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Abstract Inner Mongolia Autonomous Region is one of the severest desertification areas
from wind erosion in North China, and it poses as a potential hazard factor for the slope
stability of embankments. As the most common and abundant filler in embankment con-
struction in the desert, Aeolian sandy soil is vulnerable to wind erosion. The embankment
is susceptible to suffer from damage and lower slope stability due to wind erosion before
placement of surface pavement and erosion resistance materials. The purpose of this paper
is to evaluate the influence of wind erosion on the slope stability of embankment through a
quantitative analysis of shear strength of Aeolian sandy soil within embankments. Field
investigation was conducted to measure the wind field around embankment and the shear
strength of Aeolian sandy soil within embankment. The shear strength variation was
measured and proposed for a characterization of wind erosion resistance. Then, a model for
calculating the progressive wind erosion process was suggested for evaluating the slope
stability of wind-eroded embankment through the strength reduction theoretical simulation.
The results show that wind erosion resistance of Aeolian sandy soil within embankment
tends to increase gradually from slope surface to the core and from the shoulder to the toe.
When the embankment suffers from wind erosion along prevailing wind direction, its slope
has a much weaker resistance on the windward side. The maximum lateral wind erosion
depth is about 0.2 times height of embankment. And factors of safety decrease gradually as
wind erosion increases, it has affected the local stability of slope, but the slope global
stability is not affected under this given wind erosion condition in this study. If wind
erosion increases and wind erosion area expands further, the global stability of slope will
be on the hazardous level. The speculative study is discussed between slope stability and
geometric size of wind-eroded embankment. When the height of embankment increases
and its slope becomes steep, its factor of safety decreases, and its slope stability reduces.
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The results indicate that embankments in Inner Mongolia Autonomous Region should be
designed to be lower and gentler in consideration of wind erosion and also recommend
scientific and effective protective measures to prevent further development of wind erosion
based on proposed maximum lateral wind erosion depth from this study.

Keywords Geotechnical hazards - Wind erosion - Aeolian sandy soil - Wind erosion
resistance - Slope stability

1 Introduction

Wind erosion is an important globalized problem, especially, being an urgent issue to
tackle for the highway construction and maintenance in the desert regions (Shehata and
Amin 1997; Prince et al. 2007; Warren 2010). The Inner Mongolia Autonomous Region
lies in North China, with large desert areas in the western part of this region. The averages
of annual temperatures range from —1 to 10 °C, and the annual rainfall is about
50-450 mm. It is one of the strongest desertification areas suffering from the most severe
wind erosion in China. Most highways in the region have faced with severe erosion
challenges; in many cases, the embankment slope collapse have been reported, and wind
erosion hazards have been studied in recent years (Dong et al. 2000; Yang et al. 2005; Yu
et al. 2012; Guo et al. 2013).

As the most abundant and cheapest filler, Aeolian sandy soil has been widely used in
embankment construction for desert highways. This soil is non-cohesive, mostly made up
of fine particles and easily eroded. As strong winds blow over the embankment, the
embankment acts as an obstacle to the free path of wind and alters the flow field dynamics
and wind field energy (Cooke et al. 1993; Lancaster and Greeley 1990; Liu 1995). The fine
particles on slope surface are carried away by the wind constantly. The anti-wind erosion
ability of unprotected embankment is affected by the wind field intensity, the geometric
size of embankment, the angle between embankment centreline and prevailing wind
direction, and particle characteristics of filler. It has more influence factors of erodibility
than that in the surface soil such as geometric size. Wind erosion of embankment is three-
dimensional, whereas the wind erosion of surface soil is two-dimensional. So, an assess-
ment on anti-wind erosion ability of surface soil usually applied the index of “quality
loss”, and it shows apparent deficiencies in the assessment of embankment filler (Wu
1987; Luo 2000; Song et al. 2006; Li et al. 2012).

Wind erosion of embankment is affected by filler properties and geometric character-
istics such as shape and size of the embankment, surface protection against side slope, and
its surrounding environments. Most previous researches have focused on the wind flow
field features around the embankment through numerical simulation, aerodynamic theory
analysis, wind tunnel test, and field measurements (Frank et al. 1993; Badr and Harion
2005; Li and Gao 2011; Xi and Huang 2013). The results of these studies have indicated
that the process of wind erosion strongly depends on local wind flow field features, geo-
metric characteristics of embankment, and soil properties of filler. Erosion resistance
ability of filler also plays an important role, but the previous researches mainly concen-
trated in two aspects. One focused on the surface soil erosion (Bagnold 1943; Bisal and
Nielsen 1962; Chepil 1941, 1952, 1954; Woodruff and Siddoway 1965; Chepil and
Woodruff 1978; Nickling 1978; Fryrear and Saleh 1993; Leys and McTainsh 1996; Zheng
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et al. 2004; USDA-NRCS 2003; USDA-ARS 2008; Zobeck 2013; Tatarko et al. 2013;
Wagner 2013). For the surface erosion, it is important to research soil erodibility, quantity
loss of soil, sand particle saltation movement, characteristic of wind-eroded sediments,
wind erosion prediction, and vegetation and desertification. The other is concerned with the
internal erosion of structures. The safety of earthen dams is an example due to internal
erosion. The researches are now more focused on the influence of particle size and grading
on erosion resistance ability and design of filters to prevent internal erosion (Arulanandan
and Perry 1983; Sherard 1972; Indraratna et al. 2011). These results obtained from the
research on surface erosion or internal erosion can not be simply used to analyse the
erosion resistance ability of embankment and can not obtain the lateral erosion depth and
evaluate erosion process. This is an incremental process from surface erosion to internal
erosion; at the same time, it will cause the loss of stability and the wind erosion resistance
reduction of filler.

The influence of wind erosion on slope stability, the degree of the influence, and its
effects on the local or global stability are crucial for embankment in the windy and harsh
desert environment. Although embankment slope stability has been widely investigated
(Duncan 1996; Griffiths and Lane 1999; Duncan and Wright 2005), relatively few studies
on the slope stability of wind-eroded embankment have been reported. Hence, in this
investigation, a field study was conducted at YanHuang first-class highway in the Inner
Mongolia Autonomous Region of North China. Wind flow field and shear strength of
Aeolian sandy soil as the filler of embankment were measured. The shear strength variation
is proposed for a characterization of wind erosion resistance, and a model for calculating
the progressive wind erosion process is built for evaluating the slope stability of wind-
eroded embankment through the strength reduction theoretical simulation. These research
results provide important information to understand wind erosion mechanism in the desert
embankment, to make a reasonable geotechnical hazards assessment on wind-eroded desert
embankment, and further to guide the design of desert highways in long-term security
conditions.

2 Aeolian sandy soil properties

Aeolian sandy soil is derived from the aeolian parent materials, and its mineral ingredients
are mostly composed of the fine particles. The proportion in which diameters range from
0.25 to 0.1 mm is 80.1 %. The stratification of soil surface is not apparent, because it only
exists in organic layer, parent material layer, and the layer lacking of deposition (Zhao
et al. 2007). The soil is still in its juvenile stage, located in semi-arid sand soil, drought,
extreme arid grassland, desert grassland, and desert zone where there are obvious conti-
nental climate, lacking of rain, strong evaporation, variable temperature, and year-round
windy (Wu 1987).

Aeolian sandy soil was sampled from the edges of Kubugqi desert which was located in
the north of Ordos plateau ridge line in the Inner Mongolia Autonomous Region. During
the laboratory tests, physical and mechanical properties were measured. It is non-cohesive
and has a fine particle size distribution, and the proportion of fine particles in which
particle size is <0.25 mm is 91.7 %. The median or median particle size diameter Ds is
0.16 mm. It is uniformly graded with coefficient of uniformity (Cu) of 1.77 and coefficient
of curvature (Cc) of 1.05, and the particle size distribution curve is shown in Fig. la.

According to the Unified Soil Classification System (USCS) (ASTM D2487-11), the
soil is classified as silty sands (SM).The sands are round in shape and hardly have any

@ Springer



Nat Hazards
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sharp edges. The shape of the particles is shown in SEM image in Fig. 1b. Figure 1c is the
compaction curve of the Aeolian sandy soil in accordance with the standard Proctor
compaction test (ASTM D-1557). There are double peaks in the compaction curve, i.e.
high dry unit weight (15.7 kN/m?) at the dry condition and the maximum dry unit weight
(15.8 kN/m?) at the optimum water content of 11 %. The lowest unit weight is 15.4 kN/m?
at the water content of 4 %. Because of the bimodal phenomena of compaction charac-
teristics, as a filler, Aeolian sandy soil filler is usually operated with dry compaction
method in the desert embankment construction sites. The results of unconsolidated-
undrained triaxial shear strength test showed that the cohesion and friction angle of
Aeolian sandy soil were zero and 18.1°, respectively (Li and Gao 2011; Li et al. 2012). The
results of compression test showed that its elastic modulus and Poisson’s ratio were
9.4 MPa and 0.25, respectively. It is defined as loose sand (Das 2009). And this soil is
often considered as the most easily eroded particles because of the looseness, particle size
and shape, grading distribution, and no cohesion between particles (Skidmore and Powers
1982; Skidmore and Layton 1992). Therefore, embankment filled with Aeolian sandy soil
is vulnerable to erosion when exposed to wind field. Wind erosion of embankment varies
with wind field intensity, geometric size and filler properties of embankment, especially,
the angle between embankment centreline and prevailing wind direction. All these will
lead to different influences on the slope stability of wind-eroded embankment.

3 Field measuring methods

In the field experiments, wind flow field around embankment and the shear strength of
embankment filler in the wind-induced erosion zone were measured. Three measuring
sections were selected to illustrate the influence of the angle between embankment
centreline and prevailing wind direction. The test sites are located at an Aeolian sandy soil-
filled embankment constructed along the YanHuang first-class highway which runs east to
west across the Kubugqi desert in the Inner Mongolia Autonomous Region. The Yanhuang
first-class highway in different construction processes is shown in Fig. 2, and it is con-
structed under “Professional Standard of the People’s Republic of China (JTG F10-2006)”.

The Yanhuang first-class highway is a desert-crossing highway along Kubugqi desert,
with an overall length of 420 km and a design speed of 100 km/h. It is divided into three
parts: the first part is 111 km from Dalu (KO + 000) to Shulinzhao (K111 + 000). The
second part is 116 km from Shulinzhao (K111 4 000) to Duguitala (K227 + 000). The
third part is 171.5 km from Duguitala (K227 + 000) to Balagong (K398 + 500). The
remaining parts are connecting line and landscape road. Three measuring sections were
selected located in the third part of this newly constructed highway, and they are section
K245 + 200, section K240 + 700, and section K239 + 400. The angle between
embankment centreline and prevailing wind direction was 90° for section K239 + 400,
60° for section K240 4 700, and 30° for section K245 + 200, respectively. The geo-
graphical location of three test sections is shown in Fig. 3a. The embankment has been
designed in the crest width of 26 m, height of 3 m, and slope gradient of 1 V:3H. The cross
section consists of a 2.0-m-wide medial strip, 2 x 0.75 m wide earth shoulders, 2 x 3.0 m
wide hard shoulder, 2 x 0.75 m wide marginal strips, and 4 x 3.75 m wide traffic lanes.
The geometric size of embankment is shown in Fig. 3b.

At the test site, the embankment was constructed from October 2009 to April 2010.
During the in situ test, the unprotected embankment slope had been exposed to wind
erosion environment for 6 months. According to local meteorological data, the annual
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Fig. 2 Yanhuang first-class highway in different construction processes: a before compaction, b after level
off and compaction

average wind speed during the last 30 years is 3.8 m/s in April. The maximum wind speed
was 20.7 m/s which occurred in April 1980. So, April is the strongest wind season
throughout the year. The north-west wind is the prevailing wind direction at the test site.
Some meteorological data of Ordos over the past 30 years have been summarized in Fig. 4.
The measuring time is in April, 2010, and this desert-crossing highway has been opened in
July, 2012. It has become an important highway tunnel between the rich resources region
in Ordos and industrial concentration areas.

3.1 Wind flow field surrounding the embankment
Multipoint simultaneous wind speeds were measured. Digital anemometer, which has a
maximum wind speed range of 30 m/s, was used. Optical theodolite, sighting rods, and

steel tapes were used during the field experiment for taking height and distance
measurements.
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Fig. 3 Some information of the measuring embankment: a the geographical location of three measuring
sections. b The geometric size of embankment and the unit length is m

The locations of wind speed measurement on the embankment and the surrounding area
are shown in Fig. 5. With reference to the figure, there are seven measurement locations on
the highway embankment, which include the toe of windward slope A, the windward
shoulder C, the leeward shoulder E, the toe of leeward slope G, the midpoints of slopes B
and F, and the centre of roadway D along embankment cross section. These seven mea-
surement locations are deemed as representative points on the embankment. Wind speed
measurements at the selected seven locations were conducted in April, and the average
monthly wind speed is 4.2 m/s during this field testing. A reference point was defined at
2 m above the ground surface and 20 H from the toe of the embankment on the windward
side, where H is the embankment height. The relative wind speed is computed at each
measurement location, and it is a ratio of instantaneous wind speed at each measurement
point with that at the reference point at the same time.

The wind speed distribution surrounding the embankment was measured to determine
the starting point of wind deceleration in front of the windward side and the point where it
regains its original speed on the leeward side. As shown in Fig. 5, twenty locations in front
of the windward slope and twenty locations at the back of the leeward slope were selected
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Fig. 5 Wind speed measurement points on the embankment and the surrounding area. The crest width is
26 m, embankment height is 3 m, and slope gradient is 1 V:3H

Table 1 The relative wind speed at different measuring points for section K239 + 400

Trials no. A B C D E F G

1 0.03 0.57 1.11 0.41 0.93 0.40 0.00
2 0.17 0.68 1.35 0.48 1.13 0.55 0.25

3 0.12 0.51 0.89 0.28 0.48 0.20 0.11

4 0.00 0.60 1.16 0.38 0.74 0.35 0.26
5 0.07 0.56 1.09 0.29 0.71 0.41 0.53
Avg. 0.078 0.584 1.120 0.368 0.798 0.382 0.230
SD 0.0683 0.0627 0.1646 0.0841 0.2449 0.1259 0.1991

Measuring points are shown in Fig. 5

to measure the wind speed during field experiment. The horizontal projected distances of
these points from the toe of embankment slope are 1, 3, 5, and 7 H. Their vertical distances
from the ground surface are 0.2, 0.5, 0.7 and H, where H is the embankment height (3.0 m
in field test). Five readings were taken at each point, and the average value and standard
deviation are reported in Table 1. Then, each measurement location and its measuring
results are created as the test.grd files. There are three columns in data files, the first two
columns data are input with X and Y coordinates, the third column data are the wind speed
measurement values. The contour map is built through Golden Software Surfer 8.0, which
is shown in Fig. 6a (Golden Software, Inc. 2002).

3.2 Wind erosion resistance of embankment filler

Shear strength of embankment filler is a resistance ability to wind erosion. In this study, the
shear strength is more reflected by frictional strength rather than cohesive strength,
including slipping friction and rolling friction between sand particles. Shear strength
variation of embankment filler is defined and regarded as the characterizing parameter of
its wind erosion resistance. First of all, it is challenging to measure the shear strength of
cohesionless soil in field test. Before the in situ test was conducted, we had compared
different instrumentation and measuring methods. We selected the portable vane shear test
method because of the convenience, and it can realize multipoint measurement along the
lateral direction from the slope surface to the core. Secondly, these measuring results could
be provided for comparison to describe the wind erosion mechanism from surface erosion
to internal erosion of desert embankment.
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Fig. 6 Wind speed (m/s) distribution surrounding the embankment. a Field measuring section K239 + 400
(average monthly wind speed is 4.2 m/s during this field testing, embankment height is 3 m, and slope
gradient is 1 V:3H.), and b wind tunnel experiment (wind speed is 18 m/s in wind tunnel, embankment
model height is 170 mm, and the model slope gradient is 1 V:2H)

Fig. 7 Field portable vane shear test: a apparatus components and b test setup

The portable apparatus with a maximum pressure of 260 kPa and a maximum mea-
suring depth of 3.0 m was used. Figure 7 shows the apparatus components and the test
setup. Up to six rods, each one measuring 0.5 m in length, were used to reach the 3.0 m
depth. The layout of field measuring locations is shown in Fig. 8. The embankment was
divided into three horizontal layers of thickness H/3 each. The boundaries of the layers
were named (from top to bottom) as the shoulder level, upper level, lower level, and toe
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level. At each level, the measuring locations were spaced at 10 cm interval along the
lateral direction from the slope surface to the core. At each location, the shear strength of
soil was measured three times until no variation was found, and the average value is
reported.

4 Measuring results and discussion
4.1 Wind flow field surrounding the embankment and erosion mechanism

When the angle between embankment centreline and prevailing wind direction is 90°, it is the
strongest disturbed case of natural wind field. In this study, the section K239 + 400 is
selected to measure the wind flow field in in situ (Li et al. 2012). The measuring results of
wind speeds and calculating results of relative wind speed in section K239 + 400 are sum-
marized in Table 1, and the wind flow distribution surrounding the embankment is shown in
Fig. 6a. As shown in Fig. 6a, when the moving wind first encounters the embankment, the
wind speed slows down in front of the windward slope, but subsequently, it accelerates
gradually along windward slope surface from the toe to the shoulder. After the wind climbs
the windward shoulder, it reaches peak speed. Then, the wind starts to decelerate towards the
centre of roadway, but once it crosses the centre, it re-accelerates at the leeward shoulder, but
its speed at the leeward shoulder is less than at the windward shoulder because the
embankment, acting as an obstacle to the free path of wind, causes loss of wind energy. After
that, wind speed gradually decreases, reaching its minimum value at the toe of leeward slope.
Thereafter, it begins to recover slowly as it moves forward and reaches its original speed. As
shown in Table 1, the wind flow field is disturbed and wind speeds at seven locations on the
embankment are varied because of the embankment acting as an obstacle. The instantaneous
wind speed increases by 12 % on the windward shoulder (point C) and decreases by 77 % at
the toe of leeward slope (point G) relative to the instantaneous wind speed at the reference
point. From the wind distribution surrounding the embankment, the wind speed begins to
slow down at a point approximately 17H (50 m) in front of the toe of windward slope, and it
gradually recover its speed as it moves forward, reaching its original speed (4.2 m/s or so) at
about 23H (70 m) from the toe of leeward slope.

Li and Gao (2011) conducted wind tunnel experiments to study the wind flow field
surrounding the embankment model. The angle between embankment model centreline and
prevailing wind direction was 90°, which is same as the section K239 + 400 in field test.
An unprotected embankment model was also filled with Aeolian sandy soil. Figure 6b
shows the measured wind distribution around an embankment model. Compared with the
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results in field measurement, the variation of wind flow field around the embankment
model is similar with that is in in situ testing, but the values of wind speed are different.
The reasons lie in the two different testing conditions, different starting wind speed, and
different geometric size of embankment. From Fig. 6a, b, we draw a wind erosion
mechanism based on the wind speed distribution surrounding and on the embankment. It
has more influence on wind-induced erosion on the windward side than on the leeward
side, and more influence on the upper zone than on the lower zone. Without considering
erosion protection for the embankment slope, we speculate about the insufficient wind
erosion resistance of Aeolian sandy soil to resist wind erosion on the upper zone of
windward side in the embankment.

4.2 Wind erosion resistance of embankment filler and its influence factors

The measured shear strength values of Aeolian sandy soil in the wind-eroded embankment
are summarized in Table 2. From Table 2, we can see the field results of three sections as:
the section K239 + 400, K240 + 700, and K245 + 200. To better measure the depth of
erosion along lateral direction from slope surface to the core, to reduce the influence of soil
confining stress, and to describe the shear strength variation of filler due to wind erosion, a
characterizing parameter index R, is introduced. It can show the wind erosion velocity of
the filler. It also can be assumed to be a variation of shear strength compared to the
previous point along the lateral direction from the surface to the core.

The ratio of the velocity of wind erosion Av, of two adjacent points i and i 4+ 1 at the
same level and the shear strength of point i, t;, is defined as a parameter index R, as
follows:

Titl — T
Ay, =+ ¢ 1
- M
Rr:&:'fi-%—l_fi. 1 (2)
T T liy1 =1

where 7;,; is the shear strength of point (i + 1); Av, is velocity of wind erosion, it can be
described as the variation of shear strength of the filler in this study; /;;, /; are measuring
depth along lateral for the two adjacent points i and i + 1 at the same level; and (/;; | — [;)
is 10 cm in field measurement.

The experimental results from Table 2 were analysed through Egs. (1) and (2). R, is a
function of lateral distance from slope surface to the core, as shown in Fig. 9. Figure 9a is
the previous measuring results for the section K239 + 400 (Li et al. 2012). Field mea-
surement for the sections K240 + 700 and K245 + 200 are shown in Fig. 9b. From the
Fig. 9a, b, the parameter index R, decreases as the lateral distance extends from slope
surface to the core. R, along the windward slope is greater than that in leeward slope for the
same lateral extension distance, which is caused by more erosion on the windward side
than on the leeward side. Furthermore, R, is much higher on the embankment surface than
in its interior. It shows that wind erosion is more severe on the slope surface of windward
slope. These findings show the consistency in Fig. 9a, b. Summarized field measuring
results of different angle between embankment centreline and prevailing wind direction in
Fig. 9c. When the lateral extension distance is same, R, is relatively bigger at section
K239 4 400 and K240 + 700 than at section K245 + 200. This indicates that wind
erosion is becoming more serious when the angle between embankment centreline and
prevailing wind direction is closer to 90°. Figure 10 shows the relationship between R, and
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lateral distance from slope surface to the core obtained from the wind tunnel experiment
(Li and Gao 2011). The variation of R, versus lateral distance is compared between the
field measuring results and the wind tunnel test results. It shows a similar variation trend
both in wind tunnel test and in field measurement despite two different stress states. It also
decreases as the lateral distance extends from slope surface to the core. It is greater on
shoulder level than that on the upper level for the same lateral extension distance.

The critical boundary of wind erosion area can be found by determining the turning
point of shear strength variation and its location. The curves of “R, versus lateral distance
from slope surface to the core” are summarized in Fig. 9a, b, c. From the Fig. 9, R;
decreases and gradually approaches zero, as the distance increases from the slope surface
to its core. The lateral erosion depth is defined as a horizontal projected distance from
turning point, which tends to level off from steepness in the curve as shown in Fig. 9. The
lateral erosion depths at the four testing levels at the three field test sections are sum-
marized in Table 3. The maximum depth was 0.57 m, and occurred on the shoulder along
windward side at section K239 4 400, and the minimum depth was 0.17 m, which
occurred on the toe of leeward side at section K245 + 200. The results show that the
ability to resist wind erosion is weaker on the upper level of windward side than on the
lower level of leeward side. Through the field measurements, we found the maximum
lateral erosion depth is approximately 0.2 H (H is the embankment height) on the shoulder
along windward side for the given desert environment as described in this paper.

5 An assessment on slope stability of wind-eroded embankment
5.1 Theoretical calculation method

As we know, wind erosion damage to sands mainly manifests itself in the form of slipping
and rolling between particles, particles hopping in ballistic trajectories close to the ground,
and ejecting new particles upon collision with the bed (Bagnold 1943). When the external
force due to wind is strong enough to overcome friction between particles, the particles
begin slipping, rolling, and hopping, at this time, wind erosion occurs (Leon 1988).

We have a hypothesis that when particles of cohesionless soil begin to roll or slide due to
wind erosion, friction forces between particles act as the resistance. At this point, the erosion
mechanism is the same between water erosion and wind erosion, and the critical stress state is
linearly related to the particle diameter (White 1940; Briaud et al. 2007). A mechanism model
of rolling or sliding between particles has been built, and the friction forces among particles
satisfy the equilibrium requirements as in Eq. (3). Equation (4) which is derived from Eq. (3)
shows the relationship between friction angle and the shear strength for cohesionless soil at its
wind erosion critical state. From the Eq. (4), we can see that 7. is shear strength at critical state,
it can be determined by analysing the measuring results of field vane shear test, which is
shown in Table 2, and ¢ is the critical friction angle at wind erosion critical state, it can be
determined through Eq. (4). This theoretical calculation method has been verified, and the
details have been demonstrated in Li et al. 2012.

1A, = Wtan ¢, (3)

¢, = tan"' (30t /2p,gDso) (4)

where A, is the effective contact area between particles; « is the ratio of effective area over
the maximum cross section of the spherical particle; it is usually taken as 1/3; p, is the
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Fig. 9 R, varies with lateral distance from slope surface to the core in field measuring: a for section
K239 + 400 (Li et al. 2012), windward side and leeward side; b for section K240 + 700 and section
K245+200, windward side and leeward side; ¢ for different angle between embankment centreline and wind
direction, shoulder level and upper level
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Fig. 10 R, varies with lateral distance from slope surface to the core in wind tunnel experiment for
windward side with different soil moisture content a shoulder level and b upper level (tunnel wind speed
was 10 m/s, blowing for 40 min) (Li and Gao 2011)

Table 3 Lateral erosion depth of four testing levels at three field test sections

Section Testing level Windward side (m) Leeward side (m)
K239 + 400 Toe level 0.47 0.37
Lower level 0.47 0.47
Upper level 0.47 0.47
Shoulder level 0.57 0.47
K240 + 700 Toe level 0.37 0.27
Lower level 0.37 0.27
Upper level 0.47 0.37
Shoulder level 0.47 0.37
K245 4 200 Toe level 0.27 0.17
Lower level 0.37 0.27
Upper level 0.37 0.37
Shoulder level 0.47 0.37

mass density of particles; Dso is mean diameter representative of the soil particle size
distribution; and g is the acceleration due to gravity.

For the windward slope of embankment, the critical friction angles of Aeolian sandy
soil can be obtained using Eq. (4), and the results are summarized in Table 4. As shown in
this table, the critical friction angle gradually increases and approaches to the original
internal friction angle of soil (18.1°) from slope surface to the core and from the shoulder
level to the toe level.

5.2 Numerical simulation and assessment on slope stability for wind-eroded
embankment

The finite element program ABAQUS was used to evaluate the slope stability of wind-
eroded embankment (ABAQUS 2002). The strength reduction method was used to eval-
uate the slope stability, and the factor of safety F.S. was suggested as an evaluation index
of slope stability for wind-eroded embankment (Duncan 1996; Duncan and Wright 2005).
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Table 4 Critical friction angles of soil in wind erosion areas for different sections

Measuring points and lateral distance Windward side

Toe level Lower level Upper level Shoulder level

Section K239 4 400

S1 0.02 1.2 NA 0.8 NA
S2 0.17 4.6 1.2 34 0.5

S3 0.27 9.0 4.7 6.0 2.3

S4 0.37 14.8 8.1 9.1 49

S5 0.47 20.3 11.9 12.6 7.0

S6 0.57 24.4 12.8 14.7 8.9

S7 0.67 25.0 13.5 NA NA
S8 0.77 NA NA NA NA
Section K240 + 700

S1 0.02 1.6 1.6 NA NA
S2 0.17 6.4 54 1.6 1.6

S3 0.27 9.8 8.8 6.2 5.8

S4 0.37 134 12.6 11.1 8.3

S5 0.47 17.7 16.5 16.2 10.3
S6 0.57 21.0 19.5 19.7 12.4
S7 0.67 235 20.7 21.8 13.8
S8 0.77 NA NA 232 14.8
S9 0.87 NA NA NA 15.6
Section K245 + 200

S1 0.02 NA 2.6 2.6 NA
S2 0.17 5.1 8.9 6.1 2.6

S3 0.27 13.0 15.9 9.7 6.8

S4 0.37 23.5 24.7 13.7 8.2

S5 0.47 36.0 34.5 17.0 9.5

S6 0.57 414 39.4 17.9 10.7
S7 0.67 42.1 NA NA 11.2

NA not available
The measuring points of the field vane shear test are located in Fig. 8

The unit of critical friction angle is °. ¢ is calculated through Eq. (4). Critical friction angle may be greater
than the inner friction angle of soil around the core, because of the lateral restriction of soil

As you know, F.S. is closely associated with strength reduction failure criteria. Usually,
there are three failure criteria. The first one is no convergence in finite element numerical
(FEM) calculation. The other two are the plastic zone connected from the toe to the top of
slope and displacement unlimited development of one point on the slip surface (Griffiths
and Lane 1999; Luan et al. 2003; Zienkiewicz et al. 1975; Duncan and Chang 1970). In this
article, the failure criteria of no convergence in FEM calculation is used, and unlimited
development of displacement is taken into consideration in the process. If the point
appears, the calculation is stopped. The strength reduction failure criteria in FEM calcu-
lation is adopted for evaluation on stability of embankment slope. When the F.S. is <1.0,
the side slope will lose its global stability, and the embankment may collapse in a moment.
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When the F.S. is more than 1.0 and <1.3, the side slope of embankment is taken as being
unstable, and the local stability is on the hazardous level. When the F.S. is >1.30, the side
slope of embankment is taken as being stable (Professional Standard of the People’s
Republic of China (JTG D30-2004)).

The numerical model in the simulation has the same geometric size as that of embankment
in the YanHuang first-class highway. Only the windward side of embankment is considered in
slope stability analysis for the section K239 + 400. The properties of Aeolian sandy soil are
used in the slope stability model. The dry unit weight is 15.7 kN/m?, the cohesion is zero, the
friction angle is 18.1°, and the dilation angle is same as the friction angle. The elastic modulus
and Poisson’s ratio are 9.4 MPa and 0.25, respectively. The Mohr—Coulomb yield criterion is
assumed in simulation. For the desert embankment filling with Aeolian sandy soil, the F.S.
equals to 1.36 with non-erosion condition based on the FEM calculation. The wind erosion
areas are divided into 17 cells. Each cell has a width of 0.15 m and a height of 0.75 m and is
subjected to different wind erosion scenarios. Table 5 shows the cell locations and different
wind erosion scenarios. All wind erosion scenarios start from the shoulder of the windward
side. Taking “(e), 1 — 4” scenarios, for example, the wind erosion areas expand gradually as
the cell develops from 1 — 2 — 3to4, which is shown in Table 5. The lateral width of wind
erosion areas is 0.3 m, and the vertical height is 1.5 m. The wind erosion areas on windward
side of section K239 + 400, the measurement locations of friction angle are set from
shoulder level to upper level, from S, to S3 along lateral direction, as shown in Table 4. The
relationship is built between wind erosion areas and friction angle through the measurement
locations and its distance combining Tables 4 and 5. For the cells 1 and 3, the distance is
0.3 m on the shoulder level, corresponding to the measurement location is from S; to S, and
from S, to S, respectively. Then, the average value of friction angle corresponding to the
measurement location from S; to S, is assigned to cell 1, and the average value of friction
angle corresponding to the measurement location from S, to S; is assigned to cell 3. The same
procedure is conducted on the cell 2 and 4 on the upper level. In this way, the average value of
friction angle from cell 1 to cell 4 is 0.5°, 2.1°, 1.4°, and 4.7°, respectively. And other cells
which are not affected by wind erosion are set in 18.1°. At this wind erosion scenario, the F.S.
is 1.34 based on the FEM calculation.

This method reflects a progressive wind erosion process. For a given condition of wind
erosion on the windward side, the factor of safety can be obtained for eighteen cases using
areas affected by seventeen different degrees of wind erosion, and one case which is not
affected by wind erosion. The numerical results are shown in Table 5. As shown in
Table 5, the slope stability of wind-eroded embankment can be affected when the wind
erosion area extends and generates a connected surface as indicated by the dotted line.
When wind erosion areas extend gradually from the connected surface to the core and from
the shoulder to the toe, the factor of safety decreases according to different failure stage,
from stable to unstable scenarios going through different wind erosion influence zone, the
shoulder, upper, lower, and toe level. But the slope global stability of embankment is not
affected, it is just a local instability. If wind erosion continues and wind erosion area
expands further, the global stability of the slope will be on the hazard. Afterwards, the
relationship is discussed between slope stability of wind-eroded embankment and geo-
metric size of embankment. The factor of safety for different embankment heights and
different slope gradients are simulated and listed in Table 5. When the height of
embankment increases and the slope steepens, the wind flow field is disturbed noticeably
and the wind erosion is enhanced on the windward slope. In this case, the factor of safety
decreases and the slope becomes gradually less stable. From the Table 5, when the slope
gradient is 1 V: 3H, the factor of safety is >1.30, so the slope is stable for the height
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Table 5 Factor of safety F.S. for different wind erosion scenarios and its influence factors

Wind
Schematic diagram Wind erosion areas erosion FS
scenarios
Stable  (a) Non- ) 36
erosion
(b) “1” 1.36
Shoulder () “1-2” 1.36
(d) “1-3” 1.34
(e) “1-47 1.34
(03] “1-5” 1.34
Upper (9) “1 67 1.34
(h) “1-77 1.34
()] “1-8” 1.34
(6] “1-9” 1.32
| (k) “1-10”  1.32
. . Lower " )
/1_ 3 /6 /10 17 | 0 1—11 1.32
oz i (m) “1-127 132
A i (n) “1-137  1.32
i (0) “1-14”  1.30
| (2] “1-15"  1.30
Toe
(@) “1-16”  1.30
(r “1-177  1.28
ES. versus different geometric size
Height Slope gradient
(m) IV:3H  1V:2H 1V:1.75H
1.0 1.40 1.35 1.32
1.5 1.37 1.32 1.29
2.0 1.32 1.28 1.25
2.5 1.31 1.26 1.23
3.0 1.30 1.25 1.22

<3.0 m. At the other two kinds of slope gradient, embankment height should be <2 m, and
in this case, wind erosion damage on the slope stability of embankment is weak. Above all,
we can gain some insights from these findings to guide the design of desert highways, it
should be designed with lower and gentler when the influence of wind erosion is con-
sidered, embankment height should be <2 m, and the better slope gradient is slower than
1 V: 3H, to avoid causing the serious disturbance of wind field surrounding the
embankment.

6 Conclusions

A geotechnical hazards assessment on wind-eroded desert embankment was conducted.
Wind field distribution around the embankment and wind erosion resistance of the filler
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were measured in in situ. Some efforts were also made to study the erosion mechanism of
wind-eroded embankment and its slope stability and to verify the correlation between the
laboratory findings and field measurements. The anti-wind erosion ability of embankment
filler is more complex than that of surface soil and has more influence factors. It is a
progressive wind erosion process for embankment slope. Field measurements show that the
ability to resist wind erosion increases gradually from slope surface to the core, and it
decreases gradually from the toe to the shoulder. So, the slope stability gradually decreases
as wind erosion extends from slope surface to the core and from the shoulder to the toe.
When the angle closes to 90°, the ability to resist wind erosion is weaker than other angles.
The maximum lateral erosion depth is about 0.2 times height of the embankment from
these measuring results. In this paper, the approach is creative, and it can be well applied to
research wind erosion mechanism of other earthen structures. These approaches to reveal
wind erosion mechanism and prevent wind erosion development are original ideas based
on the theories of geotechnical engineering. Of course, there are limitations in this study.
Aeolian sandy soil is taken from the edges of Kubugqi desert, Ordos plateau, Inner Mon-
golia Autonomous Region of North China. It can represent the typical grain size distri-
bution in the Inner Mongolia area, but it may not represent the typical characteristics in
other areas in China or in other part of the world. The findings obtained from the field
measurements along Yanhuang first-class highway present a wind erosion mechanism
although there are still imperfections in field measurements, and they need to be improved
in subsequent research. As a measuring method, it is not the best, but it is quite a “portable
instrumentation” suitable for measurement in the desert, and the measuring results could
be provided for comparison to describe wind erosion mechanism from surface erosion to
internal erosion of desert embankment.
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