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ABSTRACT 

Landslide monitoring can characterize subsurface water percolation, hydrogeological conditions, 

and slope stability over time. In other words, the aim of the time-lapse method is to a better 

understanding of water circulation and its effect within the landslide body. In this study, 

spatiotemporal changes of the water content are monitored by two applied geophysical methods: 

2D time-lapse electrical resistivity tomography (TLERT) and 2D P-wave time-lapse seismic 

refraction tomography (TLSRT) in Xiaoshan district, Hangzhou city, China. Time-lapse electrical 

resistivity is performed by the Wenner alpha array due to its ability to display high vertical 

resolution of subsurface images and signal-to-noise ratio. Time-lapse seismic refraction 

tomography is conducted as individual models corresponding to time-lapse electrical resistivity 

images. Good agreement between the results of the two geophysical methods can illustrate the 

landslide geometry and possible sliding hazard by characterizing the moisture content and 

changes of clay content over two different periods.  
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INTRODUCTION 
 

Natural disasters often cause severe damage to life and properties and threaten the environment. 

One of the natural hazards is landslides that can happen anywhere in the world. Meteorological 

and geological factors are critical reasons that can trigger landslides on unstable slopes (Runqiu 

and Weile, 2011). This study was conducted on a rainfall-induced landslide site. Therefore, the 

diversity of water contents cause a different number of landslides in different amounts of 

precipitation. The presence of clay contents is the other critical reason for sliding mass in this type 

of landslide. Geophysical techniques can recognize landslide properties such as landslide 

geometry, boundaries, lateral extents, water contents, and composition diversity. The time-lapse 

method leads to a better finding of landslide situation and slope stability by monitoring water 

saturation (Uhlemann et al., 2017). This technique provides a reliable way to investigate 

geophysical parameters by monitoring their long-term or short-term alteration such as weathering 

rate and water saturation. Time-lapse ERT (TLERT) is extensively used to study subsurface 

variations (Valois, 2016). Time-lapse SRT (TLSRT) is introduced as the other monitoring method 

whose application is not comprehensive and almost ignored (Whiteley et al., 2019). The 

application of this technique is mostly reported in monitoring deep hydrocarbon reservoirs 

(Lumley, 2001). A few literature have practically employed the TLSRT in the near-surface 

applications (Hilbich, 2010). This study objective focuses on investigating moisture content 

effects on geophysical parameters of the landslide-prone sites by TLERT and TLSRT techniques.  
 

STUDY AREA: GEOLOGICAL AND METEOROLOGICAL DESCRIPTIONS 

OF THE SITE 
 

The study area is placed in Hangzhou city, the capital of Zhejiang province, known as a coastal 

region in the southeast of China. Because of the dependency of heterogeneous surface and 

subsurface to precipitation amount and the presence of rainfall-induced landslide, meteorological 
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investigation of the study area is as essential as geological studies. Precipitation is not evenly 

distributed in various periods per year. Measuring annual rainfall proves that two-thirds of rainfall 

happens from May to October (Ma et al., 2015). Thus, in this study, data were acquired in August 

related to high precipitation time and in November related to low precipitation season to indicate 

water saturation changes. The rainfall distribution of Xiaoshan district in August and November 

2018 is illustrated in Figure 1. Since August belongs to the intensive rainfall date, Figure 1a shows 

a high rainfall amount with a maximum of 86.8 mm than November with a maximum of 33.5 mm. 

In addition to the amount of rainfall, temperature plays an essential role in influencing surface 

and subsurface moisture contents. The temperature distribution in Xiaoshan district in August and 

November is shown in Figure 1b and c. The area’s temperature fluctuation is from 23 to 38°C in 

August with low air pressure (Figure1d). Due to high temperature and low air pressure, 

evaporation visibly occurs from the near-surface. Therefore, the evaporation rate is greater than 

the retention of soil moisture in August compared to November. Thus, the conditions cause 

dryness of near-surface in the inverse models obtained from the August dataset. Also, November’s 

temperature fluctuations vary from 3 to 23°C, but surface evaporation is less than in August due 

to high air pressure. 

 
Figure 1. Meteorological conditions of the study area. (a) Rainfall amount distribution in August and 

November 2018 over the study area (Wang 2018). (b) The temperature fluctuation in August 2018. (c) The 

temperature fluctuation in November 2018. (d) Air pressure distribution in Xiaoshan district in August and 

November 2018. 
 

RESULTS AND DISCUSSION  
 

The obtained time-lapse results for both ERT and SRT techniques show considerable variations 

of velocity and resistivity. The 2D ERT survey is equipped with E60D resistivity meter powered 

by GEOPEN Company of mainland China. Individual inversion models and time-lapse models 

were processed by the robust inversion of DC2dInvRes using an iterative Gauss-Newton 

algorithm based on regularization for solving nonlinear least-squares problems (Günther, 2004). 

The 2D SRT measurements were fulfilled along with a line corresponding to ERT profile. The 

seismic line was surveyed by SE2404EI 24- channel seismograph powered by GEOPEN 

Company. Picking the first break of travel times is the first step in data processing done by 

ZondST2D software (Kaminskiy, 2013). Figures 2 shows individual ERT results and independent 

time-lapse ERT inversion models and individual SRT inversion models. The subsurface structures 

illustrated in resistivity inversion models on two periods confirm the common reasons for sliding 

mass. Considering November data as the initial model, the changes of resistivity are calculated. 

As already discussed, August’s air pressure values are considerably lower than in November, 

while the average temperature in August and November is 33 °C and 17 °C, respectively. 

Therefore, shallow surface evaporation is much higher in August than in November. It develops 

a resistive layer on near-surface. Thick plants in this area, especially trees (bamboo and beech), 

whose roots can penetrate 2 ± 0.5 m while the penetration depth is higher in subtropical zones 

(Dalsgaard et al., 2011). It is the other reason to cause discontinuities and high resistivity in the 

shallow surface. Also, the fractures are observed as discontinuities on the near-surface. Thus, 

water percolation simply occurs through discontinuities to greater depths. Inverted resistivity 

models (Figure 2a) with 5% RMS error show substantial variations from the surface down to a 

depth of 13.6 m. Hydrogeological conditions prove water accumulation that penetrates through 
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the shallow surface composed of clay mixed with sand and small to medium fissures. The low 

resistive zone surrounded by black ellipses is placed at the landslide toe with the maximum depth 

of 13 m, where landslide mass is accumulated at a distance of 0 to 30 m. According to the 

comparison of Figures 2a to 2b, the landslide accumulation shows the water-saturated clay content 

based on borehole information already collected by Imani et al. (2021). The water percolation 

causes the clay particles to swell in moisture conditions (Sartohadi et al., 2018). Thus, it is clear 

that the water infiltration makes the shear strength decrease and the pore water pressure increase 

(Yalcin, 2007), which significantly develops into the cracks and materials (Xu et al., 2016). They 

can be the necessity of pre-conditions of sliding mass in this project. Those structures limited by 

blue ellipses involve large resistive structures, including boulders surrounded by unsaturated clay 

contents due to less water percolation. The red dashed-ellipses in Figures 2a and b (individual and 

TLERT models) compared to SRT models surround a discontinuity extended from distance 33 to 

45 m from depth 4 m; it is interpreted as a dipping subsurface zone. The dipping zone may have 

a different lithology from the surrounding materials. Figure 2c shows the TLERT result in the 

form of the percentage of resistivity changes of separately inverted models. In the time-lapse ERT 

model, increasing resistivity is quite evident from wet to dry season due to water content. . In 

terms of subsurface features, Figure 2d and 2e can be compared while showing different 

penetration depths of 22 m and 25 m for August and November, respectively. In August, lower 

penetration depth is attributed to greater attenuation in water-saturated materials than in dry 

materials (Toksoz et al., 1979). In other words, the penetration depth of seismic signals depends 

on the moisture content, which causes signal attenuation due to porosity and clay cementation. 

Compared to ERT models, due to less evaporation and moderate moisture content in November 

than in August, the shallow surface wave velocity in November is slightly higher than in August. 

As illustrated in Figure 2d, the second layer’s velocity is composed of clay content increases in 

the inversion model mapped by November dataset compared to the inverse models of August. 

Figures 2d and 2e in the distance 33–45 m with a depth of 4 m limited by red dashed-ellipses 

show a lateral velocity attributed to the presence of a discontinuity probably due to dipping small 

subsurface zone (Palmer, 1986) as it is observable on the same location in ERT models. 

 
Figure 2. SRT and ERT inversion models. (a) ERT data acquisition in August. (b) ERT data acquisition in 

November. (c) TLERT. (d) SRT inversion model obtained in August (the red stars show the shot points). (e) 

SRT inversion model obtained in November. The zones surrounded by black, blue and red ellipses are 

described in the text. 

 

LANDSLIDE STRUCTURES AND HYDROGEOLOGICAL INFORMATION  
 

 The excellent agreement between sliding mass and water penetration through characterization of 

time-lapse inversion models obtained from two dates proves the effect of hydrogeological 

conditions in the landslide area (Figure 3). Compared to Figure 3b, Figure 3a shows the shallow 

surface drained due to more evaporation in the wet season than in dry date. After intensive rainfall, 

many dislocations and discontinuities on the shallow surface are created, which act as conduits of 

water into the materials. Time-lapse results significantly represent the surface water that 
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percolates into the subsurface through discontinuities, including sand compositions, fissures, and 

tree roots. Despite the abundance of massive plants throughout the area, water infiltration has the 

leading role in reducing surface discharge capacity and flow. The water penetrates masses of 

sliding prone zones and recharges water runoff in boulders’ soils and fractures. This process 

makes the materials gradually erode. Moreover, the clay particles absorb water, expand, and 

delineate a new form of refractors. As shown in Figure 3a, the saturated-clay particles surround 

the boulders at greater depths. In contrast, the unsaturated-clays surround the boulders in dry date 

(Figure 3b) and show the extensive resistive parts. When the water infiltration process is 

developed over time, water will be accumulated between full-saturated clay and consolidated 

bedrock, which is not most likely in the dry season (Figure 3b). In general, the probability of 

discharge materials (interflow) increases because of decreasing mechanical properties of landslide 

mass compositions. Finally, the landslide body changes over time, the landslide materials are 

connected, and the sliding mass is triggered. To prevent the sliding events and decrease the water 

penetration, it is strongly recommended to monitor the groundwater flow in the long-term and 

create catch water drains in this area.  
 

 
Figure 3. Schematic of landslide structures and hydrogeological conditions. (a) The model obtained from wet 

season. (b) The model obtained from dry season. 

 

CONCLUSIONS  
 

Time-lapse ERT and SRT methods have monitored water saturation changes in the landslide site 

in Yanshan village, Hangzhou city, China. Both geophysical methods have useful quality data to 

show a perfect relationship between the TLERT and TLSRT inversion models. They determine 

the landslide geometry, hydrogeological conditions, and slope stability to recognize the 

prospective sliding mass in different seasons. The obtained results by geophysical methods are 

combined with prior borehole data to confirm the composition of materials. Using TLERT, the 

landslide body and mass are characterized by increasing resistivity on the top surface related to 

more evaporation and decreasing in greater depth in the wet season associated with water 

saturation contrary to reducing and increasing resistivity on the top surface and deeper layers in 

the dry season, respectively. The TLSRT can monitor the landslide geometry associated with 

water contents. The presence of high velocity in unsaturated materials can be referred back to 

cementation of clay content which can reduce porosity led to increasing velocity. Decreasing the 

shear strength and friction between the particles and increasing the pore water pressure are 

considered two factors of sliding in this study area. According to the SRT inverse models, in wet 

conditions, attenuation in water-saturated rocks provides the layers with unreal thicknesses. 

Therefore, it is strongly recommended to use the integrated geophysical techniques or 

multidisciplinary methods to find the landslide’s actual geometry and mass volume. Geological 

data integration with geophysical data in the form of noteworthy inversion models leads to map 

the landslide geological framework. 
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