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Abstract This paper outlines the spatial–temporal evo-

lution of a landslide. A multiple monitoring system that

consists of a three-dimensional (3D) laser scanner, a par-

ticle image velocimeter (PIV), earth pressure cells (PCs),

and a thermal infrared (TIR) imager were designed and

employed for a 1 g landslide model case study. The dis-

placement, velocity, lateral earth pressure and surface

temperature were recorded during the evolution of a

landslide. Four stages of evolution were identified using the

measured displacements: the initial stage, the uniform

stage, the accelerated stage and the failure stage. The

deformation, lateral earth pressure and surface temperature

of a landslide were monitored during each stage. The dis-

tribution of the lateral force with depth varied significantly

during movement, and the depth of the maximum soil

pressure increased with movement. The surface tempera-

ture of the moving mass was significantly higher than the

surface temperature of the nonmoving mass. The average

change in surface temperature showed a significant

increase in surface temperature followed by a decrease in

surface temperature prior to failure. This study provides

procedures and solutions for landslide monitoring, inter-

preting landslide initiation and detecting landslides.

Keywords Landslide model test � Spatial–temporal

evolution � Deformation � Lateral soil pressure � Surface
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Introduction

A landslide is a process that occurs on temporal and spatial

scales and may involve progressive deformation of a slid-

ing body, propagation and extension of surface fissures,

and eventual failure. Studies of landslide evolution can

serve as the foundation for the assessment of landslide risk

and the prediction of runout and time of failure, as well as

early warning systems (Gokceoglu and Sezer 2009).

Studies of the evolution of landslides are generally

based on measurements from in situ instrumentation, such

as conventional topographic surveys, global positioning

systems (GPSs), extensometers, piezometers and incli-

nometers. For example, extensometers provide continuous

data of movement; piezometers measure groundwater pore

pressure; and inclinometers provide the rate and direction,

with depth, of the landslide deformation and the thickness

of the sliding zone (Angeli et al. 2000; Corominas et al.

2000; Corsini et al. 2005).

Measurements are usually collected at selected locations

in the landslide (e.g., landslide crown, depletion zone, and

accumulation zone), which may not be representative of an

entire unstable area (Casagli et al. 2010; Tarchi et al.

2003). An area-sensing approach that enables the collection

of detailed and spatially extensive information does not

have this limitation. For example, aerial photography,

photogrammetric techniques and Synthetic Aperture Radar
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(SAR) interferometry have been successfully employed to

document the evolution of landslides over time (Casson

et al. 2003; Squarzoni et al. 2003; Strozzi et al. 2005; van

Westen and Lulie Getahun 2003; Walstra et al. 2004).

Model testing in the laboratory is an effective tool that

has an important role to play in landslide engineering.

Although it is task-intensive, model testing, i.e., small-

scale testing, has proven instrumental for improving our

understanding of landslide mechanisms and processes

(Iverson 2015). This approach has been applied extensively

to investigating the characteristics, stability, and evolution

of landslides (Jia et al. 2009; Lin and Wang 2006; Mori-

waki et al. 2004; Ochiai et al. 2004; Rianna et al. 2014).

Technical literature supports the notion that similarities

between laboratory results and field observations can be

obtained using the principle of similarity (Cheng and Luo

2010; Fan et al. 2009; Luo et al. 2010). Due to its effec-

tiveness, the similarity approach has been employed

extensively to investigate the fundamental principles of

landslide movement (Cheng and Luo 2010; Feng et al.

2015; Luo et al. 2010; Tang et al. 2014a; Zhang et al.

2009).

Most studies, however, have focused on a single

parameter that may provide only a limited viewpoint of the

complexity of the phenomena, which is better character-

ized with multiple parameters. Acquiring multiple types of

parameters is essential for a complete understanding of the

mechanisms of landslide failure (Sun et al. 2014). A suc-

cessful example of the use of complex, overlapping mon-

itoring systems is the Huangtupo landslide, which was

monitored using the world’s first three-dimensional (3D)

multi-field monitoring system to assess its stability (Tang

et al. 2014b). As another example, the Majiagou landslide

was instrumented with distributed fiber optic sensing

(DFOS) to better understand the dynamics, characteristics,

and evolution of a landslide mass (Sun et al. 2014).

In this study, a 1-g landslide model test was conducted

to relate landslide deformation with multiple systems of

monitoring data. The information included deformation,

lateral soil pressure and surface infrared radiation temper-

ature data, which were obtained over the entire model test

area via a multiple-monitoring system that consisted of a

3D laser scanner, a particle image velocimeter (PIV), earth

pressure cells (PCs) and a thermal infrared (TIR) imager.

Analyses were performed based on the measurements that

were collected during the model test. Four stages of evo-

lution (i.e., initial, uniform, accelerated and failure) were

distinguished from the measured displacements. The evo-

lution of the deformation, lateral force and surface tem-

perature were investigated during each stage of evolution.

Note that the objective of the study was to use the Maji-

agou landslide as a reference to investigate the use of area-

extensive multiple complementary measurement systems

for landslide monitoring. The scope of the study did not

involve duplicating or modeling the actual landslide, which

would have been difficult due to the complexities and

history of the Majiagou landslide.

Description of the landslide model test

The prototype that was selected for this study was the

Majiagou #1 landslide. This landslide is located on the left

bank of the Zhaxi River, which is a tributary of the Yangtze

River, approximately 5 km northwest of Guizhou Town of

Zigui County in Hubei Province (Fig. 1).

The landslide occurred at a site that is characterized by

basement rock that consists of Jurassic sandstone

interbedded with silty sandstone (Ma et al. 2016). The

material of the sliding mass is described as a gravelly soil

mixed with silty clay, and the sliding zone consists of

weathered silty mudstone. The landslide extends over a

horizontal distance of 538 m between the following ele-

vations: 280 m at the crown and 135 m at the toe. The

average slope is 15�; the slope is steepest in the lower

portion, gentle in the middle, and steep in the upper slope.

The law of similitude was applied to reproduce some of

the field processes in the laboratory. The landslide model

was similar to the prototype in terms of geometry, material

properties, initial state, and boundary conditions. The law

of similitude that was applied to the 1 g landslide test was

based on the work of Iai (1989). This approach simplifies

the need for scaling parameters in the 1 g model test (Lin

and Wang 2006; Wang and Lin 2011). The scaling

parameters between the prototype and model were derived

according to the Buckingham p theorem (Bridgman 1922).

The results are listed in Table 1; k is the scaling ratio

between the prototype and the model and is represented as

k = 40 in this study.

The width and length of the model, which was placed in

a rigid steel box, were 0.9 and 2.0 m, respectively. The box

had a transparent side composed of thick acrylic to enable

visual observation of the deformation and movement along

the failure surface (Figs. 2, 3). The height of the back

slope, which had a base layer that was composed of

masonry to simulate the bedrock, was 0.74 m (Tang et al.

2014a). A 4-cm-thick sliding layer was placed on the top

surface of the masonry. The layer had three segments at

different inclinations: a 71-cm-long segment that dipped

15�, a 53-cm-long segment that dipped 24�, and a 52-cm-

long segment that inclined upwards at 16� (Fig. 3).

The model soils for the matrix and the sliding layer were

identical to the soils employed in previous studies; the

relevant information is presented in Tang et al. (2014a).

The soils were composed of a mixture of clay, sand, ben-

tonite and water, with mass proportions of 49.1:39:0.9:11
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(clay:sand:bentonite:water), which formed a stiff material

that simulated the properties of the sliding mass. A mixture

of clay, glass beads and water in proportions of 32:60:8 by

mass was employed to simulate the soft materials that

formed the sliding layer. The clay that was employed in the

test originated in the Majiagou landslide. The following

procedures were conducted to obtain homogeneous mate-

rials prior to mixing. The soil was air-dried, disaggregated

with a crusher, and screened through a 2-mm mesh. A

concrete mixer was used to prepare the model soil and

obtain a uniform water content distribution. To obtain a

uniform soil sample during compaction, the soil was placed

in a series of 15-cm layers that were parallel to the base of

the model and compacted by tamping with a rubber ham-

mer that was dropped 160 times per layer. After placement,

the soil was trimmed manually to obtain the desired shape.

The model slope after construction is shown in Fig. 2.

The material properties of the prototype and the model

that were determined from direct shear, uniaxial com-

pression and permeability tests are listed in Table 2. The

mass density, internal friction angle, and permeability of

the mass, as well as the Young’s modulus of the sliding

zone, are consistent with the theoretical scaling factors.

However, important differences between the cohesion of

the prototype and the model are attributed to the difficulty

in obtaining the small values that are required via the

Fig. 1 a Location of the

Majiagou landslide in the Three

Gorges Reservoir area, Hubei

Province, China. b Photograph

of the Majiagou landslide (the

landslide boundary is illustrated

with dashed red lines)

Table 1 Law of similitude for

the prototype and the model
Term Scaling factor Term Scaling factor

Length (L) k Gravity (g) 1

Mass density (q) 1 Cohesion (c) k

Friction angle (u) 1 Elastic modulus (E) k

Permeability coefficient (k) k1/2

A scaling factor of k = 40 was used in the model test
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scaling process. Because the objective of this study was the

development and assessment of a multi-measurement sys-

tem for landslides, instead of duplication of the actual

landslide failure, the differences in strength between the

model and the field were not considered to be critical.

The driving load was imposed at the top of the model, as

shown in Fig. 3, through a hydraulic power unit (HPU)

with a load precision of 0.5 % that was attached to a

concrete reaction wall. The load was recorded by the

HPU’s electrical controller. To approximate the stop-slide

type of movement that was observed in the landslide (Tang

et al. 2014a), a series of ramp and hold load steps was

applied. The magnitude of the force in each step was cal-

culated using limit equilibrium and the similitude law

(Tang et al. 2014a). The first step consisted of a load of

250 N. In the second step, which lasted 20 min., the load

was increased to 200 N and maintained for 40 min. Several

identical steps followed until large deformations appeared

in the model and failure occurred; refer to Fig. 5.

The monitoring system consisted of a high-speed multi-

channel data acquisition apparatus (DT80G), a HPU

(Model 505.60), a 3D laser scanner (RIEGL VZ-400), a

video camera, an earth PC (Model XTR-2030) and a TIR

imager (Model FLIR SC660 with a temperature sensitivity

of 0.03 �C), as shown in Fig. 3.

Surface movements were continuously recorded with

the video camera and the 3D laser scanner (Fig. 3). The

surface infrared radiation temperature was measured using

the TIR camera, which was located slightly above the

landslide surface (Fig. 3). Fifteen earth PCs with a mea-

surement range of 0–500 kPa were installed at different

depths to monitor the soil pressure (Figs. 3, 4). The earth

PCs in the upslope region were placed at depths of 6, 12,

18, 24, and 30 cm below the surface (PC1). In the middle

slope region, the earth PCs were installed at depths of 5,

10, 15, 20, 25 and 30 cm (PC2). In the downslope region,

four soil PCs were embedded at depths of 7, 14, 21 and

28 cm (PC3) below the surface.

Fig. 2 Overview of the slope model after construction

Fig. 3 Distribution and location of the instrumentation and equip-

ment installed in the model. 1 3D laser scanner (RIEGL VZ-400); 2

reaction support; 3 video camera; 4 thermal infrared imager (FLIR

SC660); 5 sliding mass; 6 sliding zone; 7 bedrock; 8 earth pressure

cell (PC, XTR-2030); 9 experiment enclosure; 10 hydraulic power

unit (HPU, Model 505.60); 11 reaction wall
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3D laser scanning technology is useful for monitoring

landslide deformation because it enables rapid collection of

field topographical data with high accuracy and resolution

(Abellán et al. 2006; Fanti et al. 2013; Jaboyedoff et al.

2012; Travelletti et al. 2008; Wang et al. 2013). Prior to

loading, the surface was scanned to determine the unde-

formed, i.e., reference, shape of the mass. The deforma-

tions during the test were measured every 5 min. Spherical

pushpins with a diameter of 1 cm were placed on the

surface as monitoring points (MPs) (Fig. 2) that can be

identified as homonymic points using the IMAlign module

of the Polyworks 10.0 software. The locations of the dis-

placement MPs are shown in Figs. 2 and 4.

The deformation between reference points was deter-

mined using two methods: the benchmark method and the

cloud-to-cloud comparison method (Abellán et al. 2010;

Travelletti et al. 2008). In addition to the 3D laser scanner,

a PIV was also employed to determine the surface velocity,

Table 2 Similarity relations

between the prototype and the

model landslide

Term Prototype Model

Mass density (kg/m3)

Sliding mass 21.14 19.2

Sliding zone 21.14 16.8

Cohesion (kPa)

Sliding mass – 11.2

Sliding zone 16–18 9.86

Friction angle (�)
Sliding mass – 18.91

Sliding zone 17–19 18.1

Elastic modulus (MPa)

Sliding mass 300 2.4

Sliding zone 100 2.2

Permeability coefficient (k)

Sliding mass (1.5–2.5) 9 10-4 3.25 9 10-5

Sliding zone – 2.02 9 10-5

Fig. 4 Schematic of the model test. The location of the displacement monitoring points (MPs), earth pressure cells (PCs), and region where

infrared radiation temperature was monitored (dashed black rectangle) are indicated. The surface elevations are shown with color gradients
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the local deformation and the particle motion. A PIV tracks

pre-determined particles from two consecutive images

using tracking algorithms, such as the Fourier transform

and cross-correlation methods (Baba and Peth 2012; Wang

and Lin 2011). The displacements were determined using

the free PIV software PIVlab, version 1.35 (Thielicke and

Stamhuis 2014).

Mechanically induced thermal effects have been exten-

sively investigated (De Bruyn and Thimus 1996; Gischig

et al. 2011a, b). Changes in the surface temperature of a

material provide qualitative information for predicting

fracture and failure (Wu et al. 2000, 2002, 2006a, b) and

identifying landslides (Kusaka et al. 1993; Shikada et al.

1994).

Our model test was conducted on a rainy day (16 May

2013 in Wuhan, Hubei, China) to avoid scattering sunshine

(Wu et al. 2006b). Access to the monitoring area was

restricted, and the windows and curtains in the room were

closed to eliminate environmental radiation effects (Wu

et al. 2006b). The region where infrared temperature was

monitored (dashed black rectangle) is indicated in Fig. 4.

Six MPs within the area were selected as markers for

thermal imaging before and during deformation. The initial

surface temperature and the room temperature were

recorded as references.

Spatial–temporal evolution of the landslide failure

The cumulative displacements at MP1 and MP2 and the

applied force are shown in Fig. 5. Small deformations were

detected at the beginning of the test; a deformation of

0.9 cm was attained at MP1 1.53 h after the beginning of

the test. A significant movement was observed when the

applied load increased to 485 N (point A in Fig. 5). The

soil deformation gradually increased as the load increased.

The cumulative displacement at MP1 increased to 6.7 cm

at 6.38 h. Rapid soil movement occurred at a load of

1368 N (point B in Fig. 6). As the movement of the soil

surface increased, a crack formed near the head of the slope

(Fig. 4). The displacement at MP1 increased to 14.6 cm at

8.52 h (point C in Fig. 5). Rapid landslide failure occurred

during the ninth loading stage at a peak load of 1,873 N

(point D in Fig. 5). The sliding surface is shown in the inset

of Fig. 5. Failure was characterized by a significant

decrease in the magnitude of the load, whereas the dis-

placement at MP1 significantly increased from 14.6 to

45 cm.

As shown in Fig. 6a, when a slip surface forms, the soil

pressure near the slip surface decreases due to the soil

movement (Fig. 6a). Thus, when the soil pressure

decreased, a sliding surface was assumed to form. Fig-

ure 6b shows the displacement and soil pressure measured

during the experiment by PCs 1–5 and 2–6. The stresses

within the soil did not change significantly from the initial

geostatic condition until the load increased to 485 N

(t = 1.53 h in Fig. 6b). As the load applied to the soil mass

increased, the surface deformation, which is shown at MP2

in Fig. 6b, and the pressures inside the landslide mass,

which are shown for PCs 1–5 and 2–6 in Fig. 6b, increased.

At PC 1–5, a pressure drop was observed at a depth of

30 cm at a load of 1368 N (t = 6.38 h after the beginning

of the experiment). The pressure decreased steadily until

Fig. 5 Cumulative

displacements measured at

monitoring points MP1 and

MP2 (the location of the

monitoring points is shown in

Fig. 4) with loading
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failure; this result is interpreted as instability and slip at the

location of PC 1–5 at a load of 1,368 N (t = 6.38 h). The

soil pressure at PC 2–6 also showed a decrease, albeit

transient, at the same load. The pressure at PC 2–6 con-

tinued to increase until failure. The delayed response of the

two transducers indicates progressive failure of the land-

slide, which began in the uphill region and progressed

downslope with additional loading. Global failure was

associated with a significant decrease in the pressure that

was registered in both transducers.

The evolution of the landslide was classified into the

following four stages, based on the displacements (Tang

et al. 2014a):

1. The initial deformation stage: from O to A in Fig. 5

(0–1.53 h; 0–485.22 N). During this stage, small

deformations occurred (refer to measurements at

MP1 and MP2), and no cracks on the surface were

observed.

2. The uniform deformation stage: from A to B in Fig. 5

(1.53–6.38 h; 485.22–1367.93 N). The increasing load

on the back of the model gradually produced notice-

able soil pressures and displacements (Fig. 6b). A

slight increase in the displacement rate (point A in

Fig. 5) was observed at the end of the load ramp

(485.22–586.5–457.89 N), with mean velocities of

3.2–7.2 cm/h between 1.53 and 1.71 h. Between 1.71

and 6.38 h (457.89–1367.93 N), the displacement

continued to increase at approximately constant rates

from 0.4 to 0.7 cm/h, irrespective of the load. This

stage appears to be associated with soil creep. Inter-

mittent cracks that were perpendicular to the sliding

direction began to develop on the surface on the model.

The locations of the cracks (fissures) are shown in

Fig. 4.

3. The accelerated deformation stage: from B to C in

Fig. 5 (6.38–8.52 h; 1367.93–1873.32 N). At the onset

of this stage, the displacement significantly increased

at rates of 9.4–11.6 cm/h between 6.38 and 6.72 h

(1367.93–1452.32 N). The significant increase in dis-

placement was likely caused by the previously

described local failure and instability. The deformation

subsequently and gradually increased at rates from 0.7

to 0.9 cm/h until the end of the stage; i.e., between

6.72 and 8.52 h (1452.32–1873.32 N). Note that the

displacement rate was similar to the displacement rate

of the preceding stage (the uniform deformation stage).

4. The failure deformation stage: from C to D in Fig. 5.

The displacement substantially increased at rates of

76.4–141.8 cm/h, which denoted slip failure.

The PIV analysis was performed to obtain the velocities

and directions of the particles on the slope surface. The

results are shown in Fig. 7.

The PIV analysis results at the end of the initial defor-

mation stage (0–485.22 N; 0–1.53 h) are shown in Fig. 7a.

The velocity vectors were predominantly horizontal. Fig-

ure 7a shows a homogeneous pattern that indicates that the

Fig. 6 a Detection of the sliding surface by a soil pressure gauge. b Measured soil pressure during the landslide. c Sliding surface observed in

the test
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Fig. 7 Velocity vectors

obtained from the PIV analysis

and surface deformation (only

every third vector is shown, and

the vectors are magnified 69).

a At the end of the initial

deformation stage (A in Fig. 6,

1.53 h. after the beginning of

the test); b at the end of the

uniform deformation stage (B in

Fig. 6, 6.38 h. after the

beginning of the test); and c at

the end of the accelerated

deformation stage (C in Fig. 6,

8.52 h. after the beginning of

the test)
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displacements were uniform and oriented in the same

direction, from the crest toward the toe. In addition, the

deformation occurred primarily at the back of the model.

No cracks were observed on the surface during this stage

(refer to the inset in Fig. 7a).

During the uniform deformation stage

(485.22–1,367.93 N; 1.53–6.38 h), the velocity vectors

began to show a more pronounced horizontal component.

Large velocities were concentrated at the location of the

crack (dashed line in Fig. 7b). These changes were

accompanied with the development and propagation of

stress-release cracks on the surface (dashed line in the inset

in Fig. 7b).

During the accelerated deformation stage, the displace-

ment vectors were concentrated near the landslide toe area

(dashed line in Fig. 7c). Failure occurred in the form of

cracks that were perpendicular to the main sliding direction

(dashed line in the inset of Fig. 7c).

The soil formed a homogeneous pattern at the back of the

model during the initial deformation stage. The displace-

ment vectors subsequently changed to a pattern that was

concentrated in the crack zone during the uniform defor-

mation stage. As the load progressively increased, the dis-

placement vectors concentrated at the toe of the landslide.

The evaluation of the horizontal force (horizontal soil

pressure) and its distribution is a necessary input for the

design of the support or for the stabilization of landslides

(Zhou et al. 2014; Mei et al. 2009; Zhang et al. 1998). The

conventional limit equilibrium method (LEM) has been

extensively employed to evaluate the lateral force that acts

on support devices, such as piles (successfully employed to

stabilize landslides in the Three Gorges Reservoir, e.g.,

Zhou et al. 2014). Standard practice involves calculation of

the lateral force using the LEM and assuming a particular

distribution of the force with depth, which has traditionally

been assumed to be rectangular, trapezoidal, triangular, or

parabolic (Zhou et al. 2014). However, this assumption

does not consider how the distribution evolves with land-

slide displacements.

The soil pressure distribution during the initial defor-

mation stage (0–485.22 N) is shown in Fig. 8. The soil

pressure with depth at the top of the slope (at PC1) and at

the middle of the slope (at PC2) are depicted in Fig. 8b and

c, respectively. The applied load is shown in Fig. 8a. The

spatial distribution of the soil pressure was obtained by

interpolation of the data from the PCs (Fig. 8d). Figure 8b,

c shows that the soil pressure with depth can be approxi-

mated with a rectangular distribution due to the uniform

readings that are obtained with depth. Figure 8b, c shows

that the maximum soil pressures occurred at the surface

(0.20 kPa at PC1–1 and 0.22 kPa at PC2–2). Note that the

maximum soil pressure was located at the point where the

surface changed slope (Fig. 8d).

The uniform deformation stage includes the load range

from 485 N to 1368 N. In the upslope region (Fig. 9b) at a

load of 1250 N (5.80 h; Fig. 9a), the pressure distribution

was trapezoidal. The maximum pressure of 2.22 kPa

occurred at a depth of 18 cm (PC1–4; Fig. 9b, d). In the

middle region, the shape of the pressure distribution was

also trapezoidal, and the maximum pressure (1.59 kPa at

PC2–3) was located 15 cm below the surface (Fig. 9c, d).

When an applied load of 1368 N was attained, the

landslide model entered the accelerated deformation stage,

which has an upper bound of a 1873 N load. When an

applied load of 1650 N was attained (8.00 h; Fig. 10a), the

soil pressure distribution in the upslope region was para-

bolic with a maximum value of 3.07 kPa at a depth of

24 cm (PC1–4; Fig. 10b, d). The maximum pressure

remained unchanged from the uniform deformation stage.

The soil pressure distribution in the middle slope region

was also parabolic with a maximum value of 1.83 kPa at

PC 2–3; i.e., at a depth of 20 cm (Fig. 10b, d). In this stage,

the maximum soil pressure moved from 15 cm below the

surface in the previous stage to 20 cm below the surface.

The model results indicate that the lateral force along a

vertical profile is not constant but significantly changes

during landslide evolution. The lateral force had a rectan-

gular vertical profile during the initial deformation and

became trapezoidal, and subsequently parabolic, during the

uniform deformation stage and accelerated deformation

stage, respectively. The depth of the maximum soil pres-

sure generally increased with loading.

The infrared radiation (IRR) imager captured and

recorded thermal images of the model surface. A small

study area (19 9 24.3 cm; refer to Figs. 4 and 11) was

selected. The parameter DIRR, which is the change of the

infrared radiation with time/load, was used to monitor

changes in surface temperature during the test. The DIRR

results and histograms of DIRR during the test are shown in

Figs. 11, 12 and 13. The change in surface temperature was

mapped to a blue-to-red rainbow color gradient. Two

monitoring circles—Tc1 and Tc2—with locations shown in

Figs. 11, 12 and 13, were selected from the thermal image.

The monitoring circle Tc1 was located on the landslide

area immediately above the toe of the landslide, and

monitoring circle Tc2 was located outside the landslide

area. The surface displacements are also shown in Figs. 11,

12 and 13. Figure 14 displays a plot of the average change

in temperature (DAIRT) and the room temperature, which

was constant during the test.

During the initial deformation stage (O–A in Fig. 14)

DAIRT was very small. During the uniform deformation

stage (the A-B segment in Fig. 14) the DAIRT displays

step-like increases at the two monitoring circles. The

DAIRT values at Tc1 and Tc2 were approximately equiv-

alent until 3.3 h from the beginning of the test. With
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increased loading, the surface temperature at Tc1 became

larger than the surface temperature at Tc2. To a load of

45.5 % of the peak (852.3 N; 4.25 h), no significant dis-

placements occurred within the area of thermal monitoring

(Fig. 11a). During this stage, the thermal image displayed a

small but distinct average temperature increase of 0.382 �C
(Fig. 11b, c) with a standard deviation of ra = 0.094 �C.

The temperature histogram shows that the surface tem-

perature increase conformed to a normal distribution

(Fig. 11c). At the end of this stage, a temperature differ-

ence between Tc1 and Tc2 of 0.24 �C was attained.

After the slip surface formed at 6.38 h, the landslide

entered the accelerated deformation stage (B–C segment in

Fig. 14). The DAIRT curve on the landslide area (Tc1)

decreased after a short period of rapid growth (Fig. 14).

This finding is consistent with observations from previous

observations in rock (Wu et al. 2006b), which indicated

that the AIRT increased with loading but decreased slightly

during rock fracturing and failure.

When an applied load of 86.0 % of the peak

(1611.60 N; 7.42 h) was attained, small but distinct dis-

placements of 4–6 cm were observed within the thermal

study area (Fig. 12a). The surface temperature signifi-

cantly increased; the average increase was 0.803 �C
(Fig. 12b, c). The standard deviation was 0.211 for the

entire thermal image, which suggests that the temperature

was extensively distributed (Fig. 12c). A distinct differ-

ence in the surface temperature was observed between the

landslide area and the stable area. The surface tempera-

ture in the landslide area was higher than the surface

temperature in the stable area (Fig. 12b), which was likely

caused by elastic–plastic deformation, surface energy,

friction and heat (Wu et al. 2006a). Figure 12c shows that

the surface temperature did not follow a normal

distribution.

At the end of the accelerated deformation stage, when an

applied force of 97.7 % of the peak (1829.57 N; 8.42 h)

was attained, the displacements in the thermal study area

Fig. 8 Stress distribution during the initial deformation stage. a Applied load (time = 1.14 h; load = 250 N). b Soil pressure with depth at the

top of the slope (PC1). c Soil pressure distribution in the middle (PC2). d Spatial distribution of the soil pressure
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increased. The high standard deviation (rc = 0.234 �C)

indicated that the difference in the change in surface

temperature were further distributed (Fig. 13c). Compared

with the histogram in Fig. 12c, the frequency of low tem-

peratures (0.2–0.6 �C) was higher than the frequency of

low temperatures in the previous phase (Fig. 13c). The

average temperature in the thermal image decreased to

0.751 �C. The experimental results indicate that the surface

temperature decreased prior to landslide failure. The

decrease in surface temperature was likely caused by

energy dissipation (Wu et al. 2006a) from the model slope.

These results indicate that the surface temperature in the

landslide area is higher than the temperature in the

stable area. This finding can potentially be used as an

indicator for landslide detection. Prior to landslide failure,

the average change in IRR temperature (DAIRT) in the

landslide area significantly increases and subsequently

decreases.

Discussion and conclusions

In this study, a 1 g model test was performed to investigate

the temporal-spatial evolution of landslide failure. A mul-

tiple monitoring system that consisted of a 3D laser scan-

ner, PIV imager, soil PCs and thermal imaging was

designed and implemented in the model to characterize the

deformation, lateral soil pressure and surface temperature

evolution during slip. The Majiagou landslide in the Three

Gorges reservoir area was used as a reference to develop

the laboratory model. The objective of the study was to

construct a credible model in the laboratory to assess the

potential for area-intensive measurement systems and

relate observations with landslide movement and failure.

The scope of the study did not involve duplicating or

reproducing field observations.

In the model test, a step-like deformation behavior was

reproduced. Many landslides in the Three Gorges reservoir

Fig. 9 Stress distribution during the uniform deformation stage. a Applied load (time = 5.80 h; load = 1250 N). b Soil pressure with depth at

the top of the slope (PC1). c Soil pressure distribution with depth in the middle slope region (PC2). d Spatial distribution of the soil pressure
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area exhibit step-like deformation behavior due to the

periodic fluctuations in water level (Cao et al. 2015; Li

et al. 2009, 2010; Li and Yin 2011). The displacement in

the model test appeared to reasonably reflect the behavior

of the prototype landslide under periodic water level fluc-

tuation conditions compared with the field observations of

landslide deformation in the Three Gorges reservoir area.

The preliminary results suggest that the surface tempera-

ture can potentially be used as an indicator for landslide

detection.

Based on this study, the initiation of landslide model

failure can be identified from PIV image analysis where

local displacements were observed at the toe crack of the

landslide. This finding is consistent with observations from

other model tests (Wang and Lin 2011) that showed that

the initiation and failure of landslides can be defined from

PIV image analysis of the crack development where local

displacements were observed.

The soil pressure distributions of the prototype land-

slide—the Majiagou landslide (Fig. 15)—show that the

lateral force along a vertical profile is not constant but

changes significantly with landslide deformation. The soil

pressure with depth can be approximated with a rectangular

distribution during the initial deformation (Fig. 15a) and

become parabolic with a landslide displacement increment

(Fig. 15b). This finding is consistent with the results from

the model test. The present results show that it is hardly

unreasonable to ignore how the distribution of the hori-

zontal fore evolves with landslide displacement. An opti-

mal design of the support or for the stabilization of

landslide should be based on the observed data that define

the evolution stage. For slide masses in the initial defor-

mation stage, assume the lateral fore as rectangular; for

slide masses in the uniform deformation stage and accel-

erated deformation stage, assume the lateral force as

trapezoidal and subsequently parabolic, respectively.

Fig. 10 Stress distribution during the accelerated deformation stage. a Applied load (time = 8.00 h; load = 1650 N). b Soil pressure with depth

at the top of the slope (PC1). c Soil pressure distribution with depth in the middle slope region (PC2). d Spatial distribution of the soil pressure
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The model results indicate that the surface temperature

in the landslide area was higher than the surface tempera-

ture outside the unstable area. This finding is consistent

with previous field observations (Kusaka et al. 1993;

Shikada et al. 1994), which reveal that the surface tem-

perature in landslide areas is higher than the surface tem-

perature in non-landslide areas.

Fig. 11 a Surface displacements during the uniform deformation stage (852.3 N; 45.5 % of the peak). b Spatial distribution of the change in

temperature. c Histogram of the change in surface temperature (the average value is la = 0.382 �C, and the standard deviation is ra = 0.094 �C)

Fig. 12 a Surface displacements during the accelerated deformation stage (1611.60 N; 86.0 % of the peak). b Spatial distribution of the change

in temperature. c Histogram of the change in surface temperature (lb = 0.803 �C; rb = 0.211 �C)
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These results indicate that the observations of the model

test appeared to reasonably reflect the behavior of the

prototype landslide failure compared with field observa-

tions and other model tests. The following conclusions

from the study were obtained:

1. The entire landslide movement was successfully

recorded by the multiple monitoring system, which

enabled a qualitative interpretation of the spatial–

temporal evolution of the landslide failure. The

positive results demonstrate that the novel monitoring

Fig. 13 a Surface displacements during the accelerated deformation stage (1829.57 N; 97.7 % of the peak). b Spatial distribution of change in

temperature. c Histogram of the change in surface temperature (lc = 0.751 �C, rc = 0.234 �C)

Fig. 14 Average changes in

temperature (DAIRT) measured

at monitoring circles Tc1 and

Tc2 and room temperature

during the test (the locations of

the monitoring circles are

shown in Figs. 11, 12 and 13).

Section OA denotes the initial

deformation stage; section AB

denotes the uniform

deformation stage, and the

accelerated deformation stage is

represented by section BC
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system can prove useful to determine the initiation of

sliding and to detect the mass movement and landslide

area.

2. Four stages of evolution, namely, initial, uniform,

accelerated and failure, were identified based on the

observed displacements.

3. The soil movement exhibited a homogeneous velocity

pattern at the rear of the model during the initial

deformation stage. During the uniform deformation

stage, displacements concentrated within the crack

zone that formed as the load increased. With additional

loading, the landslide entered the accelerated defor-

mation stage, in which the displacements were con-

centrated near the landslide toe.

4. The horizontal soil pressures showed that the soil

stresses along a vertical profile were not constant but

changed during landslide deformation. The depth of

the maximum soil pressure increased with landslide

movement.

5. The surface temperature in the landslide area was

significantly higher than the surface temperature

outside the unstable area. This observation may be

used as an index for identifying landslide areas. The

average change in surface temperature (DAIRT) within

the unstable area significantly increased and subse-

quently decreased prior to failure.
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