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Abstract
Drought and landslide are two common hazards that occurred in mountainous regions of 
Taiwan. This study is intended to develop a new concept of hazard prevention and manage-
ment for solving both hazards simultaneously, in which the complex hazard has increased 
over the years in intensity and frequency due to climate variability and change. The pro-
posed concept is a win–win solution that contains the feature of efficiency to mitigate two 
hazards together. When pumping groundwater as daily water demand at landslide-prone 
sites, the pore-water pressure decreases and the thickness of the unsaturated zone increases, 
which can result in stabilizing landslide-prone slopes and increasing flood storage capacity 
as an underground detention basin, respectively. Consequently, this approach can reduce 
the risk induced by the two hazards. To reinforce the effectiveness and instantaneity of haz-
ard management, the technologies of smart sensing, smart transmission, and smart comput-
ing are then incorporated into a novel framework to develop an intelligent hazard preven-
tion and management system. Thus, the groundwater supply-slope stability management 
system was installed and tested in the remote Kaoshi tribe, which is situated in Kaoshi Vil-
lage of Mudan Township, Pingtung County, southern Taiwan. Hydrogeological issues for 
subsurface complexity, field investigations, and numerical modelling for preliminary evalu-
ation and system design are also highlighted in this study. The developed system, which 
can offer valuable support for decision-making processes of hazard prevention, is capable 
of monitoring dynamic signals from various in-situ sensors, helping water resource alloca-
tions, and stabilizing hill slopes by means of drainage.
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1 Introduction

Climate change has been a significant environmental concern affecting human lives over 
the decades. The following hazards, such as extreme rainfall events or prolonged dry peri-
ods, are increasing in intensity and frequency and vitally disrupt goals on global sustain-
able development (UNISDR 2015; World Bank 2015). Such influences also unavoidably 
occur in Taiwan and remain two significant impacts in mountainous regions: (1) imbal-
anced water resources availability, and (2) landslide hazards. For example, in the spring 
of 2015, Taiwan experienced its worst water shortage in 68 years. The severe water crisis 
dried out all reservoirs and significantly affected a million people’s water use. In August 
of the same year, the typhoon Soudelor brought extreme rainfall to trigger the occurrence 
of large scale landslide in the upstream of Wu-Lai area. This devastating event not only 
blocked the road for people escaping to the safe place but also increased water turbidity 
in the downstream water treatment plant that restricted clean water supply a couple of 
days for residents in Taipei City. Such a hazard combined with drought and landslide has 
become a serious issue frequently affecting people’s lives and causing property damages in 
the environment of mountain areas.

To deal with the complex hazard induced by drought and landslide, the traditional 
remediation remains on solving each type of hazard separately. Under the dilemma of the 
growing awareness of environmental protection against constructing a new reservoir, the 
primary countermeasures for mitigating drought are advocating joint operation, which is 
integrated multiple water resources and systems in the local region, and follow the policy 
of saving and producing recycled water simultaneously (Lai 2017). Most developed coun-
tries also make similar efforts in water saving, water use efficiency, and water recycling 
against drought (Estrela and Sancho 2016; Hong et  al. 2016; Okada 2016). Concerning 
remediation of a destroyed slope, the conventional slope stabilization is to design the most 
cost-effective works for mitigating the sliding potential based on the failure mechanism 
and scale of landslides (Hutchinson 1984; Turner and Schuster 1996; SWCB 2014; Lin 
et al. 2018). One of the slope stabilization techniques is lowering groundwater to reduce 
pore water pressure in a stratum and subsequently increase effective stress (shear strength) 
through installing lateral drainage pipes or pumping wells. In general, the extracted 
groundwater is discharged to the surface drainage system with no further use. However, the 
extracted groundwater can be reused in a novel way. For example, the groundwater gallery 
built in the Li-Shang landslide area of Taiwan in helping slope stabilization constantly dis-
charges over a million cubic meters of groundwater each year (SWCB 2011). If the drained 
water can be reutilized at proper management, the amount of groundwater can supply 
approximately 10,537 people for their daily water use. The alternative may become one of 
the solutions for conquering water shortages. From the perspective of water conservation, 
recycling the drained groundwater as an alternative water resource resembles fulfilling the 
concept of a circular economy.

While facing a complex hazard such as drought and landslide together, a novel concept 
to solve this type of problem is to adopt a total solution that contains the feature of effi-
ciency to mitigate two hazards simultaneously. To achieve the goal, the solution for solv-
ing drought must get rid of pursuing the most exploited water (e.g. construction of a new 
reservoir). Instead of the traditional exploited way, ‘harvesting’ groundwater in an unde-
veloped mountain area only in accordance with local water demand is considered to be a 
better option. The hidden water resources can help the existing water resources allocation 
system withstand seasonal or erratic drought. Notably, this kind of water resources takes 
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great advantage of water supply for specific occasions when the water supply is under an 
urgent situation. In the process of groundwater exploitation (dewatering), the drawdown 
of groundwater in the formation not only decreases pore water pressure but also produces 
more capacity to store extremely infiltrated rainwater in the formation, which is acting as 
an underground detention basin. The above two benefits result in improving slope stabil-
ity and increasing flood storage capacity, respectively. Consequently, the risk of rainfall-
induced slope and hazards is significantly reduced.

In addition to the concept of a total solution, timely and effective approaches are a vital 
element of hazard management for mitigation risks caused by natural hazards (Hany Abul-
nour 2014; Chen et al. 2016; Pal et al. 2017). With the aid of smart technologies [e.g. the 
Internet of Things (IoT)], hazard management can be accomplished in an easy way. In fact, 
IoT is an emerging technology devoted in numerous industries (Fang et al. 2013; Xi et al. 
2018; Xu et  al. 2018) and has been applied for water management (Verma et  al. 2015; 
Geetha and Gouthami 2017; Narendran et al. 2017; Moulat et al. 2018) and landslide moni-
toring (Wang et al. 2013; Yang et al. 2017). However, such applications are rarely used for 
simultaneously mitigating drought and landslide.

Based on the problem and concept mentioned above, this study proposes an intelligent 
hazard prevention and management system to mitigate drought and landslide simultane-
ously for mountain tribes of Taiwan. Hydrogeological investigations, modelling and devel-
opment of the intelligent system were conducted and demonstrated in a selected mountain 
indigenous village of Taiwan with the historical record of landslide and drought. At first, 
the hydrogeological investigations in the study site were to clarify complicated hydrogeo-
logical properties and to obtain various parameters for a proposed numerical model. Sec-
ondly, the hydrogeological conceptual model, combined with the investigated data, was 
established to simulate various hazard prevention and management scenarios. Thirdly, the 
intelligent system, including monitoring devices (piezometer, flowmeter, pump, pumping 
controller, data logger, etc.), solar energy, and IoT technology, was installed on the site. 
Due to the installation of solar panels and batteries, the system owns an energy independ-
ent solution. After completing the installation of all hardware, the real-time data, including 
changes in the water level, pumping rate, and power consumption, can be remotely trans-
mitted to the database, and allow users to track the effectiveness of groundwater exploita-
tion and daily water usage. By the aid of numerical simulation results, the slope stabil-
ity of the study site can be monitored through water level data as well. In addition to the 
function of monitoring data, users can remotely activate the water pump not only for their 
water demands but also for reducing landslide hazards. Such an application of IoT remains 
a significant advantage via self-controlling the system and adjusting the groundwater level 
while facing urgent situations associated with landslide and drought.

2  Description of the study area

The study area is situated in Kaoshi Village of Mudan Township, Pingtung County, south-
ern Taiwan, as shown in Fig. 1. Kaoshi Village, which has a population total of 711 and 
an area of 25.54  sq. km, is an indigenous mountain village. The main population in the 
village is the Paiwan people of the Taiwanese aborigines. The Kaoshi village is geographi-
cally divided into three subtribes (upper, middle, and lower). The lower tribe is close to the 
Zhonggang creek that passes through the village from north to south and flows into the sea.
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Historical rainfall data (2006–2010) collected from a neighbouring rain gauge station 
showed the annual precipitation was 3479  mm, mainly accounted for 76.3% from May 
to September. The highest amount was 642.5  mm in July, while the lowest was around 
77.6 mm in January (WRA 2011). The annual accumulated rainfall of this area was more 
than the average annual rainfall of Taiwan, which is about 2500 mm. Due to the excep-
tional rainfall, the area is vulnerable to hydro-geo hazards. Typhoon Morakot in August 
2009 induced a severe landslide event that struck the area and destroyed houses, retaining 
walls, and the roads. The water supply system of this area was also slammed, led to water 
shortages and restrictions. After the landslide hazard, some residents were relocated to the 
temporary sanctuary until their houses were rebuilt, and the Kaoshi village was officially 
identified as a landslide-prone area (Hsu et al. 2012). Various signs of landslides, such as 
tension cracks in the pavement and retaining wall, house subsidence, and leaning electric-
ity poles, can currently be seen in the tribe. These signs indicate the area is undoubtedly 
prone to landslides.

As for the regional geology of the Kaoshi village, the village is dominated by the Mudan 
formation of late Miocene, which mainly consists of shale interbedded with thin sandstone. 
Slump structures are frequently found. These observations reveal that the formation is dis-
placed or moved due to the steep slope or fast sedimentation rate in the study area. This 
finding also shows possible evidence of ancient slumps.

In addition to the risk of landslides, the village is also facing unusual water scarcity 
that is lack of water resources to meet the local water demand during the specific period 
(typhoons and drought years). The reason is that the village has no tap water system that 
entirely relies on taking water out of an upstream river. When facing typhoon events, the 
source of water is easily be blocked by rainfall-induced local landslides or debris flows. 
While suffering from a drought year, the creek and ponds nearby the village are all dry; 

Fig. 1  Locations of the study area and investigated boreholes
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apparently, an insufficient water resource in the tribe is obvious. Therefore, their water sup-
ply system is at risk from a sustainable point of view. In order to solve water shortage prob-
lems, some residents themselves installed wells directly, extracting the groundwater for 
their daily water demand. One of the wells was found in the field, which has 3.4 m in depth 
and supplies water for eight families. To sustain the mountain tribe’s sustainable devel-
opment, imbalanced water resources availability and landslide hazards have to be solved 
simultaneously.

3  Methodology

The purpose of this study is to develop an innovative system for effectively exploiting 
groundwater resources and simultaneously stabilizing slope at a landslide-prone site of the 
remote Kaoshi tribe. Since groundwater flow properties and geological characteristics in 
the subsurface of the study site are invisible, adequate characterization and modelling of 
the study site as well as constructing a smart monitoring and controlling system are cru-
cial tasks for optimizing the system; namely, customizing the capacity in accordance with 
site conditions and maximizing system efficiency with minimal cost. The three steps of 
developing the intelligent hazard mitigation system include: (1) performing hydrogeologi-
cal investigations (borehole drillings and hydrogeological tests) in a selected active land-
side site, (2) constructing a hydrogeological conceptual model based on the investigated 
outcome of the first stage and performing numerical studies to understand groundwater 
flow and slope stability of the study site, and (3) design and establishment of the intelligent 
hazard prevention system.

3.1  Site investigation

In light of a preliminary field survey on the potential of landslide and resident inquiries 
for the drought impact issue, this study selects the lower tribe of Kaoshi Village as a major 
investigated area. The study area is located between Mountain Kaoshi and River Zhong-
gang, with an area of 50 acres. The elevation of the study area ranges from 100 to 370 m 
above sea level. The average slope angle of the terrain equals 18.5° and descends from 
the west towards the east. The first step in developing the intelligent system is to under-
stand the hydrogeological conditions of the site, which is a preliminary step for conducting 
numerical modelling. Four geological boreholes along the slope, as shown in Fig. 1, were 
drilled into the subsurface at depths ranging from 50 to 95 m at the test site for collect-
ing rock core sample data. The rock core data were utilized for constructing a geologic 
cross section along the slope. Subsequently, a series of borehole exploration techniques, 
including televiewer logging, caliper logging, electrical logging, sonic logging, heat-pulse 
flowmeter logging, and packer test, were performed. The borehole exploration is an in-situ 
measurement that directly acquires a variety of subsurface hydrogeological characteristics, 
such as the distribution of lithology and fracturing and aquifer’s hydraulic properties (Ku 
et al. 2009; Chou et al. 2012, 2014). All logging results were integrated using the Well-
CAD software for interpretations on not only clarifying the complexity of subsurface con-
ditions but also delineating aquifer’s potential water-bearing zones. Besides, the pumping 
test was conducted for targeting at a water-bearing zone, where the hydraulic parameters 
were obtained, and the groundwater availability for village residents can be assessed. After 
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completing all hydrogeological tests, pressure transducers installed in the drilling boreholes 
to monitor groundwater level data as inputs for the model’s calibration and simulation.

3.2  Numerical modelling

To produce groundwater that serves as the source of back-up water and to simultaneously 
reduce trends of rising groundwater level that improves slope stability, the authors estab-
lished an appropriate numerical model that provides a crucial guideline to understand the 
groundwater flow and slope stability of the study area. The model is capable of comput-
ing the factor of safety (FOS) of the slip surface under various scenarios of groundwater 
exploitation and even determining the relationship between the amount of groundwater 
production and improvement in slope stability.

The conventional slope stability analysis for engineering practice is generally to input 
the groundwater level as the hydraulic condition in the model, rarely considers the rainfall 
infiltration process in unsaturated zones, which may significantly influence the variation 
of groundwater level with time. To improve the accuracy of simulated outcome which met 
reality, the study adopted a 2D time-dependent infiltration-seepage-stability coupled hydro-
geological model known as Geostudio to simulate groundwater flow and slope stability 
for the Kaoshi landslide site (GEO-SLOPE International Ltd. 2007a,b). The finite element 
seepage module SEEP/W was used for the analysis of groundwater flow. The daily rain-
fall was applied as the boundary condition in the model, and the time-dependent seepage 
behaviour in a saturated–unsaturated medium was simulated. The coupled seepage-stabil-
ity analysis was carried using a limit equilibrium analysis module SLOPE/W, which was 
able to compute the FOS of the slip surface under different distributions of water pressure 
induced by rainfall infiltration, evaporation, and groundwater discharge.

Since the model is a simplified representation of a complex hydrogeological condition, 
in order to improve the rationality, the calibration and verification of model parameters and 
boundary conditions are crucial tasks (Lo et al. 2010). For seepage analysis, the hydraulic 
properties of each geological unit were given by the results of the field packer test, and the 
daily rainfall data were set as the boundary condition on the top of the slope surface. The 
observed piezometric data were used to calibrate the hydraulic parameters and boundary 
conditions, namely, minimize the water level divergences between the numerical simula-
tion and observed data. Subsequently, the calibrated model was verified by pumping test 
data. For stability analysis, the mechanical properties applied in the model were based on 
laboratory tests, such as physical properties test, direct shear test, and triaxial test. The 
results of coring and borehole logging data were used to delineate the potential slip sur-
face. The integrated seepage-stability analysis was carried out to compute the dynamic 
change of a FOS induced by groundwater level fluctuations.

In order to plan the specific hazard protection strategies and prevention actions, the veri-
fied numerical model was used to realize the reaction of the landslide aquifer at all possible 
hydraulic scenarios. The results were considered to be the decision-making guideline for 
hazard management and the design of an intelligent prevention platform. According to the 
operation demand of the platform, for realizing the relationship between the groundwater 
harvesting and slope stability of the Kaoshi village, the study performed seepage-stability 
analysis and computed the FOS of the slopeland in response to the groundwater level under 
different pumping rates. The relationship provided substantial evidence in assessing the 
ability to exploit the groundwater for village people and mitigate the landslide risks. The 
process of modelling is shown in Fig. 2.
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3.3  Establishment of the intelligent system

The study developed an innovative, intelligent hazard prevention platform to help meet the 
trend of hazard prevention and management. By the aid of information communication 
technology, the system integrated smart sensors, smart communication, cloud computation, 
and solar panel technology to monitor the real-time groundwater fluctuations and immedi-
ately to pump out the water, which not only provided the sustainable water resources for 
tribal residents but also attained landslide hazard prevention and mitigation.

The components of the system listed in Table 1 consist of a 320 W solar panel, solar 
panel controller, 1HP submersible pump, power converter, flowmeter, piezometer, solid-
state relay (SSR), signal amplifier, 4G communication module, electricity leakage breaker 
(ELB), data logger, and two 12 V/100AH batteries. In addition, a water tank was installed 
to store the pumped water for water allocation. The piezometers, allowed users to track the 
current water availability, were set inside the tank and pumping well. When water table 
data combined with the flowmeter data (recording how much water to be extracted), the 
integrated data were regarded as the basis for water resource allocation and hazard preven-
tion management. The solar penal and battery were the source of electricity for the water 
pump, data logger, and data transmission module. The 4G communication module was set 

Fig. 2  The process of numerical modelling

Table 1  The system components 
and functions

Components Functions

4G communication module Transmit data to a server
Data logger Store monitoring data
Piezometer Monitor groundwater level
Flowmeter Monitor pumping rate
Signal amplifier (AMP) Amplify monitored signal
Submersible pump (1HP) Extract water
DC-to-AC converter Convert 24 V DC to 220 V AC
Solid-state relay(SSR) Switch control pump on/off
Solar panel Provide battery power
Solar panel controller Protect battery overcharge
100AH/12 V battery Store system power
Electricity leakage breaker (ELB) Protect electric circuit overload
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for instantaneous data transmission, including water level, flow rate, and battery power. 
The auto-control system was applied and able to activate the pump when the water level 
was at an urgent situation (e.g. groundwater rises above the warning level of landslide or 
water in the tank near empty). The functions of all components are also listed in Table 1. 
The configuration of the system is shown in Fig.  3. It can be seen that the solar panel 
charges the battery. The power is then transmitted to two paths: the first one is DC/AC con-
verter that delivers the power to solid-state relay (SSR) and the pump; the second one is the 
power for the rest of the devices.

Since the capacity of the system power is highly related to aquifer conditions (i.e. water 
level, well yield, drawdown duration), it is essential to collect the groundwater monitoring, 
numerical modelling and pumping test data to design the system, such as the capacity of 
the pump, solar panel and battery, and location of piezometer and pump. The process is 
described below.

1. Collect long-term groundwater monitoring data to decide the depth of the pump and 
piezometer and maximum drawdown.

2. Predict the relationship between drawdown, pumping rate, and duration from pumping 
test to evaluate the battery capacity for pumping.

3. Determine the relationship between the drawdown and rising ratio in slope stability 
from numerical modelling to evaluate system efficiency for the groundwater yield and 
the increase in slope stability.

Finally, the Visual Basic.NET was adopted to construct a real-time platform that could 
monitor and control the in-situ system through the internet. The voltage of the battery was 
also recorded to track power consumption through the operation. In this platform, users 
could remotely send commands to activate the pump. At the same time, the groundwater 
level and outflow were recorded and displayed for real-time monitoring. In addition, the 
platform allowed users to set the upper and lower bound of water level so that the system 
could self-control the pump while the groundwater level reached the alarm value. This is 
the function that intelligently reduces the landslide potential for a heavy rainfall event. As 
for the operation of water supply, the system under a safe well yield automatically pumps 

Fig. 3  System configuration
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water as alternative water resources for tribal residents based on the water demand for both 
normal and urgent period. This is also the function that intelligently reduces the risk of 
drought-induced by climate change or damages of the water supply system.

4  Results and discussions

4.1  Hydrogeological conceptual model and model calibration of the landslide site

According to the results of four geological drilling boreholes, the lithostratigraphic clas-
sification for the geological cross-section of the slope was carried out. The strata can be 
divided into four layers from top to bottom: (1) The regolith layer was composed of about 
6 m colluviums deposits; (2) The shear zone consisted of clayey shear materials and was 
usually considered to be a potential slip surface that may affect slope stability; (3) The frac-
tured bedrock layer comprised shale or sandy shale, with very low RQD and several wide 
clayey shear bands; (4) The bedrock layer mainly consisted of shale or sandy shale, with 
small amount of shear bands. In addition to the obvious slip surface as shown in the second 
layer, other thick shear bands appeared in the fractured bedrock, and bedrock layers might 
continuously evolve to become potential slip surfaces if no further remediation of the slope 
was developed.

By means of various single borehole hydrogeologic tests in boreholes, the most impor-
tant hydrogeologic features of the landslide site were explored. Figure 4 shows the inves-
tigation results carried out in borehole B103-W07. The televiewer and caliper (CALP) 
logging revealed the fracturing degree of the bedrock layer was intensive, and several 
clayey shear bands existed at the depths of 37–40 m, 42–54 m, 62–65 m, 67.5–70 m and 
84–87.5  m, respectively. The flowmeter logging indicated the fractures at the specific 
depths (40 m, 78 m, 84 m, and 90 m) were connected to the hydraulic head that created 
a recharge/discharge flow into the borehole. This finding demonstrates that the geologi-
cal heterogeneity of the site leads to a complicated groundwater flow system induced (Lo 
et al. 2014). Most of the locations with the signals of strong water exchange were found at 
the interface between the bedrock and shear band, which possibly indicate the continuous 
flow could be an impact to weaken the interface and to become a slip surface eventually. 
The results from two geophysical loggings (electrical logging and sonic logging) showed 
the values of both short and long normal resistivity (SHN and LON), single-point resist-
ance (SPR), and sonic travel time were low, while those of gamma radiation (NGAM) were 
high. These low values from different signals with no apparent changes along the borehole 
imply the strata mainly consists of clayey material, such as shale, sandy shale, and shear 
bands. However, few places along the borehole show sharp deflections in single-point 
resistance and gamma radiation (i.e. 46–47.5 m, 55–57 m, 61 m and 70–72 m) due to the 
existence of thin layered sandstone. The explanation from various signals about the strata’s 
lithologies also confirms the result from the borehole drilling.

The hydraulic parameter of a pack-off interval from the double packer test was ana-
lyzed using the software of AQTESOVE, which allowed both virtual and automatic curve 
matching (Duffield 2004). The results showed wide hydraulic characteristics in differ-
ent geological layers. The hydraulic conductivity of colluvium ranged from 2.7 × 10–5 to 
8.5 × 10–6 m/s, while the hydraulic conductivity of fractured bedrock and bedrock ranged 
from 5.4 × 10–6 to 1.3 × 10–8 m/s. The lowest hydraulic conductivity appeared in the bed-
rock layer, and its hydraulic conductivity was approximately 6.7 × 10–10 m/s. By integrating 
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all hydraulic data, the water-bearing zone at the depth from 28 to 40 m was identified. This 
identification was used to design a pumping well for performing pumping tests and a moni-
toring well for collecting continuous groundwater level data.

Collections of the above abundant and diverse data from the direct in-situ inves-
tigations and measurements would facilitate the construction of the hydrogeological 
conceptual model of this landslide site. Therefore, this study integrated the aerial pho-
tography, borehole drilling data, and well logging data to build a hydrogeological con-
ceptual model, as shown in Fig. 5. The strata of this study site are composed of four 

Fig. 4  Various down-hole investigation results conducted in borehole B103-W07
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layers (colluvium cover, shear zone, fractured bedrock, and bedrock) from top to bot-
tom. The boundary conditions of the model are also shown in Fig. 5. Considering the 
strata is less permeable, and the change in groundwater level is not obvious, a constant 
head is given in specifying the upper and lower boundary condition. The fixed head is 
at the right and left side, while zero flux is at the bottom. The monitored rainfall data 
were applied as the recharge flux on the slope surface, and a negative flux is set in the 
same place of pumping test while simulating dewatering. The depth of slip surface 
was delineated at the interface between colluvium and shear band layer, which was 
based on the results of borehole drilling and well logging. The hydraulic conductivity 
used in the model was relied on the results of the packer test, while other parameters, 
including unit weight, water content, cohesion, and friction angle, were adopted from 
the results of the laboratory test. Finally, the model incorporating various mesh sizes 
has been tested. It turned out that the sensitivity of the mesh size to the modelling 
result was not noticeable. The fact was similar to Hoang et al. (2014), who found that 
the simulated water level varied less than 7.6 cm by changing the mesh size within the 
range of 15–25 m.

After completing the setup of the numerical model and the preparation of the 
parameters, the engineering software Geostudio was used for seepage and slope sta-
bility analysis. However, to provide a closer match to field situations for the devel-
oped model, the 5-months precipitation and groundwater monitoring data from June 
to November 2013, were used to calibrate the model’s hydraulic parameters. Figure 6 
illustrates the calibration result in terms of the transient groundwater levels between 
the observed and computed data with a similar trend. The average error between 
observed and simulated groundwater levels was 7.08% for borehole QH-21 and 3.54% 
for borehole QH-23. Finally, by applying the same pumping rate of 1.8 L/min for 12 h, 
the simulated yield per unit drawdown was 0.01  cmh/m. As compared to the result 
derived from the real pumping test (0.019 cmh/m), the present model was verified to 
be able to represent the real condition.

Fig. 5  The hydrogeological conceptual model of Kaoshi landslide site
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4.2  Groundwater availability and slope stability analysis

To understand the status of exploitation of groundwater resources, groundwater potential in 
the landslide site needs to be estimated. The constant rate pumping test was then conducted 
with the Moench (1997) solution to directly obtain the hydraulic parameter (transmissivity) 
as shown in Fig. 7 (blue circle: drawdown data; red line with the pumping rate of 1.8 L/
min: type curve to the test data). A step-drawdown test evaluated the constant rate before 
the pumping test. In this study, the constant rate is regarded as the well yield of a borehole 
that is a reliable long-term yield (or safe yield) of a aquifer to ensure enough water that 
can be pumped out. As the results showed, the transmissivity and well yield of the test site 
were 2.876 × 10–5 m2/min and 1.8 L/min, respectively. Two parameters are crucial informa-
tion associated with in-situ groundwater availability for village residents.

Based on the estimated hydraulic parameter, a simple prediction can be taken for the 
possible extent of drawdown when different pumping rate is applied. Figure 7 illustrates 
various time-drawdown diagrams with varying rates of pumping. The prediction chart 
revealed that the higher the pumping rate, the shorter the pumping duration. However, such 
a case produces less water yield. For example, when the pumping rate is at 50 L/min, 8 m 
drawdown needs two minutes to reach and produces 100  L water yield. With the same 
amount of drawdown, when the pumping rate decreases to 10 L/min, the pumping duration 
extends to 50 min, and the water yield rises to 500 L.

In addition, with the calibrated numerical model as described in Sect. 4.1, the slope 
stability analysis was performed to investigate the status of slope stability at the land-
slide site. Figure  8 shows that the FOS of the slip surface in a period of rainy time 
ranges from 1.38 to 1.42, demonstrating that the landslide site tends to be stable after 
Typhoon Morakot. The simulated outcome is confirmed by the observed inclinometer 
measurement, which shows a slight change of the displacement about 0.78 cm through 

Fig. 6  The comparisons of simulated and observed groundwater level for boreholes QH-21 and QH-23
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the monitoring period from June to November 2013, as shown in Fig.  9. The slight 
change of FOS also reveals the slope stability is not sensitive to the rainfall if it is less 
than 200 mm/day. However, the landslide risks still exist if the weathering and erosion 
processes of rock formation sustain or other extreme rainfall events occur. To diminish 
the landslide risks, the site needs a long-term monitoring and management system as 
well as performing appropriate stabilization methods against sliding potential.

Fig. 7  Pumping test result and the predicted relationships among pumping rate, drawdown, and duration

Fig. 8  Simulated results for modelling the FOS of slip surface during a rainy time
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4.3  Scenarios simulation for drought and landslide risk management strategy

Once the model rationality has been validated, it is adopted to establish the relationship 
between pumping rate, pumping duration, and the change in FOS of the slip surface, 
which is considered to be the guideline for risk management of landslide and prevention 
of drought for the study area. At first, the study simulated the dewatering of the landslide 
site by applying the same pumping rate of 1.8 L/min for 12 h in borehole B103-W07. 
Figure 10 compares the change of groundwater level before pumping and after pumping. 
The result showed the groundwater level at the top of colluvium decreased to that at the 
bottom of colluvium. Accordingly, the value of FOS increased by approximately 10% as 
compared to the slope stability before pumping. The correlation analysis was then con-
ducted to establish the relationship between pumping rate and FOS as well as the one 
between drawdown and FOS.

Fig. 9  The result of inclinometer 
measurement near the testing 
well



www.manaraa.com

3115Natural Hazards (2020) 103:3101–3121 

1 3

Secondly, the study simulated variations of drawdown and rising ratio in FOS by 
applying 24-h pumping tests with various constant rates. Figure 11 shows two positive 
relationships between the pumping rate and the drawdown, as well as the pumping rate 
and the rising ratio in FOS. It demonstrated that the higher the pumping rate, the larger 
the drawdown and rising ratio in FOS. For example, when the pumping rate is set at 5 L/
min for the pumping duration of 24 h, the water level declines to near the bottom of the 
fracture bedrock layer. The total drawdown is approximately 43.8 m, and the rising ratio 
in slope stability is about 23.7%. The above simulation results can directly establish the 
relationship between drawdown and slope stability. As a result shown in Fig. 12, a posi-
tive trend indicated the greater drawdown, the higher FOS.

Fig. 10  Slope stability analysis for dewatering of Kaoshi landslide site: (Left) before pumping; (right) after 
pumping

Fig. 11  Relationship between 
pumping rate, drawdown and 
rising ratio in FOS

Fig. 12  Correlation between 
drawdown and rising ratio in 
FOS
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Finally, the study simulated variations of pumping duration and rising ratio in FOS 
by changing various constant rates under the condition of the maximal drawdown that 
the water level reached to the bottom of the fracture bedrock layer. Clearly, the results in 
Fig. 13 show both pumping duration and rising ratio in FOS have a negative trend with dif-
ferent pumping rates. The negative trend is due to the hydraulic property of the formation. 
Since the geologic formation at the study site is relatively impermeable, when the higher 
pumping rate is applied, the formation is unable to rapidly provide groundwater supply 
towards the well. Instantaneously, an induced quick drawdown in the well itself occurs due 
to the wellbore storage effect. In contrast, the formation is capable of providing a stable 
supply of groundwater under the lower pumping rate. For example, when the pumping 
rate is set at 2 L/min, the groundwater level needs 7.9 days to reach the maximal draw-
down; approximately 22,752 L water is pumped out; this drainage effort for the slope sta-
bility increase about 29.1%. On the contrary, when the pumping rate rises to 5 L/min, the 
groundwater level in the well only needs one day to attain the same drawdown; due to the 
shorter pumping duration, only 7200 L water is pumped out; the corresponding rising ratio 
in slope stability is about 23%, which is less than the previous case. Thus, the rising ratio 
in slope stability depends on the amount of groundwater drainage; the more groundwater 
drains from the formation of the slope, the higher the FOS value produces. The pump-
ing duration relies on a propagation speed of groundwater towards the well; the longer the 
pumping duration, the more stable the propagation speed of groundwater. A similar trend 
can also be found in Fig. 7, which shows that when the drawdown is fixed, the lower pump-
ing rate requires the longer duration.

The simulation also reveals that although the drawdown is set at the same magnitude, 
the rising ratio in FOS under different pumping duration is slightly different. This devia-
tion may be attributed to the fact that the radius of influence for longer pumping duration is 
wider than that for a shorter duration. The wider radius of influence may improve slope sta-
bility more. Overall, the above analysis produces practical pumping strategies on strength-
ening the slope stability and operating the supply of water resources to this community 
without aquifer overexploitation.

4.4  The intelligent management platform (installation, testing and platform)

According to the groundwater potential and local water demand of the Kaoshi village, the 
smart hazard prevention system was designed and installed in the field next to borehole 
B103-W07, as shown in Fig. 14. The present energy system has one 320 W solar panel and 
two 12 V/100AH batteries, which can supply the power continuously pumping water for 

Fig. 13  Relationship between 
pumping rate, pumping duration 
and rising ratio in FOS
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2.65 h. The charging time for two batteries is 12.5 h to be fully charged. It is expected that 
the pumping system can operate one time on one cloudy day. The water yield and water 
demand for residents can be proposed and estimated in terms of the relationships between 
battery capacity, solar panel power, water pump power, and aquifer hydraulic properties.

Furthermore, due to the complexity of the subsurface hydrogeological condition, the 
drawdown, duration, and groundwater recovery from numerical modelling may remain 
some divergences to those observed from real testing. Figure 15 demonstrates one of the 
testing cases applied in the Kaoshi landslide site. For this test, a fixed pumping rate of 
60 L/min, which is much higher than the safe yield of the aquifer (1.8 L/min), was per-
formed to test how fast the groundwater would drop in a target depth (8.3 m) and how long 
the groundwater level for this aquifer system would come back to the original one after 
the pumping ceases. Results for this type of testing showed the groundwater level rapidly 

Drainage pipe
Solar panel & working 

station
Monitoring devices

Pump & piezometer Pumping (testing) Water tank

Fig. 14  Various components of the intelligent hazard prevention system installed and tested at the landslide 
site

Fig. 15  Drawdown obtained 
from real pumping in the Kaoshi 
landslide site
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dropped 8.3 m in 448 s (7.5 min). The time spent was much longer than the simulated time, 
which was 1.7 min, as shown in Fig. 8. This testing result shows the groundwater produc-
tivity obtained from the field test has much more potential than that from the predicted out-
come. This finding also confirms the complexity of subsurface hydrogeological conditions 
for predicting the performance of the aquifer employing a numerical model. Additionally, 
when shutting down the pump, the groundwater level takes 4210 s (70.1 min) to recover 
about 71% of the initial groundwater level. The quick dropping rate and long recovery rate 
of groundwater level indicate the groundwater potential at the site is not as good as alluvial 
aquifers, and the site is not suitable for long term dewatering. However, the groundwater 
potential from the current aquifer is sufficient to provide the residents of the Kaoshi tribe 
with urgent water resources. In the last analysis from this trial, this pumping operation 
produced a groundwater yield of 450 L, and the predicted slope stability increased around 
7%. From experience on checking real groundwater productivity, the predicted rise in slope 
stability may be confirmed from real landslide deformation monitoring if available.

Finally, a web-based operating platform has been constructed, as shown in Fig.  16. 
For manual control, users can click "START" bottom to send the command to SSR via 
4G module and then trigger the motor for pumping. At the same time, the piezometer 
records the change of water level and pressure head; flowmeter records flow rate, accumu-
lated flow, and duration. The instantaneous data can be seen in the platform, as shown in 
Fig. 16a. All recorded data are saved in a data logger and sent back to the cloud system for 
a time series monitoring, as shown in Fig. 16b. In addition, the platform allows users to set 
the upper and lower bound of the groundwater level for automatic control. Once the water 
level reaches the upper threshold value, the SSR automatically starts the pump to lower 
the water level. Until the water level dropped to the lower bound value, the SSR shuts 
down the pump. This is the function to intelligently lower the groundwater level when it 
reached the warning level, which significantly reduces the landslide potential during heavy 
rainfall. Another application of the developed platform is regarded as a controller of water 
supply against the drought. Based on both constant and emergent water demand from the 
Kaoshi community, manual or automatic controls in the platform can also be set to with-
stand drought and potential landslides.

5  Conclusions

The concept of this study is originated from the idea of promoting life, safety, ecology, 
and sustainability of mountain tribes and relieving the impact associated with drought and 
landslide. A smart pumping system integrates solar energy, monitoring devices, a com-
munication module, and a displayed platform, was successfully developed. After numerous 
trials in the Kaoshi landslide site, the system is confirmed useful to effectively exploit the 
groundwater and increase the slope stability. The conclusions are summarized as follows:

1. The system allows tribe residents remotely controlling the pump to satisfy their water 
demand and tracking the water usage, particularly when facing a period of drought.

2. The IoT helps the system automatically pump the water, benefit in improving early 
warning and response to landslide hazards in extreme rainfall events.

3. To clarify the complexity of the in-situ subsurface hydrogeological condition and 
increase the model accuracy, the field investigation and well testing are unavoidable 
tasks.
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4. The numerical modelling not only identifies the relationship between groundwater 
exploitation and slope stability but also provides crucial information to design the opti-
mal power capacity and maximize the amount of water that can supply public water 
used and strengthen the slope stability.

Fig. 16  Platform for real-time control and monitor
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5. When system applied in Kaoshi landslide, each operation can produce at least 450 L and 
increase 7% in slope stability. The maximum water yield is about 5400 L/day, which is 
considered a valuable alternative water resource for village residents.
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