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Abstract: In the Loess Plateau in Northern China,
repeated freeze—thaw (FT) cycles deteriorate the
strength and structure of loess as a foundation soil,
resulting in the instability or failure of supporting
structure. Lignosulfonate is an eco—material, utilized
as an effective and nontraditional stabilizer to
improve the engineering properties of metastable
soils. A series of laboratory tests, including
unconfined compression tests, cyclic loading-
unloading tests and scanning electron microscopy,
on calcium lignosulfonate (CL)- and sodium
lignosulfonate (SL)-stabilized loess were performed
to investigate the stabilization effect, deterioration
mechanisms of the FT cycles, and the resistance to
FT cycles. Two traditional stabilizers, quicklime (QL)
and sodium silicate (SS), were selected, and the
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engineering properties of QL- and SS-stabilized
loess were compared with those of CL- and SL-
stabilized loess. The results showed that the strength
values of CL- and SL-stabilized loess specimens
decreased by 34.2% and 50% respectively, after 20
FT cycles, whereas those of the traditionally SS- and
QL- stabilized specimens decreased by 85.3% and
82.87%, respectively. The elastic moduli of SL- and
QL-stabilized loess specimens decreased by 22.1% and
92.0%, respectively. The mean energy dissipations of
nontraditionally treated specimens also decreased
significantly less than those of traditionally treated
specimens. Overall, the results showed CL and SL had
better stabilization effects on engineering properties of
loess than QL and SS, and their stabilized loess
specimens exhibited stronger resistance to FT cycles.
The study findings demonstrated the significant
potential of lignosulfonate for extensive application
in cold loess areas.
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1 Introduction

Loess and loess-like soils cover approximately
630,000 kmz in China, approximately 7% of the total
land area (Sun 2005; Li et al. 2018). Only the Loess
Plateau covers approximate 317,000 kmz and is one of
the largest areas of loess deposits on earth (Liu 1985).
Because of its low cost and wide distribution, loess is
widely used as filling material and foundation soil for
various infrastructures, such as buildings, roads,
canals and airstrips in Northern China. However,
natural loess is relative sensitive to water and is loose
sediment with high porosity, low density, and high
collapsibility upon wetting. Natural loess is
characterized by an open and metastable structure
with macropores and low interparticle bonds, and
thus, exhibits poor engineering properties (Jiang et al.
2014). However, its engineering properties can be
improved through physical and chemical treatment,
and it is extensively used as a foundation soil.

Existing physical methods of loess improvement
can be divided into three categories, 1) minimizing its
sensitivity to water, 2) increasing loess compactness,
and 3) replacing collapsible loess. The first category
includes prewetting, which can reduce or eliminate
collapsible deformation before construction on loess,
and water isolation, preventing moisture’s access to
the loess base (Gibbs and Bara 1967; Houston and
Houston 1997; Li et al. 2011; Zhang et al. 2017). The
second category includes different technical methods,
such as tamping, vibratory rolling, soil piling,
dynamic compaction, and vibrocompaction (Mayne et
al. 1984; Fei et al. 2002; Jian et al. 2003; Tu and
Zhang 2010; Zhang et al. 2010). Improving the loess
compactness can increase the strength and decrease
the compression deformation, hydraulic conductivity
and collapsible deformations of loess specimens (El-
Ehwany and Houston 1990; Pereira et al. 2005; Rao
and Revanasiddappa 2006; Yang and Bai 2015). The
third category includes directly excavating the
collapsible loess layer and replacing it with weak or
nonsusceptible materials, such as coarse aggregate
(Rollins and Rogers 1995; Qian 2006).

The chemical improvement of loess is mainly
achieved by forming new structural bonds between
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soil particles, owing to chemical reactions after the
stabilizer is added. Traditional chemical additives,
such as lime, cement, fly ash, silicates, or any
combination of these additives, have been extensively
used in practice to improve the engineering properties
of collapsible loess (Croft 1967; Sokolovich and
Semkin 1984; Sherwood 1993; Bell 1996; Lo and
Wardani 2002; Liu et al. 2019a,b). Several studies
have investigated the stabilization mechanism,
optimum amount of cementing materials,
performance of treated loess, and advantages and
disadvantages of various chemical stabilizers (Hurley
and Thornburn 1972; Zia and Fox 2000; Yang et al.
2001; Lim et al. 2002; Wang et al. 2005; Jefferson et
al. 2008; Mi and Hu 2009).

Generally, the loess treated using the physical or
chemical improvement techniques, as described
above, can satisfy the strength and deformation
requirements for infrastructure construction.
However, differential settlement, structural damage,
pavement cracking, and landslides still occurred in
infrastructures built on loess treated using physical
and/or chemical methods in Northern China after
several years of operation. The main reason was that
the strong weathering actions, including freeze—thaw
(FT), drying—wetting and salinization—desalinization
cycles, significantly = deteriorated engineering
properties, such as the Atterberg limit, permeability,
dry density, particle size and strength (Chamberlain
and Gow 1979; Viklander and Eigenbrod 2000; Shen
2004; Li et al. 2012, 2015; Wang et al. 2016). In
addition, the use of some traditional chemical
stabilizers causes health and environmental problems.
For example, chemical additives increase the pH
value of the pore solution, which decreases the
strength and durability of cement and steel structures
exposed to the treated soils, resulting in pollution
(Sherwood 1993). The treated soil also decreases the
capacity to retain water and nutrients and thus,
threatens the survival of living organisms (Boardman
et al. 2001; Chen and Indraratna 2014). Consequently,
researchers are attempting to develop other
alternative chemical methods of overcoming these
health and environmental problems.

Lignosulfonates, mainly including calcium
lignosulfonate (CL) and sodium lignosulfonate (SL),
are produced from lignin, which is the main
component of liquor by-products of the timber-
processing  industries (e.g., paper  mills).
Lignosulfonates are ecofriendly stabilizers used for
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soil improvement, and they have been used
extensively (Santoni et al. 2002; Karol 2003;
Angenent et al. 2004; Indraratna et al. 2009; Ceylan
et al. 2010; Zhang et al. 2016; Ta’negonbadi and
Noorzad 2017; Yang et al. 2018). Palmer (1995) and
Gopalakrishnan et al. (2012) investigated the strength
and optimum amount of lignosulfonate in silty sand
and clayey soil, and revealed that lignosulfonate
significantly increased the unconfined compressive
strength (UCS) of treated soil. Puppala and
Hanchanloet (1999) examined the effect of a blend of
lignin and sulfuric acid on the strength and stiffness
of clayey soil and found that their combination could
effectively increase the shear strength and resilient
modulus. Santoni et al. (2002) and Tingle and
Santoni (2003) investigated the performance of
clayey soil and silty sand stabilized using different
nontraditional additives, including lignosulfonates,
and found that the strength of lignosulfonate-
stabilized soils increased significantly. Pengelly et al.
(1997) performed tests on expansive subgrade soil
stabilized with lignosulfonate and found that the
expansion of stabilized soil was effectively controlled.
Vinod et al. (2012) evaluated the erosion resistance of
dispersive soil stabilized with lignosulfonate and
cement, and found that lignosulfonate could
effectively improve the anti-erosion ability of soil,
compared to traditional stabilizers such as cement. Li
et al. (2019) used CL to stabilize loess and reported
that it was a new ecofriendly and effective stabilizer
that deserved further application in loess engineering.
In addition, some studies were focused on the
interaction mechanisms between additives and soil
particles. Addo et al. (2004) found that the
rearrangement of soil particles was a major reason for
the increased shear strength of lignosulfonate-
stabilized soil. Tingle et al. (2007) reported that
lignosulfonates could bind soil particles together
when the soil particles were coated with a thin
adhesive-like film. Indraratna et al. (2008) noted that
lignosulfonate increased the erosion resistance and
critical shear stress of silty sand because of its
cementing property. Scanning electron microscopy
(SEM) images showed that strong bonding existed
between particles coated with cementing materials,
and the bonds were formed because of chemical
reaction of lignin with minerals in silty sand.
Although researchers have investigated the
physical and mechanical properties and stabilization
mechanisms of lignosulfonate-stabilized soil, further
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research needs to be conducted extensively. For
example, how does the lignosulfonate-stabilized loess
respond to FT cycles in cold loess areas? and how
does its engineering properties degrade when
subjected to FT cycles? In addition, the FT cycle is
severe weathering process in cold loess regions in
China and causes frost hazards in many structures.
The FT cycle can loosen the loess structure, which is
highly sensitive to water, and reduce loess strength.
Therefore, these are important and urgent issues that
should be addressed in designing structures
constructed on collapsible loess in cold regions.

The aim of this study is to investigate the
resistance of lignosulfonate-treated loess to FT cycles
and the deterioration mechanisms of the FT cycle. A
series of experimental laboratory tests, including FT
cycles, unconfined compression (UC) and cyclic
unloading—reloading (UR) tests, were conducted on
loess specimens treated with nontraditional additives:
CL and SL, and two traditional additives: quicklime
(QL) and sodium silicate (SS). The results revealed
the perfect performance of the treated loess
containing CL and SL, the deterioration process and
the resistance to FT cycles.

2 Material and Methods

2.1 Specimen preparation

The loess used in this study was obtained from a
location near YongDeng County, Gansu province,
Northwestern China (Li et al. 2018). According to the
Chinese engineering geological zoning of collapsible
loess (MCPRC 2004), the sampling site (36°36'34" N,
103°22'05" E) is located in an arid and collapsible
loess area, where the thickness of collapsible loess
varies from 10 to 15 m. The physical properties of the
loess are listed in Table 1. Like collapse index (Li et al.
2015), the collapsibility coefficient of undisturbed
loess varied between 0.063 and 0.108 under a load of
200 kPa (Table 1). The loess is identified as strongly
collapsible loess based on the Chinese loess
classification standard (MCPRC 2004; MWRPRC
1999). The main chemical components of the loess
obtained through X-ray diffraction analysis are listed
in the Table 2. The soluble salts were measured
according to the Chinese code (MCPRC 2001) (Table
2.) The main cations were sodium and calcium, and
the main anions were sulphate and chloride.



Table 1 Physical properties of loess

Property Value
Specific gravity, Gs 2.70
Liquid limit, Wi (%) 26.29
Plastic limit, W» (%) 18.24
Plasticity index, PI (%) 8.05
Maximum dry density, pimax (g:cm3)  1.912

Optimum moisture content, wept (%)  13.0
Soluble salt content, (%) 0.8

Collapsibility coefficient, & 0.063—0.108
Grain size distribution (%) Value
Sand (> 0.075 mm) 14.75
Silt (0.075—0.005 mm) 66.07
Clay (< 0.005 mm) 19.18

According to the Chinese classification standard of
saline soils, this loess type belongs to the sub-sulphate
saline soil group (MCPRC 2001).

The collected loess was naturally air-dried in the
laboratory before it was passed through a sieve with a
2-mm opening size. Stabilizers (CL, SL, and QL) of
designed amounts and distilled water were
thoroughly mixed with the air-dried loess. However,
SS was first dissolved in distilled water before mixing
to obtain uniform specimens because SS is generally a
sold particle or block. Next, water corresponding to an
amount at the optimum water content of 13%, the
additive, and the soil were uniformly mixed and
placed in a sealed plastic container for 24 h to achieve
a uniform moisture distribution. Subsequently, the
mixture was poured into a cylindrical steel mold and
densely compacted to a density of 1.81 g/cm3. A loess
specimen with a diameter of 39.1 mm and a height of
80 mm was formed after three layers of compaction to
a degree of 95%. The designed stabilizer content,
defined as the ratio of the dry weight of the stabilizer
to the soil in this study, was 3% according to a
previous study. This showed that a 3% stabilizer
content was the most economical, and its treated loess
sample also satisfied the strength requirement (Hou
et al. 2017).

2.2 Test method

All stabilized loess specimens were sealed in
plastic wrap to prevent water loss during the FT cycle.
A single FT cycle involved freezing the specimens at
—15°C for 12 h (MTPRC 2005) and then thawing them
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at 15°C for another 12 h in a closed system. The
numbers of FT cycles were 1, 5, 10, 15, and 20. When
the designed number of FT cycles was achieved, the
specimens were removed from the temperature-
controlled box. Next, the soil specimens were cured
for seven days and dried to a natural minimum water
content of 2%. After drying, UC and UR tests were
performed to determine the strength, failure strain,
energy dissipation and elastic deformation of the
specimens. For replication, the above tests were
carried out in triplicate. SEM micrographs of different
specimens stabilized with 3% stabilizer were captured
to evaluate the microstructure after curing and drying
for seven days.

UC tests were performed on cylindrical
specimens at a strain rate of 0.5 mm/min following
test specification for highway engineering (MCPRC
2004) to determine the UCS of the stabilized soils.
Uniaxial cyclic UR tests, i.e., one-dimensional and
unconfined compressive tests, were performed to
investigate the damage behavior of the stabilized loess
used in a roadbed. First, each specimen was loaded at
a vertical strain rate of 0.5 mm/min until the axial
strain reached 0.5% (the first peak strain). It was then
unloaded at the same strain rate until the stress
dropped to 0 kPa and maintained for 9o s without any
loading to eliminate the loading effect on the next
loading. Second, the specimen was reloaded up to the
second peak strain of 1% at the same strain rate. Such
unloading and reloading formed a full UR cycle. This
cycle was repeated for designed peak stain of 1.5%,
2.0%, and 2.5% in the following three cycles, and the
soil damage was monitored.

3 Experimental Results

3.1 Effect of FT cycle on mass loss

The mass loss of loess specimens is a significant
indicator that reflects the resistance of the soil sample
to FT cycles. In this study, the mass loss ratio was
defined as the ratio of the lost mass after the FT tests
to the initial soil specimen mass. The variations in the
mass loss ratio for different stabilized loess specimens
after subjection to the FT cycles are shown in Fig. 1.

Table 2 Main chemical components and soluble salt content of loess

Compound SiO- CaCO3 AlO3 CaO
Content (%) 51.46 12.70 10.52 7.12
Soluble salt  Caz2+ Mgz2+ Nat+ K+
Content (%) 0.06 0.01 0.19 0.004

Fe203 MgO K-0 FeO Total
2.76 2.09 1.82 1.8

SO42 NOjs HCO5- Cl-

0.32 0.01 0.01 0.20 0.8
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The mass loss ratios of the different stabilized loess
specimens increased with the increasing number of
FT cycles, owing to the deteriorative effect of the FT
cycles. The FT cycle significantly influenced the mass
loss of loess specimens stabilized with traditional SS
and QL additives, demonstrating their weaker
resistance to FT cycles. The mass loss ratios of SS-
and QL-stabilized specimens increased by 2.70% and
3.57%, respectively, after 20 FT cycles.

The SL- and CL-stabilized loess specimens
showed lower mass loss ratios, i.e., 0.9% and 1.66%,
respectively, after 20 FT cycles, demonstrating their
stronger resistance to FT cycles. Except for FT cycles,
SS-stabilized soils also experienced salt erosion
because visible salt crystals appeared on the surface of
the specimens after the FT cycles (Fig. 2). According
to a previous study, these salts migrate from the
inside to the outside of loess specimens with water
during the freezing, thawing, and drying processes
and eventually accumulate and crystallize on the
surface (Chen et al. 1989). Therefore, the
crystallization and exfoliation of soluble salts was
another reason for the mass loss in SS-stabilized soils.

3.2 Effect of FT cycle on UCS

Fig. 3 depicts the stress—strain curves of the
stabilized loess specimens after exposure to different
FT cycles, in which the specimens were treated with
CL, SL, QL and SS. All the stabilized loess specimens
exhibited  similar  strain-softening  behavior,
accompanying an increasing failure strain after the FT
cycles, except for the CL-stabilized specimen, owing to
the higher strength (Fig. 3a). For the SS- and QL-
treated soils, their stress—strain curves changed from
strong strain-softening to weak strain-softening with
the increasing number of FT cycles, particularly after
10 FT cycles.

Fig. 4 shows the variation in UCS with the
increasing number of FT cycles. The UCS values of the
treated specimens significantly decreased with the
increasing number of FT cycles, indicating the
deteriorative effect of the FT cycles. Moreover, the
traditional SS- and QL-treated soils showed a more
significant response and weaker resistance to FT
cycles than the nontraditional CL- and SL-treated
soils. For example, the UCS values of SS- and QL-
stabilized specimens decreased by up to 85.3% and
82.9%, respectively, from 3.94 and 3.47 MPa to 0.58
and 0.6 MPa, respectively, after 20 FT cycles. Even
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Fig. 1 Variations in mean mass loss ratio with deviation
after different FT cycles. FT, freeze—thaw; CL, calcium
lignosulfonate; SL, sodium lignosulfonate; QL,

quicklime; SS, sodium silicate.

>

Fig. 2 Specimens after 20 freeze—thaw (FT) cycles: a)
CL-treated loess specimens; b) SL-treated loess
specimens; c¢) SS-treated loess specimens; d) QL-treated
loess specimens.

their UCS values were lower than the UCS of
untreated loess specimen after 10 FT cycles, signifying
the weaker resistance to FT cycles. The reasons are
explained as follows. The SS-stabilized specimen had
a higher salt content after SS was added, relative to
the unstabilized soil. Salt crystals appeared on the
surface of specimens after FT cycles (Fig. 2). The SS
addition induced salt expansion and salt erosion,
except for FT deterioration effect. Hence, the strength
of the SS-stabilized specimen was lower than that of
the unstabilized soil. For the QL-stabilized specimen,
ettringite mineral, a hydrous and expansive mineral,
formed when lime was added to the soil (Aldaood et al.
2014), resulting in volume increase, crack formation,
and lower strength. In addition to the expansive
mineral presence, FT cycles also damage the structure
of QL-stabilized specimen. Thus, the strength of QL-
stabilized specimen was also lower than that of the
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Fig. 4 Variation in unconfined compressive strength
(UCS) after different freeze—thaw (FT) cycles.

unstabilized soil. The deteriorative effect of FT cycles
on the other stabilized soils has also investigated in a
previous study (Wang et al. 2018). The UCS values of
the SL- and CL-stabilized specimens also decreased
with the increasing number of FT cycles, but they
exceeded those of the QL- and SS-stabilized soils;
thus, SL- and CL-stabilized specimens exhibited
stronger resistance to FT cycles. For instance, the UCS
values of SL- and CL-stabilized specimens decreased
by 34.2% and 50%, respectively, from 3.57 and 7.30

MPa to 2.35 and 3.64 MPa, respectively, after 20 FT
cycles. Based on the strength values, the CL- and SL-
stabilized specimens exhibited better resistance to FT
cycles than the QL- and SS-stabilized specimens.
These results indicate that lignosulfonate and lignin
can stabilize loess in cold loess regions subjected to
frequent severe FT weathering.

Fig. 5 shows the variation in the failure strain of
specimens stabilized with different stabilizers after
exposure to different numbers of FT cycles. The
failure strain gradually increased with the increasing
number of FT cycles, except for the CL-stabilized and
unstabilized loess specimens, whose failure strains
slightly decreased because of their higher stiffnesses.
In addition, the failure strains of stabilized loess
specimens were larger than those of unstabilized
specimens, which indicated that FT cycles made the
stabilized soil specimens relatively flexible and
minimally influenced the unstabilized soil.

Based on the experimental results, most of the
stress—strain curves within the 0.5% strain were
linear and elastic during the initial phase. Hence, the
elastic moduli were calculated at 0.5% strain in this
study. Fig. 6 shows the variations in the loess
specimens stabilized using different stabilizers after
subjection to different numbers of FT cycles. Overall,
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Fig. 6 Variation in elastic modulus after different

thaw (FT) cycles for specimens stabilized by different freeze—thaw (FT) cycles for specimens stabilized with

stabilizers.

the elastic moduli of the stabilized loess specimens
gradually decreased with the increasing number of FT
cycles, demonstrating the deteriorative effect of the
FT cycle. However, the elastic moduli of
nontraditionally stabilized specimens were higher
than those of traditionally stabilized specimens. These
results confirmed the superior resistance of
nontraditional CL- and SL-stabilized loess specimens
to FT cycles than traditional SS- and QL-stabilized
specimens, similar to the strength variation. For
example, the elastic moduli of nontraditionally SL-
stabilized and traditionally QL-stabilized loess
specimens decreased by 22.1% (from 22.6 to 17.7 MPa)
and 92.0% (from 17.44 to 1.4 MPa), respectively, after
20 FT cycles.

3.3 Effect of FT cycle on energy dissipation

Cyclic loading and unloading can generally result
in the change in the internal energy of soils, including
energy accumulation, release, dissipation, and finally,
cause internal damage. However, the damage
mechanisms of CL-, SL-, SS- and QL-stabilized
specimens are different. It was assumed that the
internal heat of the soil specimens was not exchanged
with the external environment during loading and
unloading. The accumulated energy due to loading in
the soil specimens could be released through
unloading in the elastic strain and be dissipated in the
plastic strain. The energy dissipation was determined
by calculating the hysteresis loop area, which reflected
the degree of damage.

Fig. 7 depicts the stress—strain curves of loess
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different stabilizers.

specimens stabilized using different stabilizers during
loading and unloading after five and 20 FT cycles. Fig. 8
shows the variation in the UCS of the stabilized loess
with the increasing number of FT cycles evaluated
through UR tests. Fig. 9 shows a comparison of the
UCS determined using different test methods, i.e., UC
and UR tests. The strength values determined using
the two test methods were very close, showing that
the UR cycles did not change the strength properties
of the specimens. The strength values decreased with
the increasing number of FT cycles, demonstrating
the deteriorative effect of the FT cycles. The
nontraditionally stabilized loess specimens exhibited
higher strength than specimens stabilized using
traditional additives. In addition, the failure strain
increased with the increasing number of FT cycles.
The mean energy dissipation, before the peak
stress was attained, was selected as an index to assess
their variations to investigate the internal damage
caused by the FT cycles. Fig. 10 shows the variation in
the mean energy dissipation before failure for
different stabilized loess specimens with the
increasing number of FT cycles. It was observed that
the mean energy dissipation decreased with the
increasing number of FT cycles for all treated loess
specimens. The mean energy dissipation values of the
CL- and SL-stabilized soils were higher than those of
the soils treated with traditional SS and QL additives
under the FT cycles. However, the CL- and SL-
stabilized specimens showed lower relative reductions
in energy dissipation, implying that they retained
higher energy and strength, although they had higher
absolute energy dissipation because of initial higher
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Fig. 8 Variation in unconfined compressive strength (UCS)
of stabilized loess with number of freeze—thaw (FT) cycle
determined through the unloading—reloading (UR) tests.

values. For example, the energy dissipation values of
the CL- and SL-stabilized soils decreased by 70.5%
(from 396.42 to 108.89 J/m3) and 39.87% (from
121.54 to 73.08 J/ms3), respectively, after 20 FT cycles,
but those of the SS- and QL-stabilized soils decreased
by 91.3% (from 143.96 to 12.49 J/m3) and 81.2%
(from 112.97 to 21.22 J/m3).

The elastic strain is the difference between the
unloading strain at which the soil begins to be
unloaded and the zero-stress strain at which the
loading decreases to zero, and it represents the
recoverable deformation of the soil during unloading.

—=—— CL-stabilized loess-UR
—&— SL-stabilized loess-UR
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ceee .. CL-stablizied loess-UC
. SL-stabilized loess-UC
"""""" .. -----%----- §S-stabilized loess-UC
---------------- -A----- QL-stabilized loess-UC

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Compressive Strength (MPa)

Number of FT cycle

Fig. 9 Comparison of unconfined compressive strength
(UCS) of stabilized loess based on unloading-reloading
(UR) and unconfined compression (UC) tests.

Fig. 11 shows the elastic strains of the stabilized loess
specimens under different FT cycles for cyclic UR
tests. Considering that most of the loess specimens
were damaged after subjection to three UR cycles,
only the elastic strains for the first three UR cycles
were adopted for analysis in this study (Fig. 11). The
elastic strain decreased with the increasing number of
FT cycles. The QL- and SS-stabilized specimens
showed a more significant response than the CL- and
SL-stabilized specimens and their elastic strains were
lower, indicating a slower recoverable capacity. The
elastic strains of the QL- and SS-stabilized specimens
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Fig. 11 Variations in mean elastic strain after different
freeze—thaw (FT) cycles.

decreased by 42.8% and 40.2%, respectively, from
1.73% and 1.69% to 0.99% and 1.01%. However, the
elastic strains of the CL- and SL-stabilized specimens
did not show a significant trend.

3.4 Stabilization effect on microstructure

In this study, SEM micrographs captured at
x400 and x1000 magnification levels were used to
analyze the stabilization effect of different additives at
a microscopic scale (Fig. 12). It was observed that
untreated loess specimens had an openwork structure
and fabrics with aggregated grain cluster and face-to-
face or edge-to-face contacts. The SS-stabilized loess
specimens had a thin layer of colloids on the particles.
The QL-stabilized loess specimens had more column-
shaped particles, i.e., the newly created calcium
carbonate, which filled the voids and densified the
loess. The CL- and SL-stabilized loess specimens had
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Fig. 12 Scanning electron microscopy (SEM)
micrographs of soil specimens treated with different

stabilizers at x400 and x1000 magnifications,
respectively; (a) and (b) unstabilized specimens, (c)
and (d) 3% CL-stabilized specimens, (e) and (f) 3%
SL-stabilized specimens, (g) and (h) 3% SS-stabilized
specimens, (i) and (j) 3% QL-stabilized specimens.

numerous flocculated structures and irregularly
aggregated particles that filled the voids and covered
the particles because of newly created organic
molecules. These molecules increased the density of
the loess and strengthened the interparticle adhesion.



4 Discussion

Previous studies have shown that soils treated with
traditional stabilizers, such as QL, SS, lime, fly ash, and
cement, exhibited strong geotechnical properties. Soils
in cold regions are frequently subjected to severe FT
weathering, and their engineering properties can
deteriorate gradually. Researchers have developed
better and ecofriendly stabilizers, such as
lignosulfonates, to improve the engineering properties
of loess soil (Li et al. 2019). Lignosulfonate has also
been used to stabilize clayey soils and sandy silt and
exhibited a similar enhancement effect on strength
(Chen and Indraratna 2014; Tanegonbadi and Noorzad
2017; Alazigha et al. 2018). However, the resistance of
lignosulfonate-stabilized loess to FT cycles has not been
reported in the literature. In this study, the resistance of
lignosulfonate-stabilized loess to the FT cycle was
investigated and compared with those of specimens
treated with the conventional QL- and SS-stabilizers,
and the deteriorative effect of the FT cycle was revealed.
The findings of this study demonstrate that FT cycles
can significantly deteriorate the geotechnical properties
of stabilized loess specimens. However, the loess
specimens stabilized using the nontraditional CL and
SL stabilizers exhibited stronger resistance to FT cycles
than QL- and SS-stabilized loess specimens.

The stabilization mechanisms of different
stabilizers have been reported in the literature. The
increase in the strength of QL-stabilized soil specimens
is mainly attributed to pozzolanic reactions. Moreover,
several FT cycles can destroy the structure of stabilized
soils and decrease the resistance to FT cycles (Aldaood
et al. 2014; Yildiz and Soganci 2012). For the SS-
stabilized soil, a new gel-like cementing compound
called sodium aluminosilicate hydrate was formed,
which increased the soil strength (Brough and Atkinson
2002; Latifi et al. 2014). In addition, salt expansion
caused by sodium aluminosilicate hydrate negatively
affected the resistance to FT cycles.

Two primary reasons explain the deterioration
mechanisms of FT cycles on geotechnical properties of
soils. On the one hand, the water—ice phase
transformation caused the formation of macropores and
fissures under the FT cycles. Generally, the pore-water
volume expands by 9% when the water—ice phase
change occurs during freezing. When the ice-induced
expansive force is higher than the interparticle bonding
force, the relative movement of soil particles occurs.
When the soil thaws, the moved particles cannot return
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completely (Li et al. 2017, 2018), thus result in larger
pores, looser structure, and volume expansion. On the
other hand, freezing caused the migration, accumulation,
and crystallization of soluble salts in pore water because
of the high salt content (0.8%, listed in Table 2),
particularly sodium sulfate. The crystallization of soluble
salts can also increase the soil volume and deteriorate the
geotechnical properties of loess. Therefore, the resistance
to FT cycles can be achieved by controlling the water/salt
migration, which will enhance the interparticle bonding
force and decrease the soluble salt content.

Consistent with previous studies on loess, the
loess components, i.e., clinochlore and gaultite,
disappeared, owing to the chemical reactions during
mixing with lignosulfonate (Li et al. 2019). These
reactions resulted in the higher quartz, calcite, and
dolomite contents in the treated loess specimens,
which  enhanced the silica and carbonate
cementations between the particles, decreased the
spacing between the mineral crystal plane and the
thickness of electric double-layer of particle,
improved the compactness of the structure, bonding
force, and cementing property of lignosulfonate, and
ultimately increased the strength of the loess
structure (Shi and Kong 2011; Addo et al. 2004). In
addition, the stabilization effect of lignosulfonate also
contributed to the decrease in moisture susceptibility.
The charge neutralization (CN) reaction occurred
after the stabilizer was added. Furthermore, the soil
structure changed from the initial loose structure
(because of the existence of hydrophilic clay minerals
before the CN reaction) to compact structure (owing
to their disappearance after CN reaction), and the soil
particles were coated by hydrophobic aggregates
(Gow et al. 1961; He 2015). These processes
minimized moisture/salt migration in the soil and
mitigated frost heave and salt expansion. Based on
the two reasons explained above, lignosulfonate-
stabilized soil, particularly specimens treated with CL,
showed a stronger resistance to FT cycles. In terms of
resistance to FT cycles, the SL-stabilized soils were
ranked after the CL-stabilized soils because of their
relatively high salt content and salt expansion.

5 Conclusion

A series of experimental tests were performed in
this study to investigate the resistance of
lignosulfonate-stabilized loess to FT cycles, reveal the
deterioration process of geotechnical properties, and
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further analyze their mechanisms. The following
conclusions can be drawn:

1) The FT cycle had a significant effect on mass
loss, UCS, elastic modulus, energy dissipation, and
elastic strain. The CL- and SL-stabilized loess
specimens exhibited stronger resistance to FT cycles,
owing to the enhanced bonding force between the
particles and the cementing property of lignosulfonate,
compared to the QL- and SS-stabilized loess specimens.

2) The UCS values of nontraditionally CL- and
SL-stabilized loess specimens decreased by 34.2% and
50%, respectively, after 20 FT cycles, while those of the
traditionally SS- and QL-stabilized specimens decreased
by 85.3% and 82.87%, respectively. The elastic moduli
of nontraditionally SL-stabilized and nontraditionally
QL-stabilized loess specimens decreased by 22.1% and
92.0%, respectively, after 20 FT cycles.

3) The mean energy dissipation values of
nontraditionally CL-stabilized and traditional SS-
stabilized specimens decreased by 72.5% and 91.3%,
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