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ABSTRACT: Field monitoring system was developed in a mine tailings dump slope at the Imgi mine to investigate and analyze the 
variations in the unsaturated characteristics of the soil. The field instrumentation system was composed of a data acquisition system 
(DAS), a solar system, and measuring sensors. The rainfall, matric suction, and volumetric water contents were continuously 
measured from the sensors in the instrumented site and analyzed with the soil water characteristic curve (SWCC) estimated from 
laboratory experiments. The variations in matric suction and volumetric water content were primarily affected by the rainfall intensity. 
At the surface of the slope, the largest increase and decrease in the changes in matric suction and volumetric water content were 
observed during the wetting and drying processes, respectively. The matric suction and volumetric water content measured from the 
instrumented area were compared with the SWCCs, and a majority of the observed field data was situated between the SWCCs for 
the drying and wetting paths. The matric suction and volumetric water content were 5-35 kPa and 0.12-0.24, respectively. The matric 
suction and volumetric water content measured from the instrumented area were compared with the SWCCs obtained from the 
laboratory test, and the measured data was located between the drying and wetting paths. The drying and wetting paths obtained from 
the laboratory test are regarded as primary drying and wetting curves, respectively. Therefore, the measured data can be defined as 
scanning curves, which are located between primary drying and wetting curves. 

RÉSUMÉ : Un système de surveillance sur le terrain a été mise au point dans une pente de décharge de résidus miniers à la mine Imgi 
pour étudier et analyser les variations des caractéristiques non saturées du sol. Le système d'instrumentation de terrain était composé d'un 
système d'acquisition des données (DAS), d'un système solaire et de capteurs de mesure. Les valeurs de précipitation, de succion 
matricielle et de teneur en eau volumétrique ont été mesurées en continu à partir des capteurs dans le site instrumenté et analysées avec la 
courbe caractéristique sol-eau (SWCC) estimée à partir d’eassis en laboratoire. Les variations de la succion matricielle et de la teneur en 
eau volumétrique ont été principalement affectées par l'intensité des précipitations. A la surface de la pente, la plus grande augmentation 
et diminution des changements dans la succion matricielle et la teneur en eau volumétrique ont été observées respectivement sur les 
chemins de drainage et d’humidification. La succion matricielle et la teneur en eau volumétrique mesurée à partir de la zone instrumentée 
ont été comparées avec les SWCC et une majorité des données observées sur le terrain étaient situées entre les SWCC pour les chemins 
de drainage et d’humidification. La succion matricielle et la teneur en eau volumique étaient respectivement de 5 à 35 kPa et de 0,12 à 
0,24. La succion matricielle et la teneur en eau volumétrique mesurée à partir de la zone instrumentée ont été comparées avec les SWCC 
obtenus à partir des essais en laboratoire et les données mesurées ont été situées entre les chemins de drainage et d’humidification. Les 
chemins de drainage et d’humidification obtenues à partir d’essais en laboratoire sont considérées respectivement comme les courbes de 
drainage et d’humidification primaires. Par conséquent, les données mesurées peuvent être définies comme des courbes de balayage, qui 
sont situées entre les courbes de drainage et d’humidification primaires. 
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1  INTRODUCTION 

Slope failures often occur during the rainy season, suggesting 
that rainfall is a primary factor causing slope failure. Fredlund 
and Rahardjo (1995) reported that localized heavy rain resulted 
in an increase in only the surface underground water level, and 
thus, an increase in the underground water level at a deep depth 
could not cause shallow slope failure. Because the unsaturated 
characteristics of the slope can vary due to rainfall infiltration, 
the field measurement data for matric suction and volumetric 
water content in the slope are required to predict and prevent 
slope failure.  

To investigate the variations in the unsaturated features of a 
mine tailings-dump slope at the Imgi mine in Busan in South 
Korea resulting from rainfall, field monitoing system for the 
unsaturated soil of the slope were designed and installed at the 
site. The unsaturated characteristics of a mine tailings dump 
slope were thoroughly analyzed based on the monitoring data, 
including the amount of rainfall, matric suction and volumetric 
water content.  

 
 

 
2  FIELD INSTRUMENTATION 

Field instrumentation systems were designed to investigate the 
characteristics of unsaturated soils. A tipping-bucket rain gauge, 
standard jet-fill tensiometers and TDR sensors were installed in 
the mine tailings dump slope to measure the rainfall amount, 
matric suction, volumetric water content, respectively. Detailed 
information for the instruments is provided in Table 1. The 
tensiometers and TDR sensors were installed at three different 
depths—GL(-)0.5 m, 1.0 m, and 1.5 m—to observe the features 
of unsaturated soil because of rainfall infiltration. The features 
of partially saturated soil in the slope could be analyzed with 
the estimated soil water characteristic curve (SWCC) based on 
the measured matric suction and volumetric water content.  
 
Table 1. Information of instrument 

Measurement item Measurement units Model (Manufacturer) 

Rainfall Rainfall tipping 
bucket 

Te525MM-L23 
(Campbell) 

Matric suction Tensiometer Jet-fill 2725 ARL  
(Soil moisture) 

Volumetric water 
content TDR TRIME PICO 64 

(IMCO) 
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 Figure 1 demonstrates the instrumented slope to monitor the 
unsaturated soil features. The tensiometer and TDR were 
installed in the middle of the slope to measure the changes in 
matric suction and volumetric water content during rainfall. In 
particular, the tensiometers and TDR were placed at depths of 
0.5, 1.0, and 1.5 m to observe the behavior of the wet front and 
the variations in matric suction and volumetric water content 
according to depth during rainfall. The data acquisition system 
(DAS) and solar system were placed to collect and transmit the 
field data. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Setup for the measuring device on the mine waste-dump slope. 

 
3  ENGINEERING PROPERTIES 

3 .1  Physical properties 

Several laboratory tests, including unit weight, specific gravity, 
grain size analysis, liquid and plastic limits, and compaction 
tests, were performed to determine the engineering properties of 
the mine waste tailing of this site. According to the Unified Soil 
Classification System, the sample was silty sand (SM), and the 
field dry unit weight was 1.594 t/m3. The physical properties of 
the mine tailings are summarized in Table 2.  
 
Table 2. Physical properties of the mine tailings 

Property Symbol Unit Measured value 

Specific gravity Gs - 2.73 

Natural water content w (%) 6.87 

Total unit weight γt (t/m3) 1.70 

Dry unit weight γd (t/m3) 1.59 

Effective particle size D10 (mm) 0.0064 

Uniformity coefficient cu - 406.30 

Coefficient of curvature cc - 10.80 

USCS - - SM 

 

3 .2  Unsaturated properties 

In this study, the SWCCs of unsaturated mine waste tailing 
were estimated by the automated SWCC apparatus (Song et al. 
2012). The volumetric water content and matric suction of mine 

tailing can be continuously measured under unsaturated 
conditions.  

Based on the results of the automated SWCC test, the model 
developed by van Genuchten (1980) was chosen to estimate the 
SWCC because pore-water pressure was recorded according to 
matric suction, and the van Genuchten model was the best 
model to predict the SWCCs for the given soil condition (Song 
et al. 2010). The estimated equation is shown in Eq. (1). 

 
 
 
                                         (1)  

 
 
where θr is the residual value of the soil-water content, θs is 

the saturated value of the soil-water content, α is the parameter 
related to the air-entry value (AEV), n is the parameter related 
to the slope of the SWCC, and m is the parameter related to the 
residual water content. 

The parameters α, n, and m in the model proposed by van 
Genuchten (1980) were calculated based on a nonlinear least 
squares analysis between matric suction and volumetric water 
content. The coefficient of determination R2 was 0.994 for 
drying and 0.998 for wetting. The SWCC for mine waste dump 
slope tailing in the drying and wetting paths was estimated 
based on Eq. (1) and the parameters in Table 3. 

 
Table 3. Best curve-fitting parameters from the van Genuchten model 

Path α (kPa-1) n m R2 

Drying 0.180 1.811 0.448 0.994 

Wetting 0.787 1.670 0.401 0.998 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(a) Drying path  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(b) Wetting path  

Figure 2. SWCCs estimated by the van Genuchten model. 
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Figure 2 shows the SWCCs calculated by the van Genuchten 
model for drying and wetting paths. The relationship between 
matric suction and volumetric water content was a nonlinear 
sigmoid curve, and the slope of the curve was also different. A 
graphical method was used in the SWCCs to determine the 
AEV and the residual value of the soil-water content θrd in the 
drying path and the water entry value (WEV) and the residual 
value of soil-water content θrw in the wetting path. In the drying 
path, the AEV, θsd and θrd were 2.5 kPa, 0.416 and 0.095, 
respectively, whereas the WEV, θsw and θrw were 0.6 kPa, 0.364 
and 0.095, respectively. In this study, the sample of tailing was 
determined to be agalmatolite at the tailings of the mine; the 
AEV was 2.5 kPa, and the type of soil was silty sand. 
 

4  RESULTS AND MEASUREMENT ANALAYSIS 

4 .1  Measurement results 

Figure 3 demonstrates the amount of daily rainfall and hourly 
rainfall measured from the instrumented rainfall gauge on the 
slope. The measurement period was from July 9th to November 
9th, 2013. The maximum daily rainfall of 105.2 mm was 
recorded on October 8th, and the highest intensity was 23 mm/h 
on September 29th. The cumulative rainfall for the four months 
was 322.3 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Daily rainfall 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Hourly rainfall 
 
Figure 3. Measurement of rainfall 
 

Figure 4 represents the variation in volumetric water content 
at different depths according to rainfall intensity. The 
volumetric water content was greatly influenced by the rainfall 
intensity. The volumetric water content increased as a result of 
rainfall infiltration for the wetting period and decreased for the 

drying period. For rainfall, the volumetric water content was the 
highest at the surface and decreased with depth. However, for 
the drying period, the highest volumetric water content was 
observed at a depth of 1.0 m, while volumetric water content 
was the lowest at a depth of 0.5 m. The primary reason that the 
lowest volumetric water content was measured at a depth of 0.5 
m appeared to be that the evaporation at the surface can result 
in a decrease in volumetric water content (Rahardjo et al. 2013). 
In other words, the variation range in volumetric water content 
was the largest between the surface and a depth of 0.5 m for 
both the drying and wetting periods, and the amount of the 
variation was approximately 10 %. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Variation in volumetric water content at different depths 
according to rainfall intensity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Variation in matric suction at different depths according to 
rainfall intensity. 

 
The variation in matric suction measured from the 

tensiometers at different depths is shown in Figure 5. Matric 
suction was also affected by the rainfall intensity. The pattern of 
variation in matric suction was the same as that of the 
volumetric water content. The maximum amount of variation in 
matric suction for the drying and wetting periods was 
approximately 40 kPa. 

4 .2 Relationship between matric suction and volumetric water 
content 

In general, the relationship between matric suction and 
volumetric water content was estimated by the result from the 
automated SWCC apparatus. The stress state of the unsaturated 
soil can be simply predicted based on the estimated SWCC. In 
this section, the estimated SWCC was compared with the 
measured volumetric water content and matric suction. 

The estimated SWCC, the measured matric suction, and the 
observed volumetric water content at different depths are 
plotted together in Figure 6. All measured data for matric 

- 3197 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 suction and volumetric water content were located below the 
drying path of the estimated SWCC. In particular, the measured 
data were located between the drying and wetting paths of the 
estimated SWCC. The drying and wetting paths obtained from 
the laboratory test were regarded as primary drying and wetting 
curves, respectively. Therefore, the measured data with a 
nonlinear relationship between matric suction and volumetric 
water content could be defined as scanning curves, which are 
located between primary drying and wetting curves. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Relationship between matric suction and volumetric water 
content 

5  CONCLUSION 

In this research, to analyze the variations in the unsaturated 
features of a mine tailings dump slope at the Imgi mine 
according to rainfall infiltration, field measurement units and a 
system for the unsaturated soil of the slope were developed and 
installed at the site. Rainfall, volumetric water content, and 
matric suction were measured and analyzed. Then, the 
relationship between the SWCCs estimated from the laboratory 
experiments and the observed data were investigated, and the 
following conclusions were reached.  
 

1. The field instrumentation system, which consisted of a 
DAS, solar system, and measuring sensor, can store, manage, 
and transmit the measured data.  

2. During rainfall, the variation in matric suction and 
volumetric water content was influenced by rainfall intensity. In 
particular, the variation increased and then decreased at the 
surface of the slope during the drying and wetting processes. 
The increase in the variation during rainfall was primarily due 
to rainfall infiltration.  

3. In general, the underground water level was not sensitive 
to the amount of rainfall. However, the underground water level 
increased when the daily rainfall was greater than 100 mm. The 
increase in the underground water level occurred approximately 
2-3 days after 100 mm of rainfall.  

4. All of the matric suction and volumetric water content 
measured in the field was located below the drying path of the 
SWCC estimated from the laboratory test. In particular, the 
measured values were located between the drying and wetting 
paths of the estimated SWCC. The observed matric suction and 
volumetric water content were 5-35 kPa and 0.12-0.24, 
respectively.  

5. The measured data with a nonlinear relationship between 
matric suction and volumetric water content could be defined as 
scanning curves, which are located between primary drying and 

wetting curves. In particular, the characteristics of unsaturated 
soil near ground surface were deeply associated with the 
primary wetting curve.   
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