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X-ray diffraction (XRD) technique was adopted to test the mineral composition of quicklime-solidified loess with different lime-
adding rates at different curing periods. Scanning electron microscopy (SEM) and nitrogen adsorption were used to analyze the
microporous structure of the solidified loess. *e unconfined compressive strength and limit moisture content of solidified loess
were combined to analyze the evolutionmechanism of mineral composition andmicrostructure of solidified loess with the change
of curing period and clarify the mechanism of quicklime-solidified loess. *e results showed reduced content of clay minerals and
decrease in the number of large pores due to increase of hydrates and pozzolanic products during extended curing period. *e
solidified soil fabric transformed from a compact structure into a mesh structure composing of acicular crystal and cementation.
*e main reasons for strength increase and change of liquid and plastic limits with the lime-solidified loess after extended curing
are the change of the substance and the microstructure.

1. Introduction

Loess is widely distributed in the midlatitude arid and
semiarid regions of the northern hemisphere. Of the loess
regions worldwide, China is the country with the most
extensive loess distribution. *e area of loess regions in five
provinces of Shaanxi, Gansu, Qinghai, Ningxia, and Shanxi
amounts to 640,000 square kilometers, and provinces such as
Shaanxi, Gansu, and Qinghai are typical loess regions [1].
Loess, due to its large porosity and loose structure, is highly
sensitive to water. *erefore, the loess foundations and
roadbeds should be solidified for safe civil construction in
loess regions. Two methods are mainly applied to solidify
loess: physical and chemical solidifications. For chemical
solidification, curing agents are mainly added in the foun-
dation soil. *e agents will have a series of physical and
chemical reactions with the loess to change its structure.
*ere are a variety of curing agents for different soils, in-
cluding lime [2], sodium silicate [3], and ion curing agents
[4]. *ese agents have been widely used because of easy

operation. Among them, lime is widely used in various
projects for easy accessibility, low price, and recyclability [5].

When lime is added to loess, a physicochemical reaction
occurs under a certain water content at a given temperature,
which changes the mineral composition [6], particulate
composition, and connection mode [7] of the particles,
improves the plasticity [8], strength [9], compressibility, and
water impermeability [10] of loess, and makes the soil more
stable, thus changing the microstructure and physical and
mechanical properties of loess [11, 12]. Bell et al. [13] found
that the types of clay mineral, curing time, and temperature
had an important influence on the physical and mechanical
properties of lime-solidified clay. Marshall et al. [14] believed
that lime curing significantly improved the shear strength
and elastic modulus of solidified soil. *e increase in shear
strength was mainly due to the obvious improvement in
cohesion, while extended curing period increased the shear
strength and elastic modulus of the solidified soil. Phani-
kumar [15] conducted tests on lime and fly ash solidified
expansive soil, and the results showed that they had a
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significant influence on the expansion, solidification, and
compression characteristics of solidified expansive soil. With
the increase of lime content, the degree of expansion and
expansion pressure decreased, accompanied by improved
characteristics of solidification and secondary solidification.
Harichane et al. [16] studied the influence of natural volcanic
ash and lime as well as their combined additives with dif-
ferent contents on the compression and shear strength of
two kinds of soil. *e results showed that the maximum dry
density of the soil increased due to the combined effect of
volcanic ash and lime, but the moisture content of the soil
decreased. Over time, the cohesion and internal friction
angle of lime-solidified soil increased. *e combination of
volcanic ash and lime had a greater impact on improving the
cohesion and internal friction angle of solidified soil. *e
addition of both lime and natural volcanic ash improved the
parameters of shear strengthmore evidently than addition of
lime or natural volcanic ash. Bessaim et al. [17] adopted
quicklime with different contents to solidify cohesive soil
and studied the influence of quicklime on its physical and
chemical properties. *e results showed that quicklime
reduced the plasticity of clay, increased the soil’s pH value,
and catalyzed the pozzolanic reaction.*e pH value could be
a good parameter for understanding the reaction of soil and
lime. Metelkovad [6] explained the pore distribution of loess
solidified with lime for 360 days from the perspective of
mineral formation. He believed that when the lime-adding
rate was lower than 2%, the decrease of macropores was
mainly due to the formation of calcium hydroxide and
calcite. When the lime-adding rate was higher than 2%, the
reduction of macropores of lime-solidified loess was caused
by the generation of new pozzolanic reaction products.
Stoltz et al. [18] studied the effect of clay minerals on the
process of pozzolanic reaction. *e results showed that,
during the curing period of 28 days, kaolin mainly under-
went flocculation and ion-exchange reaction, while ben-
tonite had ion-exchange reaction and volcanic ash reaction
in a short period.

Lime has been used primarily in solidifying problematic
soils for thousands of years. Limited by regional soil con-
ditions, many studies focus on expansive soils and clays.
However, the application of lime-solidified loess is also
extensive, and some studies mainly highlight the mechanical
and physical properties of solidified soil [6, 19–21]. How-
ever, loess has restricted regional characteristics and is quite
different from expansive soil in terms of engineering
characteristics. Although some literatures have dealt with
mechanical properties and physicochemical indexes of lime-
solidified loess, little attention has been paid to the effect of
the mechanism of solidification to lime-solidified loess
[20, 22], and the solidification mechanism is the funda-
mental reason for the change of macroscopic physical,
chemical, and mechanical properties of loess. *e main
purpose of this study is to analyze the mineral composition
and microstructure of lime-solidified loess with different
mass ratios over time. *e mechanical properties of loess
before and after solidifying with lime were analyzed using
liquid and plastic limits and unconfined compressive
strength tests (UCS).*e solidified loess was tested by means

of X-ray diffraction (XRD), scanning electron microscopy
(SEM), and nitrogen adsorption, in order to further analyze
the mechanism of lime-solidified loess at different time
intervals for mineralogical and morphological analysis.

2. Test Materials

2.1.MaterialsandSamplingMethods. *e loess samples were
taken from a construction site in Xining City, Qinghai
Province (N36°40′E101°44′, 2286ma.s.l.). *e basic physical
parameters are shown in Table 1, and the distribution curve
of the particles is shown in Figure 1. Xining region loess is
dominated by silt, with sand, silt, and clay content ac-
counting for 26.6%, 55.24%, and 18.16%, respectively. *e
loess is low-plasticity silt ML (USCS; ASTM 2011) with a
plasticity index of 9.06. *e mineral analysis showed that it
was mainly composed of quartz, plagioclase, and calcite,
with a small amount of hornblende, anhydrite, and mir-
rorstone. *e powders of undisturbed loess samples were
tested using X-ray diffraction (XRD), and the relative
mineral contents of unearthed samples were analyzed using
X’Pearson software. *e relative content of clay minerals
obtained is 31.9%, mainly composed of illite, mirrorstone,
and chlorite, as shown in Table 2.

*rough ion exchange between cations of lime and soil
particles, the carbonization reaction occurs with carbon
dioxide in the air, and pozzolanic reaction occurs with active
silica and alumina in soil; as a result, lime-solidified loess
changed soil particles, formed crystal transformation, and
shortened the distance between particles, thus solidifying the
loess [23]. *e dissolved silica and alumina react with cal-
cium ions during pozzolanic reaction, producing new ce-
mentitious compounds—hydrated calcium silicates (CSH),
aluminates (CAH), and/or aluminosilicates (CASH) [6]. It
was found that the quicklime caused effective stabilization of
the loess [24, 25]. Both unconfined compressive strength and
load-bearing ratio of the loess were improved by quicklime,
while the swelling ratio was decreased. Given its charac-
teristics, quicklime was selected as the curing agent in this
study. Quicklime adopted is a commercial bottled quicklime
powder produced by Tianjin Guangfu Fine Chemical Re-
search Institute. *e content of quicklime (after burning) is
more than 98%.

2.2. Preparation of Samples. *e quicklime-dry soil mass
ratio was defined as lime-adding rate, and the water-lime soil
mass ratio was defined as moisture content. Samples were
prepared in batches and the designed curing periods of the
solidified loess were 7 days, 28 days, and 60 days, respec-
tively. *e target moisture content of the solidified loess was
set to be 15%, the dry density was set to be 1.6 g/cm3, and the
lime-adding rate was designed to be 5%, 15%, 20%, and 25%,
respectively. To carry out the comparative analysis, com-
pacted loess samples were prepared at the same time, with
the same curing condition and solidified soil.

Preparation of quicklime-solidified loess samples: loess
was screened through a 1mm sieve after drying at 105°C for
24 h. Quicklime was added to loess in the form of dry powder
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at the preset mass percentage. *e mixture was sprayed with
distilled water, depending on the target moisture content. To
avoid excessive moisture evaporation, we stirred the mixture
quickly and evenly. *en, we put it in a polyethylene bag,
sealed the bag, cured for 24 h in the humidor, and let the
water mixing evenly with water film transfer.*e sample was
consolidated by two-way compaction, and the mold was a
cube of 7.07 × 7.07 × 7.07cm3. We sealed the consolidated
cubic sample in the humidor and cured the sample to a
specified period (see Figure 2).We prepared samples in three
batches according to the designed curing periods and tested
them at one time. Meanwhile, the compacted loess samples
were prepared by drying, sieving, adding water, curing, and
finally testing in the same way.

3. Test Methods

To analyze the effect of lime content and curing period on
the microstructure evolution and solidifying mechanism of
solidified loess, we evaluated the physical properties using
limit moisture content, estimated the strength of solidified
loess using unconfined compressive strength, analyzed soil
microstructure using scanning electron microscopy(SEM)
and nitrogen adsorption aperture, and analyzed soil mineral
composition using X-ray diffraction (XRD), based on which,
we further expounded the mechanism of lime-stabilized
loess. *e lime-stabilized loess samples were tested for
unconfined compressive strength, and then the damaged
samples were taken for liquid and plastic limit tests, X-ray
diffraction test, BET nitrogen adsorption pore distribution
test, and scanning electron microscopy (SEM) test,

respectively. Two identical samples were tested unconfined
compressive strength and liquid and plastic limits, and the
average value was used in the result analysis. *e average
value and error bars were illustrated. All these errors for the
results of unconfined compressive strength test were less
than 8% and errors for liquid and plastic limit tests were less
than 5%, indicating reproductivity of the test results.

*e unconfined compressive strength test (UCS) was
carried out with an automatic compression method by CSS-
WAW300DL universal testing machine, with a loading rate
of 1mm/min.*e test was operated in strict accordance with
Standard for Geotechnical Soil Test Method of the People’s
Republic of China (GB/T 50123-2019), and the maximum
pressure at the time of failure of each specimen was taken as
the unconfined compressive strength. *e liquid and plastic
limits were tested with a conical LL&PL combined tester

Table 1: Basic physical properties of the soil samples.

Soil sample Water content (%) Density (g/cm3) Specific gravity (g/cm3) Porosity (%) Liquid limit (%) Plastic limit (%)
Undisturbed loess 10.3 1.61 2.68 53.4 28.3 19.3
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Figure 1: Grain-size distribution curve of loess.

Table 2: Mineral composition of loess samples.

Mineral name Hornblende Clay mineral Anhydrite Quartz Potassium feldspar Anorthose Calcite Dolomite
Relative content (%) 1.4 31.9 1.2 36.3 2.1 8.8 16.5 1.8

Figure 2: *e samples of quicklime-solidified loess under curing
conditions.
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following the procedures established according to the
Standard for Soil Test Method (GB/T 50123-2019). We have
defined the liquid limit (LL) and plastic limit (PL) for
penetration depths of 17mm and 2mm, respectively. In
addition, the plasticity index (PI) was defined as the dif-
ference between LL and PL. *e fall cone apparatus used has
a cone penetrometer with a cone angle at 30° and a conemass
of 76 g.

Powder X-ray diffraction analysis (XRD) was adopted
for mineral composition analysis. *e test instrument was
Philips PW3710 with the diffraction angle of 4° to 45°.
During the test, we took 10 g of the designed dry sample to
grind with agate mortar till no visible aggregate, put the
powder through 0.053mm sieve, and placed it on a glass
slide before mineral analysis. *e diffraction patterns were
determined using Cu − Kα radiation at a rate of 0.05°/sec.
*e original data of XRD pattern was calculated and ana-
lyzed using X’Pert High Score software.

To analyze the change of particle morphology and
connection mode in loess samples, a low-vacuum scanning
electron microscope (JSM-5600LV) was used to qualitatively
analyze the microstructure of unsolidified loess and
quicklime-solidified loess in different states. *e samples
were taken from the inside of the test block damaged by an
unconfined compressive strength test. After being air-dried,
they were treated with metal spraying. Before scanning
electron microscopic (SEM) examination, the loess sample
was applied with 100 _A gold-palladium coating for 38 sec
using a sputter coater, polaron E5100 at 10− 3 Torr Vacuum.
*e test pictures with a magnification of 2000 times were
taken for analysis.

Tristar II 3020 analyzer and BET nitrogen adsorption
method were used for soil pore distribution analysis.*e test
sample was 5 g dry loess taken from the middle of the test
block. *e pore distribution was calculated by nitrogen
adsorption process according to Kelvin pore filling model
Barrett-Joyner-Halenda (BJH) [22] with the aperture anal-
ysis range of 1.0∼300 nm. *e instrument was controlled
with amicroprocessor and communicated via dedicated data
processing software which makes it ideal for physisorption
analysis.

4. Test Results and Analysis

4.1. Influence of Quicklime on the Physical and Mechanical
Properties of Loess. *e liquid and plastic limits are the basic
hydraulic property parameters of soil, which comprehensively
reflect the connection strength between soil particles or the
relative activity of soil particles. *ey can be used to study the
change of mineral composition of soil to predict the me-
chanical behavior of soil. Figure 3 shows the relationship with
different lime-adding rates and curing periods. *e results
revealed that the liquid and plastic limits of the solidified loess
increased with the increase of lime content after adding
quicklime, while the plasticity index remained almost un-
changed. However, with extended curing period, the liquid
limit increased slightly while the plastic limit decreased.
*erefore, the plasticity index increased slightly. When
quicklime was added to the loess, due to flocculation in the

short term, the total pore space increased with the increase of
lime content, and the intergranular pores increased as well.
Warkentin [26] suggested that interaction volume between
soil particles has significant impact on the liquid limit and
plastic limits of the soil. Divalent calcium ions and high-
concentration electrolyte solutions will become more com-
pact due to the flocculation of the particles, leading to increase
in both liquid limit and plastic limit. Locat [11] believed that
the agglomeration and flocculation of soil particles cause the
formation of a new microstructure for lime clay with in-
creased liquid limit and plastic limit. Bell [9] observed that
different clay minerals behave differently when lime is added.
*e plasticity of montmorillonite decreases, while that of
quartz and kaolin increases. It was also found that the ad-
dition of lime caused concurrent increase in liquid limit and
plastic limit, with plasticity index of the gravel soil almost
unchanged. Metelkova et al. [6] found that the liquid limit is
related to the large pores between soil particles or aggregates.
*e larger the pores, the bigger the liquid limit. Our study
found that the strength of lime-solidified loess increases with
the increase of lime content.*erefore, it can be observed that
the liquid limit increases with the addition of more lime. *e
plastic limit of lime-solidified loess is related to the size of the
particles. Generally, the plastic limit of lime-solidified loess
increases with the particles in bigger size. Research has found
that, with the increase of the volume of lime added, the
aggregates of the lime-solidified loess increase, which leads to
the increase of the plastic limit. Zhang [21] has similar
findings and mechanism analysis on the liquid and plastic
limits of lime-solidified loess. So, it is the change of the
microstructure of the lime-solidified loess that caused the
change of the liquid and plastic limits, which can also be
verified from the subsequent SEM analysis.

Figure 4 shows the change of compressive strength with
lime content at different curing periods. As can be seen from
Figure 4, the unconfined compressive strength of the
quicklime-solidified loess at different curing periods in-
creased nonlinearly with the increase of lime-adding rates.
According to the data analysis, for lime-solidified loess with
the lime-adding rate of 25%, the unconfined compressive
strength at curing periods of 7, 28, and 60 days reached 460,
550, and 790 kPa, respectively, which was about 7, 8, and 11
times higher than those of the loess not solidified with lime,
indicating significant increases. *e effect of the curing
period on the strength of solidified loess was related to the
lime-adding rate. For lime-solidified loess with the lime-
adding rate of 5%, when the amount of lime added was small,
the strength of lime-solidified loess was almost unchanged
during the curing period of 7–28 days, while the strength had
increased significantly during the curing period of 28–60
days.*is indicates that when small amount of lime is added,
the strength of lime-solidified loess is increased as a result of
full and quick reaction. When the lime-adding rate reaches a
maximum of 25%, the strength increases continuously
during the curing period of 60 days. *e results showed that
the strength of solidified loess increased with the increase of
lime-adding rate and curing period, and it was strongly
affected by the lime-adding rate. *is result is consistent
with the research results of Russo [27] and Rogers [28].
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*e above results are due to the fact that when the lime-
adding rate was low (<5%), quicklime underwent quick
carbonization with water and carbonate in the loess, which
led to the flocculation of soil particles and the increase of the
contact surface between large particles, thus improving the
bonding force and compressive strength between soil par-
ticles. With extended curing period, there were not enough
OH− ions to dissolve silicon and aluminum ions due to their
reduction, which resulted in less crystal connection between
the generated particles. *erefore, the strength did not
change much with the extension of the curing period. When
the lime-adding rate increased, the pH value of the pore fluid
increased, which dissolved silicon and aluminum ions of
minerals in the loess. *e pozzolanic reaction continued to
intensify, and loess particles increased due to flocculation. At
the same time, the gelatinization and filling effect of poz-
zolanic reaction improved the strength, and the increase of
lime-adding rate played an important role in the strength
increase.

4.2. Mineral Evolution Characteristics of Quicklime-Solidified
Loess. Al-Mukhtar [29] suggested the changes in the main
geotechnical properties associated with themicrotexture and
microstructure of lime-treated compacted clay samples are
due to the lime-clay reactions, mainly a pozzolanic reaction.
Maubec [30] suggested that lime addition led to improve-
ments of engineering properties of two different clays. *ese
improvements are linked to the development of secondary
hydrate phases. Chemeda [31] suggested the modification in
the mechanical properties of the kaolinite with varying
amount of lime was attributed to the aggregation

microstructure of kaolinite particles. Yong [32] studied
the change of engineering properties of lime-solidified
marl soil which can be detected by X-ray diffraction test.
Modoni [33] suggested that the fabric in quicklime-sta-
bilized samples of alluvial silty soil changed with curing
time. In summary, lime mainly reacts with clay minerals.
What the authors want to express here is that the X-ray
diffraction test can be used to characterize the mineral
evolution of lime-solidified loess.

Table 3 shows the relative content of loess samples
through XRD analysis of various minerals. It is found from
comparative analysis that the relative content of calcite
increased within 7 days of curing, and it grew with the
increase of lime-adding rate, indicating carbonation reaction
of calcium hydroxide and carbon dioxide in the loess. *e
relative content of original minerals in the loess, especially
the clay minerals, decreased, indicating that the chemical
reaction between lime and loess consumed the primary
minerals. In addition, the cemented substance adsorbed on
the surface of the original minerals, while its crystallinity was
relatively low, which reduced the relative content. New
cemented materials (hematite and pyrite) had been formed,
and the relative content increased with the increase of
lime-adding rate. From curing of 28 days onward, the
relative content of calcite did not increase, which may be
due to the limited content of carbon dioxide in the loess.
*e relative content of the generated substance increased
with the increase of lime-adding rate. During the curing
period of 60 days, the relative content of calcite did not
increase much, while the total relative content of the
generated substance increased compared with that of the
curing period of 28 days. It increased with the increase of
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the lime-adding rate. It was also noted that the relative
content of clay minerals decreased significantly during the
curing period of 60 days.

To further analyze the influence of clay minerals on the
evolution process of pozzolanic reaction, the clay minerals
were treated with glycol saturated solution for XRD analysis.
*e diffraction angle range was 3°–30°, and the diffraction
pattern is shown in Figure 5. As shown in Figure 5, for limed
loess with the lime-adding rate of 5%, the peak value of clay
minerals declined as a whole, mainly because the pozzolanic
reaction consumed clay minerals. Among the three clay
minerals, the peak value of illite decreased the most. For the
loess with the lime-adding rate of 15%, new weak wave peaks

appeared in clay mineral analysis and the peaks of clay
mineral continued to decline. For the loess with the lime-
adding rates of 20% and 25%, the new peaks of CASH and
CAH occurred at the diffraction angles of 17.8° and 27.65°
during curing for 28 days and 60 days, and a new peak of
CSH also occurred at 3.5°. *erefore, it can be assumed that
the crystallites of the pozzolanic reaction do not appear until
the lime and loess are cured for 28 days with the lime-adding
rate greater than 5%, and the quantity and mass of calcium
hydrate increased with the increase of lime-adding rate and
extended curing period. Bell [13], Rao [34], and Almukhtar
et al. [35] confirmed the existence of CSAH in lime-solidified
clay and believed that the appearance of new materials

Table 3: Mineral composition of unsolidified loess and solidified loess.

Sample
no. Hornblende Clay

mineral Anhydrite Quartz Potash
feldspar Anorthose Calcite Dolomite Augite Hematite Pyrite Siderite

S 1.4 31.9 1.2 36.3 2.1 8.8 16.5 1.8 — — — —
L5 (T7) 4.2 27.9 — 27.6 1.7 14.1 18.6 2.0 3.9 — — —
L15 (T7) 2.7 23.3 2.3 34.5 1.7 5.4 23.6 2.2 3.8 0.4 — —
L20 (T7) 2.3 23.6 3.2 36 1.8 11.4 18.2 2.4 — — 1.1 —
L25 (T7) 1.8 25.9 2 30 1.1 7.9 23.3 3.4 3.4 — — —
L5 (T28) 4.1 25.2 0.5 35.5 2.3 10.9 16.4 2.2 2.8 — — —
L15
(T28) 2.2 23.9 — 33.9 2.6 9.8 23.2 0.8 3.1 — — 0.6

L20
(T28) 2.4 23.3 0.7 31.9 1.4 7.0 25.3 2.0 3.4 — — 0.3

L25
(T28) 2.9 19.8 4.7 26.4 0.7 6.9 32.0 2.2 3.5 — — 0.9

L5 (T60) 2.4 22.1 2.3 36.7 2.7 9.9 18.0 1.7 2.5 0.9 — 0.7
L15
(T60) 3.4 17.7 0.6 26.7 2.5 14.8 27.7 2.0 2.1 0.9 — —

L20
(T60) 5.3 25.6 0.6 33.7 3.6 10.2 18.6 1.1 — — 1.3 —

L25
(T60) 4.5 21.5 2.7 22.6 1.2 6.9 18.4 12.9 — — — —
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Figure 4: *e relationship between the unconfined compressive strength and the ratio of quicklime-solidified loess under different curing
periods.
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changed the soil structure and thus improved its geotech-
nical property. It is also noted that the peaks were not
apparent from the diffraction pattern, because those phases
were poorly crystallized and/or spread over a small
(nanoscale) range, hardly to be distinguished by X-ray
diffraction. To study these new microfacies, electron mi-
croscopy was adopted for further observations.

4.3. Characteristic Analysis of the Microstructure of Quick-
lime-Solidified Loess. *e external behavior of the soil is
controlled by its internal microstructure. *e addition of
quicklime changed the connection mode of loess particles
and the structure of the grain skeleton, and the micro-
structure analysis of solidified loess can explain the mac-
roscopic physical andmechanical characteristics of solidified
loess to some extent. SEM pictures of lime-solidified loess
with the different lime-adding rates at different curing pe-
riods are shown in Figure 6.

As can be seen from Figure 6, with extended curing
period, the new products gradually increased. When cured
for 7 days, there were a small number of attachments on the
surface of the solidified loess, which might be crystals of
calcium carbonate and calcium hydroxide [36, 37]. While

cured for 28 days, new products were clearly generated on
the surface and at the edge of the solidified loess particles,
and needle-shaped substances appeared to connect each
other among the loess particles. When cured for 60 days,
new materials were further formed, which were similar to
needle-shaped particles in much bigger size, and formed by a
chain network composed of needle-shaped and flaky
structure. *e form of this microstructure was akin to the
substance produced in cement hydration [38–41] and very
similar to calcium silicate hydrate. However, the X-ray
powder diffraction results from the sample cured for 28 days
showed that the new product did not form significantly,
which confirmed that the crystallinity of the newly formed
substances was very low. For solidified loess with different
lime-adding rates, with the increase of lime-adding rate, the
crystal products continued to increase on the surface, and at
the edge of lime-solidified loess, the pore space was filled
with cemented substance, and the macropores decreased.
*e cemented substance even formed flaky condensate
between the pores when the lime-adding rate was 25%.
However, the pore morphology generally did not change.
With the increase of lime-adding rate, the number of
cemented substances generated on the surface and at the
edge of loess particles increased, which could explain why
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Figure 5: XRD patterns of clay mineral analysis of unsolidified loess and lime-solidified loess under different curing conditions. (a) Loess
solidified with 5% quicklime. (b) Loess solidified with 15% quicklime. (c) Loess solidified with 20% quicklime. (d) Loess solidified with 25%
quicklime. Key: I (illite), C (chlorite), I/S (illite + smectite), CAH (calcium aluminate hydrate), CSH (calcium silicate hydrate), and CASH
(calcium silicoaluminate hydrate).
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the mechanical properties were improved with the increase
of lime-adding rate.

*e pore size distribution of lime-solidified loess cal-
culated by BJH method is shown in Figure 7. *e pore
distribution curve of the loess sample was a typical bimodal
curve, showing three types of pores: 1∼5 nm, 5∼50 nm, and
50∼200 nm. For these three types of pores, quicklime was
added without changing the pore morphology of the loess;
however, the density of the three types of pores changed with
curing time. During extended curing period, the maximum
pores decreased significantly, especially after curing for

more than 28 days. However, the pores ranging from 5 nm to
50 nm were slightly less during curing time; the minimum
pores hardly changed or even enlarged slightly after curing
for 7 days. After curing for 28 days, it decreased significantly
and then remained almost unchanged. *is is mainly be-
cause, during the solidifying process, new products resulting
from carbonization and pozzolanic reactions filled intra-
particle pores, which made the change of overall distribution
of pores. However, during the curing period of 28 days, the
lime content had little effect on the distribution of pores.
*erefore, it is believed that the change of pore distribution

(a) (b)

(c) (d)

(e) (f )

(g) (h)

Figure 6: SEM diagrams of unsolidified loess and lime-solidified loess under different curing conditions. (a) SEM image of loess. (b) SEM
image of compacted loess. (c) SEM image of L15 (T7) solidified loess. (d) SEM image of L5 (T28) solidified loess. (e) SEM image of L15 (T28)
solidified loess. (f ) SEM image of L20 (T28) solidified loess. (g) SEM image of L15 (T60) solidified loess. (h) SEM image of L25 (T28)
solidified loess.
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was mainly affected by the curing period (set 28 d curing as
the critical point).

Bozbey’s [40] studied the microstructure of lime-solid-
ified clay, which showed that the lime content and curing
time have significant effects on the resulting microstructure.
*e main type of pores is intragranular ones. *e dominant
porosity is usually below 100 nm. *e porosity decreases as
the curing time increases, mainly because the intraparticle
pores are partially or completely filled and/or the pore entry
is partially or completely blocked during the extended curing
period. Cuisinier [41] studied the microstructure and hydraulic
conductivity of lime-solidified silt, and the results showed
reduced porosity of lime-solidified soil. Russo [27] studied the
microstructure of lime-solidified alluvial silt, and the results
showed that the microstructure of the lime-solidified soil
changed with the curing time, and water compounds were
formed in the range of smaller pore size. Our analysis of the
pore size of lime-solidified loess is mainly in the range of
1∼200nm. Our results showed that the pore size was signifi-
cantly reduced in the range of 50∼200nm during the curing
period of 28∼60 days, indicating that the pozzolanic reaction
mainly fills and blocks this part of the micropores.

5. Discussion

*e macroscopic properties of soil (such as compressive
strength and liquid and plastic limits) are the external mani-
festations of its microstructure. Xu et al. [42, 43] explained the
loss of strength mechanism with saline loess under dry-wet and
freeze-thaw cycles. XRD mineral composition analysis can
indicate the change of soil material, SEM image analysis can
visually demonstrate the change of soil particles and pore
morphology, and nitrogen adsorption technology can dem-
onstrate the distribution characteristics of pores in the soil.
*ese three methods, when combined, can effectively explain
the physical and mechanical behavior of the soil.

*e above test results show that, by adding quicklime,
the physical and mechanical properties of lime-solidified
loess can be significantly modified.*e compressive strength
of lime-solidified loess increases with the increase of lime

content and also with the increase of curing time (see
Figure 4). SEM image and pores distribution results show
that the microstructure of lime-solidified soil caused by
more aggregates and smaller pores has undergone significant
changes (see Figures 6 and 7). After curing for 28 days,
denser packing and smaller holes appeared. Mineral analysis
indicated that, after curing for 28 days, traces of new
minerals appeared in the lime-solidified loess with a large
amount of lime admixture (15%) (see Figure 5), which
suggests that, during short-term curing (<28 days), the lime-
solidified loess accumulates, mainly as a result of ion-ex-
change reaction and flocculation, and its strength increases
due to the change of its microstructure; in case of extended
curing, however, the strength of lime-solidified soil increases
under the combined actions of material change and change
of microstructure from pozzolanic reaction. Previous studies
have found that loess with aggregates and smaller pores has
relatively high strength.

*e changes of liquid and plastic limits of lime-solidified
loess are also closely related to the change of microstructure.
At curing for 28 days, the lime deposits and the macropores
increase with the increase of lime content (see Figures 6 and
7), with increase in liquid limit and plastic limit of quick-
lime-solidified loess (see Figure 4(a)). Under different curing
periods, liquid and plastic limits fluctuate (see Figure 4(b)),
mainly because the microstructure of lime-solidified loess
changes to porous structure after curing for 60 days, also
indicating that the microstructure of lime-solidified loess
gradually changes, which is also the main reason for the later
strength increase of lime-solidified loess.*erefore, for lime-
solidified loess with a sufficient content of lime admixture,
sufficient curing time is an important guarantee for strength,
and 28 days is an important time control point.

6. Conclusions

*e quicklime-solidified loess taken from Xining area of
Qinghai Province is used as the research object of this paper,
which has been analyzed through laboratory tests in order to
study the basic physical and mechanical properties of the
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Figure 7: Pore size distribution of unsolidified loess and lime-solidified loess. (a) Solidified loess at different curing periods with the
proportion of lime increased by 15%. (b) Solidified loess with different ratio of adding lime at 28 d curing period.
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soil, analyze its minerals and microstructures, investigate
the influence of lime-adding rate and curing time upon
lime-solidified loess, and explain the mechanism of quick-
lime-solidified loess, from which the following conclusions
are drawn:

(1) *e unconfined compressive strength test shows that
the compressive strength of quicklime-solidified loess
gradually increases with the increase of lime content
and curing time. *e increase in compressive strength
at the initial curing period can be attributed to com-
pacter structure and smaller pores in the quicklime-
solidified loess. *ese changes in microscopic char-
acteristics can be proved by SEM and BETevidence; the
increase in the compressive strength of lime-solidified
loess after extended curing is attributed to changes in
mineral properties and the formation of compacter
porous structures. Changes in mineral characteristics
can be affirmed from the reduction of clayminerals and
the formation of new minerals in the XRD test results.
SEM images and nitrogen adsorption test results also
confirmed that, after curing for 60 days, the lime-so-
lidified loess formed into a smaller porous structure.
*e change of the liquid and plastic limits of lime-
solidified loess can also be explained by the change of
microstructure, which further proves that the micro-
structure of lime-solidified loess changes gradually
during extended curing.

(2) *e long-term physical and mechanical properties of
lime-solidified loess are related to its mineral com-
position andmicrostructure, which could be the reason
for the increase in the later strength of lime-solidified
loess. From the perspective of engineering construc-
tion, long-termmaintenance is an important guarantee
for the strength of lime-solidified loess with sufficient
adding volume and under certain curing conditions.
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