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In cold regions, freeze-thaw action poses a significant hazard to road engineering. In order to avoid the adverse effects of inorganic
materials on soil modification, we applied lignin, which is an environmentally friendly and organic polymer, to improve the silt
sand from cold regions. *e significance of this study is to facilitate the better application of lignin. *e macroscopic engineering
properties of the soil showed that, before freeze-thaw, as the lignin content increased, thermal conductivity and permeability
decreased, pH first increased rapidly and then stabilized between 10 and 11, and dynamic resilient modulus first increased then
decreased; after freeze-thaw, as lignin content increased, thermal conductivity and permeability decreased, and dynamic resilient
modulus first increased then decreased. *e freeze-thaw action reduced the thermal conductivity and dynamic resilient modulus
of silt sand treated with lignin and increased its permeability. *e test results of soil microstructure indicated that, before freeze-
thaw, the silt sand and silt sand treated with lignin were structurally compact; after freeze-thaw, the silt sand showed numerous
cracks and pores and had a loose soil structure, whereas the silt sand treated with lignin showed fewer cracks and pores, and its soil
structure was more compact under the encapsulation and filling action of cementitious materials. No new chemical elements,
mineral components, or functional groups were produced when lignin was mixed with silt sand. *e mechanism by which lignin
improved the macroengineering properties of silt sand involved the cementitious material produced by the interaction between
lignin and soil minerals, which encapsulated the soil particles and filled the interparticle pores. Research results can provide a
theoretical reference for engineering application of lignin in cold regions.

1. Introduction

In the harsh cold region of northern China, the frost damage
of roads can cause significant harm to their structures, es-
pecially to the subgrade and pavement. *e design of ad-
vanced pavements, in particular, places a special emphasis
on addressing the problem of freezing and on reducing or
eliminating some of the adverse consequences of frost
damage through correct design measures. *e freezing
process causes changes in the moisture content, compact-
ness, structure, and bearing capacity of soil. In frozen soils,
frost heave occurs due to the transformation of accumulated
moisture into ice lenses. Frost heave is a phenomenon in
which water accumulates at the frost line and precipitates as
ice crystals after resisting external pressure. *e main
structure involved in the occurrence of frost heave is within
thin-film water, and the process is continuous. When thin-
film water freezes, it generates an absorbent force that can

attract the surrounding moisture, and the freezing of water
that can generate this absorbent force is known as precip-
itation icing, which can result in the formation of ice crystals.
Due to differences in soil compactness and water content,
the formation of ice crystals often causes uneven frost heave
of the subgrade, which can damage the asphalt mixture
pavement. *erefore, mechanical properties tests of asphalt
mixture under freeze-thaw cycles are often carried out in
cold regions [1–3]. During the thawing period, frost damage
is even more severe in subsoil that have undergone severe
freezing. In particular, the bearing capacity of subgrades
composed of frost-susceptible material will be greatly re-
duced, and the pavement will be damaged by fatigue under
the repeated action of traffic loading.

In recent years, a number of researchers have attempted
to solve the problem of frost damage in road engineering for
cold regions by mixing inorganic modifiers, such as lime,
cement, and fly ash, into soil to eliminate the formation of
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ice lenses [4–10]. By filling or compacting the pores with the
modifiers, the moisture will be prevented from moving,
which will stop the formation of ice lenses. Although in-
organic modifiers can effectively improve the frost resistance
of soil and reduce the occurrence of frost damage in road
engineering for cold regions, they can also cause certain
hazards to the surrounding environment, such as altering
the pH value of the soil, affecting its water-holding capacity
and vegetation growth, and reducing the service life of soil
structures [11–13]. *erefore, the development of new, ef-
fective, and environmentally friendly soil modifiers has
become an urgent need in the field of road engineering for
cold regions. *e silt sand is widely distributed in Jilin
Province, China, and since the poor compactness and easy
dust of this soil does not meet the specification require-
ments, it must be amended to be used for subgrade filling.
Lignin is a high-molecular-weight polymer with an organic
chemical composition and does not pollute the soil envi-
ronment, which has been applied in subgrade soil im-
provement. A number of researchers have studied the use of
lignin in soil improvement and have concluded that lignin
can effectively improve the strength, stiffness, permeability,
and other engineering properties of clay and silt soils, while
also having a significant effect on their microstructures
[14–20]. However, there is a lack of relevant studies on the
interaction between lignin and soil under freeze-thaw
conditions, and the microscopic mechanisms of its frost
resistance.

In this paper, we investigated the effects of freeze-
thaw and lignin content on the thermal conductivity,
dynamic resilient modulus, and permeability of the soil,
examined the effects of freeze-thaw and lignin on soil
microstructure using scanning electron microscopy
(SEM), and analyzed the effects of lignin on soil chemical
elements, mineral composition, and functional groups
with the aid of energy-dispersive X-ray spectroscopy
(EDS), X-ray diffraction (XRD), and Fourier transform
infrared spectroscopy (FTIR), based on which we were
able to establish the relationship between the macro-
engineering properties and the microstructural charac-
teristics of soil treated with lignin under freeze-thaw
conditions.

2. Materials and Methods

2.1. Raw Materials. Soil samples were taken from an ex-
pressway project in the west part of Jilin Province, and the
relative density of soil particles was 2.64. Particle analysis
revealed that the particle content was 11.18% for particles
>0.025mm, 56.54% for 0.075mm–0.025mm, 20.61% for
0.005mm–0.075mm, and 11.67% for <0.005mm. A 76 g
cone penetrometer for combined liquid-plastic limit testing
was used to determine the limiting moisture content of the
soil samples, which revealed that the 10mm liquid limit was
15.6%, the 2mm plastic limit was 7.4%, and the plasticity
index was calculated to be 8.2.

*e experimental lignin was obtained from a paper mill
in Luohe City, Henan Province, and was yellowish-brown in
color (Figure 1). It was a solid powder, contained a small

amount of water, and had a rancid odor. *e molecular
structure of lignin was determined by FTIR and was found to
mainly contain hydroxyl groups (-OH, 3415 cm−1), C-C
bonds (1566 cm−1, 783 cm−1, and 654 cm−1), methoxy groups
(-OCH3, 1262 cm−1), carbonyl groups (-CO, 1052 cm−1),
benzene rings (1649 cm−1), and other reactive functional
groups. Pure water with a temperature of 20± 0.5°C, which
has a pH of 6.8, was used in this study.

2.2. Sample Preparation. *e silt sand samples were air-dried
and passed through a 2- mm sieve. A certain amount of soil
sample and lignin was weighed out, and the samples were
mixed with lignin at different ratios (0%, 3%, 6%, 9%, 12%, and
15%). Based on the results of the compaction test (see Figure 2),
test samples with different lignin contents were prepared based
on the optimum moisture content and 96% of maximum dry
density of silt sand treated with lignin, and the samples were
mixedwell, sealed, and soaked for 12h.*en, theywere poured
into a steel mold and test pieces were molded by isostatic
pressing. *e mold size of the thermal conductivity and dy-
namic resilient modulus test pieces was
diameter× height= 100mm× 240mm. After molding, the
samples were stripped with a stripper, which were then placed
into a standard curing chamber with a temperature of 20°C and
relative humidity of 95% for 28 d. One part of the cured lignin-
treated and untreated silt sand samples was used directly for the
freeze-thaw pretest, while the other part was placed into a high-
low alternating temperature test chamber (see Figure 3). *e
freezing and thawing temperatures in the high-low alternating
temperature test chamber were set at −20°C and 20°C, re-
spectively, the freezing and thawing times were both 24h, and
the number of freeze-thaw cycles was 10. Samples that had
undergone 10 freeze-thaw cycles were used for the post-test.

*e ring cutter (61.8mm in diameter and 40mm in
height) was cut vertically into the specimen (100mm in
diameter and 200mm in height). When leveling both sides
of the soil sample, the soil sample shall not be rubbed back
and forth with knives. *e prepared specimen was used for
the permeability test.

*e silt sand samples, silt sand treated with lignin
samples cured for 28 d, and silt sand treated with lignin

Figure 1: *e lignin.
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samples after 28 d of curing and 10 freeze-thaw cycles were
cut into 20mm× 20mm×20mm soil strips using a fine wire
saw, placed into a chamber filled with liquid nitrogen, frozen
for 10min, and then dried in a freeze dryer at -50 °C under
vacuum for more than 24 h.*e dried samples were cut with
a blade into approximately cuboid test pieces with a base
surface of 10mm× 10mm and a height of 5mm; then, the
pieces were removed carefully with tweezers to obtain a
fresh, undisturbed surface for SEM and EDS analysis.

*e silt sand samples and silt sand treated with lignin
samples cured for 28 d were crushed and air-dried. A certain
amount of air-dried sample was weighed out and grounded
to powder using an agate mortar and then passed through a
0.075mm sieve for pH, FTIR, and XRD analysis. *e

powdered sample for XRD analysis was also mounted on a
glass slide, with care taken to ensure that the cavity of the
glass slide was filled with the sample, and sample surface was
flat, not loose, and had no falling particles.

2.3. Testing Methods. *e thermal conductivity of silt sand
treated with lignin was measured using a thermal conduc-
tivity meter (see Figure 4) manufactured by Hot Disk,
Sweden. *e measurement range of thermal conductivity
meter was 0.005–500W· m−1 K−1, accuracy: ±3%, sensor
type: Kapton (polyimide) film, and testing time: 1–2560 s.
When measuring the thermal conductivity of the material,
the film-coated nickel spiral probe was sandwiched between
two samples. During the test, the resistance changes of the
probe were recorded, and the temperature changes with time
detected by the probe during the test were systemically
established based on the level of resistance.

*e loading sequence of repeated triaxial test was
worked out according to the NCHRP 1-28A and the
specification [21]. *e repeated loading test of samples was
finished using DTS 30 universal testing machine (see Fig-
ure 5) manufactured by Pavetest Company, Italy. *e
confining pressure was applied by air pressure loading. *e
vertical loading mode adopts half-vector pulse loading. *e
loading frequency is 10Hz, the loading time is 0.2 s, and the
loading interval is 0.8 s. *e data acquisition and analysis
was completed by Testlab software.

*e 10 g sieved soil sample and 50mL distilled water
were mixed in a beaker. *e mixture was left to rest for 1
hour.*e pH values of themixture were measured by a pHS-
25 meter.

*e samples were adhered to a small film using epoxy
resin with the fresh cross section facing upwards, then fixed
firmly to a small copper platform with double-sided tape,
placed in a vacuum evaporation coater (see Figure 6(a)), and
sprayed with gold film. A scanning electron microscope
(TESCAN MAR3) (see Figure 6(b)) was used for image
acquisition of the coated specimens. Energy dispersive X-ray
spectroscopy (Oxford X-MaxN50) was used to determine
the chemical elements of the specimens. *e types of ele-
ments were determined from the energy values, and the
element content was determined based on the intensity
analysis of the energy spectrum.

Amortar was used to grind 0.2 g of KBr to 2.5 um or less,
and the ground powder was placed in a powder press mold
and pressed for 10 s to produce the background sample.
*en, 0.015–0.02 g of dried sample was mixed with 0.2 g of
KBr and grounded with a mortar to less than 2.5 um, and the
ground powder was placed in a powder press mold and
pressed for about 10 s to produce the test sample. After
warming up the Nicolet AVATAR 380 spectrometer, the
background sample was loaded, followed by sample testing
to collect the infrared spectrum for comparison and analysis.

*e silt sand and silt sand treated with lignin samples
were mounted onto the central frame on the goniometer
stage of the D-2700 X-ray diffractometer, and the X-ray
counters around the goniometer stage received the dif-
fraction from the samples, which was converted to an
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Figure 2: *e results of the compaction test.

Figure 3: *e freeze-thaw test.
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electrical signal and inputted into the recorder. Operating
conditions: Cu-Kα target, wavelength λ� 1.5148 Å, voltage
35 kV, current 25mA, 2θ range 5°–60°, and scanning rate 1°/
min.

3. Results and Analysis

3.1. pH. Figure 7 shows the pH values of the treated silt sand
with different amounts of lignin. *e pH value increased
rapidly at first and then stabilized between 10 and 11. Al-
though the silt sand treated with lignin was alkaline, it was
lower than that of lime treated soils [12], which can reduce
the damage to the soil and the adverse effects on the
environment.

3.2. +ermal Conductivity. As shown in Figure 8, the
thermal conductivity of silt sand treated with lignin de-
creased with increasing lignin content before and after
freeze-thaw. After freeze-thaw, the thermal conductivity of
silt sand treated with 0%, 3%, 6%, 9%, 12%, and 15% lignin
content decreased by 8.9%, 6.1%, 5.3%, 4.0%, 2.6%, and
2.3%, respectively (see Figure 8). *e freeze-thaw action led
to the reduction in the thermal conductivity of silt sand

treated with lignin, and this finding is similar to that re-
ported in the literature [22].

3.3. Dynamic Resilient Modulus. *e dynamic resilient
modulus of silt sand treated with lignin under confining
pressures of 15 kPa, 30 kPa, 45 kPa, and 60 kPa was tested.
*e results are shown in Figures 9(a)–9(d). *e dynamic
resilient modulus of silt sand treated with lignin increased
with increasing confining pressure.

As shown in Figure 9, before and after freeze-thaw, the
dynamic resilient modulus of silt sand treated with lignin
first increased and then decreased with increasing lignin
content. A comparison of the results before and after freeze-
thawing shows that the freeze-thaw action resulted in the
decrease of dynamic resilient modulus of silt sand treated
with lignin. As lignin content increased from 0% to 15%, the
dynamic resilient modulus decreased by 30.3%, 29.6%,
25.0%, 26.0%, 29.5%, and 32.8%, respectively, when the
confining pressure was 30 kPa. *e mixing of lignin into silt
sand effectively increased the deformation resistance of the
soil under freeze-thaw conditions. However, the addition of
lignin is more than the optimum content, which is disad-
vantageous to the improvement of soil anti-deformation
ability. *e optimum lignin content for silt sand in the
selected areas was about 6%.

3.4. Permeability. As shown in Figure 10, before and after
freeze-thaw, the permeability of silt sand treated with lignin
decreased with increasing lignin content. A comparison of
the results before and after freeze-thawing shows that the
freeze-thaw action resulted in the increase of permeability of
silt sand treated with lignin. As lignin content increased
from 0% to 15%, the increase value of permeability coeffi-
cient is 3.66×10−5, 3.77×10−6, 2.05×10−6, 0.91× 10−6,
5.03×10−6, and 5.09×10−6, respectively. *e increase rate of
permeability of silt sand treated with lignin is obviously
smaller than that of silt sand. *e results show that the
addition of lignin to silt sand can effectively improve the
frost resistance of soil.

3.5. SEM. As shown in Figure 11(a), before freeze-thaw, the
soil particles of silt sand were tightly connected and the
microstructure was in a compact state. As shown in
Figure 11(b), after freeze-thaw, the connections among the
soil particles of the silt sand were broken, the microstructure
was loosely arranged, and a large number of cracks and pores
had appeared. *is implies that silt sand has poor frost
resistance.

As shown in Figure 12(a), before freeze-thaw, the soil
particles of silt sand treated with lignin were tightly con-
nected, and the microstructure was in a compact state. As
shown in Figure 12(b), after freeze-thaw, the soil particles of
silt sand treated with lignin remained connected without
obvious fracture, the microstructure was relatively compact,
and there were a few cracks and pores. As shown in
Figure 12(c): when the microstructure of the freeze-thawed
silt sand treated with lignin was magnified by 5000 times, the

Figure 4: *e thermal conductivity test.

Figure 5: *e repeated triaxial test.
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soil particles were clearly seen to be encapsulated by ce-
mentitious material, and the interparticle pores were also
filled with cementitious material.

*e increase in soil permeability after freeze-thaw can be
attributed to the presence of cracks and pores. When lignin
was mixed with silt sand, the thermal conductivity and
permeability of the soil mass decreased and the dynamic
resilient modulus increased, which can be attributed to the
encapsulation of soil particles and filling of interparticle
pores by cementitious material.

3.6. EDS. *e SEM images of silt sand and silt sand treated
with lignin were selected to test the atomic percentages, and
the mean values of the atomic percentages were calculated.
*e results are shown in Figure 13. Comparison of the test
results between silt sand and silt sand treated with lignin
revealed that C and Na were added to the element com-
position of the latter, and the atomic percentages of the other
elements had decreased by a certain extent. Since C and Na
are the main constituents of sodium lignosulfonate, it

follows that no other new chemical elements were produced
by mixing lignin into silt sand.

3.7. XRD. Figure 14 shows the XRD patterns of silt sand and
silt sand treated with lignin. *e main minerals in silt sand
were Quartz [SiO2], orthoclase [K(AlSi3)O8], albite low
[(Na(AlSi2O8)], montmorillonite [(Ca)0.2 (Al, Mg)2(Si4O10)
(OH)2·4H2O], and illite [KAl2(Si3Al)O10(OH)2]. By com-
paring the XRD patterns of the two soil samples, we can see
that the diffraction peaks of silt sand treated with lignin and
silt sand appeared at essentially the same positions, and no
new peaks were produced, which indicates that no new
mineral components were produced in the silt sand treated
with lignin. *is finding is in good agreement with the
literature [19].

3.8. FTIR. Figure 15 shows the infrared spectra of lignin, silt
sand, and silt sand treated with lignin. *e silt sand con-
tained mainly Al-O-H bonds (3617 cm−1 and 3620 cm−1),
–OH bonds in water molecules (3693 cm−1, 3425 cm−1, and
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Figure 6: *e SEM and EDS test.
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467 cm−1), and Si-O bonds (1087 cm−1, 787 cm−1, and
797 cm−1). *e types of functional groups found in silt sand
treated with lignin were almost equal to the sum of the
functional groups found in lignin and silt sand, thus indi-
cating that mixing lignin into silt sand did not result in the
creation of new functional groups.

4. Conclusions

*is paper analyzed the effects of freeze-thaw and lignin
content on the macroscopic engineering properties and
microstructural characteristics of silt sand treated with
lignin, and the following conclusions were drawn:

(1) As lignin content increased from 0% to 15%, before
freeze-thaw, the thermal conductivity and perme-
ability of silt sand treated with lignin gradually de-
creased and pH value stabilized between 10 and 11,
while dynamic resilient modulus decreased when the

(c)

Figure 12: SEM images of silt sand treated with lignin before and after freeze-thaw.
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lignin content was greater than 6%; after freeze
-thaw, the thermal conductivity and permeability of
silt sand treated with lignin gradually decreased, and
its dynamic resilient modulus still decreased when
lignin content was greater than 6%. *e optimum
lignin content for silt sand from Jilin Province,
China, is about 6%.

(2) *e freeze-thaw action resulted in the decrease of the
thermal conductivity and dynamic resilient modulus
of silt sand treated with lignin, whereas the increase
of permeability. Before freeze-thaw, silt sand and silt
sand treated with lignin showed compact micro-
structure. After freeze-thaw, many cracks and pores
appeared in the microstructure of silt sand, and the
particles were scattered, whereas only a few cracks
and pores were observed in the microstructure of silt
sand treated with lignin due to the encapsulation of
soil particles by cementitious material.

(3) *e results of EDS, XRD, and FTIR analyses showed
that no new chemical elements, mineral compo-
nents, or functional groups were produced bymixing
lignin with silt sand.

(4) *e mechanism by which lignin improved the
macroscopic engineering properties of silt sand in-
volved the cementitious material produced by
mixing lignin with the soil, which encapsulated the
surface of soil particles and filled the interparticle
pores, thereby increasing the structural strength of
the soil mass.
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