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Abstract: Collapsibility is an inherent characteristic of loess, which is often treated by adding in-
dustrial materials such as cement and lime in engineering, it seriously damages the reclamation
performance of soil. Degradable calcium lignosulfonate (CLS) has a good prospect in balancing soil
stabilization and environmental protection. Therefore, this paper evaluates the collapsibility and
mechanical characteristics of CLS improved loess based on the collapsibility test, grey correlation
analysis, and unconfined compressive strength test. The results show that when the content is 3%,
the stabilization effect is most obvious, and the collapsibility coefficient can be reduced by more
than 95%. The order of grey correlation degree of collapsibility on each index is moisture content,
void ratio, dry density, and CLS content from large to small. The unconfined compressive strength
increases rapidly in the first 14 days and then decreases with the content. When the content is too
high, the strength of improved loess is lower than that of plain loess. Combined with SEM, micro-
structure parameters, and X-ray diffraction analysis, the carbonate minerals can play the role of
filling pores and connecting soil particles, which reduces the grain size of mineral composition and
the thickness of the electric double layer and makes the structure more compact. The research re-
sults have scientific significance and application value for the ecological modification research and
engineering application of soil.

Keywords: loess; calcium lignosulfonate; collapsibility; unconfined compression strength ;
strengthening mechanism

1. Introduction

Loess is widely distributed in the central and western regions of China, covering
more than 6% of the area[l]. It is mainly composed of quartz, clay minerals, dissolved
salts, etc. The unique skeleton particle connection method leads to poor properties such
as multiple pores and high compression[2]. Under the erosion and infiltration of rain-
water, the salts in the loess are easily dissolved, resulting in the rearrangement of soil
particles and collapsibility, which often causes geological hazards such as landslides and
foundation instability[3].

A great deal of research has been carried out on the problem of loess collapsibility.
For instance, physical methods include strong tamping and replacement filling, adding
plant fibers to enhance collapsibility, but commonly the durability is poor [4,5]. The
mixing of cement and other industrial materials will make the soil highly alkaline and
contain heavy metal ions, causing serious damage to the surrounding environment and
soil reclamation[6]. In addition, in recent years, related scholars have used nanomaterials
and polymer materials to improve the loess. Although it can somewhat improve loess's
ability to collapse, its expensive price prevents industrialization and widespread use. [7].
Therefore, the research of economical and environmentally friendly new soil improve-
ment materials has become an important issue to solve the problem of loess collapsibility.
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Industrial lignin mainly comes from paper mill waste liquor and biofuel
by-products. China's paper industry can get about 0.5 billion tons of industrial lignin per
year. As a derivative of lignin, calcium lignosulfonate (CLS) contains various active
functional groups and has good cohesiveness, chelating and anti-corrosive properties[8].
However, more than 95% of industrial lignin is discharged into rivers in the form of
wastewater or directly concentrated and incinerated every year. If industrial lignin is
utilized, it can solve the waste pollution problem and achieve large-scale ecological
modification[9].

The improvement of the mechanical properties and durability of untreated soils has
been the main focus of research on CLS-improved soils. Zhang et al.[10] used CLS to cure
silts, and the results of unconfined compressive strength (UCS) and California bearing
ratio tests showed that CLS could effectively improve the particle gradation and me-
chanical properties of silts. Yang et al. [11] investigated the durability of CLS-improved
soils by water immersion disintegration test and freeze-thaw cycle test and concluded
that the water stability and freeze-thaw durability of CLS-improved soils were signifi-
cantly improved compared with untreated soils. Ceylan et al. [12] used CLS to treat
low-plasticity clay in Iowa. The results showed that CLS can effectively improve the en-
gineering properties of the soil and has been successfully applied to the curing and dust
treatment of low-grade traffic roadbeds and pavements.

At present, the research on the improvement of loess is still in its initial stage. Wang
et al. [13] found that CLS can effectively improve the cyclic shear deformation and lig-
uefaction resistance of loess by dynamic triaxial tests for the structural characteristics of
loess. He et al. [14] found that the permeability of CLS was significantly reduced when it
was mixed into loess, which could effectively improve the engineering properties of lo-
ess. Hou et al. [15] studied the modification of loess in the Lanzhou area and concluded
that CLS can react with clay minerals in loess to produce quartzite and carbonate miner-
als, which makes the soil structure denser.

Although studies have been conducted to show that CLS can better improve the
mechanical properties and engineering characteristics of loess, little research has been
done on the characteristics of loess collapsibility under a low degree of compaction. As a
result, CLS was chosen as the improved material in this study, and the change law of the
collapsibility coefficient, the mechanical characteristics of the CLS improved loess, and
the correlation between the major physical indices and collapsibility coefficient were all
investigated. The results were also based on the scanning electron microscope test (SEM),
microstructure parameters, and X-ray diffraction test (XRD) to elucidate the strengthen-
ing mechanism of CLS-improved loess. The results provide a reference for the engineer-
ing application in collapsibility loess areas.

2. Materials and Test Methods
2.1. Materials

The soil samples were extracted from a highway project site in Xi'an, Shaanxi, China,
at a depth of 3-4 m. The soil was crushed and air-dried, and then passed through a 2 mm
sieve. The basic physical properties of the loess were determined according to ASTM
D4318 standard[16], as shown in Table 1. Its optimum moisture content and maximum
dry density were obtained by compaction tests as 18.0% and 1.69 g/cm?, respectively.
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Table 1. Basic physical indexes of tested loess.

Property Value

Water content /% 2.87
Density/(g-cm-3) 1.17
Liquid limit /% 47.2

Plastic limit /% 35.5
Plasticity index 11.8
Specific gravity 2.70

Clay (<0.002 mm) 19.56

Silt (0.002-0.074 mm) 79.21
Sand (0.074-2 mm) 1.23
Maximum dry density /(g-cm-3) 1.69
Optimum moisture content /% 18.0

The CLS utilized in this investigation (Figure 1) was produced by Shanghai Maclean
Biochemical Technology Co., Ltd. It was a solid brownish powder with a certain viscosity
and fragrant odor that was readily soluble in water. Table 2 and Figure 2 show the main
components and microscopic morphology of CLS respectively.

Figure 1. Calcium lignosulfonate (CLS) used in the test.

Table 2. Composition of CLS in the test.

Molecular Molecular  Lignin content moisture carbon content sulfur content H
formula weight 1% 1% 1% /% P
C20H24Ca0O1052 528.61 >96 5 40 5 7.00

sum EHT= 3004V Sigraf = Intens ate: 11l 2022 =

WD= £2mm Mag= 200KX Time: 81147

Figure 2. Microstructure of CLS.

2.2. Sample Preparation

The collected natural soil was air-dried and broken down by crushing with a rubber
hammer. The particle size could be passed through a 2 mm sieve to remove any over-
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sized particles in the experiment. Different amounts of CLS (0,1,3,5,7%) were mixed di-
rectly into the loess; the amount was the ratio of the modifier to the mass of dry soil. In
order to ensure the uniform distribution of the modified additives, the mixtures were
mixed manually for about 5 min after adding quantitative distilled water, and the con-
figured soil samples were placed in vinyl bags and sealed for 24 h. The configured im-
proved loess was then placed into the steel mold for the desired test and compacted by
the static compaction method. The degree of compaction of the specimens prepared ac-
cording to ASTM D698 was 0.85[17].

2.3. Testing Methods
2.3.1. Collapsibility Test

The collapsibility test was performed with a WG single-lever consolidation instru-
ment produced by Nanjing Soil Instrument Factory. The test process was carried out in
accordance with the provisions of the collapsibility test in GB 50025-2018[18]. The size of
the cutting ring used for the specimens was ©79.8mmx 20mm,; the improved loess sam-
ples used for the tests were carried out with the optimum moisture content. The col-
lapsibility characteristics of CLS improved loess were analyzed by the single and dou-
ble-oedometer methods.

2.3.2. UCS Test

The UCS test used a YYW-II electric calcareous soil unconfined pressure instrument.
The test procedure was carried out in accordance with the provisions of ASTM D4219-02
for the testing of unconfined compressive strength[19]. The specimens were loaded at a
rate of 3mm/min and the size was ®50mmx50mm cylindrical specimens.

2.3.3. SEM Test

SEM test was performed using a Hitachi HITACHI SU8010 scanning electron mi-
croscope for microstructure testing at a magnification of 1000x. The specimen was taken
from the center of the 28d UCS test block, and the specimen size was a square with a side
length of 10mm. The samples were the first vacuum dried and surface sprayed with gold,
and then the undisturbed fresh surface was taken for observation.

2.3.4. XRD Test

The XRD test was performed using a D8 ADVANCE X-ray diffractometer from
Bruker, Germany, to scan the untreated loess and 3% CLS improved loess samples, the
principle of which is shown in Figure 3. The samples were in the form of powder and had
no obvious granularity; they had been ground and put through a 200 mesh filter. The
basic parameters of the diffractometer were Cu target, power 3kW, wavelength A=1.54056
A. The scanning speed was 2°/min and the scanning range was between 5° and 90°.
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Figure 3. X-ray diffraction principle.
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3. Results and Discussion
3.1. Collapsibility characteristics of improved loess

The collapsibility coefficient is the ratio of the height difference between the soil
before and after water immersion and the initial height of the soil under certain pressure,
which is one of the important mechanical parameters to evaluate the collapsibility of lo-
ess. As expressed by the following equation:

_ hy - Hy, w78
.= = 1)
h, 1+e,

Where hy is added to a certain pressure, the height after sinking and stabilization; ks is
the specimen under the action of water immersion, the height after sinking and stabili-
zation; ho is the initial height of the specimen; ey is the pore ratio of the saturated speci-
men at a certain pressure; e is the pore ratio of the original moisture content specimen at
a certain pressure; eo is the initial pore ratio.

According to Equation (1), the collapsibility coefficient of improved loess under
different pressures and admixtures is derived using the single and double-oedometer
methods, respectively, as shown in Figure 4. As can be seen from the figure, the collaps-
ibility coefficients measured by the two methods show the same trend of change. That is,
at the pressure of 50 kPa, the CLS improved loess with different contents show strong
collapsibility; with the increasing pressure, the collapsibility decreased significantly, and
the collapsibility coefficient show a trend of rapid decrease and then stabilization. Under
the pressure condition of 400kPa, the collapsibility coefficient of the improved loess with
different CLS contents all drop to below 0.015, which behaves as non-collapsibility loess.

In addition, it can be seen from Figure 4 that the collapsibility coefficients obtained
by the double-oedometer method are generally higher than those by the sin-
gle-oedometer method. This is due to the different orders of immersion and loading,
which present different results in the collapsibility process. The single-oedometer
method is loaded and compressed first. The improved loess has tended to be dense and
less porous. During the process of saturating with water, it is difficult for water to enter
the soil particles and the collapsibility process is not sufficient[20]. The double-oedometer
method is to load the improved loess sample when it is fully immersed in water, similar
to the compression process of saturated soil. Due to the long immersion time, the salts
and cementing substances in the CLS improved loess dissolve in water, and the collapsi-
bility process proceeds more thoroughly, resulting in a significantly higher collapsibility

coefficient [21].
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Figure 4. Collapsibility coefficient of improved loess with different content under various
pressures. (a)single-oedometer method; (b) double-oedometer method.

As seen from the collapsibility test, the collapsibility of the improved loess upgraded
significantly with the incorporation of CLS. In order to further objectively analyze the
variation law between the collapsibility of improved loess with each basic physical index
under standard pressure, the variation of collapsibility coefficient of improved loess with
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moisture content (w), dry density (od), pore ratio (e) and CLS content (0) under 200 kPa
pressure are plotted according to the test results, as shown in Figure 5.

As can be seen from the figure, the test results of single and double-oedometer
methods remain consistent. The collapsibility coefficient is positively correlated with the
pore ratio; negatively correlated with the dry density and moisture content.

There is no linear correlation between the content of CLS and the collapsibility coef-
ficient, and the improvement effect is optimal when 3% CLS is added. In the sin-
gle-oedometer method test, the collapsibility coefficient is reduced from 0.0206 in un-
treated loess to 0.0009 at 3% CLS content, a reduction of 95.63%. In the double-oedometer
method test, the collapsibility coefficient decreased from 0.0148 in the untreated loess to
0.0006 in the 3% CLS doping, a decrease of 95.95%. With the further increase of CLS
dosing, the collapsibility coefficient rebounds slightly, but it is still much lower than that
of untreated loess.

It can be seen that the addition of CLS can effectively isolate the intrusion of water.
This is because CLS contains a large number of lipophilic groups such as phenyl propane
groups, which have a significant repulsive effect on water molecules[22]. In addition,
CLS can fill the pores and connect soil particles to form a denser agglomerate, which can
effectively reduce the permeability and dispersion of the improved loess.
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Figure 5. Relation between collapsibility coefficient and physical indexes at 200kPa.(a) pore ra-
tio;(b) dry density;(c) moisture content;(d) CLS content.

3.2. Grey relational analysis of collapsibility

From the results above, it is clear that the collapsibility of loess is influenced by a
combination of factors[23]. However, inconsistencies in the units of measure and orders
of magnitude of the parameters make it difficult to analyze the pattern of influence of the
physical indicators on the collapsibility factor.

Gray system theory is an effective method to research information incomplete sys-
tems[24]. Gray correlation analysis is the core element of gray system theory, which is an
analytical method used to characterize the degree of contribution of each influencing
factor to the main behavior. Relational degree (yi) is the main parameter to characterize
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the interrelationship between the factors of the system, the larger yi indicates the stronger
dependence of the parent sequence on a certain subsequence and the closer the rela-
tionship between them[25].

A gray correlation analysis is performed on the collapsibility loess after CLS im-
provement (Figure 6 shows the flow chart) . Firstly, the parent sequence (ds) and subse-
quences (04, €, 0, w) are determined; secondly, the range variation method is applied to
eliminate the influence between the dimensions of each sequence, and the extremum
(Amax and Amin) are selected in the formed new sequence Aj; finally, the correlation coeffi-
cient matrix L and the relational degree vyi are calculated and then ranked for analysis.

Each factor in the correlation coefficient matrix L is calculated using the following
equation:

1 P Amax + Amin

. 2
! pAmax + Ar] ( )

where p is the resolution coefficient and p € (0,1) is usually taken as 0.5.

Due to the large and scattered data in the correlation coefficient, the analysis is not
easy. Therefore, the correlation degree is defined as the average of the correlation coeffi-
cients and is calculated using the following equation:

1 n
7=l ®)
j=1
Perform data Gray correlation
dimensionless »| coefficient and
processing gray correlation
A
4
Select parent Rank the gray
sequence and correlations and
subsequence draw conclusion

Figure 6. Flow chart of grey correlation analysis.

Table 3 shows the gray correlation values derive from the two collapsibility methods
at a standard pressure of 200 kPa. As can be seen from the table, the correlation rankings
derived from the single and double-oedometer methods are consistent, and the order of
the sensitive factors of improved loess collapsibility coefficient is moisture content, pore
ratio, dry density, and CLS content in that order.

The correlation order in this paper differs from the results of Wu et al.[26]. This is
attributed to the difference between the untreated loess and the improved loess. The gray
correlations of moisture content are 0.758 and 0.801, respectively, which rank first among
the physical indicators. When the moisture content increases, there is not only strong
combined water but also a certain amount of weak combined water between soil parti-
cles, which reduces the coulomb force and Van der Waals force between the particles and
shows a decrease in cohesive forces from a macroscopic point of view. With the addition
of CLS, the sensitivity of the soil to moisture content will gradually increase, making the
moisture content the factor that most closely affects collapsibility[27]. Therefore, strict
control of the water content of the CLS-improved soil is the key to preventing collapsi-
bility.

The correlation between pore ratio and dry density on collapsibility coefficient is
similar, which is also the main factor affecting the collapsibility of CLS-improved soil.
The collapsibility coefficient is negatively correlated with dry density and positively
correlated with the pore ratio[28]. It shows that when the dry density is larger, the pore
ratio decreases, the soil structure is more compact, and the external water is difficult to
enter to enhance its collapsibility.
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Although the direct correlation between CLS content and collapsibility coefficient is
the lowest, it is generally empirical that the correlation shows significance when the gray
correlation is greater than 0.3[29]. With the incorporation of CLS, the maximum dry
density of the improved loess increases, the optimum moisture content decreases, and
the pore ratio decrease due to the filling of pores by CLS. The amount of CLS content in-
directly affects the changes of each basic physical index and still has a significant im-
provement effect on the loess collapsibility.

Table 3. Grey correlation degree of physical indexes.

Physical index Single-oedometer method Double-oedometer method
Moisture content w 0.758 0.801
Pore ratio e 0.746 0.781
Dry density pu 0.73 0.76
CLS content 0 0.588 0.557

3.3. Unconfined compressive strength of improved loess

To further evaluate the curing effect of CLS-improved loess, UCS tests were con-
ducted on improved loess with different CLS contents and curing ages.

As shown in Table 4 and Figure 7, at 1d, the strength difference between improved
loess with different CLS contents is not significant and comparable to the strength of
untreated loess (80.77 kPa). With the growth of the curing age, the UCS difference is
gradually significant. The UCS of untreated loess at 1d, 14d, and 28d are 80.77kPa,
174.22kPa, and 235.99kPa, respectively, and the strength increases at 14d and 28d are
115.70% and 192.18%, respectively. The strength of the improved loess with 3% CLS
content increases fastest, and its UCS at 1d, 14d, and 28d are 126.70kPa, 289.83kPa, and
354.77kPa, respectively, and the strength increases at 14d and 28d reach 128.75% and
180.01%, respectively. It can be seen that the untread loess and improved loess have the
same growth trend with curing age, which means that the strength grows faster in the
first 14 d, and grows slowly with stability in the last 14 d[30]. This is in agreement with
the results of previous related studies, therefore, the curing age of the CLS-improved lo-
ess is guaranteed to be at least 14 d.

Table 4. UCS of improved loess under different CLS content and curing age.

o UCS(kPa)
CLS content(%) d 7d 1ad 28d
0 80.77 145.71 174.22 235.99
1 112.45 237.57 281.92 293.00
3 126.70 251.82 289.83 354.77
5 115.61 220.15 245.49 270.83
7 64.93 107.70 120.37 128.29
400
—&— (0% CLS
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300 4
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Figure 7. UCS of CLS improved loess.
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In addition, as shown in Figure 7, the UCS of the improved loess increases and then
decreases with the content of CLS, and the maximum value is obtained when the content
of CLS is 3% at the same curing age. When the content is too high, it will deteriorate the
strength of the improved loess. For instance, when at 28d, the UCS of the improved loess
with 7% CLS content is only 54.36% of that of the untreated loess. This is due to the fact
that excess CLS preferentially forms agglomerates within the loess and that a large
amount of CLS wraps around the soil particles, reducing the frictional resistance and
skeletal strength between the soil particles[31].

4. Analysis of the strengthening mechanism of improved loess
4.1. SEM test analysis

To better investigate the microstructure and strengthening mechanism of
CLS-improved loess, SEM tests are conducted on the improved loess with different CLS
content, as shown in Figure 8. As seen in Figure 8a, the untreated loess particles are an-
gular and mainly show plate and granular shapes. The untreated loess is compacted, but
still contains a large number of irregular aerial pores and intergranular pores. The
structure type is skeleton-like, and the soil particles are associated with each other by
direct point contact and direct surface contact[32]. When subjected to water erosion and
pressure, the soluble salt dissolves, the overhead structure is damaged, and the soil par-
ticles in direct contact with each other stagger and slip are accompanied by local frag-
mentation, eventually leading to structural reorganization.

With the incorporation of CLS (Figure 8 b-d), the needle-like cementing materials
began to develop, mainly concentrated in the particle connection and pores. A large
number of overhead pores are filled with CLS, and the pore type is transformed into a
closed type, which fills the pores and enhances the cohesion between the soil particles
[33].

On the other hand, the fibrous CLS types of cementing materials are wrapped
around the surface of soil particles, changing the soil particles from direct contact to in-
direct point contact and indirect surface contact linked by the cementing materials, and
increasing the effective contact area. Preliminary studies have shown that the floccula-
tion-like structure through indirect contact has better load-bearing performance and
water stability than the skeleton-like structure through direct contact [34].

However, when the content of CLS is too large (Figure 8e), the CLS will combine it-
self to form agglomerates. Although the number of pores is reduced, the increase in pore
size makes some of the soil particles separate from each other. The cohesion of the im-
proved loess increases at this time, but the internal friction between the soil particles de-
creases sharply resulting in the reduced structural strength of the soil. The soil breaks
more completely under external pressure, which leads to a change in both the collapsi-
bility coefficient and the unconfined compressive strength.
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Figure 8. SEM results of improved loess with different CLS content. (a) untreated loess; (b) 1% CLS
content; (c) 3% CLS content; (d) 5% CLS content; (e) 7% CLS content.

4.2. Microstructure parameter analysis

Although SEM images can show the differences between different CLS content im-
proved loess from microscopic morphology and other aspects, it is difficult to quantita-
tively characterize indicators such as apparent pore ratio, probability entropy, fractal
dimension value of porosity, and the relationship between microstructure and macro-
scopic properties.

For this purpose, this paper uses the particles (pores) and cracks analysis system
(PCAS) to quantify and analyzes the SEM images. Firstly, the SEM images are automat-
ically segmented by threshold and optimally adjusted; secondly, the soil particles and
pores in the images are marked as black and white respectively by the binarization pro-
cess (Figure9); finally, the binarized images are identified and statistically analyzed to
quantify the microstructural parameters[35].
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Figure 9. Binary image of improved loess with different CLS content. (a) untreated loess; (b) 1%
CLS content; (c) 3% CLS content; (d) 5% CLS content; (e) 7% CLS content.

The apparent pore ratio is an important indicator of the degree of soil compactness
and can be characterized computationally by using the ratio of pore area to soil particle
area in the binarized image.

Figure 10 shows the apparent pore ratios of improved loess with different CLS con-
tent. As can be seen from the figure, with the increase in CLS content, the apparent pore
ratio shows a trend of first decreasing and then increasing, and the lowest pore ratio is
only 5.66% when the CLS content amount is 3%. As mentioned before, when the content
is too high, CLS will produce its agglomeration phenomenon, increasing the distance
between soil particles and deteriorating the compactness of the soil[36].


https://doi.org/10.20944/preprints202212.0335.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 December 2022 d0i:10.20944/preprints202212.0335.v1

=
-

Fitting curve

o
¥}
L

7

v

=]
1

\\\:‘

X

y=0.394x-2.638x+10.032
R?=0.99608

Apparent pore ratio (%)
(=)} o]
1 1

'S
!

N}
L

N
ki
:

(=}
[
o
~N

3
CLS content (%)

Figure 10. Apparent pore ratio of improved loess with different CLS content.

According to the results in Figure 10, the relationship between the content of CLS
and the apparent pore ratio can be further fitted as:

y =0.394x" —2.638x +10.032 @)
R* =0.99608
From equation (4), it can be seen that the relationship between CLS content and apparent
pore ratio is a quadratic polynomial. From equation (4), it can be theoretically calculated
that the apparent pore ratio is the lowest when the content of CLS is 3.35%, indicating
that the improved loess is in the densest state at this time, which is consistent with the
macroscopic test results when the content of CLS is 3% in this paper.
Probability entropy is an index reflecting the degree of disorder of pore arrangement
in soil, the smaller the probability entropy, the better the directionality and orderliness of
pore arrangement[37]. The calculation formula is:

H,=-2 Plog,P, (5)
i=1
Where Hu is the probability entropy of the soil structure, taking values from 0 to 1; Pi is
the probability that the structural unit body is presented in a certain orientation zone.
Figure 11 shows the probability entropy of the improved loess with different CLS
content. As can be seen from the figure, there is no obvious change in the probability en-
tropy of improved loess with different CLS content. However, the probability entropy is
relatively high for untreated loess, relatively low at 3% and 5% CLS content, and slightly
rebounding at 7% CLS content. It shows that the pore arrangement in the soil tends to be
regularized under the coupling effect of CLS. This is consistent with the SEM test results
in this paper.
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Figure 11. Probability entropy of improved loess with different CLS content.
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The fractal dimension value of porosity is an index to characterize the distribution of
pore size in the soil, the larger the fractional dimension value, the greater discrepancy of
pore size in the soil. Its calculation formula is:

D =-1lim
Inr

(6)
Where D: is the fractal dimension value of porosity; r is the pore diameter; N(r) is the
number of pores larger than this pore diameter.

Figure 12 shows the fractal dimension value of the porosity of the improved loess
with different CLS content. As can be seen from the figure, the fractal dimension value of
porosity shows a trend of decreasing and then increasing after the incorporation of CLS.
The minimum value of porosity fractional dimension at 3% CLS content indicates that the
particle structure in the improved loess is more closely distributed at this time, and the
pore size and arrangement pattern tend to be unified. Compared to untreated loess, alt-
hough it is compacted, the direct contact between soil particles leads to the existence of a
large number of pores of different sizes[38]. Excessive CLS slightly reverted the porosity
fractional dimension value due to weakening the filling effect of the improved loess, but
the uniformity of the pore is still better than that of the untreated loess.
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Figure 12. Fractal dimension value of porosity of improved loess with different CLS content.

4.3. X-ray diffraction test analysis

To investigate further the changes in mineral composition before and after the im-
provement of CLS, the X-ray diffraction method was used for the qualitative analysis of
the phase of the untreated loess and the improved loess (CLS content of 3%).

Figure 13 shows the XRD test results of the untreated loess and the improved loess.
As can be seen from the figure, there is no obvious change in the mineral composition
before and after the action of the modifier, which is quartz, dolomite, calcite, and albite;
and no obvious new mineral components are generated.
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Figure 13. XRD analysis results.
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It is noteworthy that although no new phases were generated after the improve-
ment, the relative content of each mineral component was changed, as shown in Table 5.
It can be seen that the content of dolomite (Ca Mg (COs)2) and calcite (Ca COs) increased;
the content of quartz (5iOz) decreased and the content of albite (Na Al SisOs) remained
basically the same. Analyzing the reason, Ca2*ions in CLS react to form typical carbonate
cementing materials such as (Ca Mg (COs)2) and Ca COs, and the cementation strength of
carbonate is higher than clay minerals, thus showing enhanced macroscopic properties.

Table 5. The mineral content of samples.

Sample Quartz (%) Dolomite (%) Calcite (%) Albite (%)
Untreated loess 43.3 24.6 11.8 20.4
CLS improved loess 38.1 28.7 12.6 20.6

To further investigate the strengthening mechanism of the CLS-improved loess, the
grain size of each mineral component before and after CLS modification is calculated
based on the XRD test results, and the results are shown in Table 6. It can be seen that the
average grain size of each mineral composition is reduced after the incorporation of CLS,
and the degree of reduction is more than 50%. The reduction in grain size is closely re-
lated to the structural changes in the soil and the degree of cementation between miner-
als[39]. It is inferred that under the effect of ion exchange and protonation (Figure 14), the
positive charge of CLS neutralizes the negative charge on the soil surface, thus reducing
the thickness of the double layer and making the mineral composition more aggregated
and denser, which contributes to the improvement of soil strength and resistance to the
effects of collapsibility[40].

Table 6. Calculation results of grain size of mineral composition.

Mineral types Before modification (nm) After modification (nm) Decrement (%)

Quartz 371 185 50.13
Dolomite 301 123 59.14
Calcite 248 113 54.44
Albite 305 124 59.34
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Figure 14. Schematic diagram of the mechanism of CLS improved loess.
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5. Conclusions
The present work investigated the laws of the influence of calcium lignosul-

fonate(CLS) on the collapsibility, gray correlation, unconfined compressive strength, and

strengthening mechanism of loess in northwest China. The following conclusions can be
highlighted:

(1) CLS contains lipophilic groups such as phenyl propane, which can still effectively
improve the collapsibility of loess at a degree of compaction of 0.85. The optimal
content of CLS selected in this paper was 3% when applied to improved loess, and
the collapsibility coefficients were reduced by more than 95% in both single and
double-oedometer methods.

(2) Loess collapsibility is determined by a combination of physical quantities such as
substance composition and structural characteristics. According to the gray correla-
tion analysis, the gray correlations of the factors affecting the collapsibility coeffi-
cient of improved loess were moisture content, pore ratio, dry density, and CLS
content in descending order. Although the content of CLS was the smallest, the gray
correlation was still more than 0.5 and showed a significant correlation, which can
still effectively improve the collapsibility of loess.

(38) The unconfined compressive strength of the CLS-improved loess tended to increase
and then decrease. The UCS was lower than the untreated loess when the CLS con-
tent was too high. The UCS continued to improve with the extension of the curing
age, with rapid strength growth at the first 14 d.

(4) CLS made the improved loess dense and stable by filling pores, linking soil particles,
and changing the way of connection between soil particles and the type of pores. By
microstructural parameter analysis, the pore ratio and CLS content showed a
quadratic polynomial relationship, and the probability entropy and fractal dimen-
sion value coincided with the macroscopic test results.

(5) The carbonate cement formed by the modification of CLS can effectively strengthen
the soil structure; and under the effect of ion exchange and protonation, the thick-
ness of the electric double layer was reduced and the grain size was reduced by

more than 50%, making the mineral composition denser.
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