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The forecast of failure time of unstable slope and the definition of early warning

threshold are very important for preventing landslide disaster and reducing its

losses. Based on the monitoring curve of unstable slope deformation varying

with time, the mathematical models are used to accurately describe the

nonlinear creep behavior in the initial creep stage and the unstable creep

stage of unstable slope and a forecasting method for creep landslide is

proposed. In addition, this study examines an improved tangential angle

criterion obtained by a new forecasting method. The results show that the

initial creep stage of unstable slope can not be neglected for forecasting the

failure time. The initial creep velocity v0 and the viscoelastic hysteresis

coefficientξof the slope are determined at initial creep stage, which together

control the creep process of the unstable slope. Moreover, in the secondary

creep stage, there is an inverse relationship between the velocity and the critical

tangential angle. According to the average velocity of the secondary creep

stage, the early warning criterion of the landslide tangential angle is proposed.

Combined with the forecast parameters of the unstable slope, comparative

analysis of the critical tangential angle warning criterion and an improved

tangential angle criterion, the early warning and forecasting system of

landslide with creep characteristic is established. This system is applied to

the early warning and forecasting analysis of reported soil and rock

landslides cases with creep characteristics. The forecasting effect and

applicability of the new method are studied in order to make it a better

supplement to the early warning strategy of landslide.
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Introduction

Landslide hazards not only threatened the human life but

also cause serious and destructive effects on the environment,

resources, and construction practices. An analysis of historical

records showed that from 1410 to 1999, at least 996 landslides

occurred in Italy, resulting in 12,421 casualties (Guzzetti, 2000).

As recently as October 1963, the catastrophic Vaiont landslide

occurred in Italy, approximately 2.5×108 m3 in volume, the

Vaiont landslide caused more than 2000 deaths (Tika and

Hutchinson. 1999). An analysis of Canada’s fatal landslide

data-base from 1840 to 1996 shows that approximately

600 people died in 84 landslide events (Evans, 1997). In

Newfoundland alone, as many as 68 fatalities due to

landslides have occurred (Liverman et al., 2001; Evans et al.,

2005). In the data-base of landslide records from 1978 to 2005,

Nepal has suffered a total of 397 fatal landslides, causing

22,179 deaths -an average of 78 deaths per year (Petley et al.,

2007). Recently in Nepal, from June 10 to 15 August 2007,

70 people died in landslides (Dahal and Hasegawa, 2008). In

China, 10,000 people were killed as a result of a series of

catastrophic landslides triggered by the 1920 Haiyuan

earthquake (Ms=8.5) (Wang et al., 2014; Pei et al., 2017; Zhou

et al., 2021; Cui et al., 2022). At present, landslides occur in

almost all areas of China, the most serious of which have been

recorded from provinces in Western China. In the past 20 years,

landslides have caused about 1,000 deaths per year in Western

China (Huang, 2009; Zhang et al., 2019a; Ye et al., 2020a; Li et al.,

2021a; Cui et al., 2021). Therefore, landslides and their related

ensuing hazards have caused significant casualties and economic

losses worldwide (Borgatti et al., 2006; Collins, 2008; Zhang et al.,

2017; Ye et al., 2020b; Li et al., 2021b; Li et al., 2022).

In order to reduce the serious damage caused by landslide

disasters, accurate warning and forecasting is critical. The

evolution and development of landslides are affected by many

factors, such as topography, geological structure and extreme

environment, which cause the deformation behavior of

landslides to be nonlinear, making the early warning and

forecasting of landslides very difficult. Nevertheless, great

achievements have been obtained by the study of landslide

warning and forecasting methods. For example, regression

predicting methods to perform the forecasting relied on

Lyapunov functions (Huang et al., 2009), extreme learning

machines (Huang et al., 2017), artificial neural networks

(Mayoraz and Vulliet 2002), and bionics algorithm (Gao

2014). Complex correlations between triggering factors and

landslide failure were used for landslide prediction (Li et al.,

2018). However, the intrinsic failure behavior and critical failure

criteria of landslide are typically not taken into account in these

approaches to landslide forecasting and warning. In these past

approaches, the methods of regression and bionics algorithm for

prediction failure time of the landslide are considered only a

coincidence, and further verification and improvement in

engineering practice was proposed (Qin et al., 2002; Chen

et al., 2018). Further research shows slow creep of landslide to

be the strain of rock and soil material itself, which is time-

dependent under constant load dominated by the gravity field.

For the soil and rock unstable slopes with time -dependent

failure, this kind of slope is a dynamic development process,

which undergoes long-term deformation from beginning to

failure, and sliding deformation had the characteristics of slow

creep. The failure of this unstable slope is termed “creep

landslide” (Terzaghi, 1950; Haefeli, 1953; Xu et al., 2011;

Marin and Velásquez, 2020; Zhang et al., 2021; Bao et al.,

2022). Compared with the above-mentioned regression and

bionics algorithm predicting methods, the intrinsic creep

behavior of the failure in the geological body is seen to be

more important for the early warning of the landslide with

creep characteristics. Saito and Uezawa (1961) obtained the

relationship between creep rupture time of soil and strain rate

in creep experiments of soil, and an empirical prediction

equation for landslide failure time was proposed. Fukuzono

(1985) proposed a phenomenological method based on Saito

theory in small-scale model tests. The results showed that the

inverse velocity of deformation velocity in the tertiary creep

decreased with the increased of time, and then the inverse-

velocity method was used to predict the time of landslide

failure. Voight (1988) conducted a detailed study and

verification of the Fukuzono model describing the behavior of

materials in the final stage of failure. This was interpreted as the

basic law for various forms of material failure and it successfully

predicted volcanic eruptions. Due to the simplicity of the

application of the inverse-velocity method, it was widely used

in the prediction of the failure time of soil and rock unstable

slopes (Rose and Hungr, 2007; Mufundirwa et al., 2010; He and

Kusiak, 2017). However, a prediction error may be caused by

neglecting the influence of initial creep process on the slope. For

example, the predicted error of the empirical prediction equation

of landslide failure time proposed by Saito was10±0.59.

For the application of various prediction methods such as

empirical equations, phenomenological methods, regression

methods, and bionics algorithm, a generalised early warning

thresholds criterion was critical to the accuracy of landslide early

warning and forecast (Pei et al., 2016; Zhang et al., 2019b; Zhang

et al., 2020). Intrieri et al. (2012) defined three different velocity

threshold levels, ordinary level, attention level and alarm level, by

studying the most critical period of the completely monitoring

data for the Torgiovannetto landslide. Xu et al. (2011) developed

a quantitative method–based on statistical analysis of a large

number of landslide events–which was used to describe the

tangential angle of the deformation vs. time curve of the

landslide, and following that, the criterion of the landslide

tangential angle was proposed. Chen et al. (2018) conducted

research on the critical deformation criterion for first locked

segment and multi-locking segment were respectively, based on

the rupture behavior at the volume dilation point during the
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shearing process of locked segments in landslide (Qin et al.,

2010a, 2010b; Xue et al., 2014). However, there is currently no

reasonable forecasting method combined with appropriate

generalised early warning thresholds criterion to improve the

accuracy of early warning and forecasting in order to reduce the

serious damage caused by landslides.

Therefore, in order to reduce the serious damage caused by

landslides, this paper mainly explores the forecasting methods of

landslide, and then the generalised early warning thresholds

criterion is studied, in order to improve the accuracy of early

warning and forecasting for landslides. To achieve these

objectives, firstly, this study is based on the monitoring curve

of unstable slope deformation varying with time. The creep

mathematical models describing the initial creep stage and the

unstable creep stage of unstable slope is selected. Meanwhile,

according to the analysis of the forecast parameters of the

unstable slope, combined with the critical tangential angle

warning criterion and an improved tangential angle criterion

comparison study, the warning prediction of landslide is

proposed. Finally, the forecasting method applied to the early

warning and forecasting analysis of reported soil and rock

landslides cases with creep characteristics is presented. In the

process of landslide forecasting, the principle of the combination

of generalised early warning thresholds criterion and predicted

failure time, the combination of monitoring and field

observation, and the combination of empirical prediction and

theoretical analysis to carry out comprehensive landslide

prediction is adhered to.

A new forecasting method for creep
landslide

Establishment of nonlinear creep
equations and selection of boundary
conditions

The deformation and failure characteristics of rock and soil

mass are notably reflected by landslide deformation, which is the

external manifestation of landslide deformation. Landslide

deformation monitoring plays an important role in evaluating

stability, deformation evolution, early warning, and forecasting

of landslides. The failure of unstable slopes with characteristics of

long-term creep deformation are usually caused by unstable

slopes under various factors (such as topography, geological

structure, and physical and mechanical properties of

anisotropic rocks and soils), which form a constant load

dominated by the gravity field. The deformation of the slope

starts from the region where the internal local shear stress

concentrated, which reaches the final destruction process

(Tavenas and Leroueil. 1981). The whole creep deformation

process includes an initial creep stage and an unstable creep

stage, wherein the unstable creep stage includes secondary creep

stage and tertiary creep stage (Saito. 1969), as shown in Figure 1.

Yang (2010) proposed that the deformation of the initial

creep stage of the landslide was far beyond the strain of the

geomaterial in the viscoelastic range, rather it showed the

deformation characteristics of viscoelastic hysteresis.

Numerous studies have proposed many viscoelastic hysteretic

models with hysteretic deformation by combining laboratory

tests with long-term monitoring of landslide deformation (Miao

et al., 1999; Christensen, 2012). The most typical models are the

Maxwell model and the Kelvin model.

The mathematical expression of Maxwell model is as

follows:

y � σ0L

E
+ σ0L

η
t (1)

Where the E and η are the elastic modulus and viscous coefficient

of the geomaterials, the σ0, L, and t are the load stress, the length

of the sliding body, and the time, respectively.

When the sliding surface of the landslide is formed, it would

be controlled by the constant force of gravity field. From the

initial creep state to the whole creep state, the stress state of the

soil is constant. For Eq. 1 with respect to time derivation, the

deformation velocity is obtained as follows:

_y � L

E

dσ0
dt

(1 + E

η
t) + σ0L

η
,Because

dσ0
dt

� 0, they _y � σ0L

η
� vo

(2)
Among them, the dimension of viscous coefficient is kPa•s, the
dimension of load stress is kPa, and the dimension of velocity is

ms−1. Therefore, in terms of nonlinear creep, the Maxwell creep

mathematical model is as follows:

FIGURE 1
Deformation stage of landslide with creep characteristics.
Note: AB, primary creep; BF, unstable creep; BC, secondary creep;
CF, tertiary creep; CQ, initial accelerated sub-phase; QD, medium
accelerated sub-phase; DF, critical failure sub-phase.
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y � σ0L

η
t � vot (3)

The expression of the Kelvin model is

y � σ0L

E
(1 − e−

E
η t) (4)

Eq. 5 available from Eq. 3 and 4

y � v0
ξ
(1 − e−ξt) (5)

Where theξ � E
ηand v0 are the viscoelastic hysteresis coefficient

and the initial creep velocity

Eq. 6 available from Eq. 5, with respect the derivative of time

d2y

dt2
− ξ

dy

dt
� 0 (6)

Since whenξ → 0, for Eq. 5,

lim
ξ ����→ 0

y � lim
ξ ����→ 0

v0t(1−e−ξtξt ) � v0t, it is shown that the Kelvin

mathematical model contains the Maxwell mathematical model.

Saito and Uezawa (1961) established logarithmic empirical

formulas of time and deformation velocity based on a series of

creep tests.

lgtf � 2.33 + 0.916lgv ± 0.59 (7)

Where tf and v are the failure time and deformation velocity,

respectively. The forecast error is 10±0.59.

Fukuzono (1985) and Vioght 1988) established the

relationship between acceleration and velocity of deformation

based on Saito theory as follows:

d2y

dt2
� A(dy

dt
)α

(8)

where A and α are constants under time invariant external

conditions (i.e., load and temperature) (Crosta and Agliardi

2003).

Eq. 8 not only shows the macroscopical integrity and non-

linear deformation characteristics in creep failure of slope at the

unstable creep stage, but it also is coupled with Eq. 6.

Qin et al. (2010a, 2010b) and Xue et al. (2014) established a

physical prediction model based on the Weibull distribution that

couples the renormalization group model with the constitutive

relation. The research shows that, the rupture behavior at the

volume dilation point during the shearing process of locked

segments in landslide, proposed the critical deformation criterion

for first locked segment and multi-locking segment, as shown in

the following：

μd � 1.48μc (9)
μd � 1.48kμc (10)

Where μcand μd are the deformation of the starting point of the

landslide tertiary creep and the deformation of the locked section

at the peak strength, respectively, k is the number of locked

segments. Especially on the basis of analyzing the reported

landslide cases as well as the large-scale slopes that have been

investigated in detail, both the displacement criteria have been

well verified using data from the temporal sequence deformation

data (Yang et al., 2017; Chen et al., 2018; 2021).

Mathematical model of nonlinear creep

1) the initial creep stage

When t≤tb, the boundary condition: t=0, y=0 dy/dt=0

dy

dt
� v0e

−ξt (11)

y � v0
ξ
(1 − e−ξt) (12)

2) the unstable creep stage

When t≥tb, α＞1, the boundary condition: t=tc, y=μc, t=tf,

y=dy/dt=∞ and μd � 1.48μcorμd � 1.48kμc

dy

dt
� [(α − 1)A] 1

1−α[tf − t] 1
1−α (13)

y � 1
A(2 − α)[A(α − 1)(tf − t)] 2−α

1−α + μc

− 1
A(2 − α)[A(α − 1)(tf − tc)] 2−α

1−α (14)

The function-fitting method is used to calculate the unknown

parameters in Eq. 12, and the fitted assignment points (t1, y1) (t2,

y2) and (t3, y3) are selected on the initial creep curve. Note that the

t1, t2 and t3 should be under condition of t3-t2=2 (t2-t1). The

mathematical expression of v0 and ξof the slope is as follows:

ξ �
−ln(y2−y2

y2−y1 − 1)
t2 − t1

(15)

v0 � ξ[ y2
2 − y3y3

2y2 − (y3 + y1)] (16)

Coupling and predictability of solutions of
nonlinear creep simultaneous equations

At the initial creep stage and the unstable creep stage of the

landslide, the deformation and deformation velocity are equal at

t=tb, indicating that the two curves are continuous and tangent at

tb, and there exists a unique solution.

v0
ξ
(1 − e−ξtb) � 1

A(2 − α)[A(α − 1)(tf − tb)] 2−α
1−α + μc

− 1
A(2 − α)[A(α − 1)(tf − tc)] 2−α

1−α (17)

Frontiers in Earth Science frontiersin.org04

Zhang et al. 10.3389/feart.2022.1018432

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1018432


v0e
−ξtb � [(α − 1)A] 1

1−α[tf − tb] 1
1−α (18)

Eq. 19 available from Eq. 17 and 18

(eξtb − 1)
ξ

� α − 1
2 − α

(tf − tb) + μce
ξtb

v0
− α − 1
2 − α

(tf − tb
tf − tc

) 1
α−1(tf − tc)

(19)
(tc, yc) and (tq, yq) are selected on the curve of unstable creep

stage, where c is the starting deformation value of tertiary creep of

landslide. Note that the tq and tc should be under condition of tq
＞tc.

yb � 1
A(2 − α)[A(α − 1)(tf − tb)] 2−α

1−α + μc

− 1
A(2 − α)[A(α − 1)(tf − tc)] 2−α

1−α (20)

yc � 1
A(2 − α)[A(α − 1)(tf − tc)] 2−α

1−α + μc

− 1
A(2 − α)[A(α − 1)(tf − tc)] 2−α

1−α (21)

yq � 1
A(2 − α)[A(α − 1)(tf − tq)] 2−α

1−α + μc

− 1
A(2 − α)[A(α − 1)(tf − tc)] 2−α

1−α (22)

Eq. 23 available from Eq. 20 and 21 and Eq. 22

α � ln(yq/yc)/ ln[(tf − tc)/(tf − tq)] + 2

ln(yq/yc)/ ln[(tf − tc)/(tf − tq)] + 1
(23)

Eq. 24 available from Eq. 19 and 23

(eξtb − 1) ln(yc

yb
) −

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
ξ(tf − tb) ln (tf − tb)

(tf − tc) +
ξμce

ξtb

v0
ln(yc

yb
)

− ξ(tf − tc)(tf − tb
tf − tc

)
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣1+ ln(yc

yb
)

ln
(tf−tb)
(tf−tc)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
ln
(tf − tb)
(tf − tc)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
� 0 (24)

(tf − tb
tf − tc

) ln(yq/yb)
ln(yc/yb) � (tf − tb

tf − tq
) (25)

The unknown parameters tb and tf are solved by the

transcendental equations of Eq. 24 and 25. The d point is the

deformation of the locked section at the peak strength, which is

the critical deformation criterion when the landslide locked

section is broken Eq. 9 and 10. The corresponding time td is

used as the forecasting time of the landslide failure.

Eq. 26 can obtain by Eq. 14:

yd � 1
A(2 − α)[A(α − 1)(tf − td)] 2−α

1−α + μc

− 1
A(2 − α)[A(α − 1)(tf − tc)] 2−α

1−α (26)

Eq. 27 available from Eq. 20 and 21 and Eq. 25

(tf − tb
tf − tc

) ln(yd/yb)
ln(yc/yb) � (tf − tb

tf − td
) (27)

Eq. 28 available from Eq. 9 and 21 and Eq. 24

A � 1

(α − 1)[ α − 1
0.48yc(2 − α)]

α−1⎡⎢⎣( 1
tf − td

) 2−α
α−1 − ( 1

tf − tc
) 2−α

α−1⎤⎥⎦α−1

(28)

Research on improved tangential
angle criterion based on new
forecasting method

Early warning criterion for tangential angle

During the formation and evolution of slope failure, the

cumulative deformation is characterised by increasing with

time, but the increasing speed was different in different stages.

It can be seen from the cumulative deformation curve that the

tangential angle had different characteristics at different

stages. However, the dimension of the vertical and

horizontal coordinates is different, and the magnitude

change of the vertical and horizontal coordinates caused

the tangential angle to change accordingly. Therefore, the

tangential angle defined by S (deformation) - t (time) curve

was not unique.

After that, Xu, et al. (2011) proposed that the velocity of the

landslide was considered to be a constant value in an infinitesimal

period of time, as shown in the following:

Ti � Si
v

(29)

αi � arctan
Ti − Ti−1
ti − ti−1

� ΔT
Δt (30)

Where Si is the cumulative deformation of the unstable slope in

time ti, v is the average velocity of the secondary creep stage, Ti

was the ordinate value of the same dimension and unit as the

horizontal axis after transformation. According to the Ti

combined monitoring time t, which corresponds to the

curve of deformation vs. time, the T - t curve can be

obtained, αiis the tangential angle in the T-t curve andΔtis
the monitoring period.

In order to obtain the unique tangential angle in T-t curve, it

could be seen from Eq. 29 and 30 that the tangential angle is
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inseparable from the determination of the secondary creep stage

velocity v of landslide, the v is shown in the following:

v � 1
n
∑n
i�1
vi (31)

where vi is the deformation velocity of the ith time intervals in the

secondary creep stage, and n is the number of time intervals.

An improved tangential angle based on
new forecasting method

Assume that the average velocity was ε�v in the secondary

creep stage of the curve based on the new forecasting method, the

tangential angleαt in the curve could be expressed as follows：

T(t) � εi
ε�v

(32)

When t≤ tb, αt � arctan
T(t + Δt) − T(t)

Δt

� arctan
v0(e−ξt − e−ξ(t+Δt))

ξΔtε�v
(33)

When t≥ tb, αt � arctan
T(t + Δt) − T(t)

Δt

� arctan
A(α − 1)[(tf − t − Δt) 2−α

1−α − (tf − t) 2−α
1−α]

A(2 − α)Δtε�v
(34)

According to new forecasting method, the tangential angle

criterion was studied. For the landslide with creep characteristics,

under the influence of various factors (such as topography,

geomorphology, geological structure and physical and mechanical

properties of anisotropic rocks and soils), a constant driving force

based on gravity field was formed. According to Eq. 2 and 5, the

initial creep velocity v0 and the viscoelastic hysteresis coefficient ξ is

mainly determined by the geomaterial composition of landslide. In

addition, Crosta and Agliardi (2003) propose that the A and α are

constants under time invariant external conditions (i.e., load and

temperature). Therefore, the average velocityε�v in secondary creep

stage is regarded as the comprehensive external manifestation of

various parameters in the process of creep deformation in landslide,

and there is an inverse relationship with the critical tangential angle.

The prediction of landslides with creep characteristics could

therefore be carried out by monitoring the average velocity in the

secondary creep stage of the landslide.

The correlation between the critical
tangential angle and the average velocity
in secondary creep stage

When the external conditions of the landslide with creep

characteristics are unchanged, the average velocity in the

secondary creep stage corresponds to the only critical

tangential angle. According to the 15 typical landslide data

with creep characteristics collected from the scientific

literature, the deformation stage and T-t transformation were

carried out. The average velocity in secondary creep stage and the

critical tangential angle of each landslide was obtained

respectively, as shown in Table 1. The results of Table 1

demonstrate the difference of landslide characteristics and

external factors. There was a significant difference between the

duration of each deformation stage of the landslide, the average

velocity in the secondary creep stage, and the improved

tangential angle of the critical failure stage. The average

velocity in the secondary creep stage ranged from 0.055 mm/d

to 4.45 mm/d, and the improved tangential angle of the critical

failure stage ranged from 82.05° to 89.66°. The larger the average

velocity v in secondary, the smaller the critical tangential angle

was, and the linear decreasing trend was obtained, as shown in

Figure 2.

According to the above analysis, the relationship between the

critical tangential angle and the average velocity v in secondary is

calculated by fitting as follows:

αt � −1.6057v + 89.197 (35)

Where αt and v are the critical tangential angle and the average

velocity in the secondary creep stage of the landslide with creep

characteristics, respectively.

From Eq. 35, it can be seen that the improved tangential angle

of the critical failure stage is mainly determined by the average

velocity in the secondary creep stage, it is a comprehensive

response of the creep parameters. The tangential angle of the

critical failure is calculated according to the average velocity in

the secondary creep stage of the landslide. Therefore, combined

with the monitoring of the average velocity in secondary and the

new forecasting method, the landslide prediction with creep

characteristics is carried out. The early warning and

forecasting system of the landslide is established, as shown in

Figure 3.

Monitoring and early warning of loess
high fill slope

Engineering geology of loess high fill slope

Cut-and-fill methods to form steep slopes were used in the

investigation areas. Focusing on the filling slope with a maximum

height of 40.0 m, the original landform was more complicated,

which represented by a naturally created V-shaped valley

together with a U-shaped valley with original slope angle of

50°~70°. The total filling volume was 6.12×104 m3 in fill slope

with the elevation starting at 409 m and ending at 446 m

(Figure 4). The soil structure in the high fill slope was
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horizontal Holocene Series (Q4), which was recently deposited

loess consisting of silt and silty clay. The bedding and vertical

joints structure of the original slope was well-developed, and the

stratum lithology was the alluvial silty clay and clay of the

Holocene Series (Q4
al+pl).

Two structure forms were constructed for the fill slope in the

region of A1 retaining structure: retaining walls and pile boards

connected to pile foundations were used in the upper and the

lower of the fill slope, respectively. A total of 55 piles were

distributed in the A1 area. At 4:51 a.m., fourth May 2015, the

A1 retaining structures between 46# pile and 70# pile failed and

collapsed after the rainfall on 1 May 2015, see Figure 5. The

collapse region with dimensions of 78 m × 13 m × 22.6 m

(length × width × height) was formed, approximately

2.31×104 m3 in volume (Figure 5B). The landslides buried

20 houses and damaged another 23. Fortunately, due to

successful early warning, numerous people in the landslide

danger zone were transferred to a safe place as a matter of

urgency. When the landslide occurred, there were no casualties.

Generally speaking, the stage of deformation and failure of the

high fill slope was summarised as the following three stages: 1)

Creep of slope under progressive gravity, bending-shear

deformation of the piles. 2) Acceleration of slope sliding,

development stage of pile dumping. (iii)The sliding surface of

fill slope rapidly transfixion and the local failure occurring in the

slope and piles. In summary, the deformation and failure of loess

high fill slope presented a retrogressive failure mode of landslide.

Deformation monitoring of high fill slope

In the conventional appearance monitoring methods, the

main methods include electronic total station and GPS

monitoring. These methods are monitored by setting

TABLE 1 Landslides database collected from scientific literature including details about average velocity in secondary, tangential, material, triggering
factors, duration of the deformation stage of landslide, and reference.

Name Average
velocity
v in
secondary
(mm/d)

Tangential
angle
αt of
critical
failure (°)

Trigger Material Deformation stage of
landslide (d)

References

Primary Secondary Tertiary

Puigcercós rackfall
(Spain)

0.067 87.98 Gradual
Degradation

Rock 75–1223 1223–2196 Royán, et al. (2015)

Nevis Bluff landslide
(New Zealand)

0.424 86.23 Excavation Rock 0–72 72–213 213–273 Brown, et al. (1980)

Bomba landslide
(Bomba site)

0.235 89.71 Excavation Soil 175–900 900–1297 Urciuoli and Picarelli.
(2008)

Otomura landslide
(Japan)

1.000 88.16 Rainfall
(Typhoon)

Rock 0–17 17–95 95–105 Fujisawa, et al. (2010)

Ca’ Lita landslide
(Italy)

0.350 88.65 Rainfall Rock 0–52 52–135 135–181 Borgatti, et al. (2006)

Ca’ Lita landslide
(Italy)

4.450 82.05 Rainfall Rock 183–250 250–327

Ca’ Lita landslide
(Italy)

3.840 82.93 Rainfall Rock 182–283 283–327

Kunimi landslide
(Japan)

0.890 87.87 Excavation,
Snowfall

Colluvium 608–1156 1156–1249 Haruo, 2001 and He
and Wang, 2006

Xintan landslide
(China)

2.880 84.62 Rainfall,
Groundwater

Rock, Soil 657–1710 1710–2763

Masseria Marino
landslide (Italy)

0.133 89.45 Groundwater Rock, Soil 607–1156 1156–1248 Comegna, et al. (2007)

Preonzo landslide
(Switzerland)

0.270 89.35 Rainfall Rock 0–494 494–2949 2949–3690 Loew et al. (2017)

Preonzo landslide
(Switzerland)

0.460 88.61 Rainfall Rock 0–494 494–2949 2949–3690

Roesgrenda landslide
(Norwegian)

0.540 89.23 Rainfall Soil 47–104 104–124 Okamoto, et al. (2004)

Baishuihe landslide
(china)

0.483 87.55 Groundwater Rock, Soil 0–56 56–1137 1137–1469 Lian, et al. (2014)

Kagemori landslide
(Japan)

0.110 89.66 Rainfall Rock 92–309 309–402 Yamaguchi and
Shimotani, (1986)
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monitoring points, resulting in a small monitoring range, low

monitoring frequency, and low monitoring accuracy. For this

study, the real-time monitoring on the fill slope was achieved by

the IBIS-L terrain deformation monitoring system. This

monitoring system combines synthetic aperture radar tech

and stepped frequency—continuous wave tech to achieve

resolution up to 0.1 mm (Pei et al., 2016). As for the full

extent of the monitoring region, the changes in the

temperature and humidity could affect the monitoring

results. Because of the propagation velocity of

FIGURE 2
Relationship between the critical tangential angle and the average velocity in secondary.

FIGURE 3
Early warning and forecasting system based on deformation evolution curve of landslide.
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electromagnetic wave varies in different environments, two

ground control points (GCP) were selected as check points in

the study region through which the final monitoring results

were corrected to avoid the influence of different environments

factors (Rödelsperger et al., 2010).

In the real-time monitoring of the study area, the IBIS-L

monitoring device was used to monitor the fill slope in the

A1 area, in which the deformation change at any position in the

monitoring area at any stage of the line of sight was obtained

(Figure 6). In addition, the centre of the linear orbital was taken

as the origin, the linear orbital direction was the X-axis, and the

vertical linear orbital direction was the Y-axis. The deformation

symbol of the monitoring area was defined as the direction away

from the instrument was positive.

FIGURE 4
(A) Planar view of the high fill loess slope; (B)Engineering geological section of the high loess fill slope.
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It is seen from Figure 6 that within the monitoring interval

from January 31 to 4 May 2015, the deformation of the high fill

slope in the A1 area gradually produces the deformation in the

line of sight. As the monitoring time increases, the cumulative

deformation in the deformation cloud diagram gradually

increases, indicating that the deformation of the high fill slope

gradually increases. From January 31st to 10 February 2015, the

deformation generated in the fill slope ranged from 6.4 to

19.5 mm approximately. From January 31 to 1 March 2015,

the deformation generated in the fill slope ranged from 11.72 to

31.34 mm approximately. From January 31 to 30 March 2015,

the deformation generated in the fill slope ranged from 18.60 to

69.77 mm approximately. From January 31st to 4 May 2015, the

deformation generated in the fill slope was ranged from 35.91 to

320.11 mm approximately. The fill slope entered the tertiary

creep stage on 30 April 2015. The maximum increase of the

deformation of the fill slope from April 30 and 4 May 2015 was

189.71 mm. In the monitoring process of the study area, the

deformation of the monitoring cloud diagram had been

increasing and the monitoring deformation had not been in

convergence. It was shown that the stability of the high fill slope

in the A1 area was still relatively weak. From the difference of the

colour of the monitoring deformation cloud, the deformation of

the filling slope in the study area showed obvious regional

characteristics. The area with larger deformation increment

was located in the middle of the monitoring area, followed by

the right side of the monitoring area and the deformation with

relatively small increment was located in the left monitoring area.

Early warning of high fill slope

Characteristics of deformation curve of high fill
slope

Numerous typical monitoring points were selected at

different areas in the monitoring cloud diagram for this study,

as shown in Figure 6A. The deformation evolution of high fill

slope was mainly controlled by gravity field. In the initial and

secondary creep stages, the slope of the cumulative deformation

curve is smaller, the cumulative deformation increases slowly and

the duration is longer. However, in the tertiary creep stage, the

curve of deformation vs. time showed a sudden increase. The

slope of the curve was relatively larger and the duration was

relatively short (Figure 7A).

The deformation velocity remains almost unchanged in the

secondary creep stage and enters the initial accelerated sub-phase

in the tertiary creep stage. The deformation velocity increases

significantly compared with the previous stage, while in the high

acceleration sub-phase, the deformation velocity increases

sharply to its maximum value (Figure 7B). The acceleration of

the deformation fluctuates with a small amplitude mainly around

0 mm/h2 in the secondary creep stages and enters the initial

accelerated sub-phase in the tertiary creep stage, which fluctuates

around 0 mm/h2, but with an obviously larger fluctuation

amplitude. Regarding the acceleration in the high acceleration

sub-phase, the deformation process accelerates intensively,

which shows the characteristics of a sharp rise in acceleration

rate (Figure 7C), where the acceleration increases from 0 mm/h2

to the maximum. Compared with the initial and secondary creep

stage, the acceleration of the high acceleration sub-phase in

tertiary creep stage plays a guiding role in the early warning

of high fill slopes.

Forecasting of failure time of high fill slope
Referring to the curve of deformation vs. time at the P8 and

P9 monitoring points in Figure 7A, the fitted assignment points

t1, t2, t3 and tc, tq were selected on the initial creep stage and the

unstable creep stage of the curve of deformation vs. time. It was

noted that the t1, t2 and t3 should be under condition of t3-t2=2

(t2-t1) and c was the starting deformation value of tertiary creep,

moreover, the tc and tq should be under condition of tc＞tq. Then,

the deformation fitting assignment points at the P8 and

P9 monitoring points were brought into the new forecasting

method for failure time of creep landslide. Based on the fitting

FIGURE 5
The panorama and after failure of the high loess fill slope (A) Panorama of the high loess fill slope; (B) The high loess fill slope after failure.
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FIGURE 6
Deformation cloud diagrams during different monitoring periods were obtained by IBIS-L monitoring device (A) between 31 January 2015 and
10 February 2015; (B) between 31 January 2015 and 1 March 2015; (C) between 31 January 2015 and 30 March 2015; (D) between 31 January
2015 and 4 May 2015.
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assignment points of the deformation curve at the P8 monitoring

point, combined with the critical deformation criterion for the

failure of landslide (as shown in Eq. 9). The corresponding failure

time td of the landslide locked segment was predicted to be

94.233 days, i.e., the time of landslide failure was predicted to be

3 May 2015, and the time tf of landslide occurrence was predicted

to be 99.8 days, i.e., 8 May 2015. The corresponding results of the

new forecasting method at the P8 monitoring point showed that

the high fill slope would be failure between 3 May 2015 and

8 May 2015. The high fill slope failure occurred at 4:51 on 4 May

2015, i.e., the forecasting failure time, based on the new

forecasting method, was used to warn the failure of high fill

slope 1 day earlier. Based on the fitting assignment points of the

deformation curves at the P9 monitoring point, the

corresponding failure time td of landslide locked segment was

predicted to be 95.94days, that is, the time of landslide failure was

predicted to be 4 May 2015, and the time tf of the landslide

occurrence was predicted to be 105.65 days, i.e., 14 May 2015.

FIGURE 7
(A)Curves of deformation and rainfall events with time; (B) Velocity variation during formation and evolution of slope failure; (C) Acceleration
variation during formation and evolution of slope failure.
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Therefore, based on the deformation curve at the positions of

P8 and P9 monitoring points, the failure time of the high fill

slope was between 3 May 2015 and 4 May 2015, while the

high fill slope was in a state of critical failure after the

fracture of the locked section. The failure time of the

landslide was advanced due to the rainfall on 1 May 2015.

The P8 and P9 monitoring curve fitting assignment points

and the creep parameters of the landslide and the warning

forecast time are shown in Table 2, respectively.

Based on the new forecasting method of creep landslide,

failure time td and occurrence time tf of the landslide were

proposed, but in order to provide more accurate warning, the

improved tangential angle criterion based on the new early

warning method was studied. By comparing the deformation

curve in the new forecasting method of creep landslide at the

monitoring points of P8 and P9 with the field monitoring

deformation curve (Figures 8A,B). Location of the

P8 monitoring point, the average velocity in the secondary

creep stage of the deformation curve based on the new

forecasting method and field monitoring were 1.48 mm/d

and 1.66 mm/d, respectively. The relationship between the

critical tangential angle αt and the average velocity v in

secondary was considered, as shown in Eq. 35. The

corresponding critical tangential angles of landslide were

86.82° and 86.53° at P8 monitoring point, respectively. At

the location of the P9 monitoring point, the average

velocity in the secondary creep stage of deformation

curve based on new forecasting method and field

monitoring were 1.51 mm/d and 1.52 mm/d, respectively.

The corresponding the critical tangential angles of

landslide were 86.77° and 86.73° at the P9 monitoring

point, respectively. The critical tangential angle of real

time curves in field monitoring at the P8 and

P9 monitoring points transformed from eq. 29 and 30 to

T-t curves were 87.46° and 87.60°, respectively (Figures

8C,D). The results showed that the deformation curve

obtained by the new forecasting method of creep

landslide could reflect the characteristics of each

deformation stage of the landslide. The critical tangential

angle of the curves in the new forecasting method was

TABLE 2 Fitting assignment points of P8 or P9 monitoring curve and creep parameters and warning forecast time of landslide based on P8 or
P9 monitoring curve.

(A) Fitting assignment points of P8 monitoring curve

Deformation stage of
landslide

The initial creep stage The unstable creep stage of
unstable slope

Date 04/02/2015 07/02/2015 10/02/2015 30/04/2015 02/5/2015

Time t (d) t1 t2 t3 tc tq

3 6 9 90 93

Deformation y (mm) 8.14 14.44 19.32 130.4 168

(B) Creep parameters and warning forecast time of landslide based on P8 monitoring curve

v0 (mm/d) ξ (d−1) A α tb (d) td (d) tf (d)

3.0726 0.0851 0.04652 1.5905 26.9774 94.2330 99.8015

(C) Fitting assignment points of P9 monitoring curve

Deformation stage of
landslide

The initial creep stage The unstable creep stage of
unstable slope

Date 04/02/2015 07/02/2015 10/02/2015 30/04/2015 02/5/2015

Time t (d) t1 t2 t3 tc tq

3 6 9 90 93

Deformation y (mm) 6.91 12.63 17.40 125.992 150

(D) Creep parameters and warning forecast time of landslide based on P9 monitoring curve

v0 (mm/d) ξ (d−1) A α tb (d) td (d) tf (d)

2.5034 0.0605 0.04122 1.5496 30.9638 95.9490 105.6467
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FIGURE 8
Comparison among rainfall events and deformation (the real timemonitoring in field and in the new forecastingmethod of creep landslide) as a
function of time, (A) P8 monitoring point (B) P9 monitoring point; (C) T-t curve of point P8; (D) T-t curve of point P9.
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compared with the critical tangential angle of real time

curves in field monitoring and the error was within 1°.

The improved tangential angle based on new forecasting

method had a good indication for the warning of landslides.

Combined with the new forecasting method of creep

landslide, failure time td and occurrence time tf of

landslide were proposed, and the failure of creep

landslide could be accurately predicted.

Case verification

Maoxian landslide

At 5:39 on 24 June 2017, a large landslide–consisting of hard

rock predominantly composed of metamorphic

sandstone–occurred in village of Xinmo, in Maoxian County,

Sichuan Province, China and 64 houses were buried, 83 people

FIGURE 9
(A)Planar view of Maoxian landslide; (B) Pre-event ground deformation of the Maoxian landslide (modified after Intrieri et al., 2018); (C)
Comparison among rainfall events and deformation (the real time monitoring in field and in the new forecasting method of creep landslide) as a
function of time in Maoxian landslide.
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were lost or died. The Songping River, a tributary of the Min

River, was blocked for nearly 2 km, causing heavy casualties and

property losses (Fan et al., 2017). It was mainly due to the

cumulative damage of rock mass caused by historical seismic

activity and long-term gravitational deformation, and then the

catastrophic landslide event triggered by rainfall (Pei et al., 2018).

The Maoxian landslide can be divided into two regions, namely

the landslide region and the landslide-affected region. The

landslide region from top to bottom was the A scarping

region, the B transportation region and the C deposit region.

The landslide-affected region was the region affected by the

potential catastrophic danger of the landslide. It was mainly

the potential unstable rock mass in region D and the sliding body

in region E, as shown in Figure 9A. InSAR (Interferometric

TABLE 3 Fitting assignment points ofmonitoring curve in landslide of case verification and creep parameters andwarning forecast time of landslide in
case verification.

(A) Fitting assignment points of monitoring curve in maoxian landslide

Deformation stage of landslide The initial creep stage The unstable creep stage of unstable
slope

Date 18/06/2015 12/07/2015 15/08/2015 01/05/2017 06/06/2017

Time t (d) t1 t2 t3 tc tq

24.509 48.313 72.185 707.646 743.455

Deformation y (mm) 6.5 10.245 13.6 60.4316 74.5333

(B) Creep parameters and warning forecast time of Maoxian landslide

v0 (mm/d) ξ (d−1) A α tb (d) td (d) tf (d)

0.1962 0.004620 0.04987 1.76081 403.5340 760.8412 782.2923

(C) Fitting assignment points of monitoring curve in Ohto landslide

Deformation stage of landslide The initial creep stage The unstable creep stage of unstable
slope

Date 20/05/2004 21/05/2004 22/05/2004 30/07/2004 01/08/2004

Time t (d) t1 t2 t3 tc tq

5.5 7 8.5 77.41181 79

Deformation y (mm) 6.1404 7.0175 7.6023 65.7895 73.9766

(D) Creep parameters and warning forecast time of Ohto landslide

v0 (mm/d) ξ (d−1) A α tb (d) td (d) tf (d)

2.3711 0.2703 0.06395 1.4154 10.6189 82.2409 97.2744

(E) Fitting assignment points of monitoring curve in Selborne landslide

Deformation stage of landslide The initial creep stage The unstable creep stage of unstable
slope

Date 06/02/1988 11/02/1988 16/02/1988 10/01/1989 15/07/1989

Time t (d) t1 t2 t3 tc tq

70.507 75.576 80.645 580.645 595.855

Deformation y (mm) 105.325 112.426 118.343 409.467 645.604

(F) Creep parameters and warning forecast time of Selborne landslide

v0 (mm/d) ξ (d−1) A α tb (d) td (d) tf (d)

5.3224 0.03598 0.015812 1.7547 111.4466 594.8967 600.8299
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FIGURE 10
(A) Aerial view of landslide; (B) Aerial view after landslide treatment; (C)Detail of landslide; (D) The trailing edge deformation of the landslide and
the daily rainfall (modified after Suwa et al., 2010); (E) Planar view of landslide;(F) Engineering geological section of landslide (modified after Suwa
et al., 2010); (G) Comparison among rainfall events and deformation (the real time monitoring in field and in the new forecasting method of creep
landslide) as a function of time in Ohto landslide.
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Synthetic Aperture Radar) is developing rapidly in detecting and

monitoring surface deformation associated with landslides

(Bovenga et al., 2017). Intrieri et al. (2018) used InSAR

technology on the obvious pre-event ground deformation

of this landslide, which was obtained by ESA Sentinel-1

satellite from 9 October 2014 to 19 June 2017 (Figure 9B).

It shows that there was obvious precursory deformation

before the occurrence of the Maoxian landslide. The

acceleration zone was located at the trailing edge of the

northwestern part in the landslide. In this region, the

monitoring point MP was selected and the precursory

deformation vs. time curve was analyzed. The positive

values of the curve correspond to the movement towards

the satellite, while the negative values correspond to the

movement away from the satellite. After 20 April 2017, the

Maoxian landslide was in the initial acceleration sub-phase

of the tertiary creep stage, and led to the period from 7 June

2017 to the 19th, the landslide was in the medium accelerated

sub-phase, during which the average velocity of the landslide

was about 2 mm/day.

From Figure 9C, the fitting assignment points in new

forecasting method were selected for each stage of the

deformation curve from 24 May 2015 to 19 June 2017, as

shown in Table 3A. The corresponding failure time td of the

landslide locked segment was predicted to be 760.841days,

i.e., the time of landslide failure was predicted to be 22 June

2017, 2 days before the Maoxian landslide occurred. The time tf
of landslide occurrence was predicted to be 782.292 days,

i.e., 14 July 2017 (Table 3B). The results of the new

forecasting method indicated that failure time of the Maoxian

landslide locked section was 22 June 2017, after that, this

landslide was in a state of critical failure. Research by Fan

et al. (2017) showed that the cumulative rainfall exceeded

200 mm from 1 May 2017 to the time of landslide failure. It

was possible that the landslide failure time was advanced due to

rainfall. In order to obtain an accurate warning, the deformation

curves between the real time monitoring in field and in the new

forecasting method of creep landslide were compared

(Figure 9C). The average velocity at the secondary creep stage

in deformation vs. time curve of the new method and the real

time monitoring were 0.055 mm/d and 0.07612 mm/d,

respectively. Combined with the relationship between the

critical tangential angle αt and the average velocity v in

secondary, the corresponding the critical tangential angle of

landslide were 89.11° and 89.07°, respectively. Meanwhile, the

critical tangential angle in T-t curve of the Maoxian landslide was

89.41°. The critical tangential angle of the curves in the new

forecasting method was compared with the critical tangential

angle in T-t curve, the error was within 1°. The improved

tangential angle based on new forecasting method had a good

indication for the warning of Moxian landslides. Moreover,

combined with failure time td and occurrence time tf, the

early warning and forecasting system of landslide was applied,

the failure of creep landslide could be accurately predicted.

Ohto landslide

At 0:15 a.m. on 10 August 2004, a rock slope of 120 m wide

and 100 m high failed in Ohto, Nara, Japan. The total amount of

landslide was approximately 2.0×105 m3, consisting of soft rock

with an alternation of sandstone and mudstone/shale.

Fortunately, the landslide did not cause casualties (Suwa et al.,

2010). Ohto landslide occurred on a steep slope opposite the

Kumano River (Figures 10A–E). As shown in Figure 10F, the

slope was steep, with an average slope angle of 40 °and the steeper

in the lower part, i.e., the slope was convex. The convex-slope

condition also caused slope instability. In January 2004, several

extensometers were installed to monitor the deformation of the

unstable slope as shown in Figure 10D. It shows that the creep

velocity was constant before 31 July 2004, and then began to

accelerate. At 5:10 a.m. on August 8, when the creep velocity

reached 4 mm/2h, the Route 168 was closed and the landslide

occurred 43 h later.

The fitting assignment points in new forecasting method

were selected in each stage of the deformation curve, as shown in

Table 3C. The corresponding failure time td of landslide locked

segment was predicted to be 82.2409 days, i.e., the time of

landslide failure was predicted to be 4 August 2004, 6 days

before the Ohto landslide occurred. The time tf of landslide

occurrence was predicted to be 97.2744days, i.e., 19 August 2004

(Table 3D). The results of the new forecasting method indicated

that the failure time of the Ohto landslide locked section was

4 August 2004, after that, this landslide would be in a state of

critical failure. Suwa et al. (2010) research showed that the creep

stage of landslides changes from a secondary creep to tertiary

creep, which coincided with a heavy rainstorm caused by

typhoon Namtheun. It was possible that the landslide failure

time was advanced due to a heavy rainstorm. In order to obtain

an accurate warning, the deformation curves between the real

time monitoring in field and in the new forecasting method of

creep landslide were compared (Figure 10G). The average

velocity at the secondary creep stage in deformation vs. time

curve of the new method and the real time monitoring were

0.83 mm/d and 0.89 mm/d, respectively. Combined with the

relationship between the critical tangential angle αt and the

average velocity v in secondary, the corresponding critical

tangential angles of the landslide were 87.86° and 87.77°,

respectively. Meanwhile, the critical tangential angle in T-t

curve of Ohto landslide was 88.94°. The critical tangential

angle of the curves in the new forecasting method was

compared with critical tangential angle in the T-t curve, the

error was within 1°. Combined with the new forecasting method

of creep landslide, a failure time td and an occurrence time tf of
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the landslide were proposed, and the accurate warning of the

failure of landslide with creep characteristics was achieved.

Selborne landslide

Petley (2004) studied the failure of a soil slope caused by the

rise of groundwater level on 20 July 1989. This experiment in

Selborne, Hampshire, United Kingdom, controlled the

replenishment of pore water pressure, which resulted in the

failure of a 9 m deep excavation terraced slope composed of

gault clay. After the slope excavation and instrument installation

were carried out from August 1987 to August 1988, the pore

water pressure in the slope was gradually increased in

January 1989, and the slope failure occurred on 20 July

1989. A near-circular slip surface appeared at the trailing

edge and the middle of the slope. The before and after test

views of Selborne landslide are shown in Figures 11A,B. In

the process of landslide failure evolution, the deformation

process was monitored in real time through inclinometers at

different positions, the deformation of an unstable slope was

monitored as shown in Figures 11C,D.

FIGURE 11
(A) View of Selborne landslide before test;(B) View of Selborne landslide after test (after Cooper et al., 1998); (C) Engineering geological section
of Selborne landslide; (D) Variations of deformation time at different positions of the Selborne landslide (modified after Petley 2004); (E)Comparison
of deformation curves of Selborne landslide between the real time monitoring in field and in the new forecasting method.
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The fitting assignment points in new forecasting method

were selected in each stage of the deformation curve, as shown in

Table 3E. The corresponding failure time td of the landslide

locked segment was predicted to be 594.897days, i.e., the time of

landslide failure was predicted to be 14 July 1989, 6 days before

the Selborne landslide occurred. The time tf of the landslide

occurrence was predicted to be 600.830days, i.e., 20 July 1989

(Table 3F), which was consistent with the time that the Selborne

landslide failure occurred. Moreover, in order to obtain an

accurate warning, the deformation curves between the real

time monitoring in field and the new forecasting method of

creep landslide were compared (Figure 11F). The average velocity

at the secondary creep stage in deformation vs. time curve of the

new method and the real time monitoring were 0.46 mm/d and

0.55 mm/d, respectively. Combined with the relationship

between the critical tangential angle αt and the average

velocity v in the secondary. The corresponding the critical

tangential angles of the landslide were 88.46° and 88.31°,

respectively. Meanwhile, the critical tangential angle in T-t

curve of the Selborne landslide was 89.94°. When the critical

tangential angle of the curves in the new forecasting method was

compared with the critical tangential angle in T-t curve, the error

was within 1°. The result showed that the early warning and

forecasting system (Figure 3) based on landslide deformation

could curve obtain an accurate warning of creep landslide.

Discussion

The empirical prediction equation for landslide failure time

proposed by Saito (1969), based on laboratory soil creep

experiments, is shown in Eq. 7 while the mathematical model

of unstable creep stage, established by Fukuzono (1985) is shown

in Eq. 8. The proposals of Saito and Fukuzono are both used in

the forecasting and warning process of landslides, however, in

these approaches the prediction error may be caused by

neglecting the influence of initial creep process on the slope.

Nevertheless, their exploration of the use of creep theory to

forecast the failure of landslides has been indispensable and

creative. The creep theory of rock and soil is the basis for the

prediction of landslide failure time. Following to the creep

mathematical model of viscoelastic hysteretic, such as the

Maxwell model and the Kelvin model, the initial creep stage

was analysed. The results of this study confirm that determining

the initial creep velocity v0 and the viscoelastic hysteresis

coefficientξof the slope are critical for forecasting the failure

time of the landslide. The creep theory of rock and soil reveal the

nature of landslide deformation and failure, and describe the

internal law of landslide deformation varying with time.

Consequently, the deformation of unstable slope could be

regarded as the comprehensive external expression of creep

parameters in the creep process of landslide. Based on the

creep theory of rock and soil, especially the selection of the

mathematical model describing the initial creep process of

landslide and the study of the characteristics of the tangential

angle, velocity and acceleration associated with the deformation

curve are critical to the forecasting of landslide failure time.

In the Fukuzono model, the α parameter represented the

linear or nonlinear trend of the inverse velocity vs. time curve.

When α=2, the trend of the curve was linear. When α>2 and

1>α<2, the curve shape was convex and concave, respectively,

showing a nonlinear trend, which was crucial for the prediction

of landslide failure time (Bozzano et al., 2014). According to

studies by Fukuzono (1985) and Varnes (1983), the α value of

natural landslides was between 1.5 and 2.2. Specifically, for

approximately 80% of the available landslide data sets, α was

larger than 1. Bozzano et al. (2014) suggested that when unstable

slope influenced by man-made retaining structures were

considered, lower values of α were obtained. The analysis of

the creep parameter α for the verified cases of landslide events are

shown in Tables 2B, 2D, 3B, 3D, 3F. The α at different

monitoring positions in the fill slope composed of the same

soil were 1.5905 and 1.5496 at the P8 and P9 monitoring points

respectively, and there was also a difference of 0.0409 (Table 2B

and Table 2D). The maximum difference of α in different rock

and soil mass composition of unstable slope was 0.3454. If only α

is used to forecast the failure time of unstable slope, a large error

occurred. For a landslide with creep characteristics, the creep

parameters controlling the deformation process of unstable slope

are not unique. For the different rock and soil composition

slopes, the study of the unique corresponding creep

parameters is very important for landslide warning and

prediction.

Since the evolution process of landslide geological bodies is

extremely complicated and variable, it is not enough to predict

landslides successfully only by theoretical methods, and more

consideration should be given to a generalised criterion for the

prediction of landslide failure time. Therefore, the critical

deformation criterion and the critical tangential angle warning

criterion were used in this paper, the combination of these not

only improved the accuracy of landslide warning and forecast,

but also supplemented the early warning parameters of unstable

slope when combined with the new forecasting method of

landslide.

When applying the new forecasting method of creep

landslide for the hard rock slope, because the elastic

deformation was not significant, the real creep curve had the

characteristic of viscoelastic hysteresis, which reflected the actual

deformation curve varying with time. Consequently, the selection

of the fitting assignment points in the initial creep stage not only

satisfied the condition of t3-t2=2 (t2-t1) but also closer to the

region with viscosity hysteresis characteristic of this stage.

However, the selections of the fitting assignment points for

soft rock or soil slope in the initial creep stage are opposite to

that for hard rock slope. For example, in the early warning

process of the Maoxian landslide of hard rock composition, the
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selections of t1, t2 and t3 were closer to the region with viscosity

hysteresis characteristic in the initial creep stage, while the Ohto

landslide of soft rock composition, t1, t2 and t3 were mainly

selected in the elastic characteristic area in this stage, which was

opposite to Maoxian landslide. In addition, the starting point for

the tertiary creep of the slope from the secondary creep stage to

the tertiary creep stage is a precursor to the instability of the

slope. Therefore, in order to better identify the deformation stage

of the unstable slope and more accurately selected the fitting

assignment points for each stage, the author strongly recommend

monitoring the whole process of the unstable slope to obtain an

accurate and complete slope evolution process. At present, the

new forecasting method has a good early warning and forecasting

effect for the creep landslide.

Conclusion

Based on the monitoring curve of unstable slope deformation

with time, a new forecasting method for failure time of creep

landslide is proposed. Meanwhile, combined with the critical

tangential angle warning criterion and an improved tangential

angle criterion comparison study, an early warning and

forecasting of landslide with creep characteristic is carried out.

The following conclusions can be drawn:

1) The initial creep stage of unstable slope cannot be neglected for

forecasting the failure time. The initial creep velocity v0 and the

viscoelastic hysteresis coefficientξof the slope are determined at

initial creep stage, which controls the creep process of the

unstable slope. These factors are an indispensable component

of the early warning and forecasting of unstable slope stage.

2) According to the creep mathematical model of viscoelastic

hysteretic, the nonlinear creep law of unstable slope in the

initial creep stage is described. Moreover, the Fukuzono model

describing the behavior of materials in the final stage of failure is

used to study the nonlinear characteristics of the slope

deformation in the unstable creep stage, and then a new

forecastingmethod for failure time of creep landslide is proposed.

3) Based on the new forecasting method, the tangential angle

criterion is studied. The average velocity in the secondary

creep stage is regarded as the comprehensive external

manifestation of various parameters in the process of creep

deformation in landslide, and there is an inverse relationship

with the critical tangential angle. From this, the critical

tangential angle criterion of landslide failure is proposed.

4) For a landslide with creep characteristics, the creep parameters

controlling the deformation process of unstable slope are not

unique. For the different rock and soil composition slopes, the

study of the unique corresponding creep parameters is very

important for landslide warning and prediction.

5) The failure time and occurrence time of landslides are

obtained by using the new forecasting method of creep

landslide, and then the forecast parameters are analysed.

Meanwhile, based on the analysis of the forecast

parameters of the unstable slope, combined with the

critical tangential angle warning criterion and an improved

tangential angle criterion comparison study, the warning

prediction of landslide is proposed. An early warning and

forecasting system of landslide with creep characteristic is

established.
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