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Abstract

Rainfall-induced slope instabilities are ubiquitous in nature, but simulation of this type of hazards with centrifuge mod-
elling still poses difficulties. In this paper, we introduce a rainfall device for initiating slope failure in a medium-sized
centrifuge. This rainfall system is simple, robust and affordable. An array of perforated hoses is placed close above the
model slope surface to generate the raindrops. The rainfall intensity depends on the centrifuge acceleration and the flow
rate of the water supply, which is controlled by the size and number of the tiny pinholes in the hose walls. The rainfall
intensities that are tested range from 2.5-30 mm/h, covering the intensity range of moderate, heavy and torrential rainfall
events. Our model test with rainfall-induced slope failure shows that this system is capable of generating relatively uniform
rainfall of wide intensities and leads to various patterns of slope failure.

Keywords Centrifuge model test - Rainfall simulation - Slope stability - Partially saturated soil

1 Introduction

Geotechnical centrifuge modelling is widely used to
investigate rainfall-induced slope failure. One of the main
difficulties associated with the model test is the simulation
of artificial rainfall. Several methods have been developed
to simulate artificial rainfall with a uniform intensity over
the entire slope surface. The first attempt on rainfall-in-
duced slope failure in a centrifuge model was made by
Kimura [9]. Since then, various rainfall systems have been
introduced by, e.g., standard nozzles with droplet diameters
in the order of magnitude of millimetres [7], mist spay
nozzles or atomizing nozzles operated with high back
pressures [6, 11, 15, 16], spaying water mist by hand [10],
and a single water source at the slope shoulder as subsur-
face flow to initiate base liquefaction [13, 14].

Among the aforementioned methods, the spray nozzle is
the most popular device to generate artificial rainfalls. By
changing the number of nozzles and discharge rates,
desirable rainfall intensities can be achieved. However, the
use of nozzle has some problems, which are summarized in
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Fig. 1. Most nozzles cover a circular area, which makes it
difficult to generate uniform rainfall. In the enhanced
acceleration field, nozzles often produce a core zone with a
higher rainfall intensity than the outside areas. Moreover,
the nozzles are often placed several centimetres above the
slope surface and the falling height makes the raindrops
vulnerable to the Coriolis effect, which may alter the
falling path of the raindrops. Another major concern is the
impact force produced by the raindrops. During the cen-
trifuge test, the raindrops may give rise to substantial
compaction and erosion on the soil surface. The effect of
rainfall in centrifuge is also influenced by other factors,
such as drag forces, evaporation and artificial wind above
the slope surface [2].

The characteristics of the artificial rainfall depend on the
centrifuge acceleration, nozzle position and direction,
injection pressure, wind velocity, raindrop size, etc. [3]. To
minimize the impact of these factors and obtain uniform
rainfall on the slope surface, a set of mist nozzles needs to
be arranged properly in position and direction, depending
on the shape of the model. All the nozzle types require a
minimum falling height of several centimetres to cover a
certain area, and fine mist spray nozzles with fine droplets
are often used to minimize the impact force. However, for
some centrifuge facilities with limited space, it is difficult
to accommodate the required equipment of pressure-regu-
lated containers of several bars, which is required even for
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Fig. 1 Problems with nozzles for rainfall simulation on an inclined plane, illustrated for a single nozzle

the one-phase mist nozzles at low flow rates. Regular
nozzles operating at lower pressures are not an option, as
the larger droplet size would impose destructive impact
forces on the soil surface from the large falling height.
Hence, it is necessary to develop a simple rainfall device
for centrifuge facilities free of pressurized water connec-
tions for operating mist nozzles.

In this paper, a rainfall device for initiating slope
instabilities in centrifuge model tests is introduced. The
system is developed in accordance with the principle of
drip irrigation by using an array of perforated hoses placed
close above the slope surface. The rainfall intensity is
mainly dictated by the size and number of the perforations.
Two types of pinholes are applied to produce droplets with
different sizes. The flow rate and rainfall intensity of the
system are calibrated in the centrifuge facility at different
g levels. Finally, some centrifuge tests on rainfall-induced
slope failure are presented to show the performance of the
rainfall system.

2 Centrifuge facility and model box

The rainfall system is developed for the beam-type cen-
trifuge testing facility in our laboratory. A schematic
illustration of our centrifuge is presented in Fig. 2. The
centrifuge has a nominal radius of 1.31 m. The swinging
platforms are located at both ends of the symmetrical
beam, one for the model and the other for the
counterweight.

The model slope is tested in a plane-strain model box, as
shown in Fig. 3. The model box is mainly made of alu-
minium alloy and has the inner dimensions of
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480x155x450 mm (WxDxH). The top plate has recess
holes for the sensors and water supply hoses. The base
plate is rigidly connected to the swinging platform. A
transparent front wall of acrylic is used as an observation
window to view the side profile of the model slope. The
model container is equipped with a digital camera in front
of the observation window to track the in-plane soil dis-
placement. Photographs are taken every 10 seconds with a
resolution of 2592x 1944 pixels. To maintain undisturbed
plane-strain conditions, the friction between the soil and
the rear and the acrylic front wall should be minimized. For
this purpose, a thin film of transparent silicon oil is applied
on the inner surface of the front and rear wall prior to each
test. This lubricant reduces the wall friction and minimizes
its effect on the soil deformation.

3 Rainfall system for centrifuge modelling
3.1 Components of the rainfall system

The new rainfall system consists of a storage tank for
rainwater, a water line connecting the tank to the model
box and a distribution system with perforated hoses located
in close vicinity above the soil surface. In the system,
rainfall can be initiated and stopped by a solenoid valve.
Figure 4 shows the main components of the rainfall system.

3.1.1 Water tank and supply line
Due to the lack of a slip-ring connection for pressurized

water, the water for the rainfall system has to be stored and
pressurized in the centrifuge. A cylindrical plastic
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Fig. 4 Pictures of the rainfall system a water storage and distribution system, b water tank, ¢ solenoid valve, d flexible connecting hose and
e inlets of the model container

container with an inner diameter of approximately 100 mm  water tank, with a maximum volume of 2750 ml (see
and a length of approximately 350 mm is employed as the  Fig. 4b). The tank features a large reclosable opening on
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the top, which is used to refill the tank in place. When the
outflow is activated, a small hole at the back side of the
tank prevents the generation of vacuum and exposes the
free water surface inside the tank to the atmospheric
pressure. The tank is mounted near the pivot of the cen-
trifuge to minimize the centrifuge force, and the water in
the tank is exposed to accelerations of approximately 0.5
N(kg-m/s?). The generated pressure in the water supply
system depends on the centrifuge acceleration, with
approximately 120-170 kPa at 30-g level.

The onset of artificial rainfall is controlled by a solenoid
valve from the control panel. The selected 2/2-way
miniature solenoid valve is closed by default and can
operate at water pressures up to 300 kPa. The rainfall
system behind the valve is initially dry. When activated,
the valve allows a maximum flow rate of approximately
2170 ml/min. Under 1-g conditions, this corresponds to a
maximum rainfall intensity of 2370 mm/h for the covered
area of approximately 550 cm?. When deactivated, a small
amount of water drips as the line behind the valve is
emptied. The time at which the valve is opened and closed
is recorded, and the short delay of rainfall initiation is
filmed by the camera placed inside the model box. After
the test, the amount of rainwater can be calculated from the
remaining water in the water tank. In combination with the
rainfall duration, the rainfall intensity can be defined for
each test.

3.1.2 Rainfall perforated hoses

As shown in Fig. 5, the perforated hoses are aligned par-
allel to the slope toe line. The horizontal spacing between
two adjacent hoses is 35 mm. This spacing is chosen based
on infiltration tests to allow sufficiently uniform infiltration
front. The hoses are connected to the railings at both ends.
The railings with the water supply mains are fixed to the

front and rear wall of the model box. To follow the
geometry of the slope, two sets of perforated hoses are
used, one for the crest and the other one for the inclined
slope section. This configuration leads to different number
of perforated hoses at the crest and the slope section. For
instance, for a 35° slope, seven perforated hoses are placed
above the slope section and the remaining three are fixed at
the crest, while for a 45° slope, the same number of per-
forated hoses is distributed at the crest and the slope section
(see Figs. 5b, c¢). The perforated hoses are located
approximately 10 mm above the slope surface. This short
falling height is adopted to minimize the impact force of
the raindrops and the Coriolis effect. With an inner diam-
eter of 2.5 mm and wall thickness of 0.75 mm, the perfo-
rated hose is durable enough to withstand considerable
deformations when subjected to enhanced gravity forces.

The rainfall intensity is regulated by the number and ori-
fice diameter of the dripping outlets arrayed on the hose walls.
To generate describable rainfall intensities, two types of
perforated hose with different sizes of pinholes are used in
this system. The smaller pinhole produced by tiny minute pins
of stainless steel represents the low-flow I-type. A relative
larger needle is used to produce the high-flow II-type pinhole.
These tiny minute pins and needles are fixed on a hole
puncher, which can generate a uniform size of the pinholes
through standardized production. To guarantee constant flow
rates throughout the rainfall simulation, the pinholes are
uniformly distributed on the hose walls.

Figure 6 shows the close-up images of the pinpoints for
both types. The shape of the pinholes is determined by the
diameter and shape of the needle tip. Specifically, the
conically shaped pinpoints give rise to an outside diameter
doy and an inside diameter d, of a pinhole, with the latter
one governing the flow rate of the pinhole. Table 1 sum-
marizes the basic characteristics of both types of pinholes.
The flow rates of a single pinhole at 30-g are approximately

berforated hoses

(c)

Fig. 5 Distribution of the perforated hoses for rainfall simulation: a side view and top views for slopes with gradients of b 35° and ¢ 45°
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ll-type Pinhole

Fig. 6 Close-up images of the pinpoints used to produce the I-type
and II-type pinholes in the hose walls

Table 1 Properties of the pinholes on the hose walls

Index I-type II-type
din [pm] 69 113
dout [m] 133 184
Flow rate of 1 pinhole at 30-g [ml/min] 1.74 3.12
Rainfall intensity of 1 pinhole 30-g [mm/h] 0.64 1.07

1.74 ml/min and 3.12 ml/min for the I-type and II-type
pinholes, respectively. The inner diameter of the II-type
pinhole is approximately 113 pm, which is sufficiently
small to generate tiny raindrops over the slope surface.

The behaviour of the raindrops in the enhanced accel-
eration field is investigated by employing a high-speed
camera during the flight of the centrifuge . It is observed
that the diameters of the raindrops at 30-g are approxi-
mately 500 pm. The raindrops are accelerated to an impact
velocity of approximately 0.7 m/s. With the density and
impact velocity of the raindrops, the impact force is esti-
mated to be 10 Pa in accordance with the equation pro-
posed by Tamate et al. [16]. Moreover, the defection
raindrop path is found to be negligible as a result of the
short falling height. To make sure no pinholes are clogged
prior to the rainfall simulation, it is recommended to clear
the perforated hoses using pressured deionized water.

3.2 Calibration

The rainfall intensity and flow rate of the rainfall system
are calibrated by employing different numbers of pinholes
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(with both I-type and II-type ) at each hose. Six configu-
rations with different number of pinholes at each hose are
calibrated in the centrifuge at various g levels. The rainfall
intensity is calibrated by collecting the accumulated rain-
water discharged by all perforated hoses in 10 minutes. To
minimize the system errors, four parallel tests are carried
out for each configuration. Moreover, the influence of the
pressure head of the rainwater on the uniformity of the
rainfall distribution is evaluated by measuring the dis-
charge of each perforated hose. To this end, the rainwater
produced by each perforated hose in 30 seconds is col-
lected by plastic bags during the calibration. Figure 7
shows the setup of the rainfall system in the model box and
the rainfall intensity during the calibration tests.

The calibration results are presented in Fig. 8. As sug-
gested by Fig. 8a, the flow rate for low rainfall intensities,
ie. Ip= 2.0 - 15.0 mm/h, is mainly governed by the
number of pinholes, while for higher rainfall intensities
tested up to 30.0 mm/h, the flow rate is governed by the
diameter of the pinholes. For example, a rainfall intensity
of 15.0 mm/h is achieved by ten perforated hoses, each
with 25 I-type pinholes, each of which covers an area of
approximately 2.0 cm®. As shown in Fig. 8b, with the same
number of water outlets, the rainfall intensities resulting
from I-type and II-type pinholes vary considerably.
Moreover, by adjusting the number of pinholes, a desired
rainfall intensity can be achieved by the system.

The flow rates of each perforated hose in two parallel
tests are presented in Fig. 8c. It shows that similar dis-
charges are produced throughout all the perforated hoses.
Only the hoses located at the toe of the slope give rise to
more rainwater due to the relatively higher pressure head.
On the other hand, the water stored in the supply mains
may also contribute to this result. When evacuating the
rainfall system, the supply mains may discharge the
residual water from the lowest position of the system to the
rainwater storage. Nevertheless, the flow rates of all the
perforated hose show considerable consistency, so that
check valves for adjusting the flow rates at different slope
elevation are not required along the supply mains. Fig-
ure 8d shows the rainfall intensity and discharge of ten
perforated hoses, each with 25 I-type pinholes, at various
g levels. An inspection of the results suggests an decreasing
relation between rainfall intensity against g level. This
result is directly related to the scaling law.

Up to now, there lacks a universally recognized defini-
tion of scaling law for the velocity and discharge of rain-
water in centrifuge modelling [17]. Generally, the velocity
is scaled proportional to 1 for dynamic events and by N for
fluid flows in porous media, such as consolidation or
seepage processes. Some researchers [1, 8, 12], however,

proposed a scaling factor of /N for fast granular flows at
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(b)

Fig. 7 Calibration of the rainfall system a setup of the rainfall system in the model box and b measuring of rainfall intensity of each perforated

hose

various g levels. To clarify this debate, the scaling rela-
tionship for the flow rate in the introduced rainfall system
is examined at an increasing g level ranging from 1 to 40.
To this end, three scenarios with different outlets are tes-
ted: (i) the supply mains with d; = 4.0 mm, (ii) the hose of
rainwater with d; = 2.5 mm, and (iii) the model rainfall
configuration of ten perforated hoses each with 25 I-type
pinholes. The discharge and flow rate of the water from
different outlet are evaluated by collecting the released
water in 30 seconds.

Figure 9 shows the variation in the discharge ¢* and flow
velocity v against the scaling factor N. Clearly, the flow
rate and discharge are dependent on the size of the orifice
and the g level or hydraulic gradient. The calibration tests
lead to a scaling factor of \/N for the specific discharge and
flow rate, which is contradictory to the well-established
scaling law of N for fluid flows porous media. However,
this discrepancy seems reasonable since the diameter of the
hoses is not scaled accordingly with the scaling factor N.
The same reasoning is given by other studies that observed
the same scaling factor of V/N; that is, a geometric
parameter, defining the cross section of the flow, has not
been scaled by N, e.g. the width of the outlet of a silo [12]
or the width of a flow channel [1, 8].

4 Application: rainfall-induced slope failure

To test the performance of the developed rainfall system, a
series of centrifuge tests on rainfall-induced slope failure
are carried out. In the following section, the model slope,
test program and results are presented. Note that an attempt
is not made to study the failure mechanism of the slope
under rainfall conditions. This regard is explored in our
companion paper [18]. Instead, we are focusing on the
performance of the rainfall device.

4.1 Model slope, test programme and results

Figure 10a shows the sketch and construction of a homo-
geneous slope in the centrifuge modelling. Two types of
slope with gradients f§ of 35° and 45° are adopted in the
tests. The slope has a height hg) = 200 mm and a base layer
with a height &, = 50 mm. The plane-strain width of the
slope is 155 mm. The total length of the slope, including
deposition section /j, slope section lsl and crest [, is 480
mm. The deposition section has a length /; = 100 for
depositing of the mobilized sliding mass. The lengths of
the slope section and crest are dependent on the slope
gradients. For instance, the crest lengths are 95 mm and
180 mm for 35° and 45° slopes, respectively.

To construct the model slope, a soil cuboid with a
dimension of 480x155x250 mm (WxDxH) is firstly
made by compacting ten layers of soil with each layer 25
mm thick. The slope is then cut from the compacted soil
cuboid. To this end, the front and back walls of the model
box are temporarily replaced by wooden molds. Two pairs
of wooden mold shown in Fig. 10b with slope angles of 35°
and 45° are used in this regard. Following the geometries
of the wooden molds, it is easy to cut a model slope from
the soil cuboid. After the completion of the cutting, some
adjustments are needed at the edges of the slope to refine
the model slope. Finally, the wooden molds are replaced
back with the walls of the model box.

The soil used in the tests is silty medium-fine sand.
Figure 11 shows the grain size distribution of the soil. The
particle sizes range from 0.002 mm to 4.0 mm, with a mean
grain diameter dsy of 0.23 mm. The soil for the slope is
compacted at two densities, namely a loose state with Dy =
0.29 (ep = 0.91) and a medium-dense state with Dy = 0.55
(eop = 0.74). For each compaction state, two different ini-
tial water contents are adopted, i.e. wg = 6.0% and 11.5%
for loose state and wy = 11.5% and 15.1% for medium-
dense state. According to the triaxial compression tests, the
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Fig. 8 Calibration results of the rainfall system: a various rainfall intensities /p with an increasing number of I-type pinholes, b linear trend of Ip
for an increasing number of pinholes, ¢ distribution of discharge ¢* at each perforated hose, and d the relationship between the rainfall intensity

Ip and the g-level

Mohr-Coulomb shear parameters of the soil under saturated
conditions are ¢’ = 31.8° and ¢’ = 0.0 kPa for the med-
ium-dense state and ¢’ = 38.1° and ¢’ = 15.0 kPa for the
very dense state (ep = 0.51), respectively. This result
shows that the material is a noncohesive soil in regard to
the medium-dense state but exhibits considerable apparent
cohesion in a very dense state.

In this work, 15 centrifuge tests with the aforementioned
initial slope conditions, i.e. slope angle and initial density,
are conducted. All the model tests are performed at 30-g
level, at which the slope remains initially stable under the
enhanced gravity loads. Three types of rainfall intensities,
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i.e.Ip = 5,12, and 27 mm/h, representing moderate, heavy
and torrential rainfall events, respectively, at the prototype
scale are involved. The rainfall is initiated after the geo-
static equilibrium is achieved at the prescribed gravity. The
rainfall is persisted for a while after the initial failure. This
allows us to observe the subsequent propagation stages of
progressive failure.

Details on the initial slope conditions, rainfall charac-
teristics and failure time of the 15 model tests are sum-
marized in Table 2. It should be noted that the actual initial
conditions, i.e. the void ratio and water content, of the
slopes may be slightly different from the prescribed values
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Fig. 10 a Sketch of a homogeneous model slope and b construction of a 45° slope (hm is the model height, Ay is the height of the slope, [ is the
length of the slope, /, is the height of the base layer, /; and /, are the distances to the sidewalls, and f is the slope gradient)

due to the error during slope construction and the preper-
ation of the rainfall system. This situation, however, is very
common in physical modelling.

4.2 Rainfall-induced slope failure

The rainfall has successfully brought 13 slopes to failure in
the centrifuge tests, except the CRF-10 and CRF-12 tests.
The results of the rainfall applied to all the model slopes
and the hydraulic conditions of the slope soil before and
after the test are plotted in Fig. 12.

The rainfall intensity has significant influence on the
possible rainfall duration that a slope can withstand. Fig-
ure. 12a shows the relationship between the rainfall dura-
tion Dy and cumulated rainfall Ry;. Generally, a slope
with denser compaction or lower initial water content is
able to withstand longer rainfall. For instance, the moderate
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Table 2 Experimental results of the slope failure under different rainfall intensities

Initial slope conditions Rainfall Failure time
Test ID g-level B e wo Ip Dym RMm It M Itp
[e] [deg] [-] [%] [mm/h] [s] (ml] [s] [hh:mm]

CRF-01 30 45 091 6.0 14.8 106 728 19 04:47
CRF-02 30 45 0.91 6.0 159 180 1059 13 03:17
CRF-03 30 45 0.91 11.5 11.8 96 523 35 10:04
CRF-04 30 45 0.91 11.6 10.5 103 498 14 03:32
CRF-05 30 45 0.76 11.3 10.1 150 702 55 15:06
CRF-06 30 45 0.75 11.3 10.0 210 967 154 38:47
CRF-07 30 45 0.73 14.7 11.6 130 699 26 06:32
CRF-08 30 45 0.72 11.3 27.0 60 749 4 01:00
CRF-09 30 45 0.73 15.0 5.8 320 859 94 23:48
CRF-10 30 45 0.74 11.5 4.9 410 924 - -
CRF-11 30 35 091 6.3 132 140 852 36 09:04
CRF-12 30 35 0.90 11.5 12.0 220 1224 - -
CRF-13 30 35 0.74 11.5 12.6 325 1897 254 64:09
CRF-14 30 35 0.75 15.1 12.9 110 655 38 10:19
CRF-15 30 35 0.87 11.5 13.5 230 1433 51 12:50

The subscripts M and P denote model and prototype scale, respectively

p is slope angle, ey initial void ratio, wy initial water content, 7 rainfall intensity, D rainfall duration and R accumulated rainfall, #¢ initial failure

time, — without failure.
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Fig. 12 Test results a the rainfall characteristics and b the hydraulic conditions water content w and degree of saturation S,) at initial and failure

stage

rainfall of approximately 5 mm/h initiates slope failure
after 94 s, or approximately 24 h at the prototype scale, for
the medium-dense slope inclined at 45° (CRF-09). The
same slope, only with a lower initial degree of saturation,
does not experience any failure after a rainfall duration of
approximately 410 s or more than 4 days at the prototype
scale (CRF-10). This highlights that the soil saturation
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plays an important role in stabilizing the slope under
rainfall events. The heavy rainfall of approximately 12
mm/h is applied to seven slopes inclined at 45° and five
slopes inclined at 35°. Depending on the initial void ratio
and initial degree of saturation, the rainfall durations
causing initial failure range from 12 - 154 s (3 h to 1.5 days
for the prototype) for 45° slopes and from 36 - 254 s (9 h to



Acta Geotechnica (2021) 16:2887-2898

2897

Rainfall parameter CRF-09 Rainfall parameter
Rainfal intensity / = 5.8 mm/h
Rainfall duration D = 1320 s

Cumulated rainfall R = 859 ml

Soil parameter
B =45deg
e=0.74

wo =15.0%

Soil parameter
B =45deg
e=0.74

wo =14.7%

Rainfal intensity / = 11.6 mm/h
Rainfall duration D =130s
Cumulated rainfall R = 699 ml

CRF-07 Rainfall parameter CRF-08
Rainfal intensity / = 27.0 mm/h
Rainfall duration D =60 s

Cumulated rainfall R = 749 ml

Soil parameter
B =45deg
e=0.74

wo =11.3%

(©

Fig. 13 Pictures and sketched origin and deposition of the slope failure under different rainfall intensities: a test CRF-09 with Ip = 5.8 mm/h, b
test CRF-07 with /p = 11.6 mm/h and c¢ test CRF-08 with /p = 27.0 mm/h

2.7 days for the prototype) for 35° slopes. The torrential
rainfall of approximately 27 mm/h in test CRF-08 triggers
the fastest failure among all tests. The rainfall duration is
only approximately 4 s, or approximately 1 h at the pro-
totype scale.

Figure 12b gives the hydraulic state conditions, i.e. water
content w and degree of saturation Sr, of the slopes at initial
and failure stage. The water content at post-failure stage is
measured from the soil at the centre of the slope crest.
Although these slopes are prepared at different initial water
contents, they seem to fail at a similar water content of
approximately 20%, which corresponds to the degree of sat-
uration of 60% and 80% for medium-dense and very dense
states, respectively. It can be speculated that when the satu-
ration of the soil is increased to this extent, the capillary
forces become insufficient to maintain the slope stable, and
thus, catastrophic failure of the slope may occur.

Figure 13 illustrates some typical examples of the failed
slopes with sketched origin and deposition. These slopes
are constructed with the same density and slope angle, but
the slope soils have different initial water contents. Sub-
jected to different rainfall intensities, i.e. Ip =5, 12 and

27 mm/h, these slopes exhibit different failure patterns,
such as global slides and sliding flow, with the generation
of a significant displacement. As shown in Fig. 13a, the
slope initiated by moderate rainfall of 5 mm/h gives rise to
a more superficial failure surface and results in much a
shorter runout distance. Compared to the moderate rainfall
events, e.g. test CRF-09, a deeper failure surface could be
observed for heavy rainfall (see Fig. 13b). The slope in test
CRF-08 fails immediately after a few seconds of torrential
rainfall. A fast flow of soil is initiated from the top of the
slope with high degree of saturation under such heavy
rainfall. The short duration of torrential rainfall also causes
the increase in water level at the toe, which may contribute
to the loss of suction in the slope soil [5]. It is believed that
a uniform infiltration deep into the slope body has not yet
been established during such a short time. Thus, the tor-
rential rainfall may lead to slope failure of flow type [4],
initiated mainly by surface erosion (see Fig. 13c). How-
ever, our experiments show that the moderate and heavy
rainfall leads to less erosion. Another aspect lies on the
rainfall distribution. Since the perforated hoses are dis-
tributed with a spacing of 35 mm, this may lead to
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localized infiltration in these regions below the hoses.
However, this does not influence significantly the failure
types of the slope.

5 Conclusions

This work presents a device for simulating rainfall in
geotechnical centrifuge. The rainfall system adopts the prin-
ciple of drip irrigation usually used in agriculture. An array of
perforated hoses is placed close above the slope surface to
discharge the rainwater. The rainfall intensity depends on the
centrifuge acceleration and the flow rate of the water supply,
which is controlled by the size and number of the tiny pin-
holes in the hose walls. A wide range of rainfall intensities
from 2.5 - 30 mm/h can be simulated by this device. The
perforated hoses are distributed following the geometry of the
slope, and thus the flow rates of all the perforated hose show
considerable consistency over the slope surface. In this way,
check valves for adjusting the flow rates at different slope
elevation are not required in this rainfall system. Moreover,
with only 10 mm falling height, the influence of Coriolis force
and the high-speed wind on the raindrops and their impact
force on the slope surface can be neglected.

The performance of the rainfall system is evaluated by
carrying out a series of centrifuge tests on rainfall-induced
slope failure. The tests involves 15 homogeneous soil
slopes with different initial conditions, such as slope angle,
initial water content and density. These slopes are sub-
jected to 30-g gravity loads and three types of rainfall
intensities, namely Ip = 5, 12, and 27 mm/h, representing
moderate, heavy and torrential rainfall events, respectively,
at the prototype scale. The test results suggest that the
device is able to generate relatively uniform rainfall of
wide intensities and lead to slope failure of various pat-
terns. The new device is simple, robust and affordable. This
can be of particular interest for centrifuge facilities that
have a lack of space for supply lines of pressurized water.
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