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Abstract

The rise in the river water level in a levee raises the phreatic surface. This facilitates the development of positive pore water pressure in
the region below the phreatic surface, and consequently, reduces the shear strength of the soil. Steel drainage pipes that can provide both
drainage and reinforcement functions could be a better option for levee protection against flooding compared to the traditional method
of protection which can provide only one or the other of these functions. This paper presents the results of a series of centrifugal tests for
six cases conducted to investigate the effectiveness of newly designed steel drainage pipes for minimizing the flood-induced deformation
of levees. The test results reveal that the installation of these steel drainage pipes (1) allows the levee to withstand a higher flood water
head and extended flood duration and (2) is effective for limiting the continuation of the slip line in the slope. The quick drainage of the
seepage water can restrict the development of positive pore water pressure in the slope, and the mobilization of the axial force in the pipes

minimizes the flood-induced deformation of the levee.

© 2019 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society.
This is an open access article under CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Increased seepage flow in levees during a flood can cause
destabilization by an increase in the self-weight of the soil
and a reduction in shear strength due to the decrease in
effective stress by the reduction in matric suction (Chu-
Agor et al, 2008; Polemio and Lollino, 2011;
Schnellmann et al., 2010; Vanapalli et al., 1996;
Vandamme and Zou, 2013). A reduction in the soil
strength in a slope brought about by the decrease in effec-
tive stress can cause soil mass movement, making the slope
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unstable (Hamdhan and Schweiger, 2011; Krahn et al.,
1989; Ling et al., 2009; Ng et al., 2003; Timpong et al.,
2007). Additional protective measures in levees subjected
to seepage flow could enhance the level of safety against
seepage-induced failure. This additional protection can be
provided in the form of drainage, which would limit the
rise in the phreatic surface, or in the form of reinforcement,
which would compensate for the loss in shear strength
caused by the seepage flow through the mobilization of
additional strength.

Drainage pipes are one of the standard methods of pro-
tection, used mostly in existing levees, to limit the decrease
in effective stress by limiting the development of positive
pressure (Choi, 1984; Rahardjo et al, 2011, 2003;
Resnick and Znidarcic, 1990). However, drainage pipes
also have some limitations in terms of protecting levees,
namely, their performance is affected by the hydraulic
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properties of the soil, they cannot increase the performance
beyond the critical length of the drainage, and they have a
limited zone of influence (Cai et al., 1998; Chen and Chen,
2016; Ghiassian and Ghareh, 2008). Soil nails are another
protective measure used in slope stability problems by the
mobilization of additional strength. Soil nails, predomi-
nantly through the development of axial force, increase
the shear resistance in the slope (Allersma and Bartsch,
2004; Cai and Ugai, 2003; Tei et al., 1998; Zhang et al.,
2001). Ng et al. (2006) and Rotte and Viswanadham
(2012), with series of the centrifuge experiments, and Li
et al. (2008) and Zhou et al. (2009), with full-scale tests,
confirmed the effectiveness of soil nails in the global stabil-
ity of slopes subjected to seepage flow. In their studies,
however, the limitation of the soil nail performance was
also shown, as soil nails are only capable of minimizing
the formation of cracks and local failure, but cannot pre-
vent them. Thus, protective measures for slopes that can
only provide either drainage or reinforcement show their
limitation when subjected to seepage flow. Combining both
functions of drainage and an increase in reinforcement
could provide a better solution to seepage-induced failure.
In this study, therefore, the possibility of using steel drai-
nage pipes in levees for protection against seepage-
induced failure is investigated through a series of centrifu-
gal tests. Steel drainage pipes comprise a newly designed
protective measure which is capable of providing both
functions of drainage and reinforcement. Steel drainage
pipes can provide this dual function because their design
calls for a tubular structure with numerous holes on the
surface and a spiral blade at one end.

2. Experimental program

A series of centrifugal tests for six different cases is per-
formed using the Tokyo Tech Mark III centrifuge
(Takemura et al., 1999) at the centrifugal acceleration of
20g. The model ground and the testing conditions are
determined following the common centrifuge scaling law,
in which the model ground is scaled down so that the same
stress condition as in the prototype ground is achieved
when subjected to centrifugal acceleration. One of the rea-
sons for using the centrifuge modelling is that the tests
involve the wetting process of the soil and that the rela-
tively high capillary rise, commonly seen in scaled-down
physical model tests, is not preferred. To model the drai-
nage pipes, dimensionally similar model pipes are used as
they can provide proportional drainage capacity in the
model ground. The scaling law used for the centrifuge tests
i1s summarised in Table 1. For all the test cases, a half sec-
tion of a river levee with a side slope of 1H:1V is employed.
The slope inclination is finalized after various trial centrifu-
gal experiments and analysis were performed on the model
with side slopes of 2H:1V, 1.6H:1V, 1.5H:1V, and 1H:1V
for its ability to balance the stability before flooding and
its vulnerability to failure. These trial experiments and
results, however, are not included in this discussion. The

Table 1
Scaling law for centrifuge tests (Cargill and Ko, 1983; Thusyanthan and
Madabhushi, 2003).

Parameters Ratio of model to prototype
Length 1/N
Area 1/N?
Volume /N3
Velocity N
Pressure 1
Head 1/N
Intrinsic permeability 1
Time 1/N?
Force 1/N?
Bending moment /N3

designed levee might not represent the general levee config-
uration. However, the configuration allows for the devel-
opment of failure when subjected to flooding during the
tests. It should be noted that the designed model slope
could not model the weak zone created by various factors
such as, but not limited to, inhomogeneity which makes
the levees vulnerable to seepage-induced failure. Hence, a
steep slope was required to create failure in the tests. A sim-
ilar slope inclination was also used by other researchers
(Mori et al., 2012, 2011; Resnick and Znidarcic, 1990;
Saghaee et al., 2017, 2016) for investigating the failure of
levees/embankments subjected to seepage flow. Unless
otherwise mentioned, the model configurations and test
results in the following sections and figures are presented
and discussed in the prototype scale.

2.1. Material properties

Edosaki sand is used in the preparation of the model.
The properties of Edosaki sand are tabulated in Table 2.
The material is classified as silty sand (SM) according to
the USCS. The foundation and the embankment are pre-
pared with soil at a degree of compaction (Dc) of 95%
(1.72Mg/m’) and a maximum dry density of 80%
(1.45 Mg/m®), respectively, determined from the Standard
Proctor Compaction test. The soil water characteristic
curve (SWCC) for the embankment and the principal
parameters for the van Genuchten model are shown in
Fig. 1. The surface layer on the slope is prepared by soil
mixed with fibre to replicate the grass cover often found
in real levees and to prevent the occurrence of unrealistic
surface erosion during the experiment. The content of the
fibre is 1% (for Cases 1-4, see the following subsection
for details) or 2% (for Cases 5 and 6) of the dry weight
of sand. The polyester fibre used in the tests, called Teijin
RAO4FN, was approximately 39 um in diameter and
5 mm in length.

Steel drainage pipes, steel pipes filled with glue, and flex-
ible pipes made of silicone are used for the different test
cases as protection in the levee against seepage-induced
deformation (to be described later). Fig. 2 shows the
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Table 2
Properties of Edosaki sand.
Soil properties Values
DSO (mm) 0.30
Djp (mm) 0.010
Coefficient of uniformity 38
Coefficient of gradation 8.53
Soil particle density (Mg/m?) 2.72
Optimum moisture content 14.5%
Average initial water content of model ground 14.7%
Angle of shearing resistance [Degree of compaction D¢ = 80%]
(degrees)
Soil without fiber 29
Soil with 1% fiber 31
Soil with 2% fiber 33
Cohesion [Dc = 80%](kN/m?)
Soil without fiber 2.5
Soil with 1% fiber 4.2
Soil with 2% fiber 6.0
Saturated coefficient of permeability (m/s)
Foundation 1.5E—6
Embankment 4.5E-5
Dry density of embankment (Mg/m3) 1.45
Dry density of foundation (Mg/m?) 1.72
12 1 \ \
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Fig. 1. Soil water characteristic curve (SWCC) for embankment.

dimensions of a steel drainage pipe in the prototype scale.
The longitudinal section of the pipe with the spacing of the
drainage holes, the spiral blade, and the locations of the
strain gauges are shown in Fig. 2(a). Fig. 2(b) and (c) show
the cross-sections of the steel drainage pipe and the steel
pipe with only reinforcement, respectively. The steel drai-
nage pipes are tubular. They have holes on the surface with
a diameter of 24 mm and the spacing of 0.16 m. The end
one-meter length of each pipe is provided with a spiral
blade having an external diameter 0.16 m. The spiral blade
provides better anchorage of the pipes to the soil. These
pipes provide both drainage and reinforcement functions.
Tubular steel pipes with the same configuration and mate-
rial, but filled with glue (Shin-Etsu RE45T), are used to
model the steel pipes with only the reinforcement function.
The added glue in the pipes increases the overall weight of
the pipes; however, only the reinforcement pipes which are
mostly solid are expected to have a larger weight than the

drainage pipes. Flexible silicone tubes (Young’s modu-
lus = 5.0E7 N/m?) with the same internal dimension as
the steel drainage pipes (keeping the drainage capacity sim-
ilar), but without a spiral blade, are used to model the pipes
with the drainage function. The external dimension of the
drainage pipes, however, is 100 mm compared to 80 mm
of the steel drainage pipes. This difference in external
dimension is not expected to cause a significant difference
in behaviour. These pipes could easily be bent and are
not expected to provide significant additional reinforce-
ment. The properties of the steel drainage pipes used in
the experiments in the prototype scale are summarized in
Table 3.

2.2. Test conditions

Six different cases of varying levels of protection are
investigated in the study. Fig. 3 shows the geometry of
the model slope and the arrangement of the pipes in the
centrifuge models (Cases 1-6). The model slope consists
of a 2-m-thick foundation layer and a 4-m-high embank-
ment with a 1H:1V slope. The total length of the model
ground is 12 m, and the width of the model is 3 m. Fig. 3
(a) shows the cross-section of the model with pipes. In
Cases 2-6, the pipes are installed at a height of 1 m from
the toe of the slope. Fig. 3(b) shows the arrangement of
the pipes in the plan view for Cases 2-4 and 6. In all these
cases, the slope is provided with three pipes. The pipes are
installed at the spacing of 1 m. Steel pipes are used in Cases
2-4, whereas flexible silicone pipes are used in Case 6. In
Case 5, two pipes are installed at the spacing of 2 m, as
shown in Fig. 3(c). In all the cases, a surface layer of
0.2 m, made of soil mixed with fibre, is provided on the
slope. The test conditions are summarized in Table 4.
These cases are designed to study the effectiveness of the
steel drainage pipes in slope stabilization as well as to
understand the contribution of the drainage function and
the reinforcement function separately.

2.3. Model preparation

All models are constructed in a container with inner
dimensions of 1.4 x 3.0 x 9.0 m in the prototype scale
and equipped with a transparent acrylic window. The con-
tainer is divided into three sections, namely, an upstream
supply section, a model section, and a downstream drai-
nage section. The supply section and the drainage section
both have a width of 1 m, while the model section has a
width of 12 m in the prototype scale. A special arrange-
ment of the acrylic plate is made in the container to prevent
the channelization of the flow along the interface between
the container wall and the model ground. In the model sec-
tion, the 1:20 scaled-down model ground was prepared by
dynamic compaction and an excavation technique. At first,
the ground with a uniform cross-section of 11.4 x 3 x 6 m
in the prototype scale is prepared by placing and compact-
ing Edosaki sand in 12 layers. Using temporary supports,
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Fig. 2. Steel drainage pipe (a) longitudinal section with locations of strain gauges and drainage holes; (b) cross-section of steel drainage pipe (c) cross-
section of only reinforcement pipe with strain gauge.

Table 3

Properties of steel drainage pipes.

each layer is compacted to have an equal thickness of 0.5 m

Parameters Values to the target density and an average moisture content of
Internal diameter (mm) 60 14.7% which is close to the optimum moisture content of
External diameter (mm) 80 the soil. The soil layers are compacted using a hand-held
Length (m) 6 vibrator over the flat acrylic plate. While preparing the
Pitch of screw (mm) 160 .

) . model ground, miniature pore water pressure transducers
Thickness of plate forming screw (mm) 20 . . . .
External diameter of screw part (mm) 160 (PPTs), each with a wire mesh head [Model: SSK Micro
Young’s modulus, E (N/m?) 2.10E + 11 Pressure Transducer P306V-02], are also placed in prede-
Poisson’s ratio, v 0.3 termined locations (locations A, B, C, and D in Fig. 3) with

(a) —=1 =~—0.6
[ 4.4 | 4.0 | 3. 0*\ Flood
Laser displacement transducer water level
Pore water 1 1 B Legend
pressure transducer 374 5 .
Steel drainage pipe |5 ¢ []80% compacted -95 % compacted
¢ ®80 mm, length 6 m \ /A o 11 Edosaki sand Edosaki sand
10 - 15 %0 M Jwater [ | Fibre mixed
( ( Edosaki sand
210 7 Silica No.3
Lg‘* !
(© Drainage section Suppl i
y section
o 2 o
— Piaan 1
f L A
30 PlipeZI:_- .
‘ -~ Pipe 3.

o 12.0
Unit of measurement: Meter

12.0

Fig. 3. Model Configuration (a) sectional view with geometry and location of sensors (b) plan view for Case 24, 6 (¢) plan view for Case 5.
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Table 4
Protection conditions in models.
Cases Level of protection Description of protection

Pipe 1 Pipe 2 Pipe 3

R D R D R D
Case 1 Unreinforced N/A N/A N/A N/A N/A N/A
Case 2 Reinforced (3 steel drainage pipes) o o o o o o
Case 3 Reinforced (2 steel drainage pipes + 1 steel pipe) o o a X ) o
Case 4 Reinforced (3 steel pipes) o X & X o X
Case 5 Reinforced (2 steel drainage pipes) o ) N/A N/A o o
Case 6 Reinforced (3 drainage pipes) X o X o X o

Note: R = reinforcement function, pipes are made of steel; D = drainage function, pipes are tubular with holes on surface; o = present; x = not present;
N/A = not available, pipes are not used; a = with strain gauges to measure axial force and bending moment.

precise measurement. After making the uniform model
ground with Edosaki sand, a layer of silica sand No. 3,
0.6 x 3 x 6 m (prototype scale), is prepared by pouring
the sand into the gap between the Edosaki ground and
the supply tank, resulting in a model ground with dimen-
sions of 12 x 3 x 6 m in the prototype scale. The model
ground is then excavated to the designed configuration
by placing the acrylic guide, having the same dimensions
as the embankment, over the container and using a T-
shaped blade.

The slope portion of the model is then further excavated
resulting in a slope 0.2 m deeper than the required dimen-
sion. The layer of Edosaki sand mixed with fibre is com-
pacted on the excavated slope surface with a degree of
compaction of 80% to form the required model geometry.
Two laser displacement transducers (LDTs) are used to
measure the settlement at locations F and G (see Fig. 3
(a). Both LDTs have a sensor head of the LB-02 series
manufactured by Keyence. However, two types of ampli-
fiers are used here, LB60 series and LB62 series, with the
measurement range of 40 mm and £10 mm, respectively.
Marked noodles are placed on the side face of the model
for the visual observation of the deformation pattern
through the transparent window. Apart from this, in Cases
3 and 4, the central pipe (Pipe 2 in Fig. 3(b)) is equipped
with strain gauges to measure the axial force with axial
force sensors at two locations (sensors give the average
strain value of the strain gauges placed on the top and
the bottom of the pipe) and to measure the bending
moment with bending moment sensors at four locations
(sensors give the difference in strain values of the strain
gauges placed on the top and the bottom of the pipe).
The wires of these sensors are passed through the inside
of the pipes to prevent the channelization of flow that
would occur if they were present on the surface of the
pipes.

In Cases 2-6, the steel pipes/drainage pipes are driven at
each specified location using the acrylic guide after making
a hole with an auger drill bit. The embedment length is kept
at 5.6 m for all the pipes. After the pipes are equipped, alu-
minum facing plates with the dimensions of
0.6 x 0.6 x 0.04 m are installed and fixed with acrylic caps.

Water is supplied to the supply section and collected from
the drainage section through the pipe connection. The
drained water is then collected in a separate drainage tank.
Additional PPTs are installed in the supply section of the
container and the drainage tank for measuring the supply
flood water head and the amount of drainage water,
respectively. For visual observations of the slope during
the test, two high-definition video recorders (top and side)
along with one high-resolution digital camera (side) are
used.

2.4. Testing procedure

After the set-up has been completed, saturation of the
foundation layer is carried out. For saturation, de-aired
water is supplied to the supply section until the volume
of water exceeds the calculated volume of the pores of
the foundation layer. At this stage, the apparent water level
in the model is slightly higher than the top of the founda-
tion. After the completion of saturation of the foundation
at lg, centrifugal acceleration is increased in steps to the
target 20g. After the centrifugal acceleration has reached
20g, the steady state is ensured by allowing the pore water
pressure measurement to become stable. At this stage, the
water level in the model is near the top of the foundation
and unaffected by the absence or presence of the protec-
tion. The phenomenon of a flood in a river channel is then
simulated by raising the water level in the supply section as
in the experiment conducted by Horikoshi and Takahashi
(2015) and Koito et al. (2016). Fig. 4 shows the time histo-
ries of the flood water head supplied in the supply tank for
the six cases. The flood water head is the difference between
the supply water level and the drainage water level (equal
to the top of the foundation). In Cases 1-4, the rising rate
of the flood water is small, in the range of 0.03-0.06 m/hr,
while in Cases 5 and 6, it is large, around 0.3 m/hr. This
unintentional difference in rising rates does not allow for
a direct comparison of the time reference among all the
cases. In Cases 1-4, a steady state of the seepage flow is
achieved, whereas in Cases 5 and 6, a steady state of the
seepage flow is not achieved. Therefore, a comparison of
Cases 1-4, where similar seepage conditions are achieved,
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is done to understand the effectiveness of the steel drainage
pipes, and a comparative performance of the steel drainage
pipes with the pipes that only have the reinforcement func-
tion in slope protection is also made. A comparison of
Cases 5 and 6 is done to understand the comparative per-
formance of the steel drainage pipes with the dual function
and the pipes with only the drainage function in slope pro-
tection. The water level is continuously monitored through
the transducers’ record and visual observations of the
standpipe through the video camera records. The flow of
water is controlled manually by a valve from the centrifuge
control room.

3. Centrifugal test results
3.1. Effect of steel drainage pipes on propagation of sliding

The effectiveness of the steel drainage pipes on minimiz-
ing the propagation of the slip line and a comparative per-
formance of the steel drainage pipes with pipes providing
only the reinforcement function are investigated through
a comparison of the reinforced cases (Cases 2-4) with the
unreinforced case (Case 1). The comparative performance
of the steel drainage pipes with pipes providing only the
drainage function is investigated through a comparison
of Cases 5 and 6. The deformation of the levee is evaluated
by observations of the marked noodles through the trans-
parent window and the measured displacements using the
LVDTs.

Fig. 5 shows the superimposed images of the levee at the
initial condition and after the seepage test for all the cases
along with the initial shape, deformed shape, and slip line.
The superimposed images show the overall performance of
the model ground among the different cases under various
levels of protection provided in the model ground. In Case
1, the failure starts from the toe region and progressively
extends to the crest causing the complete collapse of the
levee, i.e., the retrogressive failure mode occurs (Wang
and Sassa, 2003), as shown in Fig. 5(a). In Cases 2 and 5,
with the presence of the steel drainage pipes, seepage-
induced failure is prevented, as shown in Fig. 5(b) and

35— 71—

)

2.5 7
2.0 7
1.5 7
1.0 7

0.5 | == (Case 2 === Case 5
’ v Case 3 === Case 6

Flood water head (m

0.0 L 1 L 1 L 1 L 1 L 1 L 1 L
0 10 20 30 40 50 60 7
Time (hrs)

0 80 90 100

Fig. 4. Time histories of supply flood water head.

(e), respectively. In Case 3, even though the levee suffered
surface erosion below the location of the pipe before the
seepage test (while increasing the centrifugal acceleration
as the increasing rate of the centrifugal acceleration was
rather large compared to the other cases), the large defor-
mation of the levee is prevented. The surface erosion in
Case 3 is attributed to the insufficient manual control over
the rate of increase in centrifugal acceleration. The pres-
ence of erosion below the toe region before the seepage test
facilitated the continuation of erosion, especially above
Pipe 1 and Pipe 3 during the rise in flood water. Along with
this, tension cracks are observed on the crest of the levee.
However, significant movement of the soil mass is pre-
vented, as shown in Fig. 5(c). In Case 4, for which protec-
tion of the levee is provided by steel pipes without the
drainage function, the continuation of the slip line below
the location of the pipe is stopped. However, the formation
of deeper tension cracks on the crest and the consequent
large deformation of the levee are not prevented, as shown
in Fig. 5(d). In Case 6, for which protection of the levee is
provided by flexible tubular pipes without the reinforce-
ment function, the slip line continues from the toe to the
crest of the levee. The progression of failure begins with
the settlement of the pipe leading to the eventual large
deformation of the levee, as shown in Fig. 5(f).

3.2. Effect of steel drainage pipes on resistance against flood

Fig. 6 shows the time histories of the settlement at loca-
tion F (shown in Fig. 3) along with the indication of the
flood head at the initiation of the movement represented
by the numbers on the vertical line for Case 1 (unrein-
forced), Case 3 (both reinforcement and drainage), Case
4 (only reinforcement), and Case 6 (only drainage). In
the figure, Cases 2 and 5 are not shown as no significant
movement is observed in these cases. The results of the cen-
trifugal tests with respect to the point of the initiation of
failure (onset of the soil movement) and the occurrence
of large failure (large deformation leading to a change in
the geometry of the slope) are presented in Table 5.

The observations can be summarised as follows. In
Cases 2 and 5, failure is completely prevented. In Case 3,
a slight movement of the slope is observed with no large
deformation of the slope. In all these cases (Cases 2, 3,
and 5), protection of the levee is provided by the steel drai-
nage pipes. In Case 4, a more extensive movement of the
soil slope is observed; however, the large deformation of
the slope that is observed in Case 1 is prevented. In Case
6, there is a large deformation of the slope compared to
no significant deformation in Case 5.

Fig. 7(a) shows the changes in the pore water pressure at
location A with the increasing flood head for Case 1 (unre-
inforced), Case 2 (both reinforcement and drainage), and
Case 4 (only reinforcement), while Fig. 7(b) shows the same
for Case 5 (both reinforcement and drainage) and Case 6
(only drainage). The vertical lines in the graph indicate
the flood water head at which the failure is initiated. The
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horizontal line indicates the pore water pressure at location
A when the failure is initiated. In Fig. 7(a), it is observed
that, in Case 1, failure occurs when the flood water head
reaches 1.67m and the pore water pressure reaches

10.6 kPa. In Case 4, failure starts when the pore water pres-
sure at location A reaches 13.3 kPa and the flood water
head reaches 2.14 m. These differences in pore water pres-
sure, which indicate where the failure starts, show that
the slope could withstand the development of larger posi-
tive pore water pressure and a higher flood water head with
the reinforcement provided by the pipes. Fig. 7(b) shows
the development of pore water pressure with the flood
water head for Cases 5 and 6. In Case 6, failure is again ini-
tiated when the pore water pressure at location A reaches
about 10.6 kPa, as in Case 1; however, to achieve this pore
water pressure, a higher flood head of 2.22 m is required. It
should also be taken into consideration that the failure in
Case 6 starts when the flood water head has been main-
tained at this value (with the slight descending trend; see
Fig. 4) for almost 20 h during the seepage test. The devel-
opment of pore water pressure in Cases 5 and 6 follows a
similar trend. However, no failure occurs in Case 5, high-
lighting the added protection provided by the dual function
of the steel drainage pipes in Case 5. In Case 2, the pore
water pressure is maintained at a lower level than the pore
water pressure at the failure condition of other cases for a
similar flood water head, thus preventing failure.
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Table 5
Summary of centrifugal experiment results.
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Cases Initiation of failure Occurrence of large failure
Seepage flow duration (h) Flood head (m) Seepage flow duration (h) Flood head (m)
Case 1 22 1.67 35 22
Case 2 No failure
Case 3 50 1.84 No large deformation
Case 4 53.5 2.14 57 (no complete failure) 2.3
Case 5° No failure
Case 6° 36 2.22 43 2.9

Note: b =flood rising rate in these cases is different from other cases and direct comparison cannot be made in time reference.

4. Contribution of drainage and reinforcement in slope
protection

4.1. Drainage contribution

The proposed steel drainage pipes, due to their tubular
structure and numerous holes on the surface, enhance the
drainage of the seepage water, and thus, limit the rise in
the pore water pressure in the slope. Fig. 8 shows the vari-
ation in the discharge rate with the flood water head for
Cases 1-6. The discharge rate here is calculated from the
change in the level of water in the drainage tank measured
by the PPTs. For cases where drainage through the pipes is
available (Cases 2, 3, 5, and 6), the discharge rate is much
larger than the cases without drainage (Cases 1 and 4). It
should be noted that no substantial difference in the dis-
charge rate is observed between the cases with three drai-
nage pipes (Cases 2 and 6) and the cases with two
drainage pipes (Cases 3 and 5). This may be due to (i)
the large scatter in the estimated discharge rate and (ii)
more than enough capacity of the drainage pipes. In the
cases with drainage, a sharp rise in the discharge rate is
observed when the flood head exceeds 1.5 m. Since the
pipes are installed at a height of 1 m from the top of the
foundation, the effectiveness of the pipes to drain the water
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is observed when the flood head is above the location of the
pipes, as shown in Fig. 8.

Fig. 9 shows the changes in pore water pressure at loca-
tions A and B with the flood water head for all the cases
along with the pore water pressure corresponding to the
fully developed steady state seepage. To obtain the pore
water pressure developing at the fully developed steady
state seepage condition, a steady state seepage analysis is
performed on the levee without drainage by varying the
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Fig. 8. Change in discharge rate with flood water head.
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Fig. 7. Development of pore water pressure at location A (below slope) with flood water head (a) Case 1, 2 and 4; (b) Case 5 and Case 6.
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Fig. 9. Development of pore water pressure with flood water head (a) at location A (below slope); (b) at location B (below crest).

boundary condition (flood water level). In Fig. 9(a), a clear
distinction in the variation in pore water pressure at loca-
tion A is seen between the cases with drainage (Cases 2,
3, 5, and 6) and without drainage (Cases 1 and 4), as is
observed in the variation in discharge rate with the flood
water head. The rise in pore water pressure at location A
is restricted in the cases with drainage. In the cases without
drainage, the rise in pore water pressure follows a similar
trend and monotonically increases with the flood water
head and is similar to the pore water pressure correspond-
ing to the steady state seepage flow. The increase in pore
water pressure at location B with the rise in the flood water
head is shown in Fig. 9(b). In Cases 1-4, the trend of the
rise is similar in all cases regardless of the presence or
absence of drainage and is also similar to the pore water
pressure estimated by the steady state seepage analysis on
the levee without drainage. From the graph, it can be
observed that, in Cases 1-4, the steady state of the seepage
flow is achieved, whereas in Cases 5 and 6, the pore water
pressure development is below the steady state condition.
Thus, with the drainage function in the pipes, the phreatic
surface is lowered especially near the slope. The effective-
ness of lowering the phreatic surface decreases along the
length of the pipe. The limited rise in the pore water pres-
sure near the slope prevents the large deformation of the
slope in cases where the levee is provided with drainage
in combination with reinforcement. In Fig. 9(a), it can be
observed that the trend in the development of pore water
pressure is very similar in Cases 5 and 6, indicating that
the two pipes in Case 5 can meet the drainage requirement
as sufficiently as the three pipes in Case 6. However, the
level of the deformation in these cases is entirely different,
as mentioned above. No significant deformation is
observed in Case 5, whereas large deformation is observed
in Case 6. This indicates that the levee provided with steel
drainage pipes, having the combination of the drainage and
reinforcement functions, experiences more superior protec-
tion than the levee provided with only the drainage func-
tion. Nonetheless, the drainage pipes are effective for
restricting the build-up of pore water pressure near the
slope surface, which is crucial for slope stability and

increases the resilience against failure induced by the seep-
age flow.

4.2. Reinforcement contribution

Steel drainage pipes, by their stiffness and special spiral
blade arrangement at the end of the pipe, can provide rein-
forcement when used in a levee. To understand the contri-
bution of the reinforcement by the proposed steel drainage
pipes, strain gauges are installed to measure the axial force
and bending moment in the central pipe in Cases 3 and 4.

Fig. 10(a)—(c) show the time histories of the flood-
induced axial force near the facing plate (0.4 m from the

6 T T T | T T T e
— F =TT e Rl 1
5r(a S 1w 2 1
E 4 ¢ (@) % 1= 2 ]
~ 3 r S B p ]
5] 2 S wni -
O [ = =1 ]
g lr P g ]
S 0 o . W "

= -lr ) . _— 7
= -2F === End reaction contribution E
< -3F ---0==- Friction contribution ]
-‘5‘ F ‘ ‘ —~— Axial force near facing plate

30 —— ! G
[ (b) —0— Pore water pressure at A
25 B —o— Pore water pressure at B ]
20+ :
L o i
15+ w))ocd% 4
[ A \lof 1

Settlement (mm) Pore water pressure (kPa)

0 10 20 30 40 50 60 70 80 90 100
Time (hours)

Fig. 10. Time histories of (a) axial force with its component (b) pore water
pressure at location A and B (c) settlement at location F, in Case 3.
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slope surface) along with its components, pore water pres-
sure at locations A and B, and settlement at location F,
respectively, for Case 3. The axial force is set to zero at
the beginning of the seepage test. Therefore, the change
in axial force is the result of the soil deformation caused
by the seepage flow. Here, the positive value indicates the
increase in tensile force and the negative value indicates
the decrease in tensile force from the initial condition,
i.e., at the onset of the seepage test. In Fig. 10(a), the ver-
tical dotted lines indicate the time with the flood head at
which the axial force is mobilized and sliding is observed
in the experiment. The axial force is mobilized when the
flood water head exceeds 1.5 m, i.e., it lies above the loca-
tion of the pipe (after 30 h, see Fig. 4). This mobilization of
the axial force provides the additional confinement to the
soil in the shallower portion and contributes to the global
stability of the slope. The axial force can be decomposed
into the contribution of the end reaction (reaction at the
spiral blade part) and the skin friction of the pipe surface
and soil in the section without the spiral blade. The compo-
nents of axial force for Case 3 are shown in Fig. 10(a). The
end reaction here is the axial force measured 4.4 m from the
slope surface, while the skin friction in the section without
the spiral blade is estimated as the difference between the
axial forces measured 0.4 m and 4.4 m from the slope sur-
face. The pore water pressure, shown in Fig. 10(b), is mea-
sured near the points where the axial force is close to the
facing plate, i.e., at location A and the end reaction, i.e.,
location B. The time history of the settlement is shown in
Fig. 10(c); it is calculated by setting the settlement at the
beginning of the rise of the flood water head to equal zero.

Similarly, Fig. 11(a)—(c) show the time histories of the
flood-induced axial force near the facing plate (0.4 m from
the slope surface) along with its component, the pore water
pressure at locations A and B, and the settlement at loca-
tion F, respectively, for Case 4. In Fig. 11(a), the vertical
dotted lines indicate the time with the flood head at which
the axial force is mobilized and large slope failure is
observed in the experiment. In Case 4, as well, axial force
is mobilized when the flood water head exceeds 1.5 m (after
25 h, see Fig. 4).

When comparing the axial forces in the two cases in
Figs. 10 and 11, it can be found that the maximum axial
force in Case 4 is smaller than that in Case 3. It should
be noted that, in Case 4, the rise in the phreatic surface is
not restricted as drainage is not provided. In Case 3, when
drainage and reinforcement functions are combined, the
maximum axial force recorded near the facing plate is
about 4.7 kN. The contribution from the skin friction in
the section without the spiral blade is about 2.2 kN, and
that from the end reaction is 2.5 kN. In Case 4, the maxi-
mum axial force recorded near the facing plate is about
2.2 kN, which is mostly due to the contribution from the
skin friction and a negligible amount from the end reac-
tion. The maximum skin friction is the same for both cases.
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Fig. 11. Time histories of (a) Axial force with its component (b) pore
water pressure at location A and B (d) settlement at location F, in Case 4.

The end reaction contribution, however, varies significantly
among the cases. The larger end reaction is mobilized when
pipes with the drainage function are provided.

The absence of the drainage function in Case 4 results in
the higher phreatic surface. The increase in the phreatic
surface in the slope surface can cause (i) a decrease in the
end reaction capacity, which is mostly related to the rise
in pore water pressure at location B; (ii) a decrease in the
skin friction related to high pore water pressure at location
A; and (i) instability of the slope due to a decrease in soil
resistance, which is also related to the pore water pressure
at location A. The instability of the slope, in turn, may
cause an increase in the end reaction due to the increase
in load retained by the pipes. In observing the time histo-
ries of the pore water pressure at locations A and B, and
the flood water head in the supply tank, the following rela-
tions can be observed:

Case 3: Pore water pressure head at location A < Pore
water pressure head at location B < Flood water head
Case 4: Pore water pressure head at location A < Pore
water pressure head at location B = Flood water head

As explained in (i) above, the presence of a much higher
pore water pressure head at location B in Case 4 compared
to Case 3 might have resulted in the end reaction not being
mobilized adequately in Case 4. Also, in Fig. 11(a), it can
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Fig. 12. Erosion of soil near the slope surface in Case 4 (a) at 37 h (b) 52 h
of seepage flow.

be observed that there is a reduction in the axial force
before the large failure of the slope, i.e., before 53 h of
seepage flow, beginning at t=40h. The axial force
decreases and becomes negative, i.e., the tensile force
decreases from the initial condition. This negative value
for the axial force could be due to the loss of soil mass near
the slope surface. A snapshot of the video camera record
on the front slope surface, given in Fig. 12, shows the grad-
ual erosion of the soil and the deposition of the eroded soil
near the toe of the slope. Fig. 12 shows the start of the ero-
sion of the soil at 37 h and the soil deposited near the toe at
52 h of seepage flow, respectively. The progression of the
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soil erosion also corresponds to the gradual decrease in
axial force in Case 4 and the eventual negative axial force.
The flood-induced bending moment at the different dis-
tances from the slope surface along the length of the pipe at
the different relevant times are plotted along with the flood-
induced soil reactions on the pipe for Cases 3 and 4 in
Fig. 13. The soil reaction here is the change in soil pressure
in response to the soil movement. The bending moment is
measured by the strain gauges placed at four different loca-
tions on the pipe surface, as shown earlier in Fig. 2. The
embedment length of the pipe is 5.6 m. The section with
the spiral blade is from 4.6 m to 5.6 m from the slope sur-
face. Unfortunately, the strain gauges are not attached to
the section with the spiral blade. The bending moment is
analyzed by taking the start of the seepage flow as a datum,
i.e., the bending moment at the onset of seepage flow is set
at zero. The bending moment analyzed here is due to the
soil mass movement caused by the seepage flow. The soil
reaction is calculated from the weighted residual numerical
differentiation, as described in Brandenberg et al. (2010).
The bending moment data, recorded during the centrifuge
experiments, are double differentiated using this method.
From the distributions of the bending moments and the
soil reaction in Case 3, it can be observed that with the pro-
gression of the seepage flow, fluctuations in the bending
moment and the soil reaction are observed, whereas in
Case 4, there is minimal change in the soil reaction with
the progression of the seepage flow. In Case 3, before the
start of the seepage flow, the soil below the pipes erodes
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Fig. 13. Bending moment and earth reaction along length of pipe (a) bending moment in Case 3; (b) Soil reaction in Case 3; (c) bending moment in Case 4;
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near the surface, which might result in the loosening of the
soil below the pipe. This loosening of the soil could allow
the pipe to move more freely, and hence, bring about more
of a change in the soil reaction with the seepage flow. In
Case 4, the failure is very sudden, as reflected by the sharp
change in settlement in the time history of the settlement
seen in Fig. 6. Initially, therefore, when there is a small
change in settlement, the bending moment is small which
is followed by sudden large deformation (around 55 h of
seepage flow), causing the observation of the bending
moment to be out of the range.

In either case, the maximum soil reaction is less than
1 kN/m. If it is considered that a possible static load
induced by the self-weight of the soil at the middle of the
section without the spiral blade is 7.7 kN/m, it can be said
that the calculated soil reaction will be minimal. This sug-
gests that the reinforcement contribution is, therefore, pre-
dominantly through the mobilization of the axial force and
minimally through the bending moment with the specifica-
tions of the steel pipes used.

5. Summary and conclusions

This study has investigated the effectiveness of steel drai-
nage pipes which combine drainage and reinforcement
functions against the flood-induced deformation of a sand
levee with a 1H:1V slope through centrifugal tests. One
case of the unreinforced slope and five additional cases of
the reinforced slope with varying levels of protection have
been studied. The unreinforced slope served as the control
for the other cases of the investigation. The contribution of
each function of the proposed steel drainage pipes in slope
protection was also investigated through the tests.

It was found that with the rise in pore water pressure in
a sand levee during a flood, the slope experienced signifi-
cant deformation when no protection was provided. The
slope with the protection exhibited increased resilience
against the flood. The protected slope was able to with-
stand a higher flood water level and a longer flood dura-
tion. Moreover, the propagation of the slip surface and
deformation was limited. Steel drainage pipes for both
drainage and reinforcement functions were found to be
more effective than the traditional method of protection
using only either the drainage or the reinforcement func-
tion. When only drainage or reinforcement is provided as
a countermeasure against the seepage flow in a slope, fail-
ure will be delayed, although large slope deformation will
not be prevented. The drainage function of the steel drai-
nage pipes was seen to limit the rise of the phreatic surface
in the levee through the quick drainage of the seepage
water from the levee. The drainage of seepage water limited
the rise in the pore water pressure, especially near the slope
surface. With the specifications of the steel pipes used in the
model slope, the reinforcement was predominantly pro-
vided through the mobilization of the axial force and very
much less through the mobilization of the bending
moments that provided additional confinement to the soil

in the shallower portion. The mobilization of the axial
force was contributed by (i) the end reaction developing
due to the portion of the steel pipes with spiral blades
and (ii) the skin friction between the soil and the pipes.
The end reaction was not adequately mobilized in the pipes
without drainage due to the presence of the higher phreatic
surface. Thus, larger axial force was seen to mobilize when
the steel pipes with both functions were used compared to
the pipes with no drainage.
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