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Abstract

The pore air pressure of the soil layer has an obstructive effect on the infiltration of the rainfall-induced landslide.
Therefore, the hydraulic hysteresis caused by air entrapment in the infiltration process of the slope also reduces the
anti-sliding force of the slope. A method considered the air entrapment of the closed gas in soil particles’ pores is
developed to study the time-delay effect and slope stability during rainfall. The Green—Ampt infiltration model is used
to obtain the explicit analytical solution of the slope infiltration considering air entrapment. Moreover, the relationship
between the safety factor, the rainfall duration, and the depth of the wetting front under the three rainfall conditions
(G,5in=10, 26, 51 mm/h) is discussed. The results show that the air entrapment causes a significant time-delay effect of
the landslide, and the hydraulic hysteresis is the strongest under the condition of heavy rainfall (g,,;,=51 mm/h). The
air-entrapment will have a supporting effect on the wetting front and reduce the slope normal stress. In infinite slope

cases, the air entrapment under violent rainfall (g,,,, =51 mm/h) will greatly reduce the slope safety factor.
Keywords: Rainfall-induced landslides, Infinite slope, Green—-Ampt model, Air entrapment, Hydraulic hysteresis

Introduction

Rainfall-induced landslides are the most common type
of landslide disaster (Higgitt et al. 2014; Li et al. 2020a,
b), which caused devastating disasters to mountain resi-
dents, such as many economic losses and casualties (Saito
et al. 2017; Fustos et al. 2020; Yang et al. 2020).

The Green—Ampt (GA) model is similar to Darcy’s law
(Huo et al. 2020), so the model has a clear physical mean-
ing and good scalability. Since GA model was proposed,
it has been widely used in infiltration research. Many
studies have made various amendments and supplements
on the application conditions of the GA model, such as
determining hydraulic parameters, the approximate solu-
tion of the theory, and the error analysis. A modified GA
infiltration model was applied to the infiltration of stable
rainfall conditions (Mein and Larson 1973), whereby, an
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improved GA model suitable for slope rainfall infiltration
was proposed, and the sensitivity analysis of geometric
parameters was performed (Chen and Young 2006); the
optimal parameters of the GA model for the sand, sandy
clay, and clay under the rainfall were obtained (Chen
et al. 2015a, b). In general, the original GA model is used
with the infinite slope model. The application range of
these improved methods has been extended to landslides
all over the world (e.g., Muntohar and Liao 2009, 2010;
Zhang et al. 2017; Wu et al. 2018). In addition, the rain-
fall threshold is used as one of the indicators of rainfall-
induced landslides (Cheng et al. 2020). Rainfall threshold
is a common tool for analyzing the time-domain relation-
ship of landslide disasters (Martinovi¢ et al. 2018). There-
fore, the saturated hydraulic conductivity is usually used
as the critical rainfall intensity threshold for the ponding
water on the slope. In this paper, three rainfall inten-
sity conditions are designed to investigate the impact of
air entrapment on the stability of infinite slopes during
rainfall.
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The rainfall infiltration process and the slope failure
are not entirely synchronized for the rainfall-induced
landslide. Compared with rainfall, landslide hazards
often have hysteresis and have a noticeable time-delay
effect. The time-delay effect is mainly caused by the air
entrapment during rainfall (Lu and Likos 2006; Lu et al.
2013; Chen et al. 2015a, b). The effect of air pressure in
the soil during rainfall when the pores are closed was
verified by Wang et al. (1997, 1998) through laboratory
seepage tests. Test results pointed out that when the air
overcomes the critical air pressure and breaks through
the saturated soil layer and escapes the atmosphere, the
pore air pressure of the unsaturated soil layer decreases.
However, the air entrapment theory is mainly used in
agricultural irrigation (Vereecken et al. 2019; Gongalves
et al. 2020). A laboratory test suitable for the Masa sandy
loam soil from weathered granite rock and a TUAT light
clay and soils from volcanic ash considering the effect of
air entrapment on hydraulic conductivity was performed
(Sakaguchi et al. 2005). Exhausted the air between pores
in a vacuum environment, and then immerse in the water
again to trap the air. The hydraulic conductivity meas-
ured by the falling head method decreases as the air con-
tent increases. An approach to combine the generalized
stress framework with the suction stress retention and
the suction stress characteristic curve was proposed (Lu
and Godt 2008; Chen et al. 2017). The modified method
indicated that it is necessary to consider the hydraulic
hysteresis caused by air entrapment in rainfall-induced
landslides. Otherwise, the failure possibility of the infinite
slope will often be underestimated. The hydraulic hyster-
esis of the wetting front is verified by field and laboratory
experiments, and the difference in soil between dry and
wet conditions is critical for rainfall-induced landslides
(Ebel et al. 2018). Whereas, the existed methods did not
quantify the effect of air resistance and consider the pro-
cess of increasing air entrapment in the strength failure
criteria.

In summary, the objective of this paper is to develop
a novel method based on air entrapment theory and the
infinite slope model to simulate the infiltration in slopes
and analyze the stability of rainfall-induced landslides.

Method

Assumptions

Rainfall-induced landslides have been an essential issue
that geotechnical engineers have been paying attention
to for a long time in geological disasters. However, the
actual slope is often complicated. Therefore, to facili-
tate the solution, the infinite slope is usually used as the
study object. The following assumptions need to be given
before deriving the model:
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1. The rainfall is uniform, that is, the rainfall intensity is
constant;

2. When rainfall intensity is greater than the saturated
permeability coefficient, the soil above the wetting
front is saturated. Unsaturated soil with initial mois-
ture content below the wetting front. In contrast, the
soil is unsaturated.

3. The bottom of the slope is regarded as impermeable
bedrock, and the impact of groundwater on infiltra-
tion is not considered.

4. The infinite slope in this paper is the clay slope.

Assumptions (1)—(3) are the assumptions of the
Green—Ampt infiltration model in published literatures
(Chen and Young 2006; Huang et al. 2008; Cevasco et al.
2014; Dolojan et al. 2021; Zhang et al. 2020). Assumption
(4) is the applicable condition of the slope safety factor
calculation method proposed in this paper.

Improved Green-Ampt infiltration model
a. Traditional Green—Ampt infiltration model

The ground is considered horizontal in the tradi-
tional GA model (del Vigo et al. 2021), and its expres-
sion is

i = g2t ”if +h 1)

where i(f) is the infiltration rate at time ¢ z is the
depth of the vertical wetting front; % is the depth of
ponding water; y; is the suction at the wetting front;
K, is the saturated permeability coefficient.

The application of GA model in slopes is different
from that of horizontal ground, and the impact of
slope angle on infiltration rate needs to be consid-
ered. The infiltration rate i; determined by the rain-
fall intensity in the slope is

i1 = QGrain COS A 2)

where g, is the rainfall intensity; a is the slope
angle.

During rainfall, the cumulative amount of infiltrated
water (F) in the slope is obtained by the following
equation:

F = 2w (0s — 6) (3)

where z,, is the depth of the wetting front on the ver-
tical slope (as shown in Fig. 1); 6, and 6, represent the
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The air in the
pores is compressed

Fig. 1 Porous air compressed-escaped process

saturated moisture content and the initial moisture
content, respectively.

After the GA model is extended to the slope, the
Eq. (1) can be rewritten as

zZwcosa + e+ h
Zyw COS & ’

i(t) = (4)

Substituting Eq. (3) into Eq. (4), the relation between
Fand i(f) can be obtained:

Os — 6; h
P B Wt h o
i(t)/Ks — cosa

. Light rain-nonponding water model (g4, <K})

When the rainfall intensity g,,;, is less than the sat-
urated permeability coefficient K, there will be no
ponding water during the entire infiltration process.
Therefore, it is necessary to solve the volumetric
moisture content of the soil under the unsaturated
state (Almedeij and Esen 2014). Van Genuchten (VG
model) soil-water characteristic curve is usually used
to describe the unsaturated hydraulic properties of
soil (van Genuchten 1980). The expression of the VG
model is

9+&h<0
oy =< [1+ @|nph]™ ©6)

Os,h >0

where 6(h) is the volumetric moisture content func-
tion; 6, is the residual moisture content; / is the
pressure head; @ and # are the recommended model
parameters [in this paper, a=3.5 m~! and n=1.5
(van Genuchten 1980)], and m=1-1/n.

The relationship between rainfall intensity and pres-
sure head is

— 2
(1= @lmly 1 [1+ @lm)) ™}
[1 + (a|hw‘)n} i/

qrain = Kg

(7)

where /1, is the pressure head when the moisture
content reaches 6,,.
By Eq. (7), the volumetric moisture content when
the pressure head is 4, can be obtained. Moreover,
according to Eq. (3), the relationship between infiltra-
tion depth z,, and time ¢ is

qraint

e = by — 6) cosa’

(8)

. Heavy rain-ponding water model (q,,;, > K)

When the rainfall intensity is greater than the satu-
rated permeability coefficient, the soil above the wet-
ting front is fully saturated at a specific infiltration
time, and the air in the pores cannot be discharged.
Therefore, when considering the pore gas pressure,
the infiltration rate is mainly controlled by the per-
meability of the soil itself. Equation (3) can be written
as
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im:&%+mw?+%—w 9)

where /1,¢ is the air pressure under the wetting front;
hy is the ponding water depth of the slope surface.
When ponding, infiltration rate i(¢) is considered to
be equal to rainfall intensity. Substituting Egs. (3) and
(9) into Eq. (5), then the accumulated infiltration vol-
ume F, when water accumulates can be obtained:

(0s — 6) (Yg + ho — haf)'

F, =
Grain/Ks — cos o

(10)

According to Eq. (10), the critical infiltration time £,
can be obtained:
Fy  AO(Yr+ ho — hy)

t, = =
P Grain Grain (Grain/Ks — cos o)

(11)

where A0=0,— 0,
The critical wetting front depth z, can be expressed
as

Ve + ho — hat

= G/ K. —cosa’ (12)

Zp
According to Darcy’s law, the analytical relationship
between the depth and time of the wet front can be
obtained as

t = Zt;vrﬁf,Zw < Zp (13)
lp+A—B,zyw > 2p
where A and B are, respectively:
_ Ab8(zw—zp)
A= Ks cos
B— AO (Ygt+ho—hyp) In Yetzw cosat+ho—has \
- K cos2 o Ytz cos a+ho—lf
(13a)

Equation (13) is the GA model without consid-
ering the air entrapment. However, when ponding,
the infiltration process is potentially affected by air
compression ahead of the wetting front. As shown
in Fig. 1a, the pore gas of the soil layer cannot escape
from the slope in time during the downward move-
ment of the wetting front. Therefore, the air under the
wetting front is compressed, and the pore gas pressure
gradually increases. When the pore pressure increases
to a specific value (air-breaking value H,), the air will
break through the air-liquid interface to form bubbles
and escape from the slope body (Fig. 1b).

Air entrapment theory
In summary, when considering the air entrapment effect,
the pore gas pressure cannot be regarded as a constant.
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Theoretically, the pore gas pressure is related to the
infiltration. In view of this, the reduction effect of pore
gas has been verified through tests (Wang et al. 1997,
1998). Furthermore, analytical infiltration equations
are also derived from the Green—Ampt model. It can be
seen from the test results that the infiltration process is
divided into two stages when ponding and air entrap-
ment is considered (Fig. 1a, b). The air-breaking value Hj,
and the air-closing value H_ are used to describe the pres-
sure head /1, in the pore (Wang et al. 1997), and the Hj
an H, can be expressed as

Hy, = ho + zw cosa + hyy, (14)

H. = hy + zywcosa + hyyp (15)

where /1, is the air-bubbling capillary pressure value; /1,
is the water-bubbling value.

The pore gas pressure after considering air entrapment
can be expressed as

Hy, + H, h h
Mot e cosa -+ hg 4 2T b

h =
af 9 9

(16)

Therefore, in the process of gas compression, when the
pressure is maximum, an air-flow barrier will be formed,
and the infiltration rate i, ; in this state is 0 m/h. Accord-
ing to Eq. (9), the infiltration depth z, when the air pres-
sure reaches the maximum value can be calculated:

1
20 = g(hﬁ + g + B2y + B?) + hpho + hphy,

[T

+hohy, + hyuB + hop — hpB]

1
——(hp+ho+h B
2(b+ 0+ Iy +B) + 2z (17)
where B is the depth of air-flow barrier below the soil
surface, which is obtained by the test (Wang et al. 1997).
The infiltration time consumed when the infiltration
rate is the smallest (the pore pressure is the largest) is

20

o= — + .
0= th

(18)

Calculation of infinite slope safety factor

For infinite slopes, the critical slip surface is often the
wetting front. Therefore, the wetting front is regarded as
the critical slip surface in this paper. The normal stress o,
and sliding force 7 at the bottom of the soil slice can be
obtained:

(19)

On = VsZw cos’a — ywho cos®
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T = YsZw COS ¥ Sin ot (20)

When the wetting front moves downward, the pore gas
in the unsaturated soil layer below the wetting front is com-
pressed, forming an air-liquid interface at the wet front
(Fig. 1). The compressed pore gas plays a supporting role
on the upper saturated soil layer and slows down the ten-
dency of rainwater infiltration. Therefore, the supporting
force in the lower part of the wetting front can be written
as

Py, = ywhys cos® a + u,. (21)
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According to the Mohr—Coulomb criterion (Duncan
et al. 2014; Renani and Martin 2020), the safety factor at the
wetting front can be obtained as follows:

FOS — cd + (op — Py) tan ¢’ + uy tan gob’
T

(22)

where ¢’ is the effective cohesion; ¢’ and ¢ are the effec-
tive internal friction angle and the internal friction angle
related to suction, respectively.

Substituting Eqs. (19)—(21) into Eq. (22), the slope
safety factor considering air entrapment can be obtained:

Improved Green-Ampt infiltration model

_______________ |
— qraint :

Y (0,-6)cosa !
I

1
1
Iz
1
1
1

Suitable for slope
Green-Ampt model
ertnptme®® ¥ infiltration Ponding water
S
I
! z,A0 , <z !
] 2w P |
________________ DR, A I =9 G !
1 1 I
Lo z+y,+h Cl Lz cosa+y, +h : ! t,+A-B,z, >z, |
0=k, O Bt Loy | |
. z [ z, cosa e Wittt
L I T
I |
e e e e e e e e e e - - = L
[} 1
| hy+h
: haf=zw+h0+ 2 = :
| 2 |
|
Air entrapment theory
(Wang and Feyen 1997)
Infinite slope stability calculation model
T T
Input parameters: Mohr  Coulomb | c¢'+(o,—P)tang'+u, tan @ i
- L - » = n""a w :
c,a, @, s, pw strength criterion : s r : :
L e o o

Fig. 2 Calculation flow chart
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C/

Fs =

=—————— + cotu tan (p’
YsZw COS ¢ SIn o

4 Yw cos a tan ¢’ (hg — hyp)
VsZw Sin o
u, tan ¢’

VsZw COS & Sin o

Y g tan P
VsZw COSCQ Sin QL

(23)

The pore gas pressure after considering the air entrap-
ment can be obtained by Eq. (16). Equation (23) is the
calculation method of slope safety factor considering air
entrapment. The implementation steps of the method
proposed in this paper are shown in Fig. 2.

Validation

Many studies on the infiltration of layered soil have been
carried out in recent years, and a method based on the
same air entrapment theory (Wang et al. 1997, 1998)
as in this paper has been proposed (Gan et al. 2019).
In Gan’s method, one-dimensional infiltration-runoff
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experiments were used to measure the total infiltration
considering air entrapment. Therefore, the total infiltra-
tion test results are used in this paper to verify the theo-
retical solution in this paper. Clay and sand were studied
in one-dimensional infiltration-runoff experiments, but
only the theoretical solution applicable to clay was veri-
fied in this paper. The hydraulic parameters of the soil
used in the experiment are given in Table 1, and the other
parameters are consistent with the clay in this paper.

In Fig. 3, the simulated data with traditional method
is calculated by Eq. (10), the measured data is obtained
through one-dimensional infiltration-runoff experi-
ments, and the simulated data with air entrapment is
obtained by the method proposed in this paper. It can be
seen from Fig. 3 that the results of the traditional method
and the test results have a large error, and the error
becomes more and more significant with the progress
of the infiltration process. The results of the proposed
method are consistent with the trend of the test results,
but the theoretical solution is smaller than test results
on the whole. The air entrapment theory (Wang et al.
1997, 1998) believes that air is compressed during the

Table 1 Soil hydraulic parameters for the one-dimensional infiltration-runoff experiment

[=)}
T

Soil type 6,/(%) 0,/(%) 0./(%) k/(cm/min) a/lcm™") h,p/(m) h,,/(m)
Clay 9 41 46 0.0018 0.008 1.25 0.52

.20 N | L N S | | I LN T ]

| ¢ Measured Data b

[ —— Simulated Data (Air entrapment)

W

9] (O8] E*N

Accumulated infiltration volume £, (m)

—— Simulated Data (Taditional method)

Rainfall duration #(h)

Fig. 3 Relationship between the accumulated infiltration volume and rainfall duration
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infiltration process, and the pore gas pressure drops rap-
idly after exceeding the air-breaking value. Then this pro-
cess is repeated again, but the difference is that each time
this process is repeated, the pore gas pressure is lower
than the previous pore gas pressure, so the pore gas pres-
sure should be described by a non-linear reduction func-
tion. Unfortunately, it is difficult to test the porous air
compressed-escaped process, so the linear relationship
suggested by Wang (1997) is used to describe this paper.
However, overall, the accuracy of the proposed method is
much higher than that of the traditional method.
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Application

A method to consider the impact of air entrapment on
slope stability was also proposed by Chen et al. (2017),
which is compared with the proposed method in the
following. In this method, hydraulic hysteresis caused
by air entrapment is described by suction stress char-
acteristic curve (SSCC) and soil water retention curve
(SWRC). The suction stress described by SSCC and
SWRC can be obtained by Eq. (24). It can be seen from
Eq. (24) that there are many physical parameters, and
many tests are required to calibrate the parameters,
which is more complicated for geotechnical engineers:

In [(1 + Qrain/1<s)e_awazwyw - Qrain/1<s]

Uy

Smwa — St (24)

@2 (1 + {—In[(1 + Grain/Ks)e@" 267 — grain /K] }r#2)

a_l)/nwa 1 _ Sr

361A
olluvial

andstone

341

Above sea level (m)

L2 U e e

331

T

T

321
0

Horizontal distance (m)

Fig. 4 Schematic diagram of the field monitoring hillslope in
Alameda County, California (Chen et al. 2017)

Table 2 Parameters for Bay Area landslide (Chen et al. 2017)

Parameters Colluvial soil Parameters Colluvial soil
c'/(kPa) 1.0 Grair/ (M/5) 252%x 107
0'/() 20 h,/(m) 0.54

®°/() 6 P/ (M) 023

a/(®) 34 ky/(m/s) 259% 107
Yl (KN/m?) 0.81 a"?/(kPa~") 0.17

v/ (kN/m?) 20.00 n“e 2.20

0/(%) 0.50 Shawa 0920

ae) 34 S, 0.380

where a™® and #"* are empirical parameters; Sy, is the
degree of saturation when a soil is wetting to zero suction
state under the free wetting condition.

An actual landslide located in Alameda County, Cali-
fornia (Fig. 4) was used in Chen’s method, so it was
used to verify the proposed method in this paper. The
detailed calculation parameters are given in Table 2.
The Bay Area landslide is covered by the silt of approxi-
mately 1 m, derived from the weathering products of
the underlying sandstone bedrock. Therefore, the Bay
Area landslide satisfies the Assumption 4 in “Assump-
tions” section.

The relationship between slope safety factor and infil-
tration depth is shown in Fig. 5. It can be seen from Fig. 5
that the slope safety factors of the proposed method and
Chen’s method both show a downward trend as the infil-
tration depth increases. In the early stage of infiltration,
the difference in safety factor between Chen’s method
and the proposed method is due to the fact that the suc-
tion given in this paper is a fixed value. Furthermore,
as the wetting front depth increases, the safety factor
obtained by the proposed method decreases faster. This
is because air entrapment in Chen’s method is described
by suction, which does not reflect the increasing char-
acteristics of air entrapment. However, in the proposed
method, the air will be compressed as infiltration pro-
cesses, the pore gas pressure increases, and the normal
stress decreases accordingly. In addition, the proposed
method has the advantages of fewer parameters, conveni-
ent use, and easier estimation of the slope safety factor.

Results and discussion

The shallow infinite slope (the schematic diagram is given
in Fig. 6) is used as the case to investigate the impact of
air entrapment. The detailed slope geometric parameters
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Factor of safety

0.8 |

22 I

20 F —— Chen's method
Proposed method

8 g = 2.52%10°7

16k K, =2.59x10"

0.6
0.0

0.6 0.8 1.0

Wetting front depth (m)

Fig. 5 Relationship between safety factor and infiltration depth

Fig. 6 Schematic diagram of the infinite slope

Table 3 Soil physical parameters and rainfall conditions

yd/(kN/m"') ys/(kN/m3) cpb/(°) P/ (m) Condition 1 g,,;,/(m/h) Condition 2 g,,;,/(m/h) Condition 3 g,,;,/(m/h)
16.5 217 6 0.06 0.01 0.026 0.051

Table 4 Hydraulic parameters

Yo/ (KN/m) K,/(m/h) 0./(%) 6,/(%) 0,/(%) h,,/(m) h,,/(m) h_¢/(m)
9.8 0.0248 45 10 15 13 06 0.35
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141 —— Case 1 (g,,, = 10 mm/h) Non air entrapment Gqin = 26 mm/h ]
13t — Case 3 (¢,,, = 26 mm/h) e Case 2 ]
Eia| —— Case5 (g, =51 mm/h) E e ]
= S L0F T -
B LOF 4 =2 Grain =21 mm/h
by < .
= - Case 4
=09 = osh : 4
g 2 ——Case 5
& 08 5 E—
,%Do.ﬁ E 0.6 7
£ S
Sost - ; ol ]
204 E
0= 0.2 =1
0.1 J
(a) (b)
0.0 " " N 1 " " 1 " " " 1 " " N 0.0 1 1 1
0 5 10 15 20 0 5 10 15 20
Rainfall duration (h) Rainfall duration (h)
Fig. 7 Changes in the depth of the wetting front during rainfall

Table 5 Calculation cases of shallow infinite slope

Table 7 Time-delay effect of infiltration process

Parameters Case 1 Case2 Case3 Case4 Case5
Grain/(M/h) 0.01 0.026 0.026 0.051 0.051
Whether to con- No Yes No Yes No
sider air entrapment

tp/(h) 2.86 2.86 032 032
z,/(m) 0.21 0.21 0.05 0.05
t/(h) 322 0.39

zy/(m) 0.23 0.07

Table 6 Classification criteria of rainfall intensity (Cheng et al.

2020)
Term Criteria
Light rain <2.5%107%/(m/h)

2.5% 107 ~0.01/(m/h)
0.01-0.05/(m/h)
>0.05/(m/h)

Moderate rain
Heavy rain
Violent rain

and mechanical parameters are shown in Table 3. The
detailed hydrological parameters are shown in Table 4.
Furthermore, critical values and rainfall intensity are of
the five cases are listed in Table 5, and the other param-
eters are the same as those in Tables 3 and 4. It is worth
noting that the selection criteria for the three rainfall
conditions given in Table 5 are given in Table 6. Since the
rainfall process during light rain is slow, the case of light
rain will not be discussed.

z,,/(m) t/(h) At/(h) Infiltration stage
Case 2 Case 3

0.05 0.67 0.67 0 Non-ponding water stage

0.1 1.35 1.35 0

0.15 2.02 2.02 0

0.2 2.69 269 0

0.25 3.56 3.38 0.18 Ponding water stage

03 535 4.09 1.26

0.35 7.32 4.84 248

04 9.34 5.60 374

045 11.38 6.37 5.01

0.5 1343 7.17 6.26

Hydraulic hysteresis caused by air entrapment

The relationship between the depth of the wetting front
of the five cases and the rainfall duration is shown in
Fig. 7. The soil physical parameters and hydraulic param-
eters are shown in Tables 3 and 4. In Fig. 7a, the results
without the air entrapment are given by Egs. (8) and
(13). When considering the air entrapment, substituting
Eq. (16) into Egs. (8) and (13), the curve in Fig. 7b can be
obtained.

The ¢,,, of Case 1 is less than K, so there is no air
resistance in the infiltration process. It can be seen from
Fig. 7a that the curves of Cases 2 and 3 are steeper than
Case 1. This is because when ¢,,;, exceeds K; of the soil,
the infiltration is determined by the permeability of the
soil. In Fig. 7b, when the rainfall duration exceeds the
critical time £, the air entrapment gradually takes effect.
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Fig. 8 Relationship between safety factor and rainfall duration




Zhang et al. Geoscience Letters (2022) 9:8

Cases 2 and 4 have obvious hydraulic hysteresis. Moreo-
ver, the air entrapment is the most significant in Case 4.
The time for Cases 2 and 3 to reach a specific depth of
infiltration is given in Table 7. It can be seen from Table 7
that air entrapment has a significant time-delay effect on
the infiltration process. Whereas, as the depth of infiltra-
tion increases, the time difference between Cases 2 and
3 infiltration becomes larger and larger. Therefore, as the
infiltration progresses, the time-delay effect becomes
more obvious.

Infinite slope stability analysis

Here, the traditional shear strength theory method and
the proposed method (Eq. 23) are used to calculate the
safety factor. The relationship curve between safety factor
and rainfall duration is shown in Fig. 8. It can be seen from
Fig. 8a that the decrease rate of the slope safety factor of
violent rain (Case 5) is greater than that of moderate and
heavy rains (Case 1 and Case 3). In the later stage of infil-
tration, the safety factors of Cases 3 and 4 tend to be the
same, because the upper soil layer is completely saturated.

It can be seen from Fig. 8b, c¢ that air entrapment
reduces the slope safety factor. Under violent rain, air
entrapment has a greater impact on slope safety factor
than heavy rain. This is because in a short period, the gas
is compressed and the pore gas pressure increases rap-
idly. It is worth noting that the safety factor of Cases 3
and 5 is always greater than 1 during the infiltration pro-
cess, while the safety factor of Case 2 is less than 1 when
the infiltration time is 15.08 h, and the safety factor of
Case 4 is less than 1 when the infiltration time is 7.52 h.
This shows that it is necessary to consider air entrapment
in slope stability evaluation.

In the current study, the proposed method is only appli-
cable to infinite slopes. Therefore, the proposed method
will be extended to two-dimensional infiltration in future
work, and the limit equilibrium method or limit analysis
method will be used to estimate the slope safety factor.

Conclusions

In this paper, an analytic solution of rainfall-induced land-
slide considering air entrapment is proposed by combing
the Green—Ampt model and the unsaturated soil shear
strength criterion. Furthermore, the rainfall-induced land-
slides stability and time-delay effect caused by hydraulic
hysteresis are also investigated. In summary, the following
conclusions can be drawn:

1. During the process of rainfall infiltration, the pore
gas pressure keeps increasing due to the air entrap-
ment. Moreover, air entrapment will reduce the nor-
mal stress and safety factor of the slope.
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2. When considering the effect of air resistance, the
delay time of infiltration is up to 6.26 h, which has the
obvious time-delay effect. Therefore, the air entrap-
ment should not be ignored in slope stability analysis.

3. The hydraulic hysteresis caused by air entrapment
under violent rainfall conditions is the most obvious,
and the slope safety factor is significantly reduced.
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