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HIGHLIGHTS

o A seepage-stress coupling model for rainfall induced loess landslide is used to examine hazard’s occurrence, evolution and implied

mechanism in this study.

o The occurrence of loess landslides are primarily attributed to very special macropore and developed vertical joint structure so that the process
of precipitation infiltration deep into slope tend to be instant and then landslides take place.
o We further analyze the effects of rain intensity, rain duration and initial water content on slope stability or safety factor. At the same time we

can no longer neglect the significant role of initial water content.

o The effect of water content on the shear strength parameters, which is so-called soil weakening or softening, are considered in the model.
Results show that soil weakening would further all the more aggravate slope instability and the cohesion seems to be a more sensitive factor

than friction angle.
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Although rainfall is rare on the Loess Plateau of western China, landslides occur frequently there in
rainy season. Surveys report that landslide hazards always follow heavy rains. In this study, a
seepage-stress coupling model for rainfall induced landslide is used to examine an actual
disastrous event in Yulin by the end of July, 2017. The effects of rainfall duration, rainfall intensity
and soil weakening on slope stability are studied in detail. The results illustrate that the safety
factor drops sharply at first and then is gradually declining to below 1.05 during additional two

Mechanics.

days of heavy rain. With soil strength softening considered, the slope would be more unstable, in
Keywords: which the weakening in soil cohesion is found to be a more sensitive factor.
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Applied Mechanics. This is an open access article under the CC BY-NC-ND license
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Loess, which widely covers western plateau of China, is char-
acteristic of a special macro-pore structure and hydrologic sens-
itivity [1]. It was reported that one-third of China's landslides
happened in loess areas during the period of 2002-2012 [2]. Due
to the macro-pore and vertical joint structure of loess, rapid rain
infiltration leads to immediate rise of saturation and pore pres-
sure along with drop in soil strength, all of which are mainly re-
sponsible for plenty of loess landslides in rainy season. Hence,
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rainfall turns out a primary trigger for this kind of hazard
there[3]. On July 25, 2017, an extremely heavy storm occurred in
Yulin city at the north of Shannxi Province. Then loess land-
slides followed in numerous places, thus resulting in catastroph-
ic disasters. Therefore, the study on loess landslide and seepage-
stress coupling mechanism can no longer be neglected.

In regard to rain infiltration, a number of scholars have ful-
filled extensive studies. Tu et al. [4] carried out artificial rainfall
tests on the slope of Loess Plateau, monitoring the variations of
water content, matrix suction and pore pressure in the soil dur-
ing the process. By using kinetic wave theory and improved
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Green-Ampt model, Chen et al. [5] analyzed water motion in soil
and runoff generation over a loess slope in typical erosion areas.
Mein et al. [6] and Chu [7] modeled steady and unsteady infiltra-
tion with experimental verification, respectively. Tang (8]
presented rainfall threshold of loess landslides based on three
infiltration models in rainfall. Ma et al. [9] combined numerical
simulation with in situ observations to analyze the rainfall infilt-
ration law in shallow loess and demonstrated that rainfall dura-
tion and intensity are most sensitive factors affecting water sat-
uration and slope instability.

In the meantime, direct shear tests under low confining pres-
sure provided unsaturated strength for soil and anisotropic frac-
tured rock mass (Kim et al. [10] and Yang et al.[11]). It can be
clearly seen that the augment in water content could cause drop
in the cohesion and friction angle. Fu et al. [12] proposed a mod-
el for soil softening accounting for temporal variation in strength
parameters. When Cheng et al. [13] presented the relationship
between water content and shear strength for Q5 loess. Han [14]
examined loess landslides due to rainfall and its mitigation.

In summary, so far there are only a few works available on
the stability of loess slope taking account of seepage-stress coup-
ling. The circumstance motivates us to devote this study on rain-
fall-induced landslides of loess slope to gain an insight into its
mechanism.

A seepage-stress coupling model of rainfall-induced land-
slide is formulated by Eq. (1) along with initial and boundary
conditions in Eq. (2) as below:
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where h,, stands for matrix suction head, mm,; C is specific water
capacity, 1/mm; k, and k, are horizontal and vertical hydraulic
conductivity respectively, mm/day; o indicates total stress, kPa;
o' effective stress, kPa; u, pore air pressure, kPa; u,, pore water
pressure, kPa; x represents effective stress coefficient; 17,15
specify the known boundary of calculated domain.

When dealing with slope boundary conditions like Eq. (2), we
assume that (1) when the rainfall intensity is less than the satur-
ated hydraulic conductivity of soil, there is no runoff generation
and the infiltration rate is equal to the rainfall intensity; (2) when
the rain is stronger than the saturated hydraulic conductivity of
soil, the infiltration rate is equal to the saturated hydraulic con-
ductivity of soil. Although this model can be regarded as an ap-
proximation of the rainfall-infiltration such as Green-Amp mod-
el [6], it seems to be fairly satisfactory for the application in loess
landslide studies according to lots of previous calculations.
Then, we have:

_ q q<k57 3
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where g, is the normal infiltration rate, mm/day; q represents
the normal-directional component of rainfall intensity on the
slope (g = g, cos a, g is rainfall intensity, mm/day; o means the
slope angle), mm/day; k; saturated hydraulic conductivity,
mm/day.

In addition, we employ representative empirical formula
(Van Genuchten model) and Garder permeability function to
link suction head and water content:

0 — 0,
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where 6,, means volume water content; 6, residual volume water
content; 6; saturated volume water content;a, m, n are
experimental constants.

1
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where R, is permeability ratio (permeability coefficient
according to/ increase/decrease permeability coefficient at
h=0); a, n are experimental constants.

For slope instability analysis, the strength reduction method
is used in this study and a reduction factor F; should be defined
at first. As the reduction factor is increasing, the calculation con-
tinues until the soil reaches the critical failure. The reduction
factor at this moment is called the safety factor F;, as shown in

Eq. (6).
TF = Cf + Utampf,
e — c
f = Ft’
tan
of =tan! ( 7 99) . (6)

t

Analyses for both steady state and transient seepage condi-
tions were performed on a slope inclined at 53° with the height
of 15 m. Figure 1 shows the slope geometry and calculation mesh
in modeling. Along the left and right boundaries beneath the
groundwater table, a constant head of 12 m is assumed. On the
other hand, a zero flux boundaries are applied along the left and
right sides above the groundwater table. Naturally, the vertical
direction of the slope is an infiltration boundary. An X-X section
in the middle of the slope is selected to monitor the temporal
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Fig. 1. Finite element mesh and boundary conditions of the slope.
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and spatial variations of pore water pressure in the process.

Unevenly distributed rainfall of Yulin is only 570 mm annu-
ally, which is concentrated in the rainy season from July to
September, almost accounting for 75% of the annual amount.
The actual rainfall history in Yulin in July, 2017 is used in model-
ing. The rainfall intensity was recorded as: 60 mm/day in the first
3 days and 200 mm/day in the 5th and 6th days with one whole
day pause in-between.

Table 1 shows the soil strength parameters of local loess in
Yulin used in the calculation. Because of its special structure and
developed vertical joints, loess usually is assumed to be aniso-
tropic, which is reflected in the difference in the horizontal and
vertical hydraulic conductivity.

Figure 2 demonstrates the variation of safety factor versus
time, which drops sharply on the first day, nearly keeps constant
and then reduces to below 1.05 with additional two days heavy
rain. At this moment, the extremely unstable slope is prone to
landslide. The phenomena can be attributed to the macro-pore
structure of loess soil.

Now let's first intuitively view water motion inside the slope
by looking at the nephogram variation of water content there.

Table 1 Soil strength parameters of local loess in Yulin.

v C 14 K, K,
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Fig. 2. Safety factor evolution versus time during the actual rainfall
process.

The soil initially was relatively dry and water content ascended
quickly with the infiltration of rainfall. Figure 3 illustrates that
one more consecutive days of heavy rain enforce rain infiltrate
deep into the ground so that the slope soil becomes saturated.
And then followed underwater table rise.

Moreover, the pore pressure increased correspondingly, as
shown in Fig. 4. It can be clearly observed that the pore pressure
at the slope surface, which is very low before this rainfall due to
the dry soil, was gradually increasing until saturated when tor-
rential rain started.

Figure 5 exhibits pore pressure profiles inside the slope at
section X-X. The rainfall of the first day is responsible the rise of
pore pressure at the slope surface from -180 kPa to -50 kPa.
However, lower pore pressure inside the slope is attributed to
the fact that rain had not yet been infiltrated to the site depth.
Since the rainfall was suspended on the fourth day, we can see
that the soil at the upper layer dried a bit with no water supply
and the infiltration in the soil of deeper layer continued under
the action of gravity. With the onset of a particularly heavy rain-
storm on the fifth day, the pore pressure at the slope surface in-
stantly rose and even close to saturation. The saturation of up-
per soil lead to the rise of pore pressure of the lower soil in the
slope due to the infiltration and the slope stability becomes ex-
tremely poor.

Based on the seepage-stress coupling model we employed,
we have accomplished the modeling of rainfall infiltration pro-
cess in a typical slope of local loess in Yulin according to the ac-
tual rainfall scenario in July of 2017. The simulation exhibits the
slope would be considerably unstable through six days of rain-
fall, which is in accord with the disaster report released by the
Yulin administration at that time, namely, the arrival of this tor-
rential rain indeed triggered many landslide events.

For a deeper understanding of rain induced landslides, we
simulate the variation of water content, pore pressure inside soil
body with the declining in corresponding safety factor for differ-
ent scenarios of rainfall. In particular, we further consider the
consequence brought about by soil weakening or softening so as
to gain an insight into the mechanism how rain infiltration af-
fects slope stability.

Based on the seepage-stress coupling model, the effects of
rainfall intensity on slope stability are demonstrated. Figure 6
displays the variations of safety factor versus rainfall intensity in
five days of continuous precipitation for a slope with initial wa-
ter content of 5%, 10%, 15%, and 20%, respectively. The safety
factor of loess slopes is diminishing with rainfall intensity.
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Fig. 3. Water content distribution after 5 days of rainfall.
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Fig. 4. Pore pressure contour after 5 days of rainfall.
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Fig. 5. Pore pressure profiles in section X-X during rainfall in Yulin.
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Fig. 6. Safety factor evolution versus rainfall intensity.

However, initial water content evidently aggravates the situation
so that the slope is immediately on the verge of instability.

Figure 7 shows the pore pressure diagram for five days of
consecutive rainfall at 20 mm/day, 40 mm/day, and 60 mm/day
with an initial water content of 5% and 20%. Naturally, the pore
pressure inside the slope and infiltration depth grows with rain-
fall intensity. Although the variation for higher initial water con-
tent of 20% seems to be less distinct than that for lower initial

—e— 5%—20 mm/day*5 day —=— 5%—40 mm/day*5 day
—a— 5%—60 mm/day*5 day —+— 20%—20 mm/day*5 day
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Fig. 7. Pore pressure profiles in section X-X with different rainfall
intensity under the initial water content of 5% and 20%.
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Fig. 8. Safety factor evolution versus time under four different ini-
tial water content.

water content of 5%, the slope of higher initial water content
turns out more likely to slide for intense rainfall in reality.

Similarly, we discuss the influence of rainfall duration of 50
mm/day on slope stability for slopes with different initial water
contents of 5% and 20%.



Danyang Zhou et al. / Theoretical & Applied Mechanics Letters 9 (2019) 7-13 11

a 0d 1d 2d 3d

—— 4d

225 ¢

—— 5d

22.0 +

215 ¢

21.0 ¢

H (m)

20.5 +

20.0

19.0

-140 —-120 -100 —

Pore pressure (kPa)

b 0d 1d 2d 3d

—— 4d

225 ¢

—+— 5d

1

-35.0 -30.0 -25.0 -20.0 —-15.0
Pore pressure (kPa)

22.0 ¢

215 +

21.0 ¢

H (m)

20.5 ¢

20.0

Fig. 9. aDaily pore pressure profile with rainfall intensity of 50 mm/day under the initial water content of 5%. b Daily pore pressure profile with

rainfall intensity of 50 mm/day under the initial water content of 20%.

For continuous rainfall, Fig. 8 illustrates that the slope safety
factor markedly declines on the first day and then keeps des-
cending regardless of initial water content. As a result, longer
rainfall certainly leads to less safety factor.

Again we would like to exhibit pore pressure profiles inside
the slope body in Fig. 9. In the case of lower initial water content
of 5%, the pore pressure observably grows from -128 kPa to -50
kPa on the first day and then continues to gradually rise. In con-
trast, the variation of pore pressure in the slope from -31.5 kPa to
-22.5 kPa for initial water content of 20% is not so apparent due
to less infiltration though, the slope is certainly more critical for
landslide.

Anyway, as the rain gradually infiltrates into the interior of
the slope with longer duration of rainfall, the distribution of wa-
ter content and pore pressure become more uniform. The slope
is on the verge of failure and very probably a landslide might
take place.

Actually, dramatic change in the stress strength or even its
constitutive behavior of soil for different saturability might oc-
cur. Hence, further examination on the effects of soil weakening
is necessary. The strength parameters of soil as the functions like
Eq. (7) are provided in the literatures [13, 14]:

C = C(0),
v =(0). @)

Fig. 10. Simplified water content distribution after the same rain-
fall scenario.

We still take the same typical slope in Yulin as an example
and calculated the seepage field of the slope in the same rainfall
scenario at first. When the spatial variation of water content in
soil is given, the slope soil can be divided into a number of lay-
ers according to its water content as shown in Fig. 10. At the
same time, we are able to find corresponding strength paramet-
ers for each layer of local loess in Table 2.

To explore the effects of seepage-stress coupling accounting
for soil weakening, we have simulated three cases by consider-
ing (1) only weakening in cohesion, (2) only weakening in fric-
tion angle, and (3) weakening in both cohesion and friction
angle. Figure 11 gives the variation of safety factor with time for

Table 2 The shear strength of soil corresponding to different water
contents.
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C (kN/m?) 16 12.6 3 1
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095
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Fig. 11. Change of safety factor with time under uniform and un-
even slope strength.
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uneven slope strength. The results are displayed in Fig. 11.

The safety factor of the slope generally declined from 1.3 to
1.04 on the sixth day of rainfall. In contrast, the safety factor of
the slope descends more rapidly when soil weakening effects is
considered. For instance, the safety factor tends to 1.05 on the

second day and even less than 1.0 on the third day. In addition,
the weakening in cohesion is found more sensitive to slope in-
stability than friction angle.

Let us look at the status of plastic strain cloud on each day.
Figure 12(a-c) demonstrate that the effective plastic strain all

E-EFECTIVE PLASTIC

+5.000 e+000
+2.494 e+000
+1.436 e+000
+7.370 e-001
+3.353 e—001
+1.253 e-001

+0.000 e+000

E-EFECTIVE PLASTIC

+5.000 e+000
+7.500 e—001
+5.386 e—001
+3.764 e—001
+2.224 =001
+9.032 e—002

+0.000 e+000

E-EFECTIVE PLASTIC

+5.000 e+000
+4.188 e+000
+3.389 e+000
+2.576 e+000
+1.749 e+000

+8.571 =001
+0.000 e+000

Fig. 12. a Effective plastic strain cloud diagram of slope after 1 day rainfall with weakening effect. b Effective plastic strain cloud diagram of
slope after 2 days rainfall with weakening effect. ¢ Effective plastic strain cloud diagram of slope after 3 day rainfall with weakening effect.

starts at the foot of the slope. Moreover, it almost penetrates the
loess slope on the second day and the slip zone appears on the
third day, which is responsible for why the safety factor drops so
dramatically when soil weakening is taken into account.

Loess landslides, which often trigger catastrophic disasters of
western China in rainy seasons are still not well-understood.
Hence, a seepage-stress coupling model is used to examine haz-
ard's occurrence, evolution and implied mechanism in this
study. Numerical modeling is fulfilled for a typical slope of local
loess experiencing actual rain process of July, 2017 in Yulin. The
simulated results lead us to come to the following conclusions.

(1) Loess slopes when subjected to a heavy rain are prone to
instability and landslide. The consequences are primarily attrib-
uted to very special macropore and developed vertical joint
structure so that the process of precipitation infiltration deep in-
to slope tend to be instant and then landslides take place.

(2) The first role of rain is to fill in a layer of loess through
these pores and fissures, then water content and pore pressure
increase immediately. The followed reduction in effective stress
would lower the resistance capability of a slope to sliding. We
further analyze the effects of rain intensity, rain duration and ini-
tial water content on slope stability or safety factor. At the same
time we can no longer neglect significant role of initial water
content.

(3) As a matter of fact, the stress strength or constitutive rela-
tionship of soil is heavily dependent on water content, which is
so-called soil weakening or softening previously neglected.
Based on the given cohesion and friction angle functions on wa-
ter content in literatures, we found that soil weakening would
further all the more aggravate slope instability and the cohesion
seems to be a more sensitive factor than friction angle.

In a word, the model of soil weakening due to water invasion
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isstillunclear [15]. However, it atleast reflects the change of failure
mode from deep slide to shallow slide, which is more close to
reality of loess landslide. This might open another door to reveal
how to model progressive landslide and transition to debris flow.
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