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CHOLTICHA JEEBTAKU : INFLUENCES OF RAINFALL INTENSITY
ON HYDRAULIC RESPONSE IN SHALLOW SLOPE.
THESIS ADVISOR : ASSOC. PROF. AVIRUT CHINKULKIINIWAT,

Ph.D., 69 PP.

RAINFALL INFILTRATION/LABORATORY MODEL/SUBSURFACE FLOW/

UNSATURATED SOIL/INITIAL WATER CONTENT

The purpose of this research is to investigate influences of rainfall intensity on
hydraulic response and stability of shallow slope. Typically, the shallow landslides in
Thailand are mostly taken place during rain storm, which indicate a rapid infiltration
of rainfall into soil slope. The study focuses on influences of rainfall intensity on
shallow slope. Generally, a key process controlling failure mechanisms is an
infiltration of rain water into the soil slope. In order to understand the key process, a
series of large scale laboratory model tests was carefully conducted to study effect of
rainfall intensity. The results showed that a change of water content is divided into
two stages. The first stage involves the movement downward of the wetting front. In
this stage, the soil remains in unsaturated state. The second stage, the water content
rises to almost saturated state due to a rise of water table. The effect of rainfall
intensity is presented in this research. The rate of rising of water content mainly
depends on a ratio between rainfall intensity and saturated permeability of soil. The

higher this ratio is the faster the rate of rising of water content.
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Unified soil classification system SwW

Specific gravity, G 2.73

Grain size distribution

D, (mm) 0.4

D,, (mm) 0.26

D,, (mm) 0.17
Coefficient of uniformity, C,, 2.35
Coefficient of curvature, C, 1.00
Dry density, pg (Mg/m3) 1.687
Saturated permeability, kg (m/s) 1.56E-04
Porosity, 1 0.37

Void ratio 0.67
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Experiment Rainfall, Rainfall duration, Slope angle, p
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ABSTRACT: In tropical regions, shallow landslides triggered by rainfall are commonly occurrence which
causes damages in human lives and their properties nearby hazardous areas. Generally, a key process that
controls the complicated failure mechanisms is the infiltration of rain water into the soil slope. Therefore,
Laboratory models were carefully conducted to study effect of rainfall intensity hided in ratio between
rainfall intensity to saturated permeability of soil. The findings from laboratory models were used to prove
the understanding of the changes in internal volumetric moisture content in shallow slope with high
permeable homogenous soil. The results showed that the responses of internal volumetric moisture content
to rainfall for high permeable soil can be divided into two stages. The first stage involves the movement
downward of the wetting front. In this stage, the soil remains unsaturated condition. The second stage, the
volumetric moisture content closes to saturated condition due to a rise of water table, when the wetting front
arrive simulated bed rock.The effect of rainfall intensity can be found by comparing experiment results. The
responses time to volumetric moisture content is significantly varied with the ratio between rainfall intensity
to saturated permeability of soil. The high ratio between rainfall intensity to saturated permeability of soil
can cause the response time of volumetric moisture content faster than the low ratio between rainfall
intensity to saturated permeability of soil. Moreover, the change in second stage of the volumetric moisture
content is shown in high depth due to the rise of water table is higher than the low ratio between rainfall
intensity to saturated permeability of soil.

1 INTRODUCTION wetting front including (Collins and Znidarcic, 2004;

Kim, Jeong, Park, and Sharma, 2004; Ng, Wang,

In tropical regions, shallow landslides triggered by
rainfall are commonly occurrence which causes
damages in human lives and their properties nearby
hazardous areas such as the landslide event at
Uttaradit Province, Thailand in 2006 which caused
75 fatalities and destroyed more than 445
households. Typically, the shallow landslides in
Thailand are mostly occurred by rain storm and the
time of events are during rainfall period. These
indicate that the infiltration of rainfall into soil slope
is rapidly responded due to the soils in tropical forest
in Thailand are coarse texture with high permeable.
In general, the rainfall-induced landslides are
widely known that relate to two hydraulic responses:
i) the propagation of wetting front due to infiltration
of rainfall causes an increase in water content and a
reduction in negative pore-water pressure {matric
suction). As a result, the effective stress and stability
of soil slope behind wetting front are successively
deceased during infiltration (Fredlund and Rahardjo
1993). As previous research works also suggested
that landslides can be triggered by a propagation of

and Tung, 2001; H. Rahardjo, Rezaur, and Leong,
2007); iiy the infiltration of rainfall causes an
increase of ground water table and a rise of positive
pore water pressure. The increase of ground water
table exerts seepage force and adds weight to the
slope, and eventually triggers the slope failure (Cho
and Lee, 2002; Crosta and Frattini, 2003; Harianto
Rahardjo, Nio, Leong, and Song, 2010; Soddu,
Delitala, Sciabica, and Barrocu, 2003). These
responses show the important role to trigger
landslides which associate with the infiltration of
rainfall into soil mass. In the first response, slope
failures can be triggered when the metric suction
behind the wetting front reduces to minimum value
which occurs in condition as the rainfall intensity
not less than the infiltration capacity of soil. When
the wetting front moves to sufficient critical depth,
slope failure will be occurred normally in the soils of
low infiltration capacity. While the second response,
slope failure normally in the soils of high infiltration
capacity will be occurred due to the accumulation of

741
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rainfall and subsurface flow along impermeable
layers (i.e., initial water table and bed rock).

According to the infiltration capacity of soil, the
Hortonian mechanism ( Horton, 1933 } is commonly
used to describe runoff generation process in the
control volume near-surface soil called infiltration
excess. The mechanism explained that when rainfall
intensity higher than the potential infiltration
capacity, the surface runoff was generated by the
excess rainfall, the actual infiltration capacity of soil
exponentially decreased with time of rainfall period
until the steady final infiltration capacity of soil.
While rainfall intensity lowers than steady final
infiltration capacity, the actual infiltration capacity
equaled the rainfall intensity, and the surface runoff
wasn’t generated in this condition. In group of the
physically-based model, the steady final infiltration
capacity was suggested that approached the
saturated permeability of soil {Green and Ampt,
1911). In other words, the saturated permeability of
soil can be used as a parameter that governs the
characteristics of infiltration of rainfall into soil
mass. The effect of saturated permeability of soil on
hydraulic responses and instability of slope under
rainfall conditions was shown by previous research
works including {Cuomo and Della Sala, 2013,
Pradel and Raad, 1993; Harianto Rahardjo et al.,
2010; H. Rahardjo et al., 2007; Rahimi, Rahardjo,
and Leong, 2010; Zhan and Ng, 2004)

Referring to shallow soil slope with high
permeable, although the rainfall intensity normally
not exceeds saturated permeability of soil, but
landslides still pose significant threats to populations
and structures due to their high velocities, long
travel  distance.  Furthermore, the  different
mechanisms of mass movement will be occurred
which depend on drainage conditions along
impermeable layer(Cascini, Cuomo, Pastor, and
Sorbino, 2010; Sorbino and Nicotera, 2013).These
are similarly supported by several evidences from
laboratory and full-scale tests including {Acharya,
Cochrane, Davies, and Bowman, 2009; Ching-
Chuan, Yih-Jang, Lih-Kang, and Jin-Long, 2009,
Huang, Lo, Jang, and Hwu, 2008; Huang and Yuin,
2010; Lourenco, Sassa, and Fukuoka, 2006;
Moriwaki et al., 2004; Okura, Kitahara, Ochiai,
Sammori, and Kawanami, 2002; Sharma and
Nakagawa, 2010; Take, Bolton, Wong, and Yeung,
2004; Wang and Sassa, 2003).0ne predominant
factor that may govern hydraulic responses, and
subsequently failure mechanisms is couple between
rainfall intensity and saturated permeability of soil.
(Lee, Gofar, and Rahardjo, 2009)developed a simple
model based on infinite slope to investigate the
hydraulic responses of four typical soils under

extreme rainfall conditions. They concluded that the
ratio of rainfall intensity to saturated permeability
plays an important role in determining the critical
rainfall pattern for a soil slope. As (Li et al., 2013}
performed infinite slope analysis to investigate the
combined effect of the rainfall characteristics and
saturated permeability. They concluded that the
hydraulic responses to rainfall for homogenous
infinite slope underlain by an impervious layer can
be divided into two stages: 1) the propagation of
wetting front, and 2) the rise of water table. Both the
rainfall characteristics and saturated permeability
were found to be predominant in controlling the
hydraulic responses of soil, and hence the
occurrence time, depth of failure plane, and type of
surficial failures. However, the hydraulic responses
in shallow slope especially for high saturated
permeability soil are still more complicate and
unclear. Due to the high permeable and boundary
conditions, the couple between rainfall intensity and
saturated permeability of soil not only effects during
infiltration process but may also effects on variation
of water table. Because of actual shallow soil slopes
are normally finite slopes, the subsurface flow along
impermeable layers could be dominant factor
(Huang and Yuin, 2010; Li et al., 2013; Take et al.,
2004).This i1s some limitation of analytical and
numerical method especially for infinite slope and
one dimensional slope analysis. Besides, previous
laboratory and full-scale tests that mostly focused on
failure mechanisms were still insufficient to
understanding the governing hydraulic responses.

Therefore, the aims of this research are to study
the couple effect between rainfall intensity and
saturated permeability which focus on shallow slope
with high permeable soil. The two-dimensional
finite slope model is carefully performed in
laboratory in order to improve the understanding of
governing hydraulic responses. The results consists
internal  soil moisture response, water table
generation, and subsurface flow that may cause of
the different failure mechanisms.

2 DETAILS OF LABORATORY MODEL

Figurel shows the overview of experiment flume
that mainly consists in four components. The first
part is steel flumes for rainfall simulator, embraced
experiment box, supported experiment box, and
supported chain pulley system. The experiment box
embraced by steel frame and supported experiment
box was joined by pinned support in order to enable
expedient prescription of slope angle raised by chain
pulley.
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2.1 Experiment box

The detail of experiment box was shown m Figure2.
The two-dimensional model in this investigation was
designed by 1550 mm in length, 1000 mm in high
and 200 mm in width. It was carefully designed in
order 0 water leakages between the acrylic plates.
The sides and base of the box were used 15 mm
thick impervious acrylic plates in order to enable
visual obhservation of the advancement of wetting
front during rainfall infiltration process. One side of
the bax was drilled at distance from the slope toc of
750 mm which drilled of 5 nun in diameter in order
to 1nstall soil moisture sensors every 100 mm form
soil surface. At bottom of the box, an acrylic plate
was drilled in order to install piezometers. The holes
were drilled of 9 mm in diameter at distances from
the slope toe of 373 mm, 750 mm, and 1125 mm,
respectively. In order to reduce entrapped air
affecting  to  measured  volumetric  waler
content(Tohari, Nishigaki, and Komatsu, 2007},
during infiltration until the wetting front touched the
hbase of the box, the hales were drilled nearly
piezometer holes to install 3 opening valves.
Additionally, the down slope side was placed by 50
mm  highly permeable porous stone overlaid
geotextile in order to let freely water outflow when
soil approached saturation, and prevent the clogged
soil in porous stone.

2.2 Rainfall simulator

A rainfall simulator was installed on the top of the
box (Figure 13. The rainfall simulator system
consisted of a 2000L. water tank, a constant pressure
pump, a pressure gauge, plastic pipes, small opening
nozzles, and valves. The nozzles placed in plastic
pipe with spacing of 600 mm and 900 mm which
produced a variety of rainfall intensities in the range
between 30 and 450 mm/hr. Tn cach spaced of
nozzles. the intensity of rainfall was linearly varied
with a wvaricty of outlet pressure pipe in range
between 10 and45 Ib/in” comrolled by an outlet
valve. The uniformity and rainfall intensities were
carefully calibrated by using 35 containers placed in
a regular pattern on top of the box. The calibrated
results show that the coefficients of uniformity (CU}
in the range of all rainfall intensity ranged between
90% and 99% which indicating that appropriate
uniformity was achieved in the tests. CU was

explained by(lIlall, Johnston, and Wheather,
1989 %us:
LI
U =1-Elcin {1
ie1ti
1; measured rainfall intensity tor cup No. i
e average rainfall intensity for all cups
7 total number of cups

Sreel thune

Figure 1. General schematic diagram of the physical slope mode.]
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Figure 2. Details of experiment box. (a) the detail of acrylic
bex for side view, (b) the detail of acrylic box for top view.

2.3 Measurement devices

To observe the changes of volumetric water
content (0, }hroughout experiment, five soil
moisture sensors(Decagon, STE) were installed in
one side ol the box at the nuddle profile of slope in
cach 100 mm of soil depth. These moisture sensors
measured 8, of the soil gamered in data logger
(EMS50) by detecting the soil diclectric constant
bascd on the change of the voltages as detected by
the sensor.

Prior to the test, the output of 85 tfrom sensors
were calibrated agaimst calculated soil moisture
changes using a 150 mm in diameter plastic tube by
impaling the moisture sensors in the tube filled with
compacted soil used in this study which known dry
density of soil( y4 ) and gravimetric water
content{w) while calculation of €,,expressed by:

8, = wit (I
Y

w gravimetric waler content (%}

Ya dry umit wcigﬁhl of soil{varying between
16and 17kN/m™)

Yw unit weight of waler(=9 8 kN/m®)

The results show the relationship between 0,
and w of soil sample from sensors and calculated
value respectively which show that the relationship
of the output from sensors not equal to
calculated 6,, . Therefore. the output of 8,, from
sensors must be adjusted to obtain the correct
values.

0, = 11160}, — 0.010 3

In order to investigate of the water table during
an experiment, the open piezomelers of § mum in
diamcter were installed in the box and transferred
from central of bottom width to side of steel frame
in order to an enable visual observation and
measurement the changes of water table recorded
every 5 min after water table generation. Before
impaled piezometers, the small geotextile sheets
were attached at top of the holes in order to prevent
flow of soil mass. In addition, the subsurface flow
and surface runoff were measured by using 2000ml
standard cylinders every 5 min alter water run out
peneration.

3 SOIL PROPERTIES

Laboratory model slopes were constructed by using
a locally available soil classified as poorly-graded
sand (SP} based on the Unified Soil Classification
System (ASTM D2487). The grain size distribution
curve as shown in Figure3 and the specific gravity
of the soil were determined following the procedure
in ASTM D 422-63{ASTM 1997a) and ASTM D
854-02(ASTM 1997b}, respectively. Besides, the
saturated permeability of the soil was determined by
constant head laboratory test following in ASTM
D2434 while soil-water characteristic (SWCC) of
the soil as shown in Figure4 was determined by the
pressure plate method following in ASTM D 6836-
O02(ASTM  2008). Finally, the physical and

hydraulic properties are summarized in table 1.
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Figure 4.Soil-water characteristic (SWCC) of soil used in this
study.

Table | .Physical and hydraulic properties of soil used in this

content of SWCC of the soil as shown in Figure 4.
After wards, the soil is carefully compacted inside
the box divided mto 10 horizontal layers which
each layer had a thickness of 60 mm. The weight of
each layer was controlled in order to obtain a dry
unit weight of 16.87 kN/m" and void ratio of 0.67.
During this process, the soil moisture sensors were
carefully installed in the holes.

4.2 Experimental prograns

The two dimensional model was designed in order
to investigate the effect of rainfall intensity on
hydraulic responses in shallow slope with highly
permeable soil that included internal soil moisture,
water table. subsurface flow and water storage
capacity. The experimental program was closely
shown in table 2 that comprised three experiments
with varying in rainfall intensities. The rainfall
intensity in each experiment was judiciously
prescribed in the range lower than saturated
permeability of the soil including 40, 80, 120
mm/hr, respectively. As a result, the ratio of rainfall
mtensity and  saturated  permeability m each
experiment were ranged less than 1.00. All of
experiments, the slope angle was permanently set as
20°, and the average initial volumectric water content
{8,) narrowly varied in the range of 0.40 1o 0.50,
while the duration of rainfall was prescribed at 8
hours shown in table 2

Table 2.Experimental programs designed in this study.

study.
Tnified soil classification system SP
Specific gravity, G, 2.63
Grain size distribution
D (mumy 0.40
D, (mum) 026
T35 (mum} 0.17
Coefficient of unitormity, C, 235
Coellicient of curvature, C. L.00
Dry density, pg (kNan') 16.87
Coefiicient of permeability at saturation, k, (m/s)  L.561L-04

Lxperiment  Soil used a p i/ksar
No. {degrees) (ka'm‘]

1 Fine sand 20 16.87 0.0722
2 Fine sand 20 16.87 0.144
3 Finc sand 20 16.87 0.216

4 EXPERIMENTAL PROCEDURE

4.1 Placement of the soil inside the experiment box

The placement ol the soil inside the box is very
important in order 1o achicve homogenous soil
slopes. The large amount of the sail were firstly
prepared by air-drying and flipping at 14 days until
the soil was uniformly obtained water content as 3
% gravimetric which corresponded to residual water

5 RESULTS AND DISSCUSSIONS

The responses of volumetric moisture contents
measured during experiments are shown in Figure5.
All of experiments were only recorded at the middle
profile of slope according to the reason by (Lee et
al., 2011). The moisture sensors were located at
different depth from soil surface. The sensors BI,
B2, B3, B4 and BS5 represent the volumetric
moisture contents at 100 nun, 200 mm, 300 mm,
400 mm, and 3500 mm from soil surface,
respectively.

Figure5{a) shows the chanpes in volumetric
moisture content with time for ratio between raintall
intensity to saturated permeability of soil equal to
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0.072 ( i/kgqe =0.072). The initial volumetric
moisture contents of soil are well distributed
between 0.041 to 0.045 or 0.3% to 1.5% calculated
degree of saturation. After rainfall start, a sensor Bl
located at 100 mm near-soil surface is first
responded by propagation of wetting front. The
wetting front moves downward through a sensor
during rainfall at the beginning time of about 30
min. The changes in volumetric moisture content
are rapidly increased during few minutes from
initial moisture content to steady volumetric
moisture content of about 0.225 or 56% calculated
degree of saturation of the soil. When wetting front
moves downward at 200 mm and 300 mm of soil
surface, moisture sensors B2 and B3 are responded
at beginning time of about 60 and 90 min,
respectively. While volumetric moisture content is
constantly throughout the experiment in value of
about 0.225 which close to volumetric moisture
content of B1.

The different responses of volumetric water
content are shown by moisture sensors B4 and B5
located at 400 mm and 500 mm from soil surface,
respectively. The changes in volumetric moisture
content are interestingly shown in two stages. For
moisture sensors B4 and B3, the volumetric
moisture content is increased at beginning time of
about 120 and 150 min, respectively which close to
steady volumetric moisture content of about 0.225
in the first stage. After the wetting front moves
though moisture sensor B5 located nearly simulated
bed rock, the water table is successively generated
when the wetting front arrive bed rock, and hence
the response of moisture sensor B5in second stage
is first responded at beginning time of about 180
min, the volumetric moisture content is successively
increased from 0.225 to 0.360 or 97% calculated
degree of saturation which close to the volumetric
moisture content at saturated conditions of soil.
After that, the moisture sensor B4 is responded at
beginning time of about 190 min when the water
table is rising beyond a moisture sensor B5. The
volumetric moisture content is increased from 0.225
to 0.33 or 88% degree of saturation of soil.

To show clearly in two stages of volumetric
moisture content, Figure6(a) plots the changes in
volumetric moisture content with soil depth at given
time of rainfall for ratio between rainfall intensity to
saturated permeability of soil equal to 0.072. The
result shows that the changes in volumetric
moisture content directly relate with hydraulic
responses to soil slope: 1) the downward movement
of the wetting front, and 2} the rise of water table.
For the first stage, the volumetric moisture content
increases from initial moisture content of 0.040

(Ewi204040) to volumetric moisture content behind
the wetting front of 0.225(8,,,=0.225)
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Figure 5.The changes in measured volumetric moisture
content with time of rainfall (a) i/kg,; =0.0722, (b)
i/keq:=0.144, (c) i/ks:=0.216.
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Figure ¢.The changes in measured volumetric meisture
content with soil depth as given time of ramtall (a)
1/ ke =0.0722, (b) t/k.oe=0. 144, () i/ k,,,=0.216.

which remains unsaturated condition. For the
second stage, the volumetric moisture content
increases from volumetric moisture content behind
the wetting front to volumetric moisture content of
0.35(8,,~0.35} which close to saturated condition.

Comparing with ratio between rainfall intensity
to saturated permeability of soil equal to
0.144(1/ ke —0.144), Figure 5{(b) and Figure 6{b)
show the changes in volumetric moisture content
with time and soil depth, respectively. The results
show the change in two stages of the volumetric
moisture content. However, the response time to
moisture sensors is [aster than the results for ratio
between rainfall intensity to saturated permeability
af soil equal to 0.072. Morcover, the change in
second stage of the volumetric moisture content is
shown high depth due to the rise of water table is
higher than ratio between rainfall intensity to
saturated permeability of soil equal to 0.072. As the
results for ratio between rainfall intensity to
saturated permeability of soil equal to 0.216(Tigure
5(c} and Figure 6{c)), the respanse time to moisture
sensors 15 [astest responded, while the change in
second stage of the volumerric moisture content is
also shown highest depth.

6 CONCLUSIONS

Laboratory models were carefully conducled to
study cffect of rainfall intensity hided in ratio
between rainfall intensity to saturated permeability
of soil. The findings from laboratory models were
used to prove the understanding of the changes in
internal volumetric moisture content i shallow
slope with high permeable homogenous soil. The
results from this research can be concluded that:

1y The responses of mternal volumetric moisture
content to rainfall for high permeable soil can be
divided into two stages. The first stage involves the
movement downward of the wetting front. In this
stage, the soil remains unsaturated condition. The
sccond stage, the volumetric moisture content
closes to saturated condition due to a rise of water
table, when the wetting front arrive simulated bed
rock.

2) The effect of rainfall intensity hided in ratio
between rainfall intensity to saturated permeability
of soil can be found by comparing experiment
results. The responses time o volumetric moisture
content is significantly wvaried with the ratio
between ramfall mtensity to satwrated permeability
af soil. The higher ratio between raintall intensity to
saturated  permeability of soil can cause the
response time of volumetric moisture content faster
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than the lower ratio between rainfall intensity to
saturated permeability of soil. Moreover, the change
in second stage of the volumetric moisture content
is shown high depth due to the rise of water table is
higher than the lower ratio between rainfall
intensity to saturated permeability of soil.
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