100 mm), while the one 

in the middle has a smaller one (90 mm). The smaller 

filter paper is subtracted quickly, and the increase of its 

weight registered. In this series of tests, the filter papers 

were previously oven-dried. The total suction was 

measured, placing two extra sets of filter paper over the 

upper soil sample avoiding contact between the 

specimens. The sets were placed in a sealed container to 

gain a moisture equilibrium for seven days before 

measuring the moisture of the filter papers. Compacted 

samples were prepared to start from different water 

content with a targeted dry density. 

There is a link between the water retention curve (WRC) 

and the pore size distribution (PSD) of a soil sample 

obtained with MIP. The interface between the non-

wetting fluid (air in case of WRC or liquid Hg in case of 

MIP) and the wetting fluid (water and air, in case of WRC 

or Hg vapour for MIP) is governed mainly by capillarity. 

MIP can be related to the drying path of the initially 

saturated sample by applying an increase of external air 

pressure (non-wetting fluid) [17,18] 

4 Experimental results and discussion
The swelling capacity was qualitatively determined by 

immersing compacted CR-Clay in a beaker with water, as 

is shown in Figure 1. The sample was utterly disintegrated 

two days after being submerged into distilled water. 

Hence, its volume was approximately doubling laterally 

and vertically. A series of samples were subjected to 

wetting path in an oedometer to evaluate expansion 

capacity. The free swell of the untreated Clay was 32%. 

Clay with 3% and 5% of CLS presented a reduction of the 

free swelling of 40% and 45% respectively. This result 

confirms that CLS reduces the swelling capacity of Clay 

[2,11]. Alazigha et al. [2] observed that the reduction in 

the expansiveness of a CLS treated sample is due to the 

binding of soil minerals due to CLS through basal and 

peripheral absorption. The CLS absorption restricts the 

infiltration of moisture into the soil and reduces the free 

swelling. The swelling reduction for higher CLS dosages 

does not present a linear trend. The low permeability of 

the CR-Clay fulfils an essential role in the time evolution 

of expansiveness (Marti et al. [19], Piqué et al. [20]). In 

general, the CR-clay activation requires several days to 

increase free swelling as is shown in Figure 2. This result 

is following similar behaviour regional clayey soils 

(Manzanal et al. [16]). 

Fig. 1. Image of CR-Clay previous to be submerged and two 

days after be submerged into distilled water

Fig. 2. Free swell evolution with time for the three mixtures: 

Clay, Clay + 3% CLS and Clay + 5% CLS compacted samples 

at a given dry density (e = 1.18-1.23).

4.1 CLS-Clay sample microstructure

Figures 3 and 4 show the pore size distribution curves of 

Clay and Clay + CLS. Graphs are presented in terms of 

both density functions and cumulative intruded void ratio 

where the intruded pore radius is represented on the 

logarithmic scale x-axis. The pore size density 

distribution presented in Figure 3 shows two dominant 

pore size on the dry of optimum moisture content ( opt)

for Clay and Clay + CLS as obtained by different authors 

(Romero, 2011; Alonso et al. 2013). These two dominant 

pore sizes are referred to as micro-porosity (7 to 80 nm 

approximately) and macro-porosity (7000 to 70000 nm). 

Regarding the micro-porosity, it is noted that the most 

frequent microstructural pore size of Clay is more 

significant than the most frequent microstructural pore 

size of both Clay + 3% CLS and Clay + 5% CLS. This can 

be related to a microstructural void ratio reduction with 

the CLS addition as it showed a significant decrease of 

both cation exchange capacity and specific surface for 

both studied samples. Indraratna et al. (2010) proposed a 

stabilization mechanism in which CLS formed a chain 

that entered between clay particles, neutralizing electric 

charges of the surface of the clay, holding the clay 

particles together. The neutralization of electric charges in 

clay surface reduce the repulsive forces between clay 
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particles. This effect can be related to the microporosity 

decrease. 

Fig. 3. Pore size density distribution for the three mixtures 

obtained by MIP for Clay, Clay + 3% CLS and Clay + 5% CLS 

compacted samples at dry of optimum water content (Sr = 41% 

- 46%) and a given dry density (e = 1.18-1.23).

Fig. 4. Evolution of intruded void ratio obtained by MIP for 

the three mixtures: Clay, Clay + 3% CLS and Clay + 5% CLS 

compacted samples at dry of optimum water content (Sr = 41% 

- 46%) and a given dry density (e = 1.18-1.23).

Regarding the macro-porosity, Clay + 3% CLS mixture 

had the smallest pore characteristic size, followed by the 

untreated Clay and Clay + 5% CLS mixtures respectively. 

However, considering the void ratio, it is noted that CLS 

reduced the porosity in 5% for Clay + 3% CLS and 11% 

for Clay + 5% CLS as can be observed in Figure 4. The 

micro and macro-structural void ratio portions can be 

obtained according to Delage and Lefebvre [21]

throughout the intrusion and extrusion on MIP. These 

authors defined micro-porosity as the reversible portion 

of mercury extruded from the samples when the pressure 

of mercury is diminished (Figure 4). This is related to the 

microstructural configuration of the sample, the surface 

charges of clay platelets and the non-wettability of 

mercury. The macro-porosity portion of the sample is the

non-reversible mercury volume stacked in the sample. 

The macro void ratio is calculated as the initial void ratio 

minus the micro void ratio, which is the last registered 

void ratio of the test. The results showed that the macro 

void ratio decreased with the addition of CLS, �� = 0.52 

for Clay, �� = 0.45 for Clay + 3% CLS and �� = 0.44 for 
Clay + 5% CLS. 
The decrease in the pore volume due to CLS can be 
observed on SEM images of compacted samples with 
different percentages of CLS with moisture content at dry 
of optimum (�dry) (Figure 5a) and wet of optimum (�wet)
(Figure 5b). 

Fig. 5a. SEM for Clay, Clay + 3% CLS and, Clay + 3% CLS 
dry of optimum (� = 20%).

Fig. 5b. SEM for Clay, Clay + 3% CLS and, Clay + 3% CLS 
wet of optimum (� = 37%).

4.2 Soil-Water Retention Curve

The water retention capacity of the unsaturated 
compacted samples of Clay and Clay + CLS were 
obtained using the filter paper method (ASTM D5298). 
This technique allows estimating the relationship between 
the degree of saturation and suction at equilibrium for 
compacted samples at a given density and different initial 
water content of Clay, Clay + 3% CLS and Clay + 5% 
CLS. Experimental results are presented in Figure 6 in 
terms of suction and degree of saturation. The samples 
had an average dry density of 12.4 kN/m3 (e = 1.130 -
1.250), except for Clay + 3% CLS - UNPSJB samples 
with slightly higher average densities (e = 0.750 - 0.940). 
Clay + CLS presented fairly scattered results for the same 
dry density. For a certain degree of saturation, it is 

Clay

Clay

Clay + 3% CLS

Clay + 3% CLS

Clay + 5% CLS

Clay + 5% CLS

100 �m 100 �m 100 �m

10 �m 10 �m 10 �m

� = 20%

� = 20%

Less porous

Clay

Clay

Clay + 3% CLS

Clay + 3% CLS

Clay + 5% CLS

Clay + 5% CLS

100 �m 100 �m 100 �m

10 �m 10 �m 10 �m

� = 37%

� = 37%

Less porous
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observed that the estimated suctions of Clay with 3.0% 
and 5.0% of CLS are larger than Clay. However, the 
estimated suction increment with the increase in the CLS 
dosage is rather small. 

Results were modelled with the van Genuchten equation 
(van Genuchten, [22]). Equation (1) describes the soil-
water retention curve. This equation relates the matric 
suction (u� − u�) and the degree of saturation of the 
sample (S�). The effective degree of saturation (S�) varies 
from 0 to 1. It equals unity when samples are saturated, 
even for matric suctions bigger than 1. The value of 
suction in which desaturation begins is called air-entry 
value suction (S��). S� equals zero when the residual 
degree of saturation (S���) is reached. S��� is the 
approximately constant value of the degree of saturation 
regardless of the increasing matric suction. This residual 
water content is trapped in the microstructure of the soil. 
Therefore, residual degree of saturation or residual water 
content is related to the microporosity of the sample 
obtained within mercury intrusion porosimetry (MIP)
(Romero, 1999). Finally, λ is a fitting parameter that 
considers the pore size distribution of the soils. For more 
aggregated or coarse-grained soils, λ is expected to be 
higher.


� = 
� − 
��


�� − 
��
 = �1 + ��� − ��
�� ��/����
�� (1)

The water retention curves fitted with the experimental 
data and the van Genuchten parameters are shown in 
Fig.6. The results of the calibration suggest that CLS 
change the air entry value (Sae) from 300 kPa to 600 kPa 
when the CLS addition is 5%. This value is related to the 
suction that air must exceed to enter the pores of the soil, 
leading to the beginning of desaturation. MIP results 
showed that the addition of 5% of CLS to Clay reduced 
the frequency of large pores with an overall reduction of 
macro void ratio, which is consistent with the increment 
of the air-entry value (S��) of Clay + 5% CLS. 
There is a slight decrease of λ (van Genuchten pore 
distribution parameter) with the addition of CLS, which 
agrees with the reduction in porosity observed in MIP 
performed on samples with an initial degree of saturation 
of 45%. 
Romero [17]) related the residual water content (or the 
residual degree of saturation) to the difference between 
the void ratio measured through the intrusion of mercury 
during MIP test and the overall soil void ratio obtained 
from the compaction characteristics (dry density and 
water content). This difference would be the non-intruded 
void ratio �eni. The residual water content is 100 ⋅Δe��/�
.
Figure 7 shows MIP results as a function of water content 
and suction together with the discrete results obtained by 
the filter paper technique. The residual water content 
obtained with MIP for the three samples analysed (Clay, 
Clay + 3% CLS, Clay + 5% CLS) varies from 20.0% to 
21.3%. The residual water content is not affected by the 
addition of CLS. The degree of residual saturation 
associated with these water contents and their respective 
void ratios vary between 44% and 48%. These results 

appear to be high, assuming that soils that contain a 
significant fraction of smectite cannot be fully intruded by 
mercury at 200 MPa (p.e.Castelblanco et al., 2012). This 
circumstance is directly related to the fact that the 
evolution of the void ratio curve maintains a slope in the 
area of the smallest pores (Figure 4). Therefore, there is 
a difference between the intruded void ratio and the 
overall soil void ratio. In this case, the smallest value 
reached with the MIP at 200 MPa is 7.4 nm (74 Å). Since 
the basic constituent of Clay is the elementary clay layer 
(9.6 Å thick for smectite), there might be several pores 
that were not intruded by the mercury [23].
In literature, there is some controversy when considering 
the residual saturation degree as a physical parameter (e.g. 
Luckner et al., [24]) or a calibration parameter (e.g. 
Fredlund & Xing [25], Manzanal et al., [26,27]). In this 
work, the value was adopted according to the results 
obtained with MIP following the procedure of Romero 
(1999) and using the calibration of the experimental 
results obtained by the filter paper method. Figure 6
shows the experimental results with the van Genutchen 
model with the residual saturation degree for all samples 
equal to 30%. The samples used for the calibration of the 
van Genuchten model had a void ratio varying from e = 
1.130 - 1.250

Fig. 6. Relation of suction and degree of saturation using the 
filter paper technique and van Genuchten model for water 
retention curve for the three mixtures: Clay, Clay + 3% CLS and 
Clay + 5% CLS. 

Fig. 7. Comparison of gravimetric water content and degree of 
saturation using the filter paper technique with MIP results for 
the three mixtures: Clay, Clay + 3% CLS and Clay + 5% CLS.
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5 Conclusion
The paper studied the interaction of CR-Clay and CLS 

throughout a series of tests for characterizing the physical 

properties, the microporosity, the WRC and the variation 

of the swelling capacity of the three compacted mixtures: 

a natural clay (CR-Clay), the CR-Clay with 3% and 5% 

of CLS. Results showed significant changes in the 

physical and engineering properties.  

The addition of 3.0% and 5.0% of CLS reduced the 

swelling capacity of CR-Clay from 32.0% to 19.6% and 

17.8%, respectively. 

CR-Clay- CLS admixture showed lower porosity or less 

connected porous arrangement. The mercury intrusion 

porosimetry registered a reduction of intruded void ratio 

with the addition of CLS. 

The addition of CLS increased the estimated suction for a 

given degree of saturation. However, the increment of 

suction with CLS dosage increase is relatively small. 

Results suggested that the addition of 5% of CLS changes 

the air entry value (Sae) of the van Genuchten model from 

300 kPa to 600 kPa. This increment, which is consistent 

with the MIP results, showed that the addition of 5% of 

CLS reduced the frequency of large pores with an overall 

reduction of macro void ratio. The parameter λ from the 

van Genuchten model slightly decreased with the addition 

of CLS due to a decrease of the pore size distribution is 

reduced, as the MIP results showed. The CLS addition 

does not influence the residual degree of saturation 

evaluated within MIP.  

Results showed that CLS yield acceptable performance as 

a soil stabilizer, particularly in reducing the natural Clay’s 

swell potential even with no curing time. Further research 

is required to ensure its effectiveness on long-term 

behaviour, particularly after cyclic wetting-drying and 

cyclic freeze-thaw and the impact on longer curing times 

in experimental results. Moreover, the environmental 

impact (leachability) requires more research. Finally, 

constructability and cost-efficiency comparison is 

encouraged between CLS and traditional additives, 

bearing in mind the environmental costs of each additive. 
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