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Abstract

The hydrological response of groundwater to rainfall plays a key role in the initiation of
deep-seated bedrock landslides; however, the mechanisms require further investigation due
to the complexity of groundwater movement in fissured bedrock. In this study, an active
translational landslide along nearly horizontal rock strata was investigated. The hydro-
logical response of groundwater to rainfall was analyzed, using the data from a four-year
real-time field monitoring program from June 2013 to December 2016. The monitoring
system was installed along a longitudinal section of the landslide with severe deforma-
tion and consisted of two rainfall gauges, nine piezometers, three water-level gauges, and
two GPS data loggers. Much research effort has been directed to exploring the relationship
between rainfall and groundwater response. It is found that both the pore-water pressure
(PWP) and groundwater level (GWL) responses were significantly influenced by the rain-
fall pattern and the hydrological properties of the underlying aquifer. The rapid rise and
fall of PWP and GWL were observed in the rainy season of 2013 with high-frequency,
long-duration, and high-intensity rainfall patterns, especially in the lower section of the
landslide dominated by the porous aquifer system. In contrast, a slower and prolonged
response of PWP and GWL to rainfall was observed in most monitoring boreholes in 2014
and 2015 with two rainstorms of short duration and high intensity. In the lower section
of the landslide, the peak GWL exhibited a stronger correlation with the cumulative rain-
fall than the daily rainfall in a single rainfall event whereas the peak groundwater level
fluctuation (GWLF) exhibited a strong correlation with API with a half-life of 7 days. In
the middle section of the landslide, however, relatively lower correlation between rainfall
and groundwater response was observed. Three types of groundwater flow were identified
based on the recession coefficients of different segments of water-level hydrographs in the
landslide area, corresponding to the quick flow through highly permeable gravely soil and
well-developed vertical joints in the bedrock, the slow and diffuse flow through the rela-
tively less-permeable bedrock, and the transition between them in the aquifer system.
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1 Introduction

In tropical and subtropical regions, the vast majority of landslides are related to seasonal
rainfall episodes. Numerous studies have attempted to explore the correlation between rain-
fall and landslide occurrence (Glade et al. 2000; Ruette et al. 2011; Ran et al. 2018). Dif-
ferent thresholds, such as rainfall, soil moisture, and hydrological conditions, have been
proposed for the predication and early warning of landslides (Crozier 1999; Crosta and
Frattini 2003; Jakob and Weatherly 2003). The most commonly used rainfall threshold is
the ID model, which combines rainfall intensity and duration (Caine 1980; Guzzetti et al.
2008; Postance et al. 2018). However, these empirical (statistical) methods lack theoretical
framework for understanding how the hydrogeological responses of groundwater influence
the location, timing, and rates of landslide movement. For a deep-seated rockslide, it is
difficult to identify a rainfall threshold due to the complexity of hydrological process of
groundwater in fissured rocks, which could cause a time lag of landslide occurrence from
weeks to months (Uchida et al. 2003; Jitousono et al. 2008). Therefore, it is important to
study the groundwater response to rainfall and its causative effect on slope instability, for
a better understanding of the formation mechanism or quantitative predication and early
warning of deep-seated landslides.

Some theoretical hydrological models have been developed to simulate the water infil-
tration process and to predict the groundwater level in an aquifer (Sangrey et al. 1984;
Van Asch et al. 1996; Iverson 2000). The calculated groundwater levels can be used as an
input to a stability model to evaluate the temporal instability of a landslide (Van Asch and
Buma 1997; Hong and Wan 2011; Li et al. 2016). Using theoretical methods, however, it
is challenging to: (1) obtain certain physical parameters of soil/rock required by theoretical
models for complex landslides, and (2) account for three-dimensional landslide geometries
and geological heterogeneities. Alternatively, field monitoring has been used to effectively
study the groundwater fluctuation in relation to rainfall. Many studies reported the moni-
toring results on soil and shallow landslides (e.g., Ogawa et al. 1987; Iverson and Major
1987; Gabet et al. 2004; Matsuura et al. 2008; Saito et al. 2010). However, for a deep-
seated rockslide, groundwater flow in a bedrock fissure network always causes complex
groundwater movement, and the mechanisms of groundwater in initiating a deep-seated
rockslide are still unclear.

Relationships between rainfall, groundwater, and slope movement of rainfall-triggered
deep-seated landslides have been studied by many researchers (Zhang et al. 2006; Matsuura
et al. 2008; Chigira 2009; Tsou et al. 2011; ProkeSova et al. 2013; Vallet et al. 2016). Van
Asch et al. (1996) simulated the groundwater response to rainfall in a landslide consisting of
varved clays and measured the horizontal infiltrate rates from fissures into the surrounding silt
layers in varved clays. They revealed that water storage in the colluvial cover played a crucial
role in water level and residence time in the fissures of the underlying varved clays, and the
landslide could be caused by the hydrostatic pressure in the fissure system before a complete
saturation of the varved clays. For deep-seated landslides in rock strata, Hong et al. (2005)
employed a tank model to simulate the groundwater variations in a crystalline schist landslide,
which permitted the change of water levels in future rainfall events to be predicted and rain-
fall-induced landslide movement to be estimated. Padilla et al. (2014) concluded that the surfi-
cial soil and the underlying bedrock were two separate hydrological systems based on obser-
vation data from a 10-m borehole (surficial aquifer) and a 40-m borehole (bedrock aquifer) of
a hillslope. A unique fractured structure, which was caused by the gravitational deformation of
the slope, rapidly drove the rainfall water through the bedrock, strongly influenced the slope

@ Springer



Natural Hazards (2024) 120:2749-2775 2751

stability, and was responsible for the initiation of a deep-seated landslide during high-precipi-
tation events. Due to site-specific characteristics of rock, it is challenging to obtain causal rela-
tionships between rainfall and rockslides in light of the difficulties behind theoretical models
and limited field measurements of rock slide cases. In recent years, machine learning methods
have been gradually used in exploring those relationships for large and complex landslides
(Krkac et al. 2017; Wei et al. 2019); however, an incomplete understanding of hydrogeological
process of groundwater in the slope creates challenges in the interpretability of the identified
relationships.

In this paper, the Kualiangzi landslide, which is a typical deep-seated bedrock landslide,
occurred in the nearly horizontal rock strata of Sichuan Basin, China, is studied. The bed-
rock consists of alternating thick sandstone and thin mudstone layers (Huang et al. 2005). Dif-
ferential deformations among these alternating layers have caused a number of vertical ten-
sion cracks or troughs in the slope. Based on the geomechanical model developed by Zhang
et al. (1994), the initiation of the Kualiangzi landslide was mainly caused by the rising hydro-
static pressure in the vertical cracks at the rear edge of the slope and the rising uplift pressure
along the bottom slip surface during rainstorms (Ji et al. 2000; Xu et al. 2016). The reduction
in shear strength due to the softening of mudstone/clayey soil on the slip surface was also
responsible for the creep movement of the landslide in the dry season (Chen 2014). In order to
study the groundwater response to rainfall and its impact on the slope stability, field monitor-
ing of rainfall, groundwater, and surficial displacement has been carried out since 2013. Based
on data collected in the rainy season of 2013, Xu et al. (2016) observed a pronounced increase
in groundwater level and pore-water pressure after a rainstorm, with a time lag between the
start of increase and the onset of the rainstorm. The water level in the tension trough at the rear
edge of the landslide had a high negative correlation with the slope stability factor and was
suggested as one of the early-warning indicators.

The main purpose of this study is to explore the seasonal and annual variations of ground-
water to rainfall of the Kualiangzi landslide based on the field measurements during a four-
year period between 2013 and 2016. Different rainfall parameters (i.e., daily rainfall, cumu-
lative rainfall, and antecedent precipitation index), groundwater response parameters (i.e.,
pore-water pressure, groundwater level, and their fluctuations), and displacement parameters
at the landslide surface (i.e., cumulative displacement and displacement rate) were utilized to
study the relationships between rainfall, groundwater response, and slope movement. In the
following sections, the landslide site and field instrumentation are first briefly described as
detailed description can be found in Xu et al. (2016). The field monitoring results are sub-
sequently presented and discussed with a focus on the temporal and spatial groundwater
response to heavy rainfalls. Finally, the groundwater flow characteristics based on hydrograph
analyses are discussed. It should be noted that this study extended the scope of Xu et al. (2016)
which only focused on the flood season in 2013. The relationship of landslide displacement
with water pressure is not the focus of this paper due to the lack of sufficient data to quantify
such relationship during the four-year period.

2 Landslide case and field monitoring program
2.1 Overview of landslide case

The Kualiangzi landslide area is located in Zhongjiang County, Deyang City, Sichuan
Province as shown in Fig. 1. The landslide body is 1100 m wide, 360-390 m long, and
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30-80 m thick, forming a total volume of 2.55x 10" m®. The slope is gentle in the front of
the landslide with an average gradient smaller than 5° and relatively steep in the back with
a gradient of 25-35°. The landslide mass was divided into three zones mainly according
to the severity of deformation and topographic features in each zone (Fig. 1). Zone I has
the largest deformation with several large tension troughs at the rear edge and local col-
lapses along the front and lateral boundaries of the landslide (Fig. 2). Trough-I (Figs. 2 and
3a) was caused by a large-scale slide in the rainy season of 1949 and formed its present
width with a maximum of 60 m and length of about 1 km after the second large-scale slide
in 1981. Trough-II (Figs. 2 and 3a) was caused by the intermittent landslide movements
between 1950 and 1960s. The landslide movement still continues and is characterized by a
relatively fast movement in the rainy season and a creep movement in the dry season annu-
ally. Figure 3b and c shows significant soil settlement and crack deformation in the cement
piers of two water-level gauges just after the rainy season of 2015, which were installed
in the middle section of the landslide in 2013. The piers of the monitoring gauges at the
leading edge of the landslide were damaged. Several installed gauges malfunctioned due
to damages of the monitoring boreholes or the transmission cables from the accumulated
deformation.

The surficial layer of the landslide consists of gravelly soils with an average thickness
of 10 m, whereas the underlying bedrock is composed of thick layers of sandstones inter-
bedded by thin layers of mudstones with a dipping angle of 2°-5° (Fig. 4). The sandstones
exhibited moderate to low weathering and had two sets of nearly vertical joints (Fig. 4)
caused by differential deformations between sandstone and mudstone. Those joints pro-
vided channels for rainwater to infiltrate into the deep zone, causing the softening of mud-
stone and the formation of slip zone. Colluviums consisting of a mixture of rock blocks,
gravels, and breccias cumulated in the tension troughs at the rear edge of the landslide.
Calcification membrane was found on some rock blocks, indicating a strong groundwater
movement in the troughs.

2.2 Hydrological background

The landslide area has a humid subtropical monsoon climate with an average annual
precipitation of 844.5 mm. The infiltrated rainwater provides the main groundwater
recharge in the landslide area. The groundwater flow field in the slope can be regarded
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Fig. 1 A closed-up view of the Kualiangzi landslide (facing the east on an opposite hillslope of the land-
slide, photograph taken in 2015)
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Fig.2 Aerial view of the Kualiangzi landslide in 2013 and the layout of field monitoring system (revised
from Xu et al. 2016)

as a separate hydrogeological unit. Two types of aquifer systems exist: a porous aquifer
system consisting of the covering soil and a fissure aquifer system consisting of the
alternating bedrock of sandstone and mudstone. The complex fissure/crack network in
the shallow bedrock, including weathered fissures, tectonic fissures, and bedding planes,
provides a storage space and transport pathways for groundwater, causing different
groundwater responses to rainfall in these two aquifer systems. The previously formed
tension troughs at the rear edge constitute the main water storage zone (Fig. 5a). During
rainfall, driven by the water head difference, groundwater is discharged into the gully
at the leading edge of the landslide in the forms of spring water (Fig. 5b) and chan-
nel drainage (Fig. 5c) along the transport pathways. In addition, the underlying intact
bedrock serves as a relative water-resistant layer, above which an active zone of ground-
water movement is formed. The thin mudstone intercalation in the zone is continuously
softened by water, forming the slip zone of the landslide.

Lv et al. (2019) used multi-tracer tests, injection tests and electrical resistivity
tomography to investigate the groundwater flow characteristics in the middle section of
the Kualiangzi landslide. They concluded two modes of groundwater flow. One is the
preferential flow which was controlled by the nearly vertical cracks of the bedrock and
had the flow direction approximately perpendicular to the sliding direction. The other is
the diffuse flow along the bedding planes of sandstone and mudstone, which showed a
much smaller flow velocity than the preferential flow.
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Fig. 3 Historical movements of the Kualiangzi landslide: a two large tension troughs at the rear edge (fac-
ing SW20° at the top of Trough-I); b soil settlement observed in the cement pier of a water-level gauge in
the middle section of landslide; and ¢ cracking deformation observed in the cement pier of a water-level
gauge in the middle section of landslide

2.3 Monitoring system

Rainfall, groundwater level, pore-water pressure and the surficial slope displacement were
monitored in real-time automatically. All sensors were installed near the longitudinal pro-
file A-A’ of Zone I in Fig. 2. The cross-sectional profile of A-A’ and the installed sensors
are shown in Fig. 6.

Nine piezometers were employed to monitor pore-water pressure and distributed in
six boreholes named as PWO01, PW02, PW1-1, PW1-2, PW1-3, and PW1-4 (see Fig. 6).
There were two piezometers embedded at different depths in each of PW1-1, PW1-2,
and PW1-3, named as PW1-1-1, PW1-1-2, PW1-2-1, PW1-2-2, PW1-3-1, and PW1-
3-2, whereas only one piezometer was embedded in each of the other boreholes (i.e.,
PWO1, PW02, and PW1-4). The main installation process of those piezometers is as
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Fig.4 Alternating beds of thick sandstone and thin mudstone exposed in the scarp of tension trough-I
formed at the rear edge of the Kualiangzi landslide (see Sitel location in Fig. 2)

Fig.5 Recharge and drainage of groundwater in the Kualiangzi landslide: a rainwater storage in the tension
trough at the rear edge; b spring drainage at the leading edge; and ¢ channel drainage at the leading edge

follows: after a piezometer was positioned at the desired depth, the hole was backfilled
with sand of 20 cm in thickness and then with a mixture of bentonite and cement slurry
up to the ground surface. If there were two piezometers positioned in a hole, the sand
and bentonite should be alternatively backfilled to the lower part of the upper piezom-
eter. Three water-level gauges were used to monitor groundwater level and installed in
three boreholes numbered as UW1-3, UW1-4, and UW1-5 (see Fig. 6). These boreholes
had the lateral drainage pipes equipped with strainers. In addition, two rain gauges (i.e.,
Y01 and Y02) and two displacement monitoring stations (i.e., GPSO1 and GPS02) were
installed to monitor rainfall and surficial displacement, respectively.

To avoid repetition, a detailed description of the monitoring system is not included
in this paper but can be found in Xu et al. (2016). Except for few water-level gauges
(UW1-3, UW1-4, UW1-5) and piezometers (PW1-1-1, PW1-2-1, PW1-3-2), most sen-
sors failed to record data continuously and reliably after 2016. Thus, our subsequent
analyses will be based on the data recorded over a four-year span from 2013 to 2016.
Table 1 lists the type, installation, and operating condition of all sensors from the date
of installation to December 2016.
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Fig.6 Geological profile and layout of monitoring locations of section A-A’ in Fig. 2 (revised from Xu
et al. 2016)

3 Results
3.1 Rainfall characteristics

The rainfall monitoring results from June 2013 to December 2016 are analyzed. Fig-
ure 7 shows the daily rainfall and cumulative rainfall each year, and Fig. 8 shows the
monthly rainfall each year. The daily and monthly rainfall data were calculated from
the recorded hourly rainfall. The rainfall in the landslide area is characterized as hav-
ing high seasonal and annual variation. In a given year, precipitation concentrates in
the rainy season from June to September and with little to no precipitation during the
dry season (see Figs. 7, 8). The cumulative rainfall in the rainy season was 715.5 mm,
689.5 mm, 636.5 mm, and 433.2 mm for 2013, 2014, 2015, and 2016, respectively.
Rainstorm events with daily rainfall exceeding 50 mm are listed in Table 2, along with
the corresponding rainfall characteristic parameters.

On an annual basis, different rainfall patterns exist. As shown in Fig. 7 and Table 2,
the rainfall pattern in 2013 can be characterized as high frequency and high intensity.
Five rainstorms occurred between June and July in 2013. The rainfall patterns are simi-
lar in 2014 and 2015 with two rainstorms occurred in June and August. In both years, a
majority of rainfall events are of high frequency and low intensity, and the same level
of monthly rainfall occurred in most months, especially in June and July (Fig. 8). The
rainfall pattern in 2016 can also be characterized with high frequency and low intensity
during the whole year, with a majority of daily rainfall lower than 25 mm (Fig. 7); how-
ever, the frequent rainfall during the rainy season led to a considerable monthly rainfall
in June, July, and September (Fig. 8). During these four years, the maximum hourly and
daily rainfall was 84.5 mm and 130 mm, respectively, both occurring on August 8-9 of
2014, whereas the maximum cumulative rainfall (R, ) in a single rainfall event was
212 mm on August 16-19 of 2015.

cum
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Fig. 7 Daily and cumulative rainfall at the Kualiangzi landslide from 2013 to 2016
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Fig. 8 Monthly rainfall of the Kualiangzi landslide from 2013 to 2016

3.2 Antecedent precipitation index

Many studies have reported the effect of antecedent precipitation index (API) on the
groundwater response and the initiation of a landslide using different methods to cal-
culate APl (Kohler and Linsley 1951; Crozier and Eyles 1980; Crozier 1986; Glade
et al. 2000; Matsuura et al. 2003; Ma et al. 2014; Chen et al. 2015). In the widely used
expression developed by Crozier and Eyles (1980), API is regarded as the linear combi-
nation of daily rainfall in a period prior to a landslide event and on the day of the event
and is widely adopted to determine the landslide-triggering rainfall threshold. Herein,
our purpose is to study the relationship between API and groundwater response, which
requires API at any time to be calculated in the groundwater response process, so the
expression for API is re-written based on Padilla et al. (2014):
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API_T:P,+Z(%)’P, 0
n=1

where API_T is the antecedent precipitation index for a half-life of T (in days), and P, is
the precipitation at day 7. The last term in Eq. (1) represents the antecedent precipitation
decay within a period of x days staring from day ¢. If there are other rain events occurring
on any day during the decay period of P,, the amount of rain observed is added to the index
(Kohler and Linsley 1951). The half-life 7 means that the precipitation P, will be reduced
to its half after 7 days, and its value reflects the decay velocity of precipitation. In this
study, five half-lives: 3, 7, 15, 30, and 60 days were selected to calculate different API val-
ues. The results are plotted in Fig. 9 between June and December of each year. The maxi-
mum API values (API,,,) for different half-lives in each rainstorm are also summarized
in Table 2. It is worth noting that, in this study, the API was regarded as a rainfall param-
eter which was just calculated from the monitored daily rainfall; hence, the influences of
any other factors such as water level and landslide deformation were not considered in the
API’s calculation.

Figure 9 shows that the smaller the half-life, the steeper the API recession curve. For
T=3 days, the occurrence of all peaks in API curve corresponded well with that of the
daily rainfall. As T increases, the cumulative effect of antecedent rainfall becomes more
significant, which could lead to the occurrence of maximum peak API lagging behind the
maximum daily rainfall. For example, the maximum peak of API_60 was 23 and 10 days
behind the maximum daily rainfall in 2014 and 2016, respectively. Referring to Eq. (1), the
long lag time should be attributed to the long half-life in API calculation and the particular
rainfall pattern in 2014 and 2016. In Figs. 9(b) and (d), it can be seen that there are many
low- intensity rainfall events between June and December in both 2014 and 2016, includ-
ing two rainstorms in 2014 (see Table 2). When the half-life was 60 days, each rainfall took
longer time to decay to a low value. Finally, the precipitation accumulation from several
rainfall events caused the later occurrence time of the maximum peak of API_60 relative to
the maximum daily rainfall in 2014 and 2016. The relatively significant cumulative effect
of antecedent rainfall in 2014 can be partly responsible for a slight landslide movement
occurring on September 22 when the daily rainfall was only 24.5 mm (Fig. 9b). For 2013,
the half-life did not significantly change the shape of API curve as the rainfall pattern was
high frequency, long duration, and high intensity.

3.3 Relationship between rainfall and pore-water pressure

As shown in Fig. 6, nine piezometers were installed in different sections of the Kual-
iangzi landslide, most of which were close to the slip surface. Based on the available data
(Table 1), Fig. 10 gives a general view of pore-water pressure response to hourly rain-
fall at different monitoring points, excluding PWO01 and PWO02, between June 2013 and
June 2015. In this figure, pore-water pressure (PWP) is calculated from the sensor loca-
tion. During the rainy season of 2013, the response of PWP to rainstorms was immediate
in some monitoring points (e.g., PW1-1-1), but there was a noticeable lag in other moni-
toring points (e.g., PW1-3-2. A drastic drop of PWP occurred at five monitoring points
(i.e., PW1-1-1, PWI1-1-2, PW1-2-2, PW1-3-1, and PW1-3-2) during the rainstorm on July
22 and at PW1-4 on July 18-20, which can be attributed to the rainfall-induced landslide
movement in the late rainy season of 2013 (Xu et al. 2016). Starting September 2013, the
recorded PWP at PW1-1-1, PW1-1-2, PW1-2-1, PW1-2-2, and PW1-4 had mean values
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Fig.9 Temporal variation in API for different half-lives and daily rainfall from 2013 to 2016. The green
star symbol denotes the date (m/d) when the maximum daily rainfall occurred, while the black arrow
denotes the date (m/d) when the maximum peak API occurred for different half-lives. The red star symbol
denotes the date (m/d) when the maximum displacement rate occurred in the corresponding year

around O with minor fluctuations. In contrast, the recorded PWP at PW1-3-2 showed
marked rise and fall during the rainy season of 2014, with values over 60 kPa during the
whole recording period.

In order to better understand the relationship between rainfall and pore-water pressure,
two rainfall parameters (i.e., daily rainfall and API) and two pressure parameters (i.e., PWP
and PWPF) on a daily basis are simultaneously used for two monitoring points: PW1-1-1
and PW1-3-2, as shown in Fig. 11. PWPF is the pore-water pressure fluctuation and defined
as the difference between the current and the previous PWP data. The rainfall duration
under consideration is from June to November of 2013 and 2014, which contains a com-
plete response process of pore-water pressure from significant rise during the rainy season
and decay shortly after. Three half-lives of 3 days, 15 days, and 60 days were selected to
represent the antecedent precipitation index with different decay velocities.

Figures 11a and c show the relationship between rainfall and PWP at PW1-1-1 and
PW1-3-2, respectively, in 2013, and the following observations can be made. First, the
peak PWPF was highly correlated to the maximum daily rainfall in a rainstorm, which
was evident at PW1-3-2. Second, the recession curve of PW1-1-1 in a rainstorm was well

@ Springer



2762 Natural Hazards (2024) 120:2749-2775

m Hourly rainfall —— PWI-I-1 —— PWI-2-1 —— PWI-3-1
—— PWI4 --- PWI-I2 --- PWI22 -== PWI3-2
100 150
r o~
64 days 10/12 §
= e - 100 2
E " e g
~. B
& I A
= s
<
=
k= 1 Lso 2
< 173
= 2
> 40 — L a,
=
Q
g g
= . = Fo =
20T B s e 2
PY ke =]
| ) L t _ i
i ™ L Lo, L Llli lh\““. LLJLJ
0 N S B S Y N A A A LIS I B B B B -50
S 2 2 mg ot g e oogg s o g = s o oo
T E RIS =S 9gIY L rggS I I aaF e
£ e o8 5 &5 =23 222 2T FF 5 2L 08O
f=1 =1 [=3 =3 — — — [=3 (=] =1 [=3 f=1 (=3 f=1 =3 — — — (=3 f=1 =1 f=3 f=3 (=3
N N N N (=3 (=3 [=3 N N AN N N N N N N (=3 (=3 (=3 N N N N N { = |
o N N N N N
Date (yy/m/d)
Fig. 10 A general view of PWP response to hourly rainfall from 2013 to 2015
m— Daily rainfall  ——  APL3 APL 15 ———  API 60 —— PWP  —— PWPF
API  Daily rainfall PWP PWPF APL  Daily rainfall PWP PWPF
(mm/day) (mmiday) PWI1-1-1,2013 year (kPa) (kPa) (mm/day) (mm/day) PW1-1-1,2014 year (kPa) (kPa)
1000 4 160 30 5 1000 160 30 5
9007 140 /\A«JVMR‘,\/\,W/\MWW 20 [0 9007 140 Ly e A N A A A 0
800 800
700 120 N 0 -5 700 -5
600 100 [0 6001 10
400 4 {7 r-1s 400 -15
001 0 r10 1 5 300 20
200 4 N 2 200 »
120 - \L I 100 h
100 s~
0 o y t I‘*L'LL J- 30 L-30 04 0 --30 L-30
6/1 71 81 9/1 10/1 11/1 6/1 n 81 9N 10/1 1171
Date Date
(a) (b)
API  Daily rainfall PWP PWPF APl Daily rainfall PWP PWPF
(mnvday)  (mmiday) PW1-3-2, 2013 year (kPa)  (kPa) (mmiday) (mm/day) PW1-3-2, 2014 year (kPa)  (kPa)
1000 160 120 (10 1000 160 120 10
9007 1404 Lo ks 900 |
g0 o . 800
700 7100 700
600 1001 oo [ 600
500 80 F-10 5001
4004 r80 400
60+ F-15
300 L 300
40 S0 Lo
200 200
100] 204 [60 Las 100
J ———dd 5 L3 (B
6/1 N 811 9 101 11
Date
(c)

Fig. 11 Relationship between daily rainfall, API, PWP, and PWPF at select monitoring points during select
period in 2013 and 2014
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Fig. 12 A general view of GWL response to hourly rainfall from 2013 to 2016

correlated with the curve of API_60. Third, the rapid rise and fall of PWP over a short
period at PW1-3-2 correlated well with API_3, whereas the slow decay correlated well
with API_60; the rapid rise and fall of PWP corresponded to a rapid water recharge and
drainage in the borehole PW1-3, suggesting a preferential flow in the slope.

Figures 11b and d show the corresponding plots in 2014. In contrast to the close cor-
relation observed in 2013, the PWPF values at both monitoring points were smaller and
unrelated to the daily rainfall in 2014. The PWP had a much weaker correlation with API.
In this case, it is challenging to build a relationship between rainfall and pore-water pres-
sure. Significant time lag was observed at PW1-3-2; this phenomenon might be associated
with the distinctively different rainfall pattern of 2014, which was dominated by small, but
frequent rainfall events with only two short-duration and high-intensity rainstorms. The
first rainstorm on June 9-10 caused the first rise of PWP with a time lag of 26 days relative
to the onset of rainstorm at PW1-3-2, whereas the second rainstorm on August 8-9 caused
a peak PWP with a time lag of 64 days. Finally, the PWP response at PW1-3 was slower
and longer with a smoother curve compared to the concentrated peaks in 2013. Another
possible explanation is that the landslide movement in the rainy season of 2013 caused a
big change of flow pathways, which increased the time required for water infiltration into
the deeper zone and drainage out of the boreholes.

3.4 Relationship between rainfall and groundwater level

As shown in Fig. 6, three water-level gauges: UW1-3, UW1-4, and UW1-5 were installed
in different sections of the Kualiangzi landslide to investigate the groundwater level (GWL)
response. Figure 12 shows a general view of GWL responses to rainfall on an hourly basis
between June 2013 and December 2016. Herein, GWL below ground surface (bgs) is
defined as negative. A significant seasonal variation of GWL to rainfall from 2013 to 2015
was observed, with a large GWL fluctuation in the rainy season and a gradual recession to
a base level in the dry season. The shape of the hydrograph depends on not only the rain-
fall characteristics but also the hydrological property of the aquifers; sometimes, it is also
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related to the change of flow pathways caused by landslide movement. Compared to the
rapid response to rainfall in the rainy season of 2013, UW1-5 cost a long time (44 days) to
reach its peak GWL in the rainstorm on August 8-9 of 2014, which was also observed at
PW1-3-2. Except for the relatively broad and smooth curve of UW1-5 in the rainy season
of 2014 and the abnormal response possibly caused by the sensor malfunction at UW1-3 in
the rainy season of 2014 and 2015, a fast-rising limb can be observed on the hydrographs
of the three boreholes, suggesting a rapid GWL response to rainstorm in the rainy season.
The peaks had very short duration, indicating the existence of rapid drainage pathways
(i.e., preferential flow) in the slope. Comparing Fig. 10 and Fig. 12, UW1-3 exhibited a
similar shape as PW1-1-1 and PW1-1-2 in the rainy season of 2013, both of which were
installed in the middle section of the landslide consisting of extensive bedrock; UW1-5
also exhibited a similar shape as PW1-3-2 from 2013 to 2014, which was installed in the
lower section with a thick covering soil. The GWL at UW1-4 in the lower section fluctu-
ated somewhat differently from that at UW1-5, which might be attributed to local varia-
tions in stratigraphy.

Figure 13 shows the relationships among rainfall (daily rainfall and API), GWL, and
ground water level fluctuation (GWLF) on a daily basis at UW1-3 and UW1-5, where
GWLF is defined as the difference between the current and the previous GWL data. Two
typical rainfall patterns in 2013 and 2015 were selected to represent the rainfall events. The
soil-bedrock interface (i.e., 12 m bgs) was also denoted in the figure. It can be seen that
GWL at UW1-3 fluctuated below the soil-bedrock interface (see Fig. 13a and b), whereas
GWL at UW1-5 fluctuated above the interface (see Fig. 13c and d). Additionally, UW1-4
and UW1-5 recorded a base level in the dry season close to the interface during our obser-
vation period from 2013 to 2016 (see Fig. 12).

A time lag in GWL response relative to the onset of a rainstorm was observed, which
correlates well with the rainfall pattern. During the rainy season with high-frequency and
high-intensity rainfalls in 2013, GWL responded rapidly in the later period due to the
increased saturation of rock/soil materials. For example, the time lag of peak GWL in the
four successive rainstorms in 2013 was 3 days, 3 days, 1 day, and 0 day at UW1-5 (see
Fig. 13c). The spatial and temporal differences in time lag of GWL response in 2013 were
analyzed in detail by Xu et al. (2016); hence, this topic will not be discussed in further
detail.

Similar to Figs. 11 and 13 also shows a close correlation between the peak GWLF and
daily rainfall, GWL and API with a certain half-life. For example, UW1-5 was well cor-
related to API_15in 2013. In the following, a correlation analysis was carried out based on
the three-year monitoring data from 2013 to 2015 using three sets of characteristic param-
eters, namely peak GWLF and daily rainfall, peak GWLF and cumulative rainfall, and peak
GWL and API with different half-lives.

Figure 14a and b shows the relationships between peak GWLF and two rainfall param-
eters (i.e., peak daily rainfall and cumulative rainfall of an event) at UW1-3, UW1-4,
and UW1-5. Considering that both UW1-4 and UWI1-5 responses were dominated by
the similar aquifer system (i.e., porous aquifer system), their peak GWLFs were used
together to carry out a correlation analysis, which results in a strong positive correlation
with the rainfall parameters (Spearman’s correlation coefficient »>0.8). The correlation
between peak GWLF and cumulative rainfall was higher than that between peak GWLF
and peak daily rainfall, as indicated by the bigger correlation coefficient. The best fitting
between peak GWLF and two rainfall parameters was an exponential relationship as shown
in Fig. 14a and b. As the peak daily rainfall and cumulative rainfall increased, the peak
GWLF increased first slowly and then rapidly. Compared to the significant fluctuation of
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Fig. 13 Relationship between daily rainfall, API, GWL, and GWLF at select monitoring points during
select period in 2013 and 2015

UWI1-4 and UW1-5, the peak GWLFs at UW1-3, where the bedrock was extensively dis-
tributed, were very small (smaller than 0.8 m) and almost irrespective of rainfall intensity
and cumulative rainfall.

Figure 14c and d shows the corresponding plots for peak GWL above sensor location
(asl). It can be seen that the peak GWL was weakly correlated with peak daily rainfall
and cumulative rainfall, with the correlation coefficient (r=0.5) much smaller than that
between peak GWLF and rainfall parameters. Nevertheless, a curve fitting was still carried
out between peak GWL and rainfall parameters, which results in a reverse exponential rela-
tionship. As the daily rainfall and cumulative rainfall increased, the peak GWL increased
first and subsequently decreased. The peak GWLs at UW1-3 were smaller than those at the
other two monitoring points during the same rainfall events. No curve fitting was carried
out at UW1-3 due to the small number of data points.

Figure 15 shows the relationships between peak GWL and peak API with half-lives of
3,7, 15, and 30 days in a rainfall event. In contrast, the peak GWL demonstrated a stronger
correlation with peak API than that with rainfall parameters when the half-life was smaller
than 30. The correlation coefficient between peak GWL and peak API_7 reached 0.8, and
the best curve fitting between them was also an exponential relationship. Figure 15b indi-
cates a fast rise of water level as API_7 increased up to 100 mm, followed by a plateaued
response which was similarly observed in Padilla et al. (2014) after API reached a certain
value, suggesting the porosity of rock/soil reached saturation with sufficient rainfall infil-
tration. At UW1-3, the correlation between peak GWL and peak API was uncertain due
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Fig. 14 Relationship between peak GWLF, peak GWL, and two rainfall characteristic parameters in
an rainfall event over three-year period from 2013 to 2015: a peak GWLF vs. peak daily rainfall; b peak
GWLF vs. cumulative rainfall; ¢ peak GWL vs. peak daily rainfall; and d peak GWL vs. cumulative rainfall

to the limited data points. The large difference in the GWL response between UW1-3 and
UW1-4/UW1-5 shown in Figs. 12, 13, 14 and 15 suggests potential topographic and strati-
graphic effects on the GWL response, which will be discussed next.

3.5 Relationship between groundwater response and landslide movement

Figure 16a shows the monitored displacement of the Kualiangzi landslide from 2013 to
2015. According to Xu et al. (2016), the factor of safety for the slope was lower than 1.0
only in the rainy season of 2013. A rapid increase in the displacement rate from 2.5 mm/
day on July 17 to 24.8 mm/day on July 24 and a large cumulative displacement of 87.3 mm
were observed over this period. The rapid landslide displacement was accompanied by a
drastic drop of PWP at five monitoring points (i.e., PW1-1-1, PW1-1-2, PW1-2-2, PW1-
3-1, and PW1-3-2) during the rainstorm on July 22 and at PW1-4 on July 18-20 (see
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Fig. 15 Relationship between peak GWL and API with different half-lives in an rainfall event over three-
year period from 2013 to 2015: a 3 days; b 7 days; ¢ 15 days; and d 30 days

Fig. 10), suggesting an abrupt change of the flow pathways due to the large deformation in
the deep zone. In the next two years, the maximum displacement rate was 2.7 mm/day and
3.4 mm/day in the rainy season of 2014 and 2015, respectively, although there were several
rainstorms in both years with comparable rainfall intensity as that on July 18-20, 2013.
The abnormally low displacement rate in 2014 and 2015 was accompanied by the subdued
GWL response in the tension trough at the rear edge of the landslide (i.e., PW01) as shown
in Fig. 16c—d.

For a hydraulically driven landslide in the nearly horizontal rock strata, the hydrostatic
pressure in the tension trough plays a key role in initiating the movement (Zhang et al.
1994). Figure 16b—d shows a strong correlation between the slope movement and PWP
at PWO1 over three years from 2013 to 2015, although the recorded PWP values in the
rainy season of 2014 and 2015 were much lower than those in 2013. Another observa-
tion from Fig. 16b—d is the relatively low correlation between the slope movement and
PWP at PW1-3-2, UW1-4, and UW1-5 embedded in the sliding body, albeit high pressures
were recorded in each rainy season. The lowest correlation was observed at UW1-4 where
the sensor was embedded in the soil layer, about 4.0 m above the slip surface. Different
degrees of correlation between slope displacement and PWP at different monitoring points
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Fig. 16 Relationship between surficial landslide displacement and PWP in tension trough and sliding body:
a displacement monitored over three years; b relationship in 2013; ¢ relationship in 2014; and d relation-
ship in 2015

suggest that PWP directly measured near the bottom slip surface is more useful when car-
rying out the real-time slope stability analysis on this type of landslide.

4 Discussions

Hydrograph analysis techniques have been well developed for hydrographs obtained
from streams and springs (Moore 1992; Dewandel et al. 2003; Fiorillo 2014) and wells
(Shevenell 1996; Kovécs et al. 2015). It is widely accepted that the shape of the recession
limb in a water-level hydrograph is largely dependent on the hydrological property of the
aquifer, rather than rainfall characteristics. In a multi-aquifer system, the aquifer with high
hydraulic conductivity can drain the recharged water much more quickly than the one with
low hydraulic conductivity, resulting in segments with different slopes on the recession
limb of the hydrograph. Hence, the shape of a complete recession curve can reflect the
characteristics of the aquifer system. For example, Shevenell (1996) associated three seg-
ments with gradually deceasing slopes from the recession curves of hydrographs in a karst
aquifer to three types of storage in the aquifer, namely conduit, fracture, and matrix.

A widely adopted equation to describe the recession process of water level in hydroge-
ology is as follows:
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0, = Qe )

where Q, is the groundwater flow (discharge) at any time ¢, Q, is the initial flow, and 4 is
the recession coefficient depending only on the hydraulic property of the aquifer, which has
the unit of [day‘l]. Moore (1992) linked the semi-log recession rates of streamflow with
water levels in observation wells using the following equation:

(/%) _ _ In(Q./0,)
(,—1) (1)

where Y, and Y, are water levels above installed sensor, and Q, and Q, are the associated
flows corresponding to the water levels at time ¢, and #,, respectively. Equation (3) indicates
that the recession coefficient can be directly calculated from water-level time series in a
well without requiring the amount of flow. This hydrograph analysis method is used in this
study to estimate the recession coefficient of each recession segment.

As shown in the three well hydrographs in Fig. 12, a short interval between two
successive rainstorms in a rainy season results in an incomplete recession of water
level; in contrast, a long dry season results in a complete recession curve, which is
more suitable for carrying out the hydrograph analysis. Figure 17 shows the complete
hydrographs in a water year from June 2013 to June 2014. The recession curve of each
hydrograph was first divided into several segments with different slopes in the semi-
log plots. Three linear segments, named as Seg. 1, Seg. 2, and Seg. 3, were identified
and used to approximate the recession process for both UW1-3 and UW1-5. Four lin-
ear segments, named as Seg. 1, Seg. 2a, Seg. 2b, and Seg. 3, were identified and used
for UW1-4. Equation (3) was subsequently used to calculate the recession coefficient
of each segment and the results are summarized in Table 3.

The different recession coefficients of these segments correspond to drainage
through different geological units. To facilitate a comparison, the geological profile
at each borehole is superimposed on the right side of each hydrograph in Fig. 17. The
recession coefficient of Seg. 1 was one to two orders of magnitude larger than the coef-
ficients of the other segments, corresponding to the relatively rapid flow through the
highly permeable gravely soil at UW 1-4 and UW1-5, and well-developed vertical
joints in the bedrock (see Fig. 4) at UW1-3. For each borehole, Seg. 3 had the lowest
coefficient, corresponding to the slow and diffuse flow and long-term decline of water
level in the dry season through the relatively less-permeable bedrock. Seg. 2 corre-
sponds to the transition between the quick and slow flows in the aquifer system.

It is worth noting that a plateau segment appears on the hydrograph of UW1-4 after
Seg. 1 (i.e., Seg. 2a in Fig. 17), which also appears annually in Fig. 12. The duration
of the plateau varied from 2 days to several weeks. The plateau might be caused by the
existence of relatively impermeable clayey soil underlying the gravelly soil. According
to the stratigraphy in Fig. 6, lens-type clayey soil is located between the gravelly soil
layer and bedrock layer, which is the thickest at UW1-4. The low hydraulic conductiv-
ity of the clayey soil significantly slowed down the drainage rate at UW1-4 when the
water level fell below the upper boundary of the clay layer. Further investigation of
the aquifer system and its effect on groundwater flow characteristics in the Kualiangzi
landslide requires further verification through hydrological tests and is left for a future
study.

3)
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Geological profile at boreholes
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5 Conclusions

In this study, the seasonal and annual variations of rainfall, groundwater, and surficial dis-
placement of the Kualiangzi landslide were investigated, using the field measurements dur-
ing a four-year period between 2013 and 2016. Much research effort has been directed to
exploring the relationship between rainfall and groundwater response, based on different
rainfall parameters and groundwater response parameters. The main conclusions can be
drawn as a result of this study:

1. The rainfall patterns in the study area exhibited seasonal and annual variations. Precipi-
tation concentrated in the rainy season from June to September of each year with little
to no precipitation in the dry season. In 2013, the rainfall pattern was characterized as
high frequency and high intensity, with a total of five rainstorms with daily precipita-
tion exceeding 50 mm. In 2014 and 2015, the rainfall patterns were similar with two
rainstorms of short duration and high intensity. In 2016, the rainfall pattern was char-
acterized with low intensity, with a majority of daily rainfall smaller than 25 mm.

2. Both PWP and GWL responses in the landslide area were influenced by rainfall pat-
tern, initial hydrological property of the underlying aquifer, and subsequent change
of flow pathways caused by landslide movement, and could lag behind the onset of a
rainstorm. The high-frequency rainstorms in 2013 caused concentrated peaks of PWP
and GWL at UW1-4 and UW1-5, and PW1-3, where the groundwater responses were
dominated by porous aquifer of high hydraulic conductivity. In contrast, a slower and
prolonged response of PWP and GWL to rainfall in 2014 and 2015 was observed in most
monitoring boreholes. The maximum time lag of peak groundwater response relative
to the onset of the rainstorm on August 8-9 of 2014 was 64 days and 44 days for PWP
at PW1-3-2 and GWL at UW1-5, respectively. In general, GWL exhibited a more rapid
and pronounced response to rainfall than PWP under the same stratigraphy conditions.

3. In the lower section of the landslide, the peak GWL exhibited exponential relationships
with cumulative rainfall and daily rainfall in a single rainfall event, with a stronger
correlation for the former. The peak GWLF had a low correlation with the cumulative
rainfall and daily rainfall, but exhibited an exponential relationship with API with a
half-life of 7 days. In the middle section of the landslide, however, a relatively lower
correlation between rainfall and groundwater response was observed.

4. Three types of groundwater flow were identified based on the recession coefficients of
different segments of the water-level hydrographs in the landslide area. Seg. 1 with the
largest recession coefficient corresponds to the relatively rapid flow through the highly
permeable gravely soil (in UW 1-4 and UW1-5) and well-developed vertical joints in
the bedrock (in UW1-3). Seg. 3 with the lowest recession coefficient corresponds to the
slow and diffuse flow and long-term decline of water level in the dry season through
the relatively less-permeable bedrock. Seg. 2 corresponds to the transition between the
quick and slow flows in the aquifer system.
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