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The effectiveness of a drainage tunnel in increasing
the rainfall threshold of a deep-seated landslide

Abstract A rising level of groundwater is a critical trigger for
deep-seated landslides. Accordingly, an effective measure to im-
prove the stability of a landslide is to reduce the groundwater level
of a slope by using a drainage system. This study investigates the
effectiveness of drainage tunnels in increasing the rainfall thresh-
old of a deep-seated landslide. Monitoring results show that the
movement of the landslide is highly sensitive to the prevailing
groundwater level (GL), and the value of GL has a direct connec-
tion with the movement of a slope. Based on continuous monitor-
ing of data of groundwater level (GL) and precipitation, the
Particle Swarm Optimization Support Vector Machine (PSO-
SVM) model was developed to predict GL based on antecedent
rainfall. The calculated results show that the performance of the
PSO-SVM model is acceptable. Using intensity-duration-
frequency (IDF) analysis and the PSO-SVM model, the rainfall
threshold of the landslide in this study was estimated to range
from 63 to 78 mm before the drainage tunnel was completed. This
contrasted with a rainfall threshold ranging from 144 to 162 mm
after the drainage tunnel was completed. This shows that the
construction of a drainage tunnel increased the rainfall threshold
of the landslide significantly, nearly doubling it.
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Introduction
Landslide disasters often occur during rainy seasons. Rainfall-
induced landslides are generally caused by changes in the pore
water pressures which lead to a reduction of soil strength and
consequently slope instability. These changes are often caused by
an increase in the saturation degree of the soils (initially unsatu-
rated) above the infiltration front (Iverson 2000; Godt et al. 2009;
Zhang et al. 2015), by the formation of a perched water table in the
top soil layers (Shackelford et al. 1994) or by an increase in the
groundwater level (Corominas et al. 2005; Ledesma et al. 2009;
Conte et al. 2018). In the former two cases, the landslide is gener-
ally shallow and a relatively small volume of soil is involved. By
contrast, in the latter case, the landslide is generally very deep and
involves a great volume of soil. This is the case considered in the
present study. In the case of a deep-seated landslide, the rise of the
groundwater level often induces a landslide. Mantovani et al.
(2000) monitored the Tessina landslide in northeastern Italy and
concluded that the landslide was associated with an increase in the
groundwater level during the observation period. Zhi et al. (2016)
investigated and monitored a rainfall-induced, deep-seated land-
slide in Zhejiang Province, China, and concluded that the ground-
water level had a direct connection with the movement of the
slope. Therefore, it is very important to evaluate the fluctuation
of the groundwater level accurately based on antecedent rainfall in
order to predict the occurrence of a deep-seated landslide.

As an increase in groundwater level is a critical trigger for a
deep-seated landslide, improving the stability of the landslide by

reducing the groundwater level of the slope through drainage
works during rainy seasons is effective. Current drainage works
can be divided into two main categories: surface water drainage
works and subsurface drainage works (Wang et al. 2013). The main
objective of surface water drainage systems is to protect the sur-
face runoff infiltrating into the slope to increase the groundwater
level. Conte and Troncone (2018) proposed a method to the design
of drainage trenches used to control the mobility of translational
landslides periodically activated by rainfall. Cotecchia et al. (2016)
verified the effects of drainage trenches through a combination of
finite element modeling of seepage and limit equilibrium analyses.
However, intercepting gutters and drainage trenches often cannot
effectively prevent rainfall infiltration due to their poor perfor-
mance in trapping water (Sun et al. 2010). Subsurface drainage
works are divided mainly into drainage holes and drainage
tunnels. Rahardjo et al. (2003) examined the effectiveness of
drainage holes in stabilizing residual soil slopes against rainfall-
induced slope failures in a tropical climate. Field monitoring
results indicate that using drainage holes to lower the water table
can have beneficial results. However, drainage holes are always
blocked due to different constraints associated with construction
technology, which makes their long-term reliability questionable
(Sun et al. 2010). On the other hand, underground drainage tun-
nels are ideal for intercepting or guiding underground water in
deep water-bearing strata and can improve the effectiveness and
reliability of drainage. Sun et al. (2010) discussed the effectiveness
of a drainage tunnel together with anti-slide piles on a deep-seated
landslide control based on real-time and synchronic monitoring.
The results of their study showed that an underground drainage
tunnel can effectively lower the level of rising underground water
induced by rainfall. Wang et al. (2013) proposed a method to
determine the optimal location of drainage tunnels based on
numerical simulations. Matti et al. (2012) evaluated the impact of
a deep drainage tunnel with sub-vertical drainage boreholes to-
wards the surface on reducing deformation velocities and increas-
ing a landslide’s safety factor in Vaud, Switzerland.

Despite the benefits of drainage tunnels, it is still uncommon
for the engineering community to use drainage tunnels as a
major engineering measure to control landslides. The main
reason is that their drainage effect has not yet been fully vali-
dated by engineering practice (Sun et al. 2010), and the engi-
neering community is still doubtful about the effectiveness of
drainage tunnels. Therefore, at present, drainage tunnels are
generally regarded only as a supplementary measure for land-
slide control. In addition, the effectiveness of current drainage
works is usually described in terms of an increase in the slope
factor of safety compared to the factor of safety for cases
without drainage works. The factor of safety (FS) is usually
calculated by numerical models. Uncertainties about the soil’s
shear strength parameters make the calculation of FS uncertain,
and this in turn makes the approach rather weak. It would be
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more convincing to evaluate the effectiveness of drainage works
based on field monitoring.

In this study, based on monitoring data relating to rainfall,
groundwater level, and surface displacement, we discuss the effec-
tiveness of drainage tunnels in increasing the rainfall threshold of
a deep-seated landslide. The monitoring results show that deep-
seated landslides are highly sensitive to groundwater level (GL).
The stability of the slope is determined by the value of GL directly.
So, if we could predict the value of GL based on antecedent rainfall
accurately, we could obtain the rainfall threshold of deep-seated
landslides. The particle swarm optimization support vector ma-
chine (PSO-SVM) method is used to predict the value of GL under
different rainfall conditions. Based on the PSO-SVM model, the
value of GL before and after the completion of drainage tunnels
induced by identical rainfall is also compared. Through intensity-
duration-frequency (IDF) curves, we also examine the effective-
ness of drainage tunnels on an increasing rainfall threshold of the
landslide.

Study area and data collection
The study area is located in Changshan County, Zhejiang Province,
China, where the average annual precipitation is about 1800 mm.
Rainfall is concentrated mostly from May to July. The landslide
under study is a remobilized ancient landslide deposit formed by
highway construction (Sun et al. 2018). The main slip direction of
the landslide is in a northerly direction. The landslide is approx-
imately 350 m long from south to north and 140 m wide at the
front edge and 55 m wide at the trailing edge. The boundary of the
landslide is controlled by cracks 1, 3, and 4 (Fig. 1). The trailing
edge of the landslide is located at an elevation of 620 m in the
southern part of the site where a tensile crack 4 is developing. The
leading edge is located at an elevation of 510 m in the northern
part of the site. The landslide has an average slope of 20° (Fig. 1).

The formation lithology in the slope area is composed mainly
of Quaternary Residual Soil Formation (Q), conglomerate and
mudstone of the Upper Jurassic Huangjian Formation (J3h), mud-
stone, and carbonaceous mudstone of the Lower Ordovician
Ningguo Formation (O1n) (Fig. 2). The location of the slip surface
was determined by the three deep inclinometers, JC-1, JC-2, and
JC-3. The locations of the three deep inclinometers are shown in
Fig. 1. The deepest deformation of JC-1 was located at a depth of
approximately 18.7 m, whereas those of JC-2 and JC-3 were located
at depths of approximately 20.3 m and 22.5 m. According to the
distributions of formations at the drilling holes, the depths of the
surface between the J3h and On1 at JC1, JC2, and JC3 are 18.1 m,
17.8 m, and 22.5 m, respectively (Sun et al. 2018). The deepest
deformations of inclinometers are found near the location of the
unconformity surface. Through the above analysis, the landslide
body is mainly overlying Jurassic strata, and the slip surface is
along the unconformity surface between the J3h and On1 strata.
The location of the slip surface is indicated in Fig. 2. After careful
surveying, it is concluded that the groundwater is mainly distrib-
uted in the Quaternary residual soil and Jurassic strata in the loss
cover, and the aquifer thickness is approximately 17–38 m (Sun
et al. 2018). The locations of the initial groundwater level were
decided by drilling holes (D1, D2, D3, and D4).

During construction of a highway, several cracks formed on the
surface of the slope. Figure 1 shows four major cracks in the study
area. Crack 1, which is 177 m long and 5 to 10 cm wide, is located on

the western boundary of the landslide. Crack 2 is located on the
middle part of the landslide and has a maximum width of 8 cm.
Crack 3 is located on the eastern boundary of the landslide. The
maximum width of the crack is approximately 15 cm. Crack 4 is
located in the upper part of the landslide and extends in two
directions. One part extends in a northwesterly direction; the other
extends in a northerly direction and intersects with crack 3. The
cracks occurred at different times as a result of a winding moun-
tain road that crosses the slope and has been subject to multiple
excavations. The overall deformation of the slope will be like a
partial deformation due to the segmentation of the road. However,
in this case, the landslide is considered a deep-seated landslide
based on GPS monitoring data and deep inclinometer data. De-
tailed information on the deformation mechanisms of the deep-
seated landslide can be found in Sun et al. (2018).

To ensure the safety of the construction, data relating to the
groundwater level, the surface deformation, and rainfall in the
landslide were monitored from January 2016. An automatic
water-level recorder was installed at the bottom of the boreholes.
The depth of the groundwater was evaluated from the bottom of
each borehole, and the groundwater level was monitored hourly
using pressure-type water gauges within 2-mm accuracy. The rain-
fall data were collected by an automatic tipping bucket rain gauge
that recorded rainfall every hour within 0.5-mm accuracy. Surface
deformation was monitored by GPS devices within an accuracy of
2 mm. The position of the monitoring instrument is shown in Fig.
1.

There are four piezometers and six GPS locations. An analysis
of monitoring data from three GPS stations (M3, M4, M5) showed
similar patterns of landslide movements across the central part of
the landslide area, but at different velocities. Large displacement
was recorded in the central part of the landslide (M3, M4, M5), and
small displacements were identified along the landslide bound-
aries (M1, M6, M2). The position inside the landslide area with
maximal displacement in the monitoring period was the main
criterion for selecting M5 as the most representative for the anal-
yses of the movement of the Qili landslide. Data that monitored
groundwater levels at the four locations within the landslide
showed similar patterns of changes in the groundwater levels. Data
records from water level sensor W3, which was installed at the
central monitoring station, show the strongest relation to the M5
data. Data measured with other water level sensors generally show
smaller relative change between maximal and minimal groundwa-
ter levels. Therefore, the W3 sensor data were most representative
of the behavior of the Qili landslide and, in combination with the
M5 data, were used for landslide prediction.

After a detailed investigation, a drainage tunnel was also built
below the landslide to prevent the rapidly increasing GL (Fig. 3).
The construction of the drainage tunnel began in August 2016 and
was completed in November 2016. It was constructed in the intact
bedrock below the slip surface of the landslide. Its span and height
were 2 m and 2.25 m, respectively. The length of the drainage
tunnel was about 305 m. It was used to intercept the rainfall and
lower the groundwater level in the landslide.

Correlation between the groundwater level and surface displacement
A high groundwater level (GL) always corresponds with a rapid
landslide movement. The relationship between groundwater level
and cumulative surface displacement is shown in Fig. 4. The
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direction of surface displacement is north. The total measured
surface displacement is 80 mm. The average annual velocity of
the landslide during the monitoring period was 40 mm/year.
Figure 4 shows two periods of faster movements. The maximal
velocity observed was 3 mm/day and occurred in the second
period of faster movement during the last week of June 2017. The

longest period of faster movement lasted from the end of April
2016 to the end of July 2016, during which the total displacement
was 40 mm. Both periods of faster movement occurred as a
consequence of rising groundwater levels (Fig. 4).

In order to explore the relationship between GL and surface
displacement during fast movement periods, recording GL and

Fig. 1 Engineering geologic plane with monitoring points

Fig. 2 The engineering geologic cross-section of A-A’
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surface displacement during these periods is presented in detail in
Figs. 5 and 6. The relationship between GL and surface displace-
ment before the drainage tunnel was completed is shown in Fig. 5a.
Six obvious groundwater level peaks (PGL), PGL1–PGL6, can be
observed in Fig. 5a. It can also be seen that the variation of
displacement and GL did not change synchronously. When the
value of GL is smaller than a critical value (e.g., the segment
between February and early April), the displacement curve is quite
flat, with negligible fluctuations. When the GL is higher than a
critical level (e.g., the six groundwater level peaks PGL1–PGL6), the
displace curve increases dramatically, which indicates that rapid
landslide movement occurred. The displacement velocity is also
calculated and plotted with the groundwater level in Fig. 5b. Six

distinct displacement velocity peaks (PDV), PDV1–PDV6, on the
velocity curve can also be observed. This study’s observations
show a one-to-one correspondence between PGL and PDV. When
the GL reaches peak point, displacement velocity also reaches peak
point.

We also explore the relationship between the groundwater level
(GL) and cumulative surface displacement after the drainage tun-
nel was completed, as shown in Fig. 6. It can also be seen that the
variation of displacement and GL could not change synchronously.
When GL is higher than the critical GL (31 m), the displacement
curve will also increase rapidly. We also found that there is one-to-
one correspondence between PGL and PDV. When the GL reaches
peak point, the displacement velocity also reaches peak point.

The details of PDVs and PGLs are listed in Table 1, which shows
that the movement of a deep-seated landslide is highly sensitive to
GL, and that the value of GL determines the motion state of the
landslide directly. In this study, the critical groundwater level that
induces rapid movement is approximately 31 m.

Because of the importance of groundwater level in assessing the
stability of a landslide, monitoring GL could serve as an early
warning of a landslide. Once the GL is close to, or larger than,
the critical value (31 m in this study), the landslide will have the
possibility of moving. If the value of GL could be predicted based
on the antecedent rainfall, then by comparing the predicted GL
with critical GL, the motion state of the landslide could be esti-
mated; in other words, the rainfall threshold of the landslide
would be obtained.

Correlation between groundwater level and rainfall
Figure 7 presents observations of GL response to rainfall over
approximately 2 years. In order to further explore the relationship
between critical rainfall and GL, this study explores the data of the
monitoring period during which GL reached a critical level (31 m)
in more detail in Fig. 7b, c. Before the construction of the drainage
tunnel, the total rainfall amount was about 1196 mm (01/04/2016–
01/08/2016) (Fig. 7b) and the maximum daily rainfall was about
79.5 mm (05/06/2016). The highest groundwater level during this

Fig. 3 Outlet of the drainage tunnel
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period was about 32 m. Before the drainage tunnel was completed,
the GL easily reached critical value (31 m). In fact, GL reached
critical value six times. Total rainfall after the construction of the
drainage tunnel during the same season was about 1209 mm (01/
04/2017–01/08/2017) (Fig. 7c). The maximum daily rainfall was
about 140.5 mm (24/06/2017). After completion of the drainage
tunnel, the GL decreased rapidly and remained at a relatively low
level. There was only one time when the GL reached critical value.
Comparing the total amount of rainfall, the amount of rain after
construction of the drainage tunnel was greater than the total
rainfall amount before the construction of the tunnel. However,
GL reached critical value only once. Furthermore, the lowest
groundwater level also decreased after completion of the drainage
tunnel. Before completion of the tunnel, the lowest groundwater
level was about 28 m after a long dry period. After the drainage

tunnel was completed, the lowest groundwater level was about
26 m after a long dry period. The lower groundwater level means
the more difficult it became for the GL to increase during the next
rainfall. Figure 7a shows that the drainage tunnel successfully
controlled the increase in the groundwater level. As the value of
GL directly determines the motion state of the landslide, it means
the displacement reduction recorded after the tunnel was installed
can be ascribed to the presence of the drainage tunnel.

The close relationship between rainfall and groundwater level is
a necessary requirement for the proposed approach. The premise
of landslide prediction in this study is that landslide movement
depends on GL depth and that GL depth depends on precipitation.
It is first necessary to predict GL depth from the precipitation data
and then compare the predicted GL depth with critical GL to verify
the stability of the slope. If the predicted GL is larger than the
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critical GL, the slope will probably demonstrate an instability
trend. If the predicted GL is smaller than the critical GL, the slope
will be considered safe. When using methods to construct a model
for predicting GL, determining the output variable is important
because it may influence the accuracy of the forecasts. Currently,
two different output variables are used, i.e., (1) the elevation of
groundwater level (GL) and (2) the groundwater level fluctuation
(GLF), which is defined as the difference between the current and
subsequent GL data. Hong (2017) evaluated that the effects two
different output variables had on the accuracy of the forecasts and
found that the forecasting method that used GLF had much better
agreement with the measured values than GL. Also, Krkač et al.
(2017) concluded that predictions of changes in GLF yielded sig-
nificantly better results than direct predictions of GL. In this study,
the GLF approach is used. Groundwater level fluctuation (GLF)
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Table 1 Statistical data of PGL and PDV

Number Monitor date PGL (m) PDV (mm/day)

1 April 21/2016 31.8 1.8

2 May 7/2016 31.6 1.8

3 May 28/2016 31.1 2.1

4 June 3/2016 31.6 2.0

5 June 15/2016 31.1 1.6

6 June 29/2016 31.5 2.2

7 June 25/2017 31.9 2.8
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manifests in two ways: (1) increased by rainfall named as GLFR
and (2) decreased by drainage named as GLFD, where the latter
refers to the speed at which the groundwater level descends. The
relationships of GLF, GLFR, and GLFD are shown in Eq. (1).

GLF ¼ GLFRþ GLFD ð1Þ

The GLFD is usually affected by the groundwater level and
hydrogeological conditions of the slope. High groundwater levels
are usually associated with large GLFD in order to maintain the
groundwater balance in the body of the slope. The value of GLFD
is usually the descending speed of GL under no precipitation. As
the monitoring period during which the GL reaches critical level
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(31 m) is more important for the stability of the slope, only
monitoring data recorded when the GL settles at a high level
are used. In this study, monitoring data from February 8, 2016 to
July 2, 2016 (before the drainage tunnel was completed) and data
from March 28, 2017 to July 14, 2017 (after the drainage tunnel
was completed) are used. To determine the value of GLFD, the
values of GLF and the corresponding GL are presented as shown
in Fig. 8. It is considered that the lower enveloping curve (f(x))
represents the values of GLFD for different values of GL when
there is no precipitation. The lower enveloping curves, (f(x)),
before and after the drainage tunnel was completed are
expressed as Eqs. (2) and (3), respectively. Equations (2) and (3)
are concluded by automatic fitting. Equations (2) and (3) also
have the minimum standard error.

y16 ¼ 869:04−86:84� x1 þ 2:89� x21−0:032� x31 ð2Þ

y17 ¼ 219:86−22:98� x2 þ 0:81� x22−0:0093� x32 ð3Þ

where y16 and y17 are the values of GLFD before and after the
drainage tunnel was completed, for different GL values, and x1 and
x2 are the corresponding groundwater levels before and after the
drainage tunnel was completed, respectively. It should be noted
that the proposed method has some limitations; the method is an
empirically based method, and Eqs. (2) and (3) are only suitable
for studying the landslide case.

Prediction of GLFR based on antecedent rainfall

PSO-SVM model
The support vector machine (SVM) is a kind of non-linear regression
forecasting method that was proposed by Cortes and Vapnik (1995).
The input variables are mapped into a higher-dimensional feature
space through a non-linear transformation, a process that is used
extensively in geotechnical engineering (Ji et al. 2016). In order to
build an effective SVM model, the parameters of the model (Cs and
γ) must be chosen properly in advance (Li and Kong 2014). The Cs is
named as penalty parameter and the γ is named as kernel parameter.
The parameter, Cs, determines the tradeoff cost between minimizing
the training error and the complexity of the SVM model. With a
larger Cs value, the predictive accuracy of the training sample is
better. However, this may cause an over-training problem. The
parameter, γ, of the kernel function defines a nonlinear mapping
from the input space to the high-dimensional feature space. Hence,
the parameters Cs and γ influence the efficiency and generalization
performance of the SVM model (Zhou et al. 2016).

The Particle Swarm optimization (PSO) is an evolutionary algo-
rithm developed in recent years (Bergh and Engelbrecht 2006). It is
usually used for solving optimization problem. Each particle in the
algorithm indicates a potential solution to the problem. The com-
mon feature is represented by position, speed, and fitness value. The
fitness value can be calculated through the fitness function, which
can estimate the merit of the particles. The velocity of the particle
determines the movement direction and distance and adjusts dy-
namically with the movement experience of all the particles, so as to
optimize the individual in the search-space (Ren et al. 2015). Con-
sidering the sensitivity of SVM to the model parameters, in this
study, we used PSO to search for the optimal parameters, i.e., Cs

and γ, of the SVM model for prediction.
In this section, based on the calculation of GLFR, the non-linear

model, the PSO-SVMmodel, is considered for forecasting variations
in the GLFR based on the antecedent rainfall. In order to verify the
accuracy of the model’s predictions, we used the root mean square
error (RMSE) and relation index (RI), as defined below:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

∑
N

i¼1
yi−xi
� �2

s

ð4Þ
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1−
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v

u

u

u

u

u

t

ð5Þ

where xi is the measured value, yi is the predicted value, ‾xi
is the average value of the sequence, and N is the number of
predicted values.
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Fig. 8 Values of GLF and the corresponding GL: a before the drainage tunnel was
completed and b after the drainage tunnel was completed
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The predicted value of GLFR in the future is usually considered
to be a function of the precipitation that has occurred during the
previous several days and the current precipitation. The influence
of the period of antecedent precipitation, which has been widely
debated in the literature, depends mainly on the hydrological
conductivity of the landslide body. Effective antecedent precipita-
tions are different in different cases. Some field monitoring data
has shown that the time lag for peak precipitation and peak GL
may be between 0.5 and 20 days (Lee et al. 2006). Park and Parker
(2008) used 1-day precipitation to estimate infiltration for the next
day. Hong and Wan (2011) chose 40-h precipitation as the influ-
ence duration of the previous rainfall. In this study, the Pearson
correlation method is used to determine the duration of the
influence (Dai and Lee 2001). It is considered that the variables
in the correlation analysis to be the GLFR, the sum of precipitation
on the same day and the previous day (S1), the sum of precipita-
tion on the same day and the two previous days (S2), the sum of
precipitation on the same day, and the previous 3 days (S3), the
sum of precipitation on the same day and the previous 4 days (S4).
Table 2 shows the Pearson correlation coefficient between GLFR
and the different precipitation times.

Table 2 shows that S1 had the best correlation with GLFR. The
correlation coefficients will decrease with the passage of time,
which means that the effect of precipitation will diminish in time.
As the correlation coefficient of S4 is quite small, 72 h (3 days) is
selected as the influencing period. The initiation value of GL also
has an effect on predicting results. Considering the results of the
correlation analysis, the input parameters are defined as precipi-
tation on the same day (P0), precipitation 1 day earlier (P1),
precipitation 2 days earlier (P2), precipitation 3 days earlier (P3),
and initiation GL (Krkač et al. 2017). The GLFR of future time is
regarded as the output parameter. The precipitation from Febru-
ary 8, 2016 to June 7, 2016 and the precipitation from March 28,
2017 to June 20, 2017 (approximately 78% of the database) are
selected as the training samples, and precipitation from June 12 to
July 2, 2016 and precipitation from June 21 to July 14, 2017 (ap-
proximately 22% of the database) are selected as the test samples
to verify the reliability of the model. A comparison between the
forecasted results and the actual results before and after the
drainage tunnel was completed is shown in Fig. 9.

Figure 9 shows that in 2016, before the drainage tunnel was
completed, the RMSE and RI of the PSO-SVM model were 0.1 m
and 0.97, respectively. In 2017, after the drainage tunnel was
completed, the RMSE and RI of the PSO-SVM model were
0.09 m and 0.96, respectively. The results presented above show
that the performance of PSO-SVM is acceptable. Therefore, the
PSO-SVM model can represent the relationship between the
influencing factors and GLFR and produce a good prediction of
the GLFR.

To evaluate the effects of the drainage tunnel on decreasing GL
further, the data of February 8, 2016 to June 7, 2016 are still
regarded as training samples; however, rainfall from June 21 to
July 14, 2017 is regarded as the input parameter of the test samples.
The series values of predicted GLFR could be obtained and repre-
sent the variation of GLFR induced by rainfall events in 2017 under
the condition of the uncompleted drainage tunnel. Then, the
predicted GLFR and actual GLFR were compared. The actual GLFR
represents the variation of GLFR induced by rainfall events in 2017
under the condition of the completed drainage tunnel. The rainfall
condition that induces the predicted GLFR and actual GLFR is the
same. The results of the comparison are shown in Fig. 10.

Table 2 The Pearson correlation coefficient of different precipitation times

Pearson correlation coefficient Before drainage tunnel completed After drainage tunnel completed

S1 0.62 0.78

S2 0.51 0.71

S3 0.44 0.60

S4 0.39 0.51

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

 GLFR

eulavtciderP

Observed value

RMSE=0.10m
RI=0.97

(a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

RMSE=0.09m
RI=0.96

 GLFR

e 
(m

)
ulav

devresb
O

Predict value (m)

(b)

Fig. 9 Comparison of the forecast results and actual results a before the drainage
tunnel and b after the drainage tunnel
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Figure 10 shows that the actual GLFR (after completion of the
drainage tunnel) is much smaller than the predicted GLFR (before
completion of the drainage tunnel) under the same rainfall condi-
tion. The peak value of predicted GLFR is about 2.2 m, in contrast
with the peak value of actual GLFR, which is 1.4 m. This means that
the drainage tunnel has reduced the increase of GL significantly
under the same rainfall conditions.

Determine the rainfall threshold through IDF curves
IDF (intensity-duration-frequency) curves are routinely used in
storm water and flood management design and predictions, as
they describe the relationship linking duration and mean intensity
of precipitation events characterized by the same return period
(Bogaard and Greco 2018). The IDF curves are isolines of cumu-
lative probability of precipitation events.

Several functional expressions can be used to describe such a
relationship, most of which can be approximated, especially for
durations longer than 1 h, as a power law:

I ¼ A� DB ð6Þ

where I is the rainfall intensity (mm/h), D is the duration (h), B is
the slope of the log-plotted straight line, and A is the measure of
rain intensity of a rain event of unit duration (Bogaard and Greco
2018).

The IDF curves are determined based on the Atlas of Storms
Statistical Parameters for Zhejiang Province (Zhejiang Province
Bureau of Hydrology 2003). The distributions of the IDF curves
are determined based on statistical results over many years from
several meteorological stations. For different regions, the distribu-
tion of the IDF curves is also different. Note that the IDF curves
are determined, for the most part, for rain durations of up to 24 h
(Bogaard and Greco 2018). So, in this study, the durations of the
IDF curves are selected as 1, 3, 6, and 24 h. Then, based on the
Atlas, we were able to choose the specific IDF curves of the
landslide site. In addition, to verify that the IDF curves used reflect
the actual rainfall characteristics of the landslide site, the IDF

curve was compared with the rainfall recorded from the nearest
meteorological station, Yuantou station, which is about 1.2 km
away from the landslide site. To verify that the spatial variability
of rainfall characteristics between Yuantou station and the land-
slide site is small, the rainfall-monitoring recording (2016–2017)
from Yuantou station was compared with the monitoring record-
ing of the landslide site. The comparison is shown in Fig. 11.

The spatial variability of rainfall characteristics between
Yuantou station and the landslide site is small. The RI and RMSE
are 0.98 and 2.57, respectively, which means that the monitoring
recording from Yuantou station reflected the actual rainfall char-
acteristics of the landslide site. As rainfall has been monitored for
a longer time at the Yuantou station, the IDF curves are compared
with the rainfall recording from Yuantou station. The comparison
is shown in Fig. 12. The 5-year return period means the maximum
possible precipitation over a 5-year period. The 3-year return
period means the maximum possible precipitation over a 3-year
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period. The duration of recording rainfall from Yuantou station is
approximately 5 years. So, if the maximum precipitation during
recording is close to the precipitation of the 5-year return period, it
means that the chosen IDF curves could reflect the actual rainfall
characteristics at the landslide site. Figure 12 shows that the max-
imum precipitation recorded is slightly larger than the 5-year
return period. The actual maximum precipitation recorded at
Yuantou station is close to the precipitation of the 5-year return
period from the IDF curves. This means that the chosen IDF
curves could reflect the actual rainfall characteristics of the land-
slide site.

As the IDF curves of the landslide site were obtained, the depth
of the precipitation of different return periods and durations were
also obtained. Once the initial GLs were obtained, the proposed

PSO-SVM model could be used to predict variations of GLFR.
Figure 7a shows that the initial value of GL during the six ground-
water level peaks (PGL1-PGL6) was about 29 m, so 29 m is
regarded as the initial value of GL.

In order to consider the effect of antecedent rainfall on GL, a
precipitation process is used as the input parameter rather than
using only precipitation data points. For different durations and
different return periods, a precipitation process includes four
precipitation time sequences. Each precipitation time sequence
includes four precipitation data points (P0, P1, P2, P3), with each
precipitation data point representing the precipitation of 1 day.
The three data points, i.e., P1, P2, and P3, represent the antecedent
rainfall before the event, and P0 represents the precipitation on
that day. Then, the precipitation process is regarded as an input

Table 3 Value of peak GL for different return period storms when the duration of the rainfall is 24 h

Return period (year) Peak GL before drainage
tunnel completed

Peak GL after drainage
tunnel completed

Cumulative rainfall (mm)

2 31.41 30.16 96

3 31.81 30.65 120

5 32.37 30.97 144

10 32.72 31.26 178

20 33.09 31.50 216

50 33.36 31.65 252

100 33.66 31.72 312

Table 4 Value of peak GL for different return period storms when the duration of the rainfall is 6 h

Return period (year) Peak GL before drainage
tunnel completed

Peak GL after drainage
tunnel completed

Cumulative
rainfall (mm)

2 30.72 29.70 63

3 31.04 29.96 78

5 31.28 30.22 90

10 31.70 30.55 114

20 32.04 30.83 132

50 32.56 31.10 162

100 32.84 31.26 180

Table 5 Value of peak GL for different return period storms when the duration of the rainfall is 3 h

Return period (year) Peak GL before drainage
tunnel completed

Peak GL after drainage
tunnel completed

Cumulative
rainfall (mm)

2 30.43 29.49 51

3 30.65 29.68 63

5 30.97 29.90 75

10 31.29 30.17 90

20 31.60 30.41 105

50 31.99 30.71 123

100 32.24 30.87 138
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parameter for the PSO-SVM model. Four GL values could be
obtained for one precipitation process, and each GL calculated
represents the results of its corresponding 4 days of antecedent
rainfall. The largest GL will be the peak groundwater level in the
precipitation process. The values of peak GL for different return
periods are shown in Tables 3, 4, 5, and 6.

The GL peaks of different return periods are presented in
Tables 3, 4, 5, and 6. Then, the calculated GL peak is compared
with critical GL (31 m) to estimate the motion state of the studied
landslide. If the peak GL is larger than critical GL, the landslide
will be considered to have a movement trend. If the calculated GL
peak is smaller than critical GL, the landslide will be considered
steady. By comparing the calculated peak GL and critical GL, the
rainfall threshold of the studied landslide before and after the
drainage tunnel was completed is also obtained. The rainfall
thresholds before and after the drainage tunnel are shown in
Fig. 13.

Before the drainage tunnel was completed, the rainfall thresh-
old ranged from 63 to 78 mm, in contrast to the rainfall threshold,
which ranged from 144 to 162 mm after the drainage tunnel was
completed. The rainfall threshold after the drainage tunnel was
completed is about twice the rainfall threshold before the drainage
tunnel was completed. The rainfall threshold increased significant-
ly because of the construction of the drainage tunnel. The rainfall
thresholds are also compared with the IDF curves. The results of
the comparison are shown in Fig. 14.

Figure 14 shows that both rainfall threshold curves are close to,
or beyond, the lower value of return period curves when the
duration is 24 h (e.g., 2-year return period and 10-year return
period). Both rainfall threshold curves ascend toward higher
values of the recurrence curves (100- to 10-year recurrences) when
the duration is 1 h. These results are also in agreement with those
presented in Huang (2013) and Wei et al. (2017, 2018). Huang (2013)
investigated the rainfall thresholds for debris flow or landslides
induced by Typhoon Morakot. The results also reveal that debris
flows and landslides occur under a very wide range of rainfall
characteristics, with return periods ranging from several years to
200 years.

The short-time and high intensity rainfall has been demonstrat-
ed as the necessary condition for triggering shallow landslides. For
shallow landslides or debris flows, failure conditions can occur
when, at a critical depth that is determined mainly by the apparent
cohesion of the soil mass and the slope angle, the moisture content
in the soil becomes close to saturation, resulting in a considerable

reduction in the strength of the soil (Van Asch et al. 1999). Thus,
the thresholds for triggering shallow landslides or debris flows
usually are not sensitive to the total amount of rainfall; rather,
they are controlled mainly by the intensity of the rainfall in a short
period of time (Wei et al. 2017, 2018). For deep-seated landslides,
the total amount of rainfall will be more important, as larger total

Table 6 Value of peak GL for different return period storms when the duration of the rainfall is 1 h

Return period (year) Peak GL before drainage
tunnel completed

Peak GL after drainage
tunnel completed

Cumulative
rainfall (mm)

2 30.12 29.19 37

3 30.29 29.33 43

5 30.43 29.47 52

10 30.70 29.68 62

20 30.93 29.86 71

50 31.19 30.06 84

100 31.38 30.21 92
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Fig. 13 Rainfall threshold of the studied landslide a before the drainage tunnel
was completed and b after the drainage tunnel was completed
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amount of rainfall usually resulting in larger increases in the
groundwater level (Wei et al. 2019; Dai and Lee 2001).

However, for this deep-seated landslide case, due to the fact
that the landslide body is broken rock mass (Sun et al. 2018), the
conditions are favorable for the storage and infiltration of ground-
water. Based on the monitoring data of the groundwater level and
precipitation, Figure 7 shows that groundwater level is very sensi-
tive to rainfall, and the speed of the hydrological response is very
quick. The lag time between the time when the maximum precip-
itation occurred and the time when the groundwater level was at
its highest level was small. A large precipitation event (duration
may vary from 1 to 24 h) will induce a rapid increase in ground-
water level. For the study of deep-seated landslides, the total
amount of rainfall is more important than rainfall duration, as a
larger total amount of rainfall usually results in larger increases in
groundwater level. Accordingly, in this study, rainfall events with a
large amount of rainfall (duration from 1 to 24 h) are considered
for predicting the occurrence of deep-seated landslides.

Conclusion
This study examined data related to rainfall monitoring, ground-
water level, and surface displacement and explored the effective-
ness of a drainage tunnel in increasing the rainfall threshold of a
deep-seated landslide. Firstly, the monitoring results show that the
movement of the landslide under study was highly sensitive to the
groundwater level (GL). The value of GL directly determines the
motion state of the landslide. The value of critical GL that triggers
rapid movement is 31 m. The monitoring data also show that the
times to reach critical GL decreased significantly after the drainage
tunnel was completed; in other words, the increase in GL was
successfully controlled by the drainage tunnel. Then, the PSO-
SVM model was developed to predict GL based on antecedent
rainfall. The results show that the performance of the PSO-SVM
model is acceptable. Based on the IDF curves, the rainfall thresh-
olds of the landslide under study ranged from 63 to 78 mm before

the drainage tunnel was constructed, in contrast to the rainfall
threshold, which ranged from 144 to 162 mm after the drainage
tunnel was completed. The rainfall threshold after the drainage
tunnel was completed was about twice that of the rainfall thresh-
old before the drainage tunnel was completed. The construction of
the drainage tunnel significantly increased the rainfall threshold of
the deep-seated landslide.
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