
International Journal of Innovative Technology and Exploring Engineering (IJITEE) 

                                                                                                               ISSN: 2278-3075, Volume-8 Issue-8S2, June 2019 

 

317 

 

Published By: 

Blue Eyes Intelligence Engineering 

& Sciences Publication  Retrieval Number: H10580688S219/19©BEIESP 

 

Abstract  Recently, smart technology using inertial 

measurement unit (IMU) sensors, which combine an 

accelerometer and gyroscope in six degrees of freedom, in the 

tracking the motion of robots or smart phones has developed 

rapidly. However, there have been no applications of this kind of 

sensor in measuring soil displacement in geotechnical 

engineering. In this research, IMU sensors were installed into 

the ground to track the displacement during slope failure 

progress. First, granular soil was placed in a scaled soil box with 

a rotated wall to induce failure while it was compacted to a 

specific unit weight. The large deformation in the experiments 

was simulated using a smooth particle hydrodynamics method in 

Abaqus commercial software. In this study, the Mohr–Coulomb 

model was employed to describe the elasto–plastic behavior of 

soil. Then, a variation of the soil friction angle was applied in 

numerical simulations to match the experiment results. A 

reasonable friction angle was determined from 20º to 21º based 

on the back analysis and IMU sensor data. 

 

Keywords: IMU sensor, slope failure, back analysis, SPH 

method, large deformation.  

I. INTRODUCTION 

Slope displacement tracking plays a crucial role in the 

prediction of slope stability assessment and landslide early 

warning. In recent years, micro-electromechanical systems 

(MEMS), such as the low-energy-consumption MEMS 

inertial sensors, small and low-cost, have been implemented 

widely in geotechnical monitoring. Numerous researchers 

have developed wireless monitoring networks using MEMS 

accelerometers and inclinometers to monitor natural hazards 

and geotechnical activities [1, 2]. Besides accelerometers, 

MEMS gyroscopes that measure angular rates are widely 

applied in wireless mouse devices, smartphones, digital 

cameras, motion controllers, drones, and virtual reality 

devices [3]. However, there have been no implementations of 

the inertial measurement unit (IMU) sensor or MEMS 

accelerometers, inclinometers, and gyroscopes in six degrees 

of freedom (6-DOFs) for geotechnical activity monitoring.  

Therefore, in this work, the first application of this kind of  
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IMU sensor is proposed for slope failure monitoring in a 

soil box, in which the rotated wall induced the failure at 

variations of the rotation angle. The slope angle changes 

were logged by the IMU sensor, and a back analysis, which is 

an effective approach to consider for important parameters 

that may not be well represented in laboratory or in situ tests, 

was conducted to predict the reasonable friction angle 

causing the failure. Numerous studies have demonstrated 

effective results of back-analysis techniques for the 

determination of soil parameters, i.e., cohesion, friction 

angle, and safety factor, in many cases of slope failure [4, 5]. 

In computational geomechanics, the finite element method 

(FEM) is considered the standard numerical method. When 

large deformation or failure occurs, the material is deformed 

significantly with the mesh, causing element distortion 

problems. Thus, smooth particle hydrodynamics (SPH) was 

adopted to resolve this limitation. SPH was originally 

proposed for astrophysical applications [6] and has been used 

widely in dynamic response of material strength and fluid 

flow. Since then, many researchers have attempted to use 

SPH for large deformation and failure simulations of 

geomaterials [7]. In this study, the SPH method was 

employed to be combined with the perfect plastic 

Mohr–Coulomb elastoplastic model in the Abaqus/Explicit 

package to simulate the slope failure in a soil box. Numerical 

results were validated by experiment results from the IMU 

sensor data in the back-analysis framework. The most 

suitable friction angle was estimated, and this suggests that 

the numerical method in this study is a promising procedure 

for predicting the key parameters causing failure, especially 

for the field condition, in which these parameters are not well 

depicted, or for quick determination without in situ or 

laboratory tests.  

II. MATERIALS AND METHODS 

2.1. Materials 

A waste coffee bean powder, which has the advantages low 

unit weight (12.5 kN/m3) compared with sand or clay, was 

used for the experiment. In addition, this kind of material 

needs to be recycled and considered as a construction 

material for solving the environmental safety problems. The 

coffee bean powder was collected from coffee shops in 

Daegu, South Korea [Figure 1a]. Then, it was placed in the 

soil box, which had 

dimensions of 125 × 80 × 65 

cm [Figures 1b,1c], and it 

was compacted to a specific 
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unit weight. The basic engineering properties of coffee bean 

powder are shown in Table 1. From Figure 2, it can be seen 

that the grain size ranging of waste coffee bean powder is 

between 0.02 mm and 2 mm and its grain size distribution is 

depicted in Figure 2. 

 
Figure 1.Materials and experiment instruments: (a) waste coffee bean powder, (b) soil box, and (c) experimental 

setup 

Table 1: Properties of the waste coffee bean powder 

Specific gravity, 

Gs 
USCS Mean grain size, 

D10 

Coefficient of 

Uniformity, Cu 
emin emax 

0.49 SP 0.19 2.84 0.18 0.52 

Note: USCS = unified soil classification system. 

  

  
Figure 2.Grain size distribution curve of waste coffee 

bean powder 

2.2.Methods 

2.2.1. Slope angle tracking by IMU sensor 

The IMU sensor used was a GY-85 model from GY group, 

and the calibration of this kind of sensor was carried out 

based on the product manuals [Figure 3a]. To install it into 

the ground in the soil box, the sensors were placed inside 

steel tubes and connected with the graphical user interface 

(GUI), which was adopted by Arduino group software 

[Figure 3b]. The top sensor was placed 35 cm from the wall 

and 40 cm from the ground surface, while the bottom sensor 

was placed 40 cm from the top sensor in the vertical direction 

[Figure 3c]. The measured rate of the IMU sensor was 3600 

baud. Finally, the failure was provoked by the rotated wall in 

seven steps: (1) initial stabilized step, (2) 30º of wall rotation, 

(3) stabilized step, (4) 60º of wall rotation, (5) stabilized step, 

(6) 90º of wall rotation, and (7) final stabilized step. 

  
(a) 

 
(b)   

 
(c) 

Figure 3.Experimental setup for the slope failure 

tracking: (a) IMU sensor, (b) data logger system and (c) 

location of IMU sensor in slope failure progress 

 The slope angle measurement schematic of the IMU is 

shown in Figure 4 [8]. By the MEMS accelerometer and 

gyroscope in the IMU sensor, the electronic signals were 

logged and transferred into numeral data through the GUI. 

Herein, the numerical data from the IMU sensor caused 

extreme noise and needed to be filtered by the algorithm from 

the source code in the Arduino framework. The filtration 

process is calculated in 

Equation 1 [8].θ is the 

optimized angle, ωgyro is the 



International Journal of Innovative Technology and Exploring Engineering (IJITEE) 

                                                                                                               ISSN: 2278-3075, Volume-8 Issue-8S2, June 2019 

 

319 

 

Published By: 

Blue Eyes Intelligence Engineering 

& Sciences Publication  Retrieval Number: H10580688S219/19©BEIESP 

velocity from the gyroscope, aacc is the acceleration obtained 

from the accelerometer, and α is the calibration factor. After 

the filtration step, the pure data of slope angle changes were 

recorded in the text file and used for the numerical analysis. 

 

 
Figure 4.Slope angle measurement schematic of IMU sensor 

  

 θangle ＝α ×  θangle +ωgyro × dt ＋ 1− α × a𝑎𝑐𝑐   (1) 

 2.2.2. Back analysis 

Figure 5 is a schematic of the back analysis in the 

numerical prediction in this study. First, the experiment of 

slope failure was conducted and measured by IMU sensors at 

the top and bottom of the soil box. The motion of slope failure 

was tracked and extracted in type of angle of repose θ. 

Herein, it is essential to assume that the input parameter of 

friction angle ϕ equals the angle of repose θ to set the 

condition for the back analysis. Then, the numerical analysis 

was carried out with the trial friction angle ϕ. The next step 

was the comparison between the experiment results and 

numerical results. If the consistency was found here, the 

friction angle of the soil would be the friction angle used in 

the numerical simulation. If not, the process would be to 

return to the assumption of the friction angle. The loop of 

back analysis would be stopped whenever a reasonable 

friction angle was estimated. 

 
Figure 5.Schematic of back analysis in numerical 

prediction 

2.2.3. Numerical modelling 

The SPH method uses a collection of particles or 

pseudo-particles to represent a given body, which is a part of 

the family of mesh-less (or mesh-free) methods in 

finite-element analysis. Equation 2 and Figure 6 show the 

kernel function of the SPH method [9]. 

 𝑓(𝑥) ≅  
𝑚𝑗

𝑝𝑗
𝑓𝑗𝑊 𝑥 − 𝑥𝑗 ,ℎ 

𝑗

 
 (2) 

 

Figure 6.Kernel function of SPH method 

In the Abaqus/Explicit package from version 6.12, it is 

possible to convert from the Lagrangian element type 

C3D8R, C3D6, and C3D4 to SPH particle type P3D4. The 

number of particles depends on the element type that is being 

converted. For example, the conversion of 10 particles would 

be generated from a C3D4 element, 27 from a C3D8R 

element, and 18 from a C3D6 element. In this study, the soil 

was assigned the C3D8R element in Abaqus, and it was 

converted to the PCD4 element in the SPH method [Figure 

7]. The wall was modeled by a rigid body part, R3D4 in 

Abaqus, for faster computational time. To replicate the 

experimental condition in the model, the velocities of nodes 

on the bottom surface and three side surfaces were kept zero 

in all active DOFs (i.e., Vx = Vy = Vz = 0). The mesh size of 

the soil and wall was 5 × 5 cm. Figure 7 demonstrates the 

mesh, element type, boundary condition, and dimensions of 

the soil box. The simulation included seven steps: (1) initial 

stabilized step to obtain the geostatic stress, (2) 30º rotated 

wall, (3) second stabilized step, (4) 60º rotated wall, (5) third 

stabilized step, (6) 90º rotated wall, and (7) final stabilized 

step. The soil parameters used for the model in the numerical 

simulation are given in Table 2. 
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Figure 7.Conversion from classical Lagrangian element to SPH particles in Abaqus: (a) classical Lagrangian 

element and (b) particles of SPH method

 

 Table 2: Input parameters for numerical simulations 

Case 
E  

(MPa) 

ν 

 

c  

(kPa) 

ϕ  

(deg) 

ψ  

(deg) 

1 30 0.3 0 30 0 

2 30 0.3 0 26 0 

3 30 0.3 0 22 0 

4 30 0.3 0 21 0 

5 30 0.3 0 20 0 

6 30 0.3 0 17 0 

7 30 0.3 0 13 0 

III. RESULTS AND DISCUSSION 

Figure 8 shows the variation of rotation wall angle and 

slope angle from IMU sensor data and numerical results. In 

this figure, there was a slight difference between the slope 

angle measured from IMU sensor and that obtained from 

numerical simulations when the rotation wall angle was 

ranging from 90º to 30º. However, at the final stabilized step, 

the obtained slope angles from numerical results were 

significantly different from data of IMU sensor in the case of 

ϕ = 30º, 26º, 17º and 13º. When ϕ = 20º, 21º; it was a good 

matching between the measured slope angle from IMU 

sensor data and that from numerical results. Therefore, the 

most reasonable friction angle was selected between 20º and 

21º based on the back-analysis method, in which the trial 

friction angle ϕ varied from 30º to 13º. 

 

 
Figure 8.Variation of rotation wall angle and slope angle from IMU sensor data and numerical results at (a) top 

sensor and (b) bottom sensor

Figure 9 presents the slope deformation tracking by 

experiment results; at: 90º, 60º, 30º and 0º rotation wall, 

respectively; and numerical results of plastic zone of slope 

failure at variation of trial friction angle ϕ. It was a good 

estimation between numerical simulation using SPH method 

and experiment results. It can be separated into three region 

based on the value of plastic strain: (1) the fully softening 

zone, from 2.75 % to over 3.81 %; (2) the transitional plastic 

zone, from 1.0 % to under 2.0 % and (3) the un-deformed 

zone, under 1.0 % of plastic strain. The development of fully 

softening zone was against to the decrease of friction angle. It 

is clear that at the final stabilized step, the distribution of 

fully softening zone was distributed on surface configuration 

while this kind of zone was spread over an area in the body of 

the slope. In addition, the running out distance ux of the 

failure was increased significantly as the degradation of 

friction angle ϕ. In the case ϕ = 13º, the running out distance 

was higher approximately 1.5 times of that in the case ϕ = 

26º. The highest point after slope failure uz was slightly 

changed at variation of friction angle ϕ, especially, it can be 

anticipated that this point would be stabilized when ϕ < 13º. 
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Figure 9.Slope deformation tracking by (a) experiment results and (b – h) numerical results. 

IV. CONCLUSION 

A numerical study was performed based on the slope 

failure monitoring from an IMU sensor to predict the friction 

angle. The following conclusions can be drawn from this 

study. (1) Application of the IMU sensors in geotechnical 

activities, especially for the failure, is promising. (2) Back 

analysis is an effective method to predict key parameters that 

are not well represented in the field condition or for quick 

determination in practice design. (3) The assumption that the 

friction angle range from 20º to 21º was the most suitable 

numerical result in comparison with the experiment results. 

(4) The SPH method is a powerful tool for modeling large 

deformation. 
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