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Abstract

Due to the special soil-forming environment and process, grain-size distribution, and mineral composition, loess has some
poor engineering properties, such as high compressibility, strong water sensitivity, and severe collapsibility. These poor
properties lead to frequent occurrence of geological disasters and engineering problems in loess area, so loess is often
strengthened in engineering projects. Compared with the traditional methods, the use of stabilizing agents has the advantages
of saving time, reducing cost, and increasing efficiency. Therefore, more and more attention has been paid to the research
on soil stabilizing agents. In this review, the non-traditional stabilizing agents which can effectively improve the physical
and mechanical properties of loess are summarized, including nanomaterials, industrial waste residues, water-hardening
inorganic materials, polymer, ion stabilizing agents, and so on. The composition, mechanism, effect, and application of each
stabilizing agent are introduced. The mechanisms of strengthening mainly include filling, cementation, ion exchange, and
wrapping. One or several of these mechanisms work together when loess is strengthened with any stabilizing agent. Based
on this review, it is recognized that it is still meaningful to find eco-friendly and cost-effective loess stabilizing agents, and
the focuses are now still on interpretation of the mechanism of each stabilizing agent, as well as determination of the physi-
cal and mechanical properties of strengthened loess. Attention should be paid to the degradation in the mechanical proper-
ties of strengthened loess and the technical innovation in application, as well as to solving the problems related to practical
application of these stabilizing agents.
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Introduction

Loess soils are widely distributed all over the world, account-
ing for about 10% of the land area of the world. China, Rus-
sia, the USA, New Zealand, and some other mid-latitude
countries have large areas of loess distribution (Ryashchenko
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et al. 2008; Nouaouria et al. 2008; Li et al. 2016, 2019a;
Costantini et al. 2018; Yates et al. 2018). Among these coun-
tries, China has the largest area of loess distribution; about
6% of the land area of the country is covered by loess. The
Loess Plateau in northwest China has the thickest loess strata
in the world (Sun et al. 2006). Loess is a typical aeolian soil,
which is formed by deposition of sand and dust blown by the
wind from the Gobi Desert (Dijkstra et al. 1994). Therefore,
from the northwest to the southeast of the Loess Plateau, the
average size of loess particles decreases gradually, forming
sandy loess zone, silty loess zone, and clayey loess zone (as
shown in Fig. 1). Loess usually has some poor engineer-
ing properties such as strong water sensitivity and severe
collapsibility because of the inherent metastable structure
(Houston et al. 1988; Liu et al. 2015). These properties lead
to frequent occurrence of geological disasters and engineer-
ing problems, such as ground subsidence, ground fissure,
landslide, and mudflow, which not only bring great harm
to people’s lives and properties, but also affect the function
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Fig. 1 Loess distribution in China

and safety of infrastructures built on/in loess (Wang et al.
2018, 2019). Therefore, loess soils are often strengthened
to eliminate the collapsibility or reduce the compressibility
using various methods in engineering practice.

Physical methods (such as dynamic compaction method
and stone column method) and chemical methods (i.e., add-
ing stabilizing agents into soil) have been extensively used to
strengthen the subsoils in loess area (Behnood 2018). As the
preferred methods in engineering practice, physical methods
have some shortcomings. For example, dynamic compac-
tion method produces unbearable noises and affects resi-
dents nearby. It also causes great vibration which may lead
to failure of slopes and disruption of buildings nearby (Feng
et al. 2015). In addition, physical methods have some limi-
tations because large mechanical equipment used has high
requirements for size and flatness of the site. The essence
of chemical methods is adding stabilizing agents which
may react with the minerals or water in soil or filling soil
pores directly and then cement soil particles and make the
soil structure denser (Semkin et al. 1986). Owning to rapid
speed, easy construction, and stable performance after treat-
ment, chemical methods have gained attentions of a growing
number of researchers and engineers. Lime, cement, and
some other traditional stabilizing agents are usually used in
engineering practice to improve the mechanical properties of
loess (Mariri et al. 2019; Garakani et al. 2019), while these
stabilizing agents may not provide a satisfactory result or
have negative effects. For example, lime-treated loess has
relatively low strength and poor water resistance (Jha and
Sivapullaiah 2015; Gao et al. 2018). Cement-treated loess
is susceptible to shrinking and cracking although it has high
strength and excellent water resistance (Ghadakpour et al.
2020). Besides, production of cement costs a lot, and it will
pollute the environment (Zhang et al. 2017). Given that tra-
ditional stabilizing agents have defects, it is meaningful to
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find eco-friendly and cost-effective stabilizing agents for
strengthening loess and to study the mechanism and effect
of strengthening systematically.

Soil stabilizing agents appeared in the 1940s and have
been widely accepted in Western countries since the 1970s
(Ikeagwuani and Nwonu 2019). In the 1990s, soil stabilizing
agents began to be introduced into China. After 30 years of
research and application, abundant theoretical achievements
and practical experience have been accumulated. However,
there is still a lack of systematic and in-depth researches
on the stabilizing agents which are dedicated for loess. It
might be because loess is mainly distributed in Northwest
China where the economy and society were relatively back-
ward, and there were relatively few engineering construc-
tion activities in the early years. This review summarizes
the non-traditional stabilizing agents that have been stud-
ied or applied to strengthen loess soils. The mechanism of
strengthening is analyzed, and the physical and mechanical
properties of strengthened loess are described. In addition,
the problems and shortcomings in research and application
are put forward and analyzed. Such a review is expected
to provide helpful guidance for research and application of
loess stabilizing agents.

Loess stabilizing agents

This part introduces seven non-traditional stabilizing agents
which are capable of improving the mechanical and hydrau-
lic properties of loess, including nanomaterials, red mud,
HEC (High Strength and Water Stability Earth Consolida-
tor), hydrophobic stabilizing agent, EN-1 (a highly concen-
trated acidic solution composed of a variety of inorganic and
organic chemicals), SH (a polymer material made up mainly
of chemical wastes and taking polyacrylic acid as the base),
and lignin. Most of them are still studied in the laboratory.
The effect of each stabilizing agent on the mechanical and
hydraulic properties of loess is illustrated by the collection
and analysis of the published data. The mechanism of each
non-traditional stabilizing agent for strengthening loess is
put forward. In addition, the problems and shortcomings in
research and application of each stabilizing agent are care-
fully discussed.

Nanomaterials

Nanomaterials refer to materials with at least one dimension
not exceeding 100 nm in three-dimensional space or materi-
als composed of nanomaterials. Nanomaterials are used in
various industries because of their special structure, large
specific surface area, and high surface activity (Krishnan
and Shukla 2019). Nanomaterials have been used in the field
of civil engineering to improve the strength of concrete and
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reduce energy consumption and environmental pollution
(Amin and Abu El-Hassan 2015). Nanomaterials also have
been used in the fields of geotechnical engineering and geo-
disaster prevention to improve the soil strength (Hosseini
et al. 2019). Pham and Nguyen (2014) found that nanosilica
can reduce the expansibility of montmorillonite effectively.
Ng and Coo (2015) added nanoparticles (gamma-aluminum
oxide and copper oxide) into clay and found that the per-
meability of clay decreased. Iranpour and Haddad (2016)
confirmed the effectiveness of nanomaterials (nanoclay,
nanocopper, nanoalumina and nanosilica) in treating collaps-
ible soils. Taha et al. (2018) reduced the swelling-shrinkage
property of clays by adding nanocarbon to them. However, at
present, researches on loess stabilization with nanomaterials
are very limited. Only about a dozen researchers around the
world are studying the use of nanosilica and nanoclay (K10
montmorillonite) to strengthen loess.

Nanosilica has characteristics of small particle size and
high surface energy which make nanosilica powders func-
tion as fillings and cementations when they are mixed with
loess. Owing to the strong surface activity and high adsorp-
tion capacity, nanosilica particles associate themselves into
aggregates that can fill macropores and cement coarse parti-
cles. Therefore, the accumulation of aggregations of nanopar-
ticles will change the distribution of soil pores, transforming
large pores into small pores and endowing the soil a denser
structure (Huang and Wang 2016). In addition, nanosilica has
the pozzolanic activity due to the large specific surface area
and high surface energy; it can react with the calcium ions in
soil to generate hydrated calcium silicates (C-S—H) gel that
can cement or wrap soil particles (Ghasabkolaei et al. 2017).
The physical and mechanical properties of treated loess
are thus different from that of untreated loess. Kong et al.
(2018) measured the mechanical properties of loess treated
with nanosilica with an average particle size of 30 nm. The
results show that when the dosage of nanosilica (ratio of the
weight of stabilizing agent to the dry weight of soil, s denotes
the dosage thereafter) ranges between 0 and 2%, the uncon-
fined compressive strength (UCS) of treated loess increases
monotonously with the dosage or curing time. They con-
sidered that the increase in the soil strength after treatment
with nanosilica is due to the changes in the soil structure
rather than chemical reactions. Sarli et al. (2019) carried out
a study on loess strengthened with nanosilica and recycled
polyester. The results indicate that the addition of nanosilica
with an average particle size of 30 nm can increase the shear
strength of loess. The maximum shear strength corresponds
to the dosage of 4%, above which the shear strength no longer
increases much with the dosage. This could be related to
the high adsorption capacity of nanoparticles. As the dosage
increases, nanoparticles are more likely to aggregate them-
selves; then, the effect of strengthening could be affected.
To reduce this impact, some researchers proposed to add

nanomaterial into soil in the form of sol. Lv et al. (2018) used
sols made from nanosilica particles with different average
sizes (i.e., 10 nm, 29 nm, 100 nm) to strengthen loess. The
treated loess was cured for 28 days before being compressed
to determine its UCS. Figure 2 compares the UCSs of loess
treated with sols made from nanosilica particles with differ-
ent average sizes. It is observed that the curves showing the
relationship between the UCS and dosage of nanosilica sol
can be fitted by exponential function, i.e., UCS =asexp(bes),
where a and b are fitting parameters, and s is the dosage. It
can be seen from Fig. 2 that parameter a varies a little with
the average size of nanosilica particles. While parameter b
decreases with the average size of nanosilica particles, there
is a good linear relationship between them. In that case, the
UCS of loess treated with nanosilica sols made from nano-
silica particles of any average size (for example, between 10
and 100 nm) can be predicted based on the above test results.
This linear relationship needs to be further validated, which
is however beyond the scope of this study. In addition, for
large dosages, accurate predictions could not be provided
since the UCS does not always increase exponentially with
the dosage. The variation of the UCS of loess treated with
nanosilica particles is also shown in the figure. Two sets of
data show very different rates at which the UCS increases
with the dosage. That is because the definition of the dos-
age varies in two studies; one is related to the weight of
nanosilica particles, and the other is related to the weight of
nanosilica sol. Moreover, loess soils used in two studies are
different. Nevertheless, two sets of data show that the UCS
of treated loess increases monotonously with the dosage. The
UCSs of loess treated with nanosilica sols do not decrease
even in the cases of high dosage (>4%).
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Fig.2 UCSs of loess soils treated with nanosilica particles and nano-
silica sols

@ Springer



9204

Y.Houetal.

It can be seen that whether loess is treated with nanosilica
particles or nanosilica sol, the UCS of treated loess increases
with the dosage. The smaller the average particle size of
nanosilica, the higher the UCS of loess treated with nano-
silica sol. Figure 3 depicts the relationship between the UCS,
dosage, and curing time of loess treated with nanosilica par-
ticles. It can be seen that the UCS of treated loess increases
with the increase of dosage or extension of curing time. The
UCS of treated loess can be expressed as Eq. (1), where s
refers to the dosage and the value should be multiplied by
100 before being put into the equation; in addition, the UCS
of untreated loess does not change with the time, so let us
define s #0; ¢ refers to the curing time, and the unit is day;
when 7 <7, the predicted UCS is lower than that of untreated
loess, which does not match with the fact; in addition, when
t exceeds 60 days, the UCS increases slowly with the curing
time and tends to be constant, which cannot be indicated by
the equation. For this reason, 7<t<60, t,=1 day; p, refers
to the atmospheric pressure, p,=101.33 kPa.

[1 18.185+103.87In(E )—180.27]><pa
- 101.33

UCS s>07<t<60 (D

With respect to nanoclay, Tabarsa et al. (2018) studied
the effect of nanoclay on strengthening loess through a com-
prehensive experimental study, including measurements of
Atterberg limits, standard Proctor compaction tests, uncon-
fined compressive strength tests, unconsolidated undrained
triaxial tests, collapse tests, pinhole dispersion tests, and
an in situ test at the Gonbad dam in Iran. The results sug-
gest that the addition of nanoclay can increase the plasticity
index, shear strength and UCS of loess, and decrease the
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Fig.3 Relationship between the UCS, dosage, and curing time of
loess treated with nanosilica particles

@ Springer

collapsibility and dispersibility. The in situ test shows that
the addition of 2% nanoclay can endow the irrigation canal
excellent resistance to erosion and corrosion. Figure 4 com-
pares the Atterberg limits of loess soils treated with nanoclay
and nanosilica sol. Both liquid limit and plastic limit of loess
treated with either nanoclay or nanosilica increase with the
dosage. This indicates that the resistance to liquefaction of
loess has been improved.

Since silica and clay are two major minerals in natural
loess, the use of nanosilica and nanoclay to strengthen loess
has little impact on the soil environment and ecological envi-
ronment. They are eco-friendly and have promising applica-
tion prospect. However, according to the current research
status, research on the mechanism of strengthening loess
with nanomaterials is not thorough, and the relevant experi-
mental studies are quite lacking. Therefore, there is a strong
need to study the physical and chemical reactions between
nanoparticles and soil particles or water molecules at atomic
or molecular level. In addition, the physical and mechani-
cal properties of loess treated with nanomaterials should
be thoroughly studied. The mechanical properties of treated
loess under complex stress paths and under the influence of
various environmental factors considering the time effect
should be studied systematically.

Red mud

Red mud is a kind of reddish-brown alkaline waste residue
produced during the extraction of alumina from bauxite. The
physical, chemical, and mineralogical properties of red mud
are varied because the technical level and extraction pro-
cess of alumina and the storage time of red mud are varied.
According to the extraction process of alumina, red mud
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Fig.4 Atterberg limits of loess soils treated with nanoclay and nano-
silica sol
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can be divided into Bayer red mud, sintered red mud, and
combined red mud (Wang and Liu 2012). Bayer red mud
has the largest output and is the most used for soil stabiliza-
tion among three types of red mud (Liu and Wu 2012). The
average particle size of red mud is less than 10 pm, and the
specific surface area is approximately 64—187 m?/g (Xue
et al. 2016). When red mud and cementitious material (for
example, cement) are used to strengthen loess together, the
addition of red mud can increase not only the alkalinity of
the mixture but also the number of active ions, promoting
the hydration and pozzolanic reaction of cement to gener-
ate more hydrated calcium silicates (C-S—H), hydrated cal-
cium aluminosilicates (C-A-S—H), and ettringite (i.e., prod-
uct in the form of crystal which is helpful to increase the
early strength of cement and can also be fillings) (Yu et al.
2019). Red mud may also be hydrated to generate hydrated
dicalcium silicates (C,-S—H). These cementitious hydration
products (i.e., C-S-H, C-A-S-H, C,-S—H), ettringite, and
red mud particles can fill large pores and cement soil parti-
cles, resulting in a lower porosity and a denser soil structure
(Chen et al. 2019). For this reason, the strength of loess
stabilized with red mud is higher and grows faster than that
of loess stabilized with cement only; accordingly, the per-
meability of stabilized loess is about an order of magnitude
lower than that of loess without any stabilizing agent (Wan
et al. 2009). In summary, the cementation effect of cemen-
titious hydration products of cement and red mud and the
filling effect of cementitious hydration products and red mud
can make the loess structure more compact and stable. Mi
et al. (2016) carried out a series of unconfined compres-
sive strength tests on a cement-loess (the weight of cement
is 5% of the weight of loess particles) strengthened with
red mud. They found that the UCS of strengthened cement-
loess reaches the peak when the dosage of red mud is 5%.
As the dosage of red mud exceeds 5%, the UCS decreases,
even lower than that of cement-loess without red mud, see
Fig. 5a. Chen et al. (2018) found that the maximum dynamic
elastic modulus, shear strength, and UCS of cement-loess
strengthened with red mud are greatly higher than that of
cement-loess without red mud. However, their experimental
results revealed that the optimum dosage of red mud is about
15%. Excessive red mud can lead to significant degradation
of the mechanical properties of cement-loess, see Fig. 5a. It
might be due to that redundant red mud particles adhere to
the surfaces of soil particles, which prevents the hydration
products from cementing soil particles, leading to a reduc-
tion of the integrity and stability of the soil structure.
Figure 5b shows the relationship between the UCS of
cement-loess (5% cement) strengthened with red mud, dosage
of red mud, and curing time. It shows that the UCS of red mud-
strengthened cement-loess increases at first and then decreases
with the dosage of red mud. In addition, the longer the curing
time, the greater the UCS of strengthened cement-loess. The
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UCS of strengthened cement-loess can be expressed as Eq. (2),
where s refers to the dosage of red mud and it is dimension-
less; the value should also be multiplied by 100 before being
put into the equation, and s #0; ¢ refers to the curing time, and
7<t<28 days, t,=1 day; p, refers to the atmospheric pres-
sure, p,= 101.33 kPa. The reasons for limiting the values of s
and ¢ (i.e., s#0, 7 <r<28) are the same as mentioned earlier.
The optimum dosages of red mud obtained in two studies are
quite different, which might be because both loess soil and red
mud used in one study are different from that in the other. It
suggests that the optimum dosage of red mud is influenced by
the properties of loess and the type of red mud.

[2.4152+81.385-+640In( - )+376.78]xp,
UCS = 0

$>07<r<28
@
It is certain that red mud can improve the physical and
mechanical properties of loess, while there are very few

101.33
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researches on the deterioration of red mud-strengthened
loess due to freezing, thawing, drying, and wetting (Xu
et al. 2020). More importantly, red mud needs to be dried
and grinded before mixed with loess, which will undoubt-
edly increase the input of mechanical devices and human
resources, and increase the project budget. Even worse, the
harmful substances in red mud, for example, heavy metals,
may cause pollution to the soil environment due to stockpil-
ing of red mud or use of red mud in loess stabilization. These
harmful substances may migrate to groundwater under con-
ditions of rainfall infiltration and groundwater table rising,
bringing harm to the ecological environment. Therefore,
whether red mud can be used in loess engineering should
be seriously considered to comprehensively evaluate the fea-
sibility of using red mud to stabilize loess subgrade, loess
slope, and loess subsoil.

HEC

HEC is a powdered water-hardening inorganic cementitious
material taking industrial waste residues (such as fly ash,
slag, gypsum) as raw materials. HEC and its cementitious
hydration products (i.e., hydrated calcium aluminates, C-A-
H) can cement loess particles at room temperature, improv-
ing the mechanical properties of loess. Zhang et al. (2009a)
stated that the addition of HEC can effectively increase the
strength and resistance to disintegration, and reduce the per-
meability (by about an order of magnitude) and collapsibility
of loess. Ma et al. (2018) confirmed that HEC can increase
the compressive strength and reduce the permeability of loess
significantly. They also suggested that the effect of strength-
ening loess with HEC and cement together is better than
using either of them alone. This may be because both HEC
and cement can be hydrated, producing various cementitious
hydration products which work together and show a better
effect. Figure 6 compares the UCSs of loess soils strength-
ened with HEC, cement, and both. It can be seen that the
UCS of loess strengthened with HEC and cement together is
the highest, and the UCS of loess strengthened with HEC is
higher than that of loess strengthened with cement.

The HEC-treated loess has the characteristics of high
early strength, stable later strength, excellent water stability,
and high durability. However, like cement, HEC is a water-
hardening inorganic cementitious material; the side effects
of them for soil stabilization are also similar, such as high
cost and environmental pollution. For these reasons, there
are few researches on HEC and soils strengthened with it up
to now. Nevertheless, taking account of that the strengthen-
ing effect of HEC is better than that of cement (see Fig. 6),
HEC may be a good alternative for strengthening the sub-
soils in important projects and treating urgent engineering
disasters caused by water seepage in loess area.
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Hydrophobic stabilizing agent

Hydrophobic stabilizing agent includes liquid agent C444
and solid agent SD. C444 is a yellow colloidal organic chemi-
cal. It can destroy the bound water film adsorbed on the sur-
faces of clays, reduce the distance between clay particles, and
increase the attraction between clay particles (Eren and Filiz
2009). In addition, the hydrophobic molecules in C444 can
enhance the water repellency of soil, which helps to maintain
the internal structure of soil dry. SD is a grayish-white pow-
dered polymer. When SD is added to loess, a polymer net-
work will be formed on the surfaces of soil particles, which
can wrap soil particles and weaken the softening effect of
water on particle connections, thus increasing the cohesion
of soil. The addition of liquid agent C444 and solid agent SD
in different proportions can achieve the goals of strengthen-
ing different types of soils. In short, hydrophobic stabilizing
agent can improve the shear strength and water repellency
of soil, and accelerate the petrification of soil. Zhang et al.
(20164a) observed that the liquid limit, plastic limit, UCS,
and water repellency of loess strengthened with hydrophobic
stabilizing agent are greatly higher than that of intact loess.
Peng et al. (2017) carried out an infiltration test and observed
the microstructure of strengthened loess using X-Ray dif-
fraction, scanning electron microscopy (SEM), and mercury
intrusion porosimetry (MIP) techniques, to investigate the
mechanism of hydrophobic stabilizing agent for strength-
ening loess. In the infiltration test, 0.05 ml distilled water
was dropped on the surface of soil sample using a standard
buret and the time required for complete infiltration (i.e.,
time from the beginning to the disappearance of droplet)
was recorded. The result shows that the time required for
complete infiltration increases with the dosage of hydropho-
bic stabilizing agent, which indicates that the surface free
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Fig.7 Microstructure images of
a loess and b loess strengthened
with 2.5% hydrophobic stabiliz-
ing agent

energy of soil particles is reduced and the water repellency
of soil is improved. The microscopic observation shows that
fine particles (clays) are aggregated after adding hydrophobic
agent, while the arrangement of coarse particles (including
silts and aggregates) is almost unchanged (see Fig. 7); thus,
the macro-level structure (i.e., the arrangement of silts and
aggregates) of loess is little influenced. When dividing soil
pores in loess into four groups according to the pore diam-
eter, namely, micropores (<1 pm), small pores (1-4 pm),
mesopores (4-16 pm), and macropores (> 16 pm), it can be
seen from the results of mercury intrusion tests, as shown
in Fig. 8, that micro- and small pores in strengthened loess
are increased greatly, while meso- and macropores do not
change much. Figure 9 shows the relationship between the
permeability coefficient of strengthened loess and dosage
of hydrophobic agent. It is shown that with the increasing
dosage of hydrophobic agent, the permeability coefficient of
strengthened loess decreases slightly rather than increases.
That is probably due to the increase in the complexity of the
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Fig. 8 Relationship between the volume of each pore group and dos-
age of hydrophobic stabilizing agent

pore structure (a large increase in micro- and small pores
is not accompanied by an apparent decrease in meso- and
macropores, which indicates that the complexity of the pore
structure is increased). For these reasons, hydrophobic stabi-
lizing agent is suggested to be capable of improving the water
repellency (or the water stability) of loess while maintaining
the soil macro-level structure unchanged, which makes it a
good choice to strengthen loess or reduce the collapsibility
while maintaining the permeability of loess.

EN-1

EN-1 is non-volatile, but has corrosivity and an irritating
sour smell. Diluted EN-1 is a polymer composite which has
little impact on the environment. The strong oxidants, sol-
vents, and dispersants in EN-1 can promote the decompo-
sition and recrystallization of the minerals in soil to form
insoluble metal salts (Shan et al. 2010). Those metal salts
can fill soil pores and enhance the bonding force between
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Fig. 9 Relationship between the permeability coefficient of strength-
ened loess and dosage of hydrophobic stabilizing agent
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soil particles. In addition, the cations with higher exchange
capacity in EN-1 can exchange with the cations adsorbed
on the surfaces of clays intensely, thin the bound water film,
decrease the surface potential of particles, and strengthen
the connection between particles, thus improving the shear
strength and reducing the permeability of loess (Zhang and
Jing 2011). Shan et al. (2010) carried out a model test of
loess subgrade strengthened with EN-1. They reported that
EN-1 can be used to strengthen loess subgrade, but it weak-
ens the water retention capacity of loess. In addition, it is
often to tamp the mixture when mixing EN-1 with loess so
that the additive can fully contact and react with loess par-
ticles. Therefore, this stabilizing agent may not improve the
resistance to erosion of loess and have negative effect on the
growth of vegetation on loess slope.

SH

SH has high hydrophilia and can dissolve in water infi-
nitely. The main chains in SH are macromolecular chains
connected by hydrophobic C-C bonds, and there are two
hydrophilic groups on the macromolecular chains, hydroxyl
(—-OH) and carboxyl (-COOH) groups. Researchers specu-
lated that a series of physical interactions (such as adsorp-
tion and flocculation) and chemical interactions (such as
ion exchange and bonding) may take place between this
polymer material and loess (Li et al. 2018). In terms of
physical interactions, SH can not only fill soil pores, but
also form a network to wrap soil particles, preventing water
from infiltrating into soil and increasing the water stability
of loess. With respect to chemical interactions, the hydro-
gen ions in hydroxyl or carboxyl groups in SH can replace
the alkaline-earth metal ions (such as Mg** and Ca*") on
the surfaces of clay particles, the thickness of the double-
layer and the distance between particles are then reduced
(i.e., the exchange capacity of HT is higher than Ca*" and
Mg?*; the higher the exchange capacity of the cation, the
thinner the thickness of the double-layer). As a result, the
attraction between soil particles is increased (Wang et al.
2011). The carboxyl (.COOH) on the macromolecular
chains can also react with the hydroxyl (~OH) on the sur-
faces of silicates to form a hydrogen bond. The test results
of Wang (2016) show that the addition of SH can improve
the shear strength, resistance to deformation related with
freezing and thawing, and water stability and reduce the
compressibility and eliminate the collapsibility of loess. It
is worth mentioning that the extension of curing time also
helps to improve the mechanical and hydraulic properties
of loess. For example, the permeability coefficient of SH-
strengthened loess after 28 days curing is about an order
of magnitude lower than that of SH-strengthened loess
without curing.

@ Springer

SH has the advantages of low cost, good effect, and little
environmental pollution. However, there is still a lack of
experimental research on it at present. More attention should
be paid to the development and variation of the mechanical
properties of SH-strengthened loess under the influence of
environmental factors (meteorological, biological, and so
on), to provide a theoretical basis for the application and
popularization of SH in practical engineering.

Lignin

Lignin is a three-dimensional polymer compound composed
of phenylpropanoid structural units connected by C—C bonds
and ether bonds (Calvo-Flores and Dobado 2010). Lignin is
widely found in the xylem of terrestrial plants, while natu-
ral lignin is not available (Vinod et al. 2010). The lignin
used to strengthen loess is a derivative of lignin in fact, i.e.,
lignosulfonate (Kim et al. 2012). Lignosulfonate includes
calcium lignosulfonate and sodium lignosulfonate. Com-
pared with other stabilizing agents, both traditional and
non-traditional, lignosulfonate has the advantages of non-
toxicity, rich reserve, low cost, strong reproducibility, and
stable chemical properties (Zhang et al. 2016b).

He et al. (2017) studied the mechanical properties of loess
soils treated with calcium lignosulfonate and sodium ligno-
sulfonate, respectively. The results show that the compres-
sive strength, tensile strength, shear strength, and resistance
to disintegration of calcium lignosulfonate-strengthened
loess are all increased when the dosage of calcium lignosul-
fonate is increased up to 1%. In contrast, sodium lignosul-
fonate cannot improve the mechanical properties of loess;
even worse, it will aggravate the salinization of soil. As for
the mechanism, mixing calcium lignosulfonate with loess
will generate filamentous materials, which can not only fill
pores, but also connect soil particles, thus improving the
strength and stability of loess. Meanwhile, the hydrophilic
group on the molecular chain of calcium lignosulfonate can
exchange with the metal ions on the surfaces of loess parti-
cles, the thickness of the bound water film is then reduced,
and the attraction between particles is increased. The molec-
ular chain of calcium lignosulfonate can wrap soil particles
and form a net structure, reducing the damage brought by
water to the soil structure and improving the water stability
of loess. Figure 10 shows the relationship between the UCS
of strengthened loess and dosage of calcium lignosulfonate
or sodium lignosulfonate. It is shown that the UCS of loess
treated with sodium lignosulfonate decreases linearly with
the dosage, while the UCS of loess treated with calcium
lignosulfonate increases at first and then decreases with the
growing dosage. Increasing the curing time is also beneficial
to improve the strength of strengthened loess, while when
the dosage of calcium lignosulfonate is greater than 1%, the
extension of curing time will have a negative effect on the
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Fig. 10 Relationship between the UCS of strengthened loess and dos-
age of lignosulfonates

UCS of strengthened loess. Therefore, for different loess
soils, determination of the optimum dosage is the premise
for application of lignin in loess stabilization. The perme-
ability coefficient of loess is greatly reduced after being
treated with calcium lignosulfonate (it can be reduced by an
order of magnitude when the dosage is 3%); with the exten-
sion of curing time, the coefficient of permeability decreases
further.

Other loess stabilizing agents

In addition to the above-mentioned stabilizing agents,
Table 1 summarizes some other loess stabilizing agents
with less research and application, including LD, BCS, BTS,
CONAID and LUKANG, ISS, Coal gangue, and SSA. Their
composition, mechanism, and effect of strengthening, advan-
tages, or disadvantages are described briefly.

Discussion
Discussion on the mechanism of strengthening

Based on the introduction and analysis of various loess sta-
bilizing agents in previous sections, it could be concluded
that there are several mechanisms of strengthening loess
with these stabilizing agents, including filling, cementation,
cementation of hydration products, ion exchange, and wrap-
ping of polymer. Table 2 provides an in-depth interpretation
of these mechanisms by using schematic diagrams.

Discussion on the effect of strengthening

Figure 11 shows the permeability coefficients of loess soils
strengthened with different stabilizing agents. It can be seen
that calcium lignosulfonate and red mud are the most effec-
tive in improving the impermeability of loess, i.e., the per-
meability coefficient of loess can be reduced by an order of
magnitude at most. SH and HEC also perform well in reduc-
ing the permeability of loess, while when the dosage reaches
a certain value, the permeability coefficient of SH-treated
loess no longer decreases obviously with the increase of dos-
age. The permeability coefficient of loess treated with HEC
decreases monotonously with the growing dosage. The effect
of hydrophobic stabilizing agent is similar to that of SH on
reducing the permeability of loess at low dosages, while as
the dosage increases further, the permeability coefficient of
loess strengthened with hydrophobic agent increases, i.e.,
the difference in the permeability coefficient between treated
and untreated loess decreases (see Fig. 11).

Different stabilizing agents have different effects on
reducing the permeability of loess, which can be attributed
to differences in the component, state, and strengthening
mechanism of various stabilizing agents. Ion exchange
occurs when mixing calcium lignosulfonate with loess par-
ticles, which makes the double-layer on the particle surfaces
thinner, increasing the attraction between particles and
making the soil structure more compact (Li et al. 2019b).
Calcium lignosulfonate can also react with clay minerals
in loess to generate siliceous cementations and carbonate
cementations (He et al. 2017). In addition, calcium ligno-
sulfonate molecules can fill the voids between particles.
These mechanisms act together, making the porosity of
calcium lignosulfonate-strengthened loess greatly lower
than that of intact loess, and the permeability coefficient of
loess decreases significantly as well. Red mud itself may be
hydrated and generate hydrated dicalcium silicates C,-S—H;
the strong alkaline environment and the active ions provided
by red mud can promote the hydration and pozzolanic reac-
tion of cement to generate cementitious hydration products,
such as C-S—-H and C-A-S-H gel. These cementitious gels
fill soil pores and cement soil particles, leading to the flow
channels in soil plugged; thus, the permeability is greatly
decreased (Chen et al. 2018). Ion exchange occurs when
loess is strengthened with SH, which reduces the thickness
of the double-layer and the distance between soil parti-
cles. As a result, the porosity and permeability of loess are
decreased (Wang et al. 2011). In comparison, the wrapping
effect of the network formed by the macromolecular chains
is not as effective as the filling effect on reducing the per-
meability. Therefore, the permeability of SH-strengthened
loess is not decreasing with the dosage as significantly as
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Mechanism Definition

Schematic diagram Stabilizing agent

increasing the soil density and improving the

physical and mechanical properties of loess.

Filling Stabilizing agents or hydration products of them O/
Stabilizing : .
or other additives can fill soil pores, thus —— >

Soil particle Fillings
or aggregate

Nanoparticles, Red mud, HEC,

Hydrophobic stabilizing agent,

EN-1, SH, Calcium

lignosulfonate, LD, Coal gangue

. o . . Absorbed
Cementation | Stabilizing agents absorb the water in soil pores water

to form viscous gel, which can cement soil

particles. Therefore, the contact area between

particles is increased and the soil strength is

improved.

i

Soil particle Visc]ous Nanoparticles, BTS
or aggregate ge

Stabilizing
|:>

agents

of hydration | other additives promoted by stabilizing agents

products can produce cementitious substances, such as C-

S-H, and C-A-S-H, which can cement soil

particles, thus increasing the soil strength.

Cementation | Hydration of stabilizing agents or hydration of or aggregate Red mud, HEC, LD, BCS, Coal
O/ Stabilizing
e o
Q O agents

Hydration product
Soil particle SRelalmaElEe

gangue

Ton exchange | The cations on the surfaces of clay particles are

replaced by the other cations with higher

polar water
7 molecule
cations with low
exchange capacity

Hydrophobic stabilizing agent,

stabilizing soil

EN-1, SH, Calcium

Wrapping of | Macromolecular chains are connected and

polymer crossed to form a network which wraps soil

particlef -

agents %
exchange capacity, reducing the thickness of the lignosulfonate, BTS, CONAID,
double-layer and increasing the attraction R hsind e“fé;fg‘ﬂsg“;ig;‘;ﬂy LUKANG

' water water
between particles. As a result, the porosity and
permeability are decreased, while the cohesion
and internal friction angle of soil are increased.
Soil particle

O agents
particles and increase the soil strength.

oraggregate Wrapping (polymer network) | Hydrophobic stabilizing agent,

o \
] SH, Calcium lignosulfonate

Stabilizing &

=>‘>'

Table 2 Summary of the mechanisms of strengthening

that of calcium lignosulfonate- and red mud-strengthened
loess. HEC can also be hydrated, producing cementitious
substances that can fill soil pores, but the hydration rate of
HEC is slow and the hydration products are limited (Zhang
et al. 2009a). Besides, there is neither ion exchange like

that in calcium lignosulfonate-strengthened loess to make
the soil structure denser nor alkaline environment like that
in red mud-strengthened loess to promote the hydration of
cement. So, the permeability reduction of HEC-strength-
ened loess is less than that of calcium lignosulfonate- or red
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Fig. 11 Relationship between the reduction in the permeability coef-
ficient and dosage of stabilizing agent

mud-strengthened loess. With regard to hydrophobic stabi-
lizing agent, it has little impact on macro- and mesopores,
but can increase micro- and small pores greatly, so the com-
plexity of the pore structure increases and the permeability
of soil decreases slightly. This stabilizing agent is suggested
to be able to improve the water stability of soil while main-
taining the soil macro-level structure unchanged (Peng et al.
2017).

Among the various mechanisms, the filling effect is the
most effective to improve the impermeability of loess, i.e., to
reduce the permeability coefficient. The filling effect could
be played by individual particles or aggregates of granular
stabilizing agents (such as nanoparticles, red mud, HEC,
calcium lignosulfonate, coal gangue), liquid polymer materi-
als, hydration products of stabilizing agents (such as red mud
and HEC) or other additives (typically cement), and products
of the reaction between stabilizing agent and minerals in soil
(for example, EN-1).

Figure 12 compares the cohesion and internal friction
angles of loess soils strengthened with different stabilizing
agents. In comparison, the cohesion and internal friction
angle of HEC-strengthened loess are increased most signifi-
cantly with the dosage, followed by SH-strengthened loess.
The cohesion of loess strengthened with nanoclay increases
with the dosage, while the internal friction angle decreases.
In general, the shear strength of loess strengthened with nan-
oclay is increased (Tabarsa et al. 2018), while not as much
as that of the former two, i.e., HEC- and SH-strengthened
loess. With the increase of dosage, the cohesion and internal
friction angle of calcium lignosulfonate-strengthened loess
increase at first and then decrease. The two shear strength
parameters (i.e., cohesion and internal friction angle) reach
the highest when the dosage of calcium lignosulfonate is 1%.
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Fig. 12 Relationship between the increase in the a cohesion and b
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The cohesion of soil depends mainly on the cementation
between soil particles, electrostatic attraction, and capil-
lary pressure. The internal friction angle is related to the
relative density, mineral composition, particle shape, and
bound water film adsorbed on the surfaces of soil particles
(Liu et al. 2020). HEC is the most effective to improve the
shear strength of loess among these stabilizing agents (see
Fig. 12). HEC is a water-hardening inorganic cementitious
material; HEC and its hydration products can cement soil
particles, which have a considerable promotion on the cohe-
sion and internal friction angle of soil (Ma et al. 2018). As
for SH, it strengthens loess through the ion exchange effect
and the wrapping effect of polymer, and the shear strength
of SH-strengthened loess increases a little (Wang 2016).
Addition of nanoclay is equivalent to increase the content
of fine particles. Nanoparticles accumulate at the particle
contacts and cement soil particles, thus increasing the cohe-
sion of soil. However, the effect of nanoclay on improving
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the shear strength of loess is not as good as that of SH and
HEC. This is because the coating effect of nanoparticles
weakens the intergranular interlocking effect when the dos-
age of nanoparticles is relatively high, and the internal fric-
tion angle of soil is then decreased (Tabarsa et al. 2018).
Overall, the shear strength of loess treated with nanoclay is
greater than that of untreated loess. Like nanoclay, the effect
of calcium lignosulfonate on improving the shear strength
of loess is also affected by the dosage. When the dosage
of calcium lignosulfonate is small (less than 1%), the ion
exchange effect makes the soil structure denser, the cohesion
and internal friction angle of soil are increased. However,
when too much calcium lignosulfonate is added (more than
1%), the distance between soil particles increases and the
interparticle attraction decreases due to the increase of large-
sized calcium lignosulfonate molecules. It is getting easier
for soil particles to slide over each other; the shear strength
of soil is thus degraded (He et al. 2017).

Among the stabilizing agents mentioned above, the sta-
bilizing agents that can produce cementitious substances by
hydration are the most effective to improve the shear strength
of loess. That is because cementitious hydration products can
not only cement soil particles to improve the cohesion of soil,
but also fill the voids between particles to increase the inter-
nal friction angle of soil. Some stabilizing agents can make
the double layers of clays thinner and the soil structure denser
by ion exchange, such as hydrophobic stabilizing agent, cal-
cium lignosulfonate, and BTS, resulting in a little increase in
the cohesion and internal friction angle of soil. Some other
stabilizing agents may have negative influence on the shear
strength of loess when the dosage is very high.

Conclusions

This review summarizes the non-traditional stabilizing
agents that can effectively improve the physical and mechan-
ical properties of loess, including nanomaterials, red mud,
HEC, hydrophobic stabilizing agent, EN-1, SH, calcium
lignosulfonate, and some other loess stabilizing agents with
less research and application. The composition, mechanism,
effect, and application of each stabilizing agent are intro-
duced. These stabilizing agents are found to strengthen loess
through the following mechanisms, namely, filling, cementa-
tion, cementation of hydration products, ion exchange, and
wrapping of polymer. Filling is to increase the density and
uniformity of soil by filling soil pores with stabilizing agents
or hydration products of them or other additives. Cementa-
tions can be produced in two cases: one is that stabilizing
agents absorb the water in soil pores to generate viscous gel,
and the other is that the hydration of stabilizing agents or
other additives produces cementitious substances. Both can
cement soil particles and enhance the connections between

soil particles. Ton exchange is that the cations with higher
exchange capacity in stabilizing agent can replace the cati-
ons on the surfaces of clay particles, reducing the thickness
of the double-layer and increasing the attraction between soil
particles. Wrapping of polymer is that the macromolecular
chains in polymer that are crossed and connected can form
a network to wrap soil particles, thereby improving the sta-
bility and strength of soil. The effects of these stabilizing
agents on loess include increasing the soil density, reduc-
ing the soil permeability, increasing the soil strength, and
improving the resistance to deformation. One or several of
them work together when loess is treated with any stabilizing
agent. Among the mechanisms, the filling effect is the most
effective to reduce the permeability, and the effect of cemen-
tation is the most effective to improve the shear strength of
loess. When strengthening loess with a stabilizing agent, the
dosage is a very important variable since some stabilizing
agents may have negative effect when the dosage is very
high. For this reason, determination of the optimum dosage
is the premise for application of any stabilizing agent.

Although there are already dozens of stabilizing agents
that can improve the physical and mechanical properties of
loess, it is still meaningful to find eco-friendly and cost-
effective stabilizing agents for strengthening loess. In addi-
tion, at present, researches on most stabilizing agents are not
thorough, the related experimental studies are quite lacking,
and the results for the same stabilizing agent are not con-
sistent. Even worse, understanding of the mechanisms of
most stabilizing agents is not in-depth and specific enough.
So, research focuses are now still on interpretation of the
mechanism of each stabilizing agent, in terms of physical,
chemical, and biological process, respectively, as well as
determination of the physical and mechanical properties of
strengthened loess. Strengthened loess could be regarded as
a new soil; its mechanical properties under complex stress
paths and under the influence of various environmental
factors should be studied systematically. In addition, atten-
tion should be paid to the degradation in the mechanical
properties of strengthened loess. Furthermore, the effect
of strengthening loess with two or more stabilizing agents
together might be better than that of any one alone since
they may stimulate the activity of each other. As long as
the stabilizing agents do not react with and restrain each
other, the use of two or more stabilizing agents at the same
time or in stages can make full use of the advantage of each
stabilizing agent. Last but not the least, special attention
should be given to model tests and field tests carried out in
large-scale sites which can reveal the effect of strengthening
more accurately and find the problems related to practical
application of these stabilizing agents.
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