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Frequent occurrence of landslides has seriously threatened the infrastructural projects in the Loess Plateau, China. At the
beginning, with development of the landslide, several fissures were generated along the internal weak surface. +en, under the
constant influence of rainfall and irrigation, the fissures were expanded and connected, which formed a consecutive sliding
surface, consequently leading to the occurrence of the landslide. +erefore, the key to treat the landslide is to prevent the
expansion and connection of fissures in the potential slip zone inside the slope. In this paper, an old landslide, which occurred at
an early stage of the construction of the Lvliang Airport, was selected as a case study. A new type of grouting material was used to
fill the fissures and reinforce the loess in the slip zone, so as to study the effect of material content on the slope stability. With
current methods, loess specimens were taken from the slip zone inside the Lvliang Airport slope. Based on the GDS triaxial test
system, a series of laboratory tests were performed on the undisturbed loess and the remolded which contained the stabilizer,
including triaxial shear tests at constant matric suctions and wetting tests at constant deviator stresses. Moreover, the dichotomy
in mathematics was chosen to find the threshold of the material content.+e test results showed that the cohesion and the internal
friction angle of the loess obviously increased after grouting. +e failure behaviour of the loess along the wetting path was
dependent on the material ratio and the stress level. Meanwhile, the critical state line of the slope, grouted with materials of
different ratios, was compared by fitting the regression equation. It was found that the threshold value of the stabilizer content was
between 15% and 20%, which was the most suitable ratio for improving slope stability with relatively lower cost.

1. Introduction

Recently, in order to meet the needs of economic devel-
opment and population growth, a series of engineering
projects have been carried out in the Loess Plateau, China
[1]. It has become a tendency for urban construction to
create more land by flattening hill and filling gully, due to the
crisscrossed formed by gullies and few land resources in this
area. However, unreasonable excavation, land-filling, and
other human activities lead to frequent landslides, which
seriously affects the project construction [2]. Rainfall and
irrigation are the main triggering factors of loess landslides
[3–6]. In the case of rainwater infiltration, the increase of the
moisture content of unsaturated soil leads to the increase of
pore water pressure and the decrease of matric suction. Both

of these factors move the soil stress states towards its the-
oretical failure line [7–10]. Moreover, the fissures in the
shallow slope enhance the infiltration capacity of the soil and
make the slope evolve towards an unstable state [11, 12].
Rosone et al. [13] found that a prominent feature of the
fissured clays’ outcrop slope is that it is extremely prone to
landslides. +e increase in pore water pressure caused by
rainfall may cause the soil to change from static or low-speed
creep to accelerated sliding. Lvliang Airport is a typical loess
filling engineering, which is located in 20.5 km north of
Lvliang City in Shanxi Province, China. By the end of March
2012, 14 fissures were discovered in the loess slope with a
length of more than 7.5m [14]. +ere occurred a large
landslide during the construction of Lvliang Airport. In the
past research, the water-induced mechanism of the old loess
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landslide was obtained by laboratory tests and field inves-
tigation including exploratory wells and boreholes [2].
Previous studies have revealed that before failure, the slope
will undergo a series of changes including development of
the fissures, softening of the compacted loess, creeping of the
slope leading edge and fissuring of the trailing edge, and
formation of the through-sliding surface [14]. +erefore, it
can be predicted that the occurrence of fissures and the
wetting effect of water will lead the landslide to reactivate.
On the contrary, the landslide can be effectively treated by
filling the fissures and inhibiting its extension, thus avoiding
the loss caused by the landslide. A suitable fissure filling
material needs to be verified by experiments. In this paper,
fly ash and nano-SiO2 mixture were selected as fissure fillers.
Fly ash, the degree of resource utilization of which is low, is a
kind of industrial waste discharged from coal-fired boilers
and power station [15–17]. It has fine particles, stable
components, and other good engineering characteristics,
including high strength, small compressibility, and good
water stability [18]. Reasonable utilization of fly ash is
conducive to reducing environmental pollution and engi-
neering cost [18]. Previous studies found that the pozzolanic
activity of fly ash is low in the early stage of test [19] and
gradually develops in the late stage, while nano-SiO2 is the
opposite [20], which can be selected as a complementary
material. Nano-SiO2 can improve the physical and me-
chanical properties of loess by filling large pores and
cementing coarse particles [21, 22]. And all of these could be
mainly attributed to the good pozzolanic and filling effects of
nano-SiO2 [23, 24]. In limited studies, the properties of
nano-SiO2 to improve the mechanical properties of soil have
been continuously verified [22, 25]. Compared with tradi-
tional chemical additives such as cement and lime, the
application of nano-SiO2 in soil improvement greatly re-
duces the total cost of the stabilizer [26].

Previous research studies mainly focused on mixing the
stabilizer with soil to improve the mechanical properties of
soil [27–30]. However, in practical application, due to the
large scale of the slope in Lvliang Airport, it was not effective
to improve soil quality by mixing the stabilizer with soil.
Recent studies have shown that the key to treat the slope in
Lvliang Airport is to inhibit fissures extension, as a result,
this paper focused on the evaluation of slope stability after
fissures’ filling.

In the past studies of slope stability, a variety of labo-
ratory tests such as model test, numerical simulation, triaxial
test, and wetting test have been widely used by scientists
from all over the world [10, 31–33]. +ese studies discussed
the relationship between pore water pressure, matric suc-
tion, and strength under rainfall infiltration and obtained the
failure threshold of the natural slope.

Different frommost previous research studies, this paper
studies the stability of the loess slope after filling fissures. On
the one hand, the fissures treated with filling materials in the
loess slope can prevent rainwater infiltration. On the other
hand, the pozzolanic reaction between the filling material
and the loess improves the mechanical properties of loess
from the sliding zone [34]. Two questions arise: does the
loess strength of the slope increase after filling fissures?

Whether the improved loess slope can resist wetting-in-
duced slope failure or not? In recent years, researchers have
tried to build models for the slope of clayey soil, cohesionless
soil, and sandy soil after cement grouting and found that the
increase of cohesion and internal friction angle is conducive
to the increase of slope stability [33, 35]. In view of the above
findings, rainfall infiltration increases pore water pressure,
reducing soil strength. And this failure mechanism will
accelerate with the occurrence of fissures [36]. However, the
slope with fissures filled may be more resistant to these
adverse factors due to the increase of cohesion and internal
friction angle. +erefore, the main point is whether there is
an appropriate threshold of the stabilizer content, which can
increase the cohesion and the internal friction angle of the
loess just enough to resist the slope instability caused by the
increase of pore water pressure.

Based on the slope of Lvliang Airport, the stability of the
slope under the condition of rainwater infiltration was
studied before and after filling fissures. Using the GDS
triaxial test system, the laboratory tests including triaxial
shear tests at constant matric suctions and wetting tests at
constant deviator stresses were carried out for the samples
with materials of different ratios. +ese tests aimed to
simulate the wetting process of the slope caused by rainfall.
On this basis, the failure behaviour of samples along the
wetting path before and after being stabilized was compared,
and the reinforcement mechanism and feasibility of fissures’
filling were analyzed and evaluated.

2. Data and Methods

2.1. Study Area and Field Investigation. Lvliang Airport is
located in Dawu town, Lvliang City, Shanxi Province, China
(Figures 1(a)–1(c)). It is about 9 km away from the edge of
urban planning and about 20.5 km away from the center of
Lvliang city.+e terrain undulations are relatively large, with
the ridges and hills’ district under the central line of the
runway as the local watershed. +ere are nearly 20 dendritic
gullies developed on both sides, and the vertical and hori-
zontal cutting depth is 20–100m. +e cross-section of the
gullies upstream are mostly in the shape of “V,” while the
downstream gullies are in the shape of “U.”

+e lithology in this area is relatively single, and the site
lithology profile can be divided into three units. (1)+e top is
the early Pleistocene aeolian Malan loess, with a thickness of
about 1–16m. (2) +e bedrock consists of Carboniferous
mudstone, containing a small amount of sandstone with
little fissures. (3) Covering the upper part of the bedrock is
Pleistocene aeolian Lishi loess with several palaeosol part-
ings, with a thickness of about 5–32m.

During the investigation stage, a large loess landslide was
found on the southwest side of the runway of Lvliang
Airport. +e landslide presented 3 steps on the landform,
which were divided into 3 blocks, i.e., I, II, and III
(Figure 1(c)). +e development of the II landslide led to the
III landslide deformation. Moreover, the development of I
landslide based on the II landslides. +e I landslide had 3
sub-blocks, i.e., I-1, I-2, and I-3 [37]. +e slip zone inside I-1
and I-2 landslides was revealed by exploratory trench and
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drilling. It could be concluded preliminarily that I-1 and I-2
landslides were in the ultimate equilibrium stage. +e back
wall of the I-3 landslide was strewn at a random height of
about 5m obviously. Large gullies were developed on both
sides of the landslide, so it was easy to determine the
landslide perimeter. Furthermore, part of the leading edge of
the I-3 landslide had collapsed, indicating that the landslide

was currently in the fretting stage and was likely to slide
under the action of heavy rain or prolonged rainfall. +e II
landslide consisted of two blocks, i.e., II-1and II-2. +ere
were many well-developed fissures in the back wall of the II-
1 landslide. During the exploration of the II-2 landslide, part
of the leading edge of the landslide had collapsed, indicating
the creep of the block. At present, the grade III landslide was
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Figure 1: +e location of Lvliang Airport. (a) Location within China. (b) Spatial relationship between study area and Lvliang Airport. (c)
Plan view and location of the landslide.
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basically stable. However, it is easy to cause landslide revival
under the action of the earthquake, prolonged rain or
rainstorm, and airport construction. According to the
characteristics of the slip zone revealed by drilling (Figures 2
and 3), it could be seen that the slip zone of the main
landslide was located in the ancient loess soil layer, and the
tendency of the sliding surface was basically consistent with
the slope direction.

+e investigated area has an arid or semiarid climate.+e
annual precipitation is about 600mm. About 75% of the
rainfall occurs in the rainy season from June to September,
and the interannual variation is great, with a difference of
2∼3 times between the years with the highest precipitation
and the years with the lowest (Figure 4). Due to the lateral
erosion and downward erosion of the flood at the foot of the
slope, the surface of the leading edge of the I landslide is
constantly raised, leading to the revival of the I landslide, and
thus leading to the revival of the II landslide, which is likely
to induce the overall sliding. At the same time, fissures are
obviously dispersed in the landslide mass and surface water
is easy to infiltrate along the fissures, accelerating the res-
urrection of the landslide, thus threatening the airport
construction. In order to reduce the risk of landslide and
avoid the recurrence of landslide, effective methods should
be taken to treat the landslide.

2.2. Materials and Specimen Preparation. Preliminary ex-
ploration wells and boreholes showed that the potential
slip zone was basically located in Qeol

2 layer of Lishi loess
(Figure 2), so the intactQ2 loess taken from the slip zone 20
meters deep underground was used in this paper. +e loess
was cut into a cylindrical specimen (diameter of 39.1mm
and height of 80mm), with a special cutting apparatus. +e
upper and lower surfaces of the prepared specimen should

be smoothed, the moisture was controlled at 15.2 ± 1%,
and the difference in the dry density was not more than
0.02 g/cm3. According to the particle distribution curve
Figure 5, the loess consisted mainly of silt (about 95%) with
some clay (about 14%), and the mean particle diameter was
0.02mm. After the preparation, the initial matric suction
of the undisturbed were 180 kPa determined by the axis-
translation technique. +e main physical parameters of the
loess are illustrated in Table 1.

+e filling material is a mixture of fly ash and nano-SiO2.
+e fly ash (Ca) mainly consists of SiO2 and Al2SO3 (Fig-
ure 6), which was taken from Datang Baqiao +ermal Power
Plant in Xi’an. +e specific composition is shown in Figure 1.
+e nano-SiO2 with a purity of 99.5% and a particle size of
50± 5 nm was purchased from Shanghai Macklin Biochem-
ical Technology Co., Ltd., more details are shown in Table 2.

In this paper, three proportions of fly ash (5%, 10%, and
15% of the dry weight of loess) and two ratios of nano-SiO2
(3% and 5% of the dry weight of fly ash) were mixed with
loess, respectively, and prepared for tests with the orthog-
onal design method. Before the test, the loess taken from the
slip zone were dried, crushed, and sieved by 0.25mm and
mixed evenly with fly ash and nano-SiO2.+en, add water to
make its moisture content reach the same target value as that
of the undisturbed (ω�15.2%). After that place the mixture
into a plastic bag in a humid room for two days. +e
remoulded with a diameter of 39.1mm and a height of
80mmwere prepared by using ametal mold and were placed
in a standard curing box for 7 days.

2.3. Apparatus. +e saturated-unsaturated stress path tri-
axial apparatus manufactured by GDS Company was se-
lected. +e instrument consists of three parts: controller
(including 2 hydraulic controllers and 1 pneumatic
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controller), pressure chamber, and data acquisition system
(including sensor, data acquisition board, and computer).
+e computer control and analysis system can collect and
process data live.

To carry out wetting tests, a humidifying device was
added to the system. +is device has a twin-tube with
pressure transducer, which connected to the top cap. And a
valve was used to control the water injection amount.
Varying water level in the twin-tube was measured by a
transducer (range 6 kPa and precision 0.01 kPa) and then
converted to change in water volume (range 20 cm3 and
precision 0.01 cm3).

+e internal structure of the instrument is shown in
Figure 7(c). Before the tests, water was injected into the inner
triaxial cell 3 cm away from the top.+e air pressure of outer
triaxial cell was connected with the inner cell water, which
were used as the confining pressure. +e axial pressure was
applied and measured by the controller connected to the
base of instrument (range 1 kPa and precision 0. 001 cm3).
+e pressure cell base consists of three parts. +e outer is an
annular perforated plate linked with air pressure loading
device, applying and measuring pore air pressure ua. +e
middle is an aluminum alloy partition wall, and the inner is a
porous plate with a high air intake value of 5 bar, controlling
andmeasuring matric suction.+e porous plate whose lower
part is connected with the back pressure controller and the
pore water pressure transducer can be used for the porous
plate flushing and back pressure and pore water pressure
measurement. +is equipment can meet the needs of the
tests in this paper.

2.4. Testing Procedures. In this paper, to investigate the
reinforcement mechanism of the filling material on the loess
taken from the slip zone, laboratory tests were conducted,
including conventional triaxial shear tests, under constant
matric suction (for the undisturbed and the remolded) and
wetting tests under constant deviator stress (for the
remoulded).+e main parameters are shown in Tables 3 and
4, respectively. In addition, under the axisymmetric con-
dition (σ2 � σ3), the deviator stress is defined as q� σ1–σ3,
p � (σ1 + 2σ3)/3 is the mean stress, p′ � p − ua is the net mean
stress, and the matrix suction is defined as s� ua − uw, where
ua and uw are pore air pressure and pore water pressure,
respectively.

+e first group of tests was conventional drainage
triaxial shear test (ST1) under constant matric suction.
Four net confining pressures (50, 100, 200, and 400 kPa)
were selected for the experiment, and more parameters are
shown in Table 3. During the experiment, the matric
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suction to be maintained was 180 kPa, which was consistent
with the value of the loess measured by the axis-translation
technique in the natural state, so as to simulate the stress
state of the natural loess. +e purpose of the tests is to study
the deformation properties of undisturbed loess during the
shear process and get the cohesion (C) and internal friction
angle (Φ) of loess. At the beginning of the test, the pore air
pressure (180 kPa) and confining pressure (5 kPa) were
applied to the specimen, and the drainage valve was opened
to balance the matric suction. +e completion of suction
balance is marked by the stable drainage volume (variable
quantity less than 0.01 cm3/2 h). +en, in the case where the
confining pressures increased to 50, 100, 200, and 400 kPa,
respectively, consolidation under constant matric suction
was conducted. +e sign of consolidation stability is that
the increment of overall volume change and drainage
volume within two hours less than 0.01 cm3. After that the
shear stage started and the shear rate was controlled at
0.004mm/min. During the test, the variations of axial
strain, overall volume change, and pore water pressure over
time were recorded by GDSLAB software, assuming that
when the axial strain reaches 15%, the loess reaches failure.

+e second group of tests are conventional drainage
triaxial shear tests (ST2) on remolded loess containing
stabilizers of different proportions, in order to investigate
the deformation characteristics of remoulded loess and to
obtain cohesion (C) and internal friction angle (Φ), so as to
compare the strength increment of loess before and after
grouting. During the experiment, the specimens were
subjected tomatric suction balance, consolidation, and shear
under constant suction in turn. +e test was finished when
the axial strain reached 15%. It should be noted that samples
containing materials of different ratios should be tested
under the matric suction, which have been measured by the
axis-translation technique in advance. Table 3 shows shear
strength parameters (C and Φ) of loess stabilized with 5
kinds of ratios of materials. Finally, by comparing the re-
inforcement effects of the filling materials with different
ratios, the optimal ratio was selected for the third group of
tests.

+e third group of experiments is wetting tests (WT)
under constant deviator stress for the remolded after
grouting. +ese tests aimed to simulate the stress path of the
loess unit taken from the slip zone after grouting under the
effect of rainfall wetting, so as to investigate the stability of
the slope after wetting. During these tests, the stress path of
the remolded were the same as that of the second test group,
and the deviator stress corresponding to three kinds of stress
levels Rs were loaded, respectively. +en, the precalculated
water was gradually added under the constant deviator stress
and constant confining pressure. Herein, the stress level Rs is
defined as the ratio of the current deviator stress q and the
deviator stress when failure qf. In these tests, three stress
levels (0. 25, 0. 5, and 0. 75) and four net confining pressures
(50, 100, 200, and 400 kPa) were selected, respectively. +e
results are shown in Table 4. It is noted that, in order to avoid
the partial erosion damage of the specimens by water, the
wetting criterion was introduced, i.e., the wetting series was
at least six or the moisture increment was not more than 2%
at each stage. +e criteria for the sample to reach a stable
state was proposed, when the overall volume change in-
crement was less than 0.01 cm3/2 h, the matric suction in-
crement was less than 1 kPa/2 h and the axial strain
increment was less than 0.005mm/h.

3. Results

3.1. ST Results. Under σ3–ua � 50 and 200 kPa, the rela-
tionship between deviator stress and axial strain of the
undisturbed and the remoulded with materials of six dif-
ferent proportions are illustrated in Figure 8. +ere are no
peaks in the q-ε1 curves, meaning a lower brittleness of the
sample and achieving the critical state at larger strain. It can
be clearly found that the deviator stress at failure increases
with the material content, which shows that the stabilizer

Table 1: Physical parameters of undisturbed loess.

Sample w (%) Gs ρ (g/cm3) ρd (g/cm3) e wL (%) wp (%) Ip (%) Classification

Lishi loess 15.2 2.70 1.67 1.45 0.86 27.4 15.1 12.3 Silty clay

CaCO3
2%

MgO
1% SO3

1%

SiO2
47%

AIO2O3
21%

Fe2O3
10%

CaO
18%

Figure 6: Chemical composition of fly ash.

Table 2: Specification of nanosilica.

Item no. S817567 Purity 99.5 (%)
Particle size 50±5 nm Melting point 1610°C (lit.)

CAS no. 60676-86-0 Density 2.6 g/mL at 25°C
(lit.)

MDL no. MFCD00011232 Refractive
index n20/D 1.544 (lit.)

EINECS no. 262-373-8 Storage
condition

Indoor
temperature
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can improve the strength of the loess. However, the in-
crement of strength gradually decreases with the uphill of
material, indicating that the improvement is limited, such as
B1, B2, and B3 in Figure 8. Meanwhile, for specimens with
the same content of fly ash, the increase of nano-SiO2
significantly enhances the strength of the soil, for instance,
A2 and B2 in Figure 8.

To further analyze the reinforcement effect of grouting
materials on loess, Figure 9 shows the curves of the deviator

stress-axial strain and the volumetric strain-axial strain
under different net confining pressures about the undis-
turbed (a) and the remoulded (b and c). All q-ε1 curves
under different net confining pressures show a trend from
steep to slow, which is mainly because the structural damage
at the initial stage of loading is the main factor affecting the
soil structure. And the structural parameters [38, 39] reduce
rapidly with the development of strain. When the strain gets
large, the soil structure gradually heals and forms a new

(a) (b)

(c)
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σ1 – σ3

σ1 – σ3
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σ3 – ua
σ3 – ua

σ3 – ua

Adding water
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ua: pore air pressure
uw: pore water pressure
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(connected to back pressure controller)

Axial pressure
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Figure 7: GDS triaxial test instrument (a) overview; (b) specimen in the triaxial cell; (c) schematic diagram of suction-monitored triaxial
apparatus.
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Table 3: Testing results of the ST tests.

Test Material code Matric suction s0 σ3–ua (kPa) qf (kPa) C (kPa) Φ (°)

ST1 — 180

50 267

59 3 28 2100 313
200 489
400 657

ST2

A1 344

50 310

67.1 29.6100 386
200 503
400 889

A2 380

50 525

88.7 34.6100 677
200 794
400 1116

A3 395

50 633

93.6 37.8100 726
200 984
400 1315

B1 367

50 456

72.6 30.7100 529
200 705
400 981

B2 392

50 623

94.8 36.0100 778
200 913
400 1283

B3 400

50 704

100.6 38.3100 810
200 1022
400 1387

qf is deviator stress when failure, C is cohesion, Φ is internal friction angle, A is materials containing 3% nanosilica, and B is materials containing 5%
nanosilica.

Table 4: Testing results of the WT tests.

Test Material content (%) s0 (kPa) σ3–ua (kPa) Rs After shear but before wetting Sr (%)
After wetting

sf (kPa) Srf (%)

WT1 10 380

50
0.25 44.2 — 96.3
0.5 46.7 15 95.2
0.75 44.5 88 75

100
0.25 48.6 — 96.6
0.5 47.3 107 74
0.75 50.3 158 68

200
0.25 49.6 — 98.1
0.5 43.1 — 97.3
0.75 48.3 75 82

400
0.25 40.9 — 95.8
0.5 47.7 — 97.5
0.75 50.8 84 79

WT2 15 392

50
0.25 52.6 — 98.4
0.5 48.6 — 96.2
0.75 48.3 12 95.5

100
0.25 44.3 — 97.3
0.5 47.6 17 94.3
0.75 44.9 77 82

200
0.25 48.8 — 98.1
0.5 49.7 — 97.9
0.75 45.8 95 76

400
0.25 53.2 — 97.3
0.5 49.4 — 96.7
0.75 50.5 — 95.9
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secondary structure, which inhibits the structural damage
factors from further weakening the soil structure [40]. At the
same time, the tendency that the volumetric strain dimin-
ishes with the rise of net confining pressure also suggests that
an increase in net confining pressure results in a rise in
deformation resistance of the undisturbed or the remoulded,
which further indicates that the uphill of net confining
pressure is more conducive to the compaction of the un-
disturbed and the formation of secondary structure, for
example, Figures 9(a)–9(c).

What is noteworthy is that, for the curve q− ε1, when the
axial strain of the undisturbed reaches 4%-5%, there occurs
an obvious turning point. After that the slope quickly
changes from big to small, indicating that the initial
structure of the sample was obviously damaged at this point.
However, for the remoulded, the axial strain is larger than
the undisturbed when the initial structure is obviously
broken, illustrating that the deviator stress required for the
failure is larger. And it reflects that the stabilizer effectively

improved the strength of the loess. Furthermore, the initial
structural failure point of the remoulded B2 is about 9%
(Figure 9(c)), while that of the remoulded A2 is about 10%
(Figure 9(b)), implying that the sample B2 (containing 5%
nano-SiO2) has better improvement effect than sample A2
(containing 3% nano-SiO2). +at is to say, the increase of
nano-SiO2 is conducive to the improvement of loess
strength, which is consistent with what Sarli et al. found in
their study [26].

+e over volume change induced by shearing is observed
in Figures 9(a)–9(c). +e volumetric strain enlarges with
increasing axial strain, while the slope of the curve decreases.
+rough comparison, it can be found that the volumetric
strain of the remoulded is smaller than the undisturbed,
when reaching the same axial strain, indicating that the
ability of loess to resist deformation is enhanced by the
stabilizer. Moreover, the antideformation capacity would
improve with the uphill of nano-SiO2 consumption
(Figures 9(c)–9(b)).+is is mainly because the soil behaviour

Table 4: Continued.

Test Material content (%) s0 (kPa) σ3–ua (kPa) Rs After shear but before wetting Sr (%)
After wetting

sf (kPa) Srf (%)

WT3 20 395

50
0.25 48.5 — 95.4
0.5 47.9 — 95.9
0.75 50.3 — 97.5

100
0.25 45.9 — 96.6
0.5 43.2 — 98.7
0.75 44.8 — 97.3

200
0.25 50.3 — 96.1
0.5 48.5 — 97.2
0.75 48.1 — 98.9

400
0.25 47.9 — 96.4
0.5 49.1 — 95.8
0.75 46.7 — 95.9

S0 is initial matric suction, Rs is stress level, sf is matric suction when failure, and Srf is degree of saturation when failure—no failure.
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Figure 8: Effects of filling material content on the stress-axial strain curves for various controlled net confining pressures: (a) σ3–ua � 50 kPa
and (b) σ3–ua � 200 kPa.
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Figure 9: Effects of filling material content on the stress-axial strain and volumetric strain-axial strain curves for various controlled net
confining pressures: (a) undisturbed sample, (b) grouting sample (3% nanosilica), and (c) grouting sample (5% nanosilica).
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depends, to a large extent, on the soil constituents and
structure [41], and the nano-SiO2 could fill the pores inside
the solidified loess aggregates, forming aggregates with
tighter contact and larger size [42]. In addition, due to the
strong alkalinity of the loess, siliceous cementing materials
can be created after the reaction with silica, which signifi-
cantly reduces the porosity and improves the bonding in the
loess, and thus building up the strength and stiffness of the
loess [43].

+e critical state of the undisturbed and the remoulded
from ST are shown on a q-p plane in Figure 10. For the
undisturbed and the remoulded, the critical state line (CSL)
is well fitted to a straight line on the q-p plane, meaning that
the shear strength of the soil can be described by the
Mohr–Coulomb strength criterion. Moreover, the cohesion
and internal friction angle of the loess sample can be
obtained by the slope (M) and intercept (H) of the fitted
line, which are determined by formulas, i.e., c � (3 − sinΦ)
H/(6 cosΦ) and Φ� sin−1 [3M/(6 +M)]. +e cohesion and
internal friction angle are shown in Table 3.

In order to facilitate the comparison of the reinforce-
ment effect, the increment percentage of the cohesion and
internal friction angle of the remoulded relative to the
undisturbed were plotted on a three-dimensional diagram
(Figure 11). +e data points (marked with sphere) stand for
comprehensive reflection of C and Φ increment, and the
other (marked with star) represent the projection of
spherical data points on each two-dimensional plane. It is
noted that all data points are positive, suggesting that the
cohesion and internal friction angle of the remoulded are
significantly improved, compared with the undisturbed.
Additionally, samples containing 5% nano-SiO2 is obviously
better than that containing 3% nano-SiO2, in terms of the
improvement of the cohesion and the internal friction angle,
which proves that the existence of the nano-SiO2 greatly
reinforces the shear strength of the loess, and within a
certain range, this kind of improvement is proportional to
the amount of nano-SiO2.

On the whole, the cohesion and the internal friction
angle increase with the stabilizer content, but the trend that
the line gradually becomes slower from steepness indicates
that the improvement effect is limited. Namely, there must
be an appropriate threshold value (around 15%). When the
material content exceeds the threshold, the increasing rate of
cohesion and internal friction angle caused by the stabilizer
will slow down, suggesting that more cost input leads to an
inconspicuous increase in benefits. In order to find the
threshold (the optimal solution), the mathematical dichot-
omy was introduced in this paper. +rough ST tests at three
discrete points (stabilizer content of 5%, 15%, and 25%,
respectively), the turning point (15%) was found when the
test curves significantly changed from steep to gentle.
+erefore, it could be predicted that the threshold for the
experiment must be near the turning point. Consequently,
taking 15% as the benchmark, the upper and lower two
intervals [5, 15, 25] were divided in half to selected discrete
points (10% and 20%), respectively. +en, the interval of the
threshold was further narrowed from [5, 10, 20, 25]. On this
basis, three kinds of ratios of the stabilizer were selected for

WT test, accounting for 10%, 15%, and 20% of the dry
density of loess, respectively, among which the content of
nano-SiO2 is 5%.

3.2.WT Results. Wetting Tests (WT2) were conducted on the
samples with 15% stabilizer under three stress level values (0.25,
0.5, and 0.75). In order to simulate the wetting process of the
slope filled with slurry of different ratios under the same stress
state, the samples with the stabilizer ratio of 10% and 20%,
respectively, were loaded under the same confining pressure
and deviator stress for wetting test (WT1 and WT3). Under
four kinds of net confining pressures (50, 100, 200, and
400 kPa), the variations of deviator stress with axial strain of the
remoulded are presented in Figure 12, assuming that all
specimens reach a critical state when the axial strain reach 15%
(marked by star). It was clearly found that all of the specimens
did not fail at a low stress level, which was consistent with the
findings of Wang et al. [2]. However, at a high stress level, the
specimens with 10% stabilizer all failed under the four con-
fining pressures. In contrast, the specimens with the stabilizer
ratio of 20% did not fail.+is shows that, with 20% slurry being
injected into the fissures, the slope can still hold steady under
the effect of rainfall wetting.

To further study the relationship between filler and slope
stability under rainfall wetting, the WT results under the
deviator stress corresponding to the high stress level (0. 75)
were plotted on the q-p′ plane (Figure 13). A formula was
chosen, i.e., p′ � p+ Srs [44], where p′ is effective mean
stress. +e data points (marked with hollow circles) rep-
resent the initial stress level of the samples with different
ratios of the stabilizer (10%, 15%, and 20%) before wetting.
And the other (marked with solid circles) stands for the
stress level after wetting (no damage has occurred), while the
solid stars represent the failure induced by wetting. It is
noted that, for the samples with the same stabilizer content,
the data points associated with failure appear to be on a
straight line (CSL). Moreover, the CSL of samples with 15%
stabilizer is above that of the sample with 10%.+is indicates
that the injection of more slurry into the slope fissures will
make it less prone to failure induced by rainfall wetting, as a
result, achieving the purpose of improving the stability of the
slope. +erefore, through the wetting test (WT) under
constant deviator stress, the range of material content
threshold was further narrowed to 15%–20%.

3.3. Field Test Results. To further examine the effect of new
grouting material, the grouting reinforcement experiment of
loess and fissures in the potential slip zone of the old
landslide in Lvliang Airport was carried out. +e grouting
pressure was determined, the grouting parameters and the
irrigability of the materials were discussed and analyzed. At
the same time, according to the actual engineering geological
conditions of the test area and the surrounding environment
of the test site, the grouting site adopts the combination of
the analysis method, inspection hole method, and excavation
sampling method to test and analyze the shrinkage, com-
pactness, filling degree, and bonding degree of the material
after 28 days. +e results are analyzed, as shown in Table 5.
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Results show that the slope of Lvliang Airport is stable
and this new material has a good effect on the slope rein-
forcement so far. In the future, we will also need to test and
analyze the same parameters, such as compactness and
bonding degree of the grouting material, after a certain
period of time. Moreover, necessary numerical simulation to
further examine the stability of the slope will be the focus of
our next research.

4. Analysis

According to the field investigation and the results of the
triaxial test, the failure process of the unsaturated loess slope
before filling fissure and the mechanism of stabilizing the
slope after injection are further interpreted as follows. +e

study area is characterized by steep terrain and concentrated
rainfall (Figure 4), which create favourable condition for the
occurrence of landslides [45]. +e rainfall-induced floods
caused lateral erosion and downward erosion on both sides
of the Maqun gully in Figure 2, which lead to the redis-
tribution of the internal stress of the slope [46]. +en, a
strong tensile stress zone is formed at the top of the slope,
and horizontal deformation occurs gradually towards the
free face due to the loss of support. When the tensile stress
exceeds the strength limit of the soil element, the loess will
undergo tensile failure. Consequently, discontinuous
transverse tensile fissures will appear at the top of the slope,
which speed up the infiltration of rain deeper into the weak
plane. Field survey found that the slip zone of old loess
landslide is located in Lishi loess, where the loess is loose and
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Figure 10: Critical state lines on q-p planes. (a) Undisturbed sample; (b) remoulded samples containing 3% nanosilica; (c) remoulded
samples containing 5% nanosilica.
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Figure 12: Deviator stress-axial strain curves from WT. +e content of filling materials: (a) 10%; (b) 15%; (c) 20%. +e net confining
pressures: 50 kPa, 100 kPa, 200 kPa, and 400 kPa.
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have good permeability. Under the effect of rainfall wetting,
the pore water pressure inside the soil increases, while the
matric suction decreases. And the antishear force provided
by the soil itself cannot resist the sliding force composed of
the gravity of the slope and water pressure. Consequently,
the stress state of the soil in the slip zone first reaches its
ultimate strength, and the soil fail eventually, appearing
intermittent fissures. In the absence of human intervention,
under the continuous action of rainfall, the fissures in the
slip zone inside the slope may connect and accelerate the
revival of the old loess landslide.

In this paper, the landslide is to be treated by grouting
into the fissures inside and at the top of the slope (Figure 14).
+e dense structure of the grouting material is beneficial to
water insulation, and the test results suggest that the shear
strength of remoulded loess is higher than that of the un-
disturbed. On the one hand, fillingmaterials are injected into
the tensile fissures at the top of the slope. +en, the slurry
penetrates into the interior along the fissure, filling the
fissures and penetrating into the surrounding soil, which can
resist the tensile stress on the top of the slope and reduce the
pore water pressure. On the other hand, drilling and then
grouting into the internal slip zone of the slope. Under the
effect of high-pressure jet, the natural structure of the loess
changes, and a series of physical and chemical reactions
occur between the loess and the stabilizer. Consequently,
new structure is formed to resist the sliding force of the
slope, thus achieving the purpose of treating landslide [47].

+e key is to select the appropriate content of filling
materials to stabilize the slope, achieving the optimal re-
inforcement effect at a lower input cost. Considering that it is
time consuming and labor intensive to choose a large
number of materials with different ratios for tests, the di-
chotomy in mathematics was introduced to find the
threshold of the material content, which can be described as
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Figure 13: Critical state lines on q-p′ planes from WT.

Table 5: +e grouting parameters of field tests.

Test
time
(d)

Grouting
material shape

Shrinkage
(%)

Permeability
coefficient
(10−9cm·s−1)

Compressive
strength (MPa)

Flexural
strength
(MPa)

Bond
strength
(kPa)

Average
thickness of
grout (mm)

Filled
area (%)

28 Lamelliform 0.04 1.847 15.7 4.6 52.71 2.5 70∼80

Rainfall enter the fissure Fissure

Inject grout

Seriflux with fly
ash and nano-SiO2Rainfall form the surface run-off

Slip zone

Dendritic infiltration

Figure 14: Schematic diagram of fissures in Lvliang Airport: (a)
before grouting; (b) after grouting.
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follows. Firstly, three discrete points were selected on a wide
range for the triaxial shear test; then, the relationship be-
tween strength parameters and filling materials content was
shown through the line graph, and the turning point (15%)
was found when the test curves significantly changed from
steep to gentle, indicating that the improvement is limited.
+e variations of the cohesion and internal friction angle
with filling material content of the remoulded (containing
5% nana-SiO2) and the undisturbed are presented in Fig-
ure 15. +ese two curves fit into cubic equations:

C � −0.00211a
3

+ 0.0128a
2

+ 2.64867a + 59.3, (1)

Φ � −0.00068a
3

+ 0.0156a
2

+ 0.439a + 28.2, (2)

where a is the filling material content. It could be predicted
that the threshold must be near the turning point, taking it as
the benchmark, the upper and lower two intervals were
divided in half. On this basis, three kinds of ratios of the
stabilizer were selected for the WT test. All data points
corresponding to the failure appeared to lie on a straight line
in Figure 13. And the equation of the lines can be expressed
generically as follows:

q � Mp′ + H. (3)

+is also suggests that the loess failure behaviour in-
duced by wetting could be described by the linear form of the
Mohr–Coulomb strength theory:

sinΦ �
σ1 − σ3( 

(σ1 + σ3 + 2c cotΦ)
. (4)

+e deviator stress and mean stress are defined as
q� σ1–σ3 and p � (σ1 + 2σ3)/3, respectively. And thus
equation (4) can be rewritten as follows:

qf � 3p sinΦ + 2c cosΦ − σ3 sinΦ. (5)

When the stabilizer content reaches the threshold value
a0, the slope just reaches the critical state of failure under the
effect of rainfall wetting. At this point, the loess just reaches
the saturated state and the matric suction decreases to 0 kPa.
And thus equation (3) can be rewritten as follows:

qf � M0p + H0. (6)

Comparing equations (4) and (5), thus slope (M) and
intercept (H) can be expressed as the functional forms of
cohesion, internal friction angle, and confining pressure:

M � 3 sinΦ, (7)

H � 2c cosΦ − σ3 sinΦ. (8)

It can be found that the slope and intercept of CSL
induced by wetting are influenced by the confining pressure
σ3 and the material content a, such as equations (1), (2), (7),
and (8). When the loess element is at a high stress level and
the content of filling material is not more than a0, the loess
element may fail under the action of rainfall, which is shown
by CSL with small slope in Figure 13. +e results of WT tests

show that when the material content reached a0, H0>H15,
and thus 15%< a0< 20%, whereH15 is the slope of CSL from
the sample which contains 15% stabilizer.

Based on the slope of Lvliang Airport, the advantage of
this paper is to narrow down the research scope through
reasonable methods, fewer test times, and triaxial tests that
simulate the process of rainfall wetting on the real slope and
to select the most suitable grouting material content
threshold, thus carrying out field grouting tests. According
to the method introduced in this paper, the interval of the
threshold can be further narrowed to meet the requirements
of the application.

5. Conclusions

In this paper, the feature of potential slip zone inside the
slope of Lvliang Airport was revealed through field in-
vestigation. And a series of laboratory tests were per-
formed on specimens taken from the slip zone, including
triaxial shear tests at constant matric suctions and wetting
tests at constant deviator stresses, in order to simulate the
stress state of the slope under the effect of rainfall wetting
before and after grouting and study the effect of material
content on the slope stability. +e conclusions are drawn
as follows.

+e increase of confining pressure is beneficial to the
compaction of loess and the formation of secondary
structures. Under the same confining pressure, the structural
strength of the remolded is obviously better than that of the
undisturbed, which reflects the enhancement of the defor-
mation resistance of the loess due to the filling material.
Moreover, nanosilica is more conducive to the improve-
ment. +is is mainly because that nanosilica fills the pores in
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the solidified loess and fly ash aggregates, forming a denser
structure.

+e critical state lines (CSL) of the undisturbed and the
remoulded determined by ST were unique in the q-p′ plane.
Compared with the undisturbed, the cohesion and the internal
friction angle of the remoulded were significantly improved
and were proportional to the amount of filling material.
However, the test curves significantly changed from steep to
gentle, showing that the improvement is limited.

Under the action of rainfall, the failure behaviour of the
slope along the wetting path after filling fissures depends on the
stress level and the content of filling materials. At a low stress
level, the slope can remain stable after filling fissures, while at a
high stress level, the slope may fail due to insufficient stabilizer
content. +ere must exist a threshold of the stabilizer content,
which can stabilize the slope at a lower input cost. +e
threshold was found to be between 15% and 20%.

To prevent the revival of the old loess landslide in Lvliang
Airport under the action of wetting, the method is suggested,
including grouting into the fissures on the top of the slope
and the internal potential slip zone. Filling fissures on the top
of the slope can effectively reduce the pore water pressure
caused by rainwater infiltration and resist the tensile stress.
Meanwhile, grouting on the potential slip zone can promote
the formation of a new denser structure between the loess
and slurry, thus resisting the sliding force of the slope, so as
to treat the landslide.

So far, field grouting tests have been carried out in the
Lvliang Airport. Results indicated that this new material
has a good effect on the slope reinforcement. More test
methods will be used to examine the slope stability in the
future.
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