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ABSTRACT: A large number of geosynthetic-reinforcing technologies for embankments and
retaining walls have been proposed and developed, and the behaviour of these structures has been
evaluated using laboratory tests and field tests, as well as full-scale case histories. Yet a great
number of embankments have failed in Japan owing to strong seismic loads and heavy rainfall.
Significant improvements are required in the construction of earthfill dams to prevent these
failures. This paper reviews the characteristic features of the damage to small earthfill dams that
has taken place during earthquakes as well as heavy rainfall. The paper then describes a new
technology using geosynthetic soil bags with extended tails stacked on the downstream slope to
construct earthfill dams that are highly stable against earthquakes as well as heavy rainfall leading
to overtopping by flood water. Some fundamental aspects of the stability of embankments
reinforced by soil bags and seismic behaviour are examined using static loading, hydraulic breach
tests and shaking-table tests.
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1. INTRODUCTION

Earthfill dams must withstand two extreme events: major
floods due to heavy rainfall, and earthquakes. In Japan
there are more than 210000 small earthfill dams for
agricultural irrigation, and almost all are located near
cities. Among the small earthfill dams currently operated,
48000 or more were constructed before Ap 1600. These
reservoirs have been maintained by regional management
organisations for some 200 years, but at least 20000 of
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these earth dams are deteriorating with age by leakage and
sliding. The body of the dam consists of soil materials, so
there is a possibility that slight erosion on the slope of the
dam caused by rainfall may gradually develop into a
large-scale collapse. In addition, there have been many
reports of dam bodies damaged by an earthquake that have
failed unexpectedly.

Figure 1 shows the cumulative and annual numbers of
damaged small earthfill dams in Japan, from 1976 to
2004. The figure shows that complete dam failure occurs
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Figure 1. Annual and cumulative numbers of damaged small
earthfill dams in Japan. 1995 data include 1200 sites
damaged by the Hyogoken-Nanbu earthquake; 2004 data
include 561 sites damaged by the Niigataken-Chuetsu
earthquake.

several times a year, but most small earthfill dams have
been damaged by sliding and leakage. It is obvious that
many dams were damaged by severe seismic loading
during the 1995 Hyogoken-Nanbu earthquake and the
2004 Niigataken-Chuetsu earthquake, but over 300 dams
were adversely affected by slip failure of embankment and
overflow caused by rainfall every year.

These small earthfill dams are usually reconstructed to
the original condition and structural type, even though the
reconstructed dam may suffer the same damage again when
subjected to an earthquake or rainfall of the same level.

However, considering that localised torrential rain ex-
ceeding 1000 mm daily often occurs throughout Japan,
causing unexpected flooding, and that earthquakes occur
frequently, it is essential to develop a small earthfill dam
of high durability.

Breaching issues related to earthfill dams due to over-
flow by heavy rainfall have been addressed in many
reports at previous symposiums of the International Com-
mission on Large Dams (ICOLD), and some hydraulics
journals. A general report presented by Tournier (2006)
provided an extensive review of dam safety, breaching,
evaluation of risk, and rehabilitation.

Geotextile containment has been used for many years in
order to prevent the erosion and collapse of earth embank-
ments or foundations in hydraulic and marine applications.
Lawson (2008) provided a detailed review of the three
main geotextile containment units in use: tubes, containers
and bags. Various interesting case histories have been
reported by Leshchinsky et al. (1996), Ghazali et al.
(2006) and Cho et al. (2008).

Soil bags have been used to protect dykes and to
reinforce foundations against floods or earthquake. Exam-
ples of their use have been reported by Kim et al. (2004),
Xu et al. (2008) and Chen et al. (2008). Matsuoka et al.
(2003) and Lohani et al. (2006) indicated that the bearing
capacity of foundations can be increased by using a soil
bag or stacked soil bags. The shear properties of stacked
soil bags were reported by Krahn ef al. (2007), Matsuoka et
al. (2003) and Matsushima ef al. (2008). Regarding the
stability of stacked soil bag slopes, Huang et al. (2008)
reported that the results of limit equilibrium analyses
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showed good agreement with the results of small physical
model tests.

Krahn et al. (2007) addressed the results of a large direct
shear test of a sandbag dyke for a flood protection
structure. The tests results showed that the shear strength of
sandbag dyke interfaces is greater than that deduced from
interface shear testing on sandbag geotextile sheets. The
dilatant behaviour of sandbags during large shear deforma-
tion had a considerable effect on the strength of the stacked
layers, but reinforcing technology or a modification of the
layer system of sandbags was needed to prevent slip failure
at the interface. However, they did not show any specific
technology using sandbags for protection.

Tatsuoka et al. (2007) addressed the advantages of
geosynthetic reinforcing technology for new soil structures.
Geosynthetic structures such as embankments, soil-retain-
ing walls and earth fills have a higher stability against
seismic load and rainfall, based on experiments on serious
damage to civil engineering structures. Maruyama et al.
(2006) described rehabilitation work for an earthfill dam in
Tokyo using geosynthetic reinforcing technology, in which
a planar geosynthetic was installed in the embankment.
The existing dam, the Shimo-Murayama dam, was rehabi-
litated by stabilising the downstream slope, aiming at a
substantial increase in the seismic stability.

No paper can be found in the literature that reports any
type of reinforcing technology that is useful for both
erosion protection and seismic resistance for earthfill dams.

There is a real need to develop a technique to prevent
frequent damage to earthfill dams and avoid related
disasters. The authors are engaged in a research project
with the ultimate aim of developing a high-durability
earthfill dam that is secure against both overflow and
earthquake. In this paper several cases in which conven-
tional earthfill dams were either damaged failed totally as
a result of heavy rainfall and serious earthquake are
described, in order to clarify the key causes. Then a
geosynthetic reinforcing technology with high resistance
against both water flow and earthquake action is reported.
Finally, test results are described for the breaching and
seismic performance of the new type of earthfill dam, in
which stacked soil bags are used to increase either the
downstream slope or both side slopes of an old earth dam.

2. CASE HISTORIES OF SMALL
EARTHFILL DAMS

2.1. General

It is first necessary to understand the detailed destruction
patterns of small earthfill dams and their mechanisms in
order to develop innovative technologies to improve the
durability of the dams.

These dams exhibited several destruction patterns due
to heavy rainfall. The main causes of destruction can be
classified into three types, as shown in Figure 2: failure by
overflow, failure by sliding, and failure by internal erosion.
The combination of these causes and multiple conditions
that destroy the body of the dams must also be considered,
but it is also useful to analyse respective damage cases
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Figure 2. Three modes of dam failure after heavy rainfall
(after Hori ef al. 1998): (a) overflow; (b) sliding failure;

(c) seepage

when developing technologies to prevent destruction. The
dams must be able to withstand individual destruction
patterns fully in order for the overall safety of the dam
body to be enhanced. These damage patterns can be
classified as shown in Table 1.

A failure by overflow is an event in which a flood
occurs that exceeds a spillway’s capacity for discharging
the flow in a small earthfill dam. The dam’s retained water
flows over the crest of the body and erodes the crest
surface and downstream slope, thus destroying the em-
bankment. A failure by sliding is an event in which the
seepage of water and rainfall into the downstream slope
increases the porewater pressure within the embankment
and decreases the strength of the body, causing the slope
to slide. A failure by internal erosion for an earthfill dam
is an event in which fine soil particles are washed away
from the embankment by groundwater flow, making a
continuous hole in the dyke. These critical areas in the
earthfill dam propagate easily from the downstream slope
side to the crest or upstream slope side by an increase in
the groundwater flow during the heavy rainfall, causing
slip failure around these discontinuous planes.

Fujii et al. (1991) and Yasunaka and Tagashira (1994)
surveyed the case histories of small earthfill dam fail-
ures and reported that 30% of small earthfill dams
damaged by heavy rainfall in Japan were destroyed by
overflow. When failures caused by sliding of the down-
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stream slope were included, this failure rate reached
60%.

2.2. Damage by rainfall

2.2.1. Failure by overflow

Water flowing over the body of a small earthfill dam
erodes the surface soil of the embankment with its
streaming momentum, and progresses to cause head cut
failure of embankment. Considering soil erosion caused
by flowing water, a cohesive clay slope is more resistant
to erosion than a sand slope. However, a larger overflow
velocity on the slope has a great influence on the rate of
erosion of the slope and the volume eroded, even for a
clay slope. The embankment is required to have high
resistance to severe overflow, and to be able to remain
stable against sliding failure of down stream slope.

Figure 3 shows the state of a small earthfill dam that
was destroyed by overflow. Figure 3a shows the condi-
tion immediately after the water level rose to the crest
surface of the dam, and the erosion of the downstream
slope continuing to develop with the start of overflow. If
a large-scale flood occurs, or if the natural ground
around a reservoir collapses and the water level is
increased significantly, the whole embankment can col-
lapse, or it may be partially destroyed when the overflow
duration time is short. In any case, the body of the dam
does not have great resistance to an overflowing stream,
so the erosion of the downstream slope proceeds, redu-
cing the section of the embankment and finally destroy-
ing the body. The degree of failure of the embankment
depends greatly on the soil materials of the embankment
and the paving condition of the upper surface, as well as
on the water flow velocity and duration of the overflow.

2.2.2. Failure by sliding

The embankment of a small earthfill dam is usually
unsaturated before rainfall, and suction in a dyke con-
tributes to stability by increasing the confining pressure of
the fill material. As the embankment’s water content
increases by seepage or rainfall, its suction and shear
resistance decrease, and its lowered resistance increases
the risk of failure by sliding. Most sliding events on an
embankment during heavy rainfall occur at the down-
stream slope. Continuous rainfall gradually infiltrates the
embankment, thereby increasing the degree of ground
saturation. At the same time, the groundwater table gener-
ated by seepage into the body also rises, in a staged
manner. For this reason, as the pore pressure within the
embankment increases, the downstream slope decreases in

Table 1. Destruction patterns of the body of small earthfill dams

downstream slope
Internal erosion

Category Events or causes
Overflow Flood, small embankment height
Sliding Increase of upstream water level, seepage into embankment, and rising groundwater level around the toe end of

Piping route, sink fall, soil pressure decline on the outlet conduit by arch action within the embankment
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Figure 3. Erosion of downstream slope by overflow and progression into failure of slope: (a) upstream water level; (b) overflow;

(c) downstream slope failure by sliding; (d) total failure

strength, resulting in sliding collapse. The causes of slope
failure by sliding resulting from this rainfall include:

° reservoir water level conditions;
embankment geometry (slope gradient);
embankment soil conditions (permeability coeffi-
cient, water retention properties, cohesion, internal
friction angle, etc.)

When rehabilitating an existing old earthfill dam, it is
most effective to install a drain at the toe of the down-
stream slope. If this drain lowers the groundwater table in
the dyke, it will prevent the reduction of strength of the
sliding body, thus significantly increasing the safety factor.
In addition, it is also effective to cover the surface of the
downstream slope with an impermeable layer and directly
reduce the infiltration of rainfall into the body.

2.2.3. Key factors for rehabilitating existing old earthfill
dams

For failure by overflow, it is necessary to develop a slope
reinforcement method that can prevent immediate destruc-
tion of the body of an existing old earthfill dam even if
the dam water overflows the embankment. It is also
necessary to develop a method for evaluating the structural
safety of the body that allows for overflow.

For failure by sliding, it is important to control rainfall
seepage and take measures against erosion in order to
maintain the mechanical safety of the downstream slope.
In addition, a drain to maintain the embankment’s satura-
tion line at a safe level is very effective and economical.

2.3. Damage by earthquake

2.3.1. Damage to dyke
In the 1995 Hyogoken-Nanbu earthquake that struck the
Kobe area of Japan, even the agricultural infrastructure was
also seriously affected, including earthfill dams, land
reclamation embankments and farm roads. For large-scale
earthfill dams designed using modern soil mechanics
technology, even this large earthquake caused only very
slight damage, but small earthfill dams for irrigation
suffered serious damage, including total failure and sliding.
Figure 4 shows a damaged small earthfill dam, in which
the whole dam dyke underwent large settlement, owing to
widespread liquefaction of the foundation below the dyke.

Figure 4. Total failure and large settlement caused by Kobe
earthquake, due to liquefaction (Hyogo Pref. 1996)
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The crest of the dam settled about 5m during the
earthquake, and many soil boils were found around
the dyke. Figure 5 shows slip failure on the upstream
slope of a small earthfill dam that consisted of clay
materials.

When a small earthfill dam is hit by an earthquake,
it vibrates greatly along the dam axis and in the
perpendicular direction. As a result, tension cracking
occurs near the crest surface of the embankment,
causing shear failure within the body. If the embank-
ment is seriously shaken, the deformation caused by
these failures accumulates, resulting in a large sliding
collapse. When the dam retains water and is struck by
an ecarthquake, it may cause a large sliding collapse
downstream under water pressure. If the foundation of
the dam is soft or undergoes liquefaction, as reported
by Tani (1996), often the whole body settles down and
collapses completely.

The factors that affect the destruction of the embank-
ment in an earthquake include:

the strength of embankment, and the soil conditions;
the properties of the foundation;

the earthfill dam geometry (slope gradient);

the magnitude and duration of earthquake ground
motion.

Because of the motion of the embankment during an
earthquake, its crest surface is often cracked. As shown in
Figure 6, several continuous cracking events parallel to
the embankment axis can occur. These surface cracks may
extend to the depth of the embankment, even if the
opening width of the surface is only approximately
0.05m. In one small earthfill dam hit by the 1995
Hyogoken-Nanbu earthquake, cracks reached the bottom
of the impermeable core layer, as shown in Figure 7, so
the entire dam had to be excavated to reconstruct a new
embankment. In cases where slope sliding as well as
cracking is caused by an earthquake, larger cracking
occurs on the crest surface, and such a damaged dam will
require large-scale rehabilitation, including the slope.

Figure 5. Upstream slope sliding by seismic loading (Hyogo
Pref. 1996)

Disaster prevention for earthfill dams

Figure 6. Open crack in direction parallel to dam axis
(Hyogo Pref. 1996).

Foundation line

Figure 7. Crack propagating to bottom of core zone from
crest (Hyogo Pref. 1996)

3. DEVELOPMENT OF A NEW
CONSTRUCTION METHOD FOR
OVERFLOW-TOLERANT AND
EARTHQUAKE-RESISTANT SMALL
EARTH DAMS

3.1. General

Existing old earthfill dams consist of an earth embank-
ment and a concrete spillway. When such dams were
designed, relevant seismic loads due to earthquakes were
usually not taken into consideration. Also, because almost
all old earthfill dams were constructed before the design
standard for spillway capacity, which was revised in order
to provide safe discharge water flow by the spillway even
in heavy flood conditions, many dam spillways have
insufficient capacity to discharge the water of occasional
heavy floods.

Many small earthfill dams for agricultural irrigation
have been seriously damaged or have completely failed by
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overflow during typhoon-induced flooding that exceeds
the drainage capacity of the spillway discharge system, or
during earthquakes. This natural hazard of overflow can
totally destroy downstream city areas, so a new method is
needed for constructing small earthfill dams that can
tolerate both overflow due to flooding and the seismic
loads of earthquakes.

It is very expensive to increase the drainage capacity of
the flood discharge spillway system of a reinforced con-
crete (RC) structure so that it can discharge the design
flood that might only take place once every 200 years.
Moreover, a large spillway system on a small earthfill
dam requires reinforcement of the dam dyke itself around
the spillway in order to increase the strength of the dam,
and prevent rupture of the embankment. This rehabilita-
tion approach is not cost-effective, and the construction
work takes too long.

Geosynthetic reinforcement technology is receiving in-
creasing attention in the civil engineering community,
because it can provide cost-effective solutions to several
critical construction and maintenance problems of civil
engineering structures, sometimes combined with other
new construction technologies. Horizontal arrangement of
planar sheets of geogrid or geotextile made of polymer
embedded in the backfill is one of the most popular soil-
reinforcing technologies. The use of soil bags made of
polymer geosynthetic is another technology for reinforcing
foundations and embankments, because soil bags can
exhibit relatively large compressive strength when verti-
cally compressed, without external confinement.

Mohri et al. (2005) proposed protecting the downstream
slope of such earthfill dams by using soil bags anchored
with geosynthetic reinforcement layers arranged inside the
slope, as shown in Figure 8. This is a realistic, cost-
effective and simple method for rehabilitating a large
number of old earthfill dams without increasing the
capacity of an existing flood discharge RC structure.

Embankment

" Foundaton

(a)

Overflow

Soil pack layer

Reinforced soil

Filter layer

Foundation soil Surface protection

(b) -

Figure 8. New technology to rehabilitate existing old earthfill
dams to have high flood discharge capacity and high seismic
stability (after Mohri ez al. 2005): (a) existing earthfill dam;
(b) using soil bags
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Moreover, the slope constructed or reconstructed by the
new technology is more stable against seismic load.

In the new construction method for small earth dams,
the dam section is a composite structure of earthwork: an
impermeable core zone constructed of clay, geosynthetic
soil bags with extended tails (GSET) filled with appro-
priate backfill material, and a geosynthetic wing. The use
of advanced soil bags not only increases stability against
overflow but also provides resistance against earthquake-
induced forces.

3.1.1. Performance for GSET

Soil bags in this application are required to have particular
qualities and performance in order to prevent severe
damage of embankments by overflow water in flood and
earthquake excitation. Therefore the GSET is different
from the small soil bags used for temporary protection, in
terms of its size and mass, and the bag material. The
GSET as a stacked soil bag structure offers performance
advantages against both events, as follows:

e  high stability against seismic loads due to the
geosynthetic reinforcement;
a dam with stacked soil bags can tolerate overflow;
the existing spillway can also be used as an
emergency spillway during floods.

3.1.2. Efficient, cost-effective construction method for
GSET

A GSET embankment is also different from the original
structural type used for existing earthfill dams (e.g.
embankments having a gentle slope, and only soil being
used for the dyke). It can be characterised as follows.

° It is cost-effective, because there is no need to build
an additional spillway (and hence construction is
faster).

e  No heavy equipment is needed, so construction in
remote locations is possible.

e The reduced base width and top crest require less in
terms of earthworks (e.g. a narrow space, or a steep
slope).

3.2. Earthfill dams stabilised by geosynthetic soil
bag system with extended tail (GSET dam)

The GSET dam is a method for piling up soil bags as
shown in Figure 9 to construct an earthfill dam that has
higher stability even when a flood causes overflow of the
embankment. This soil bag, which has a flat shape with an
aspect ratio of 5 to 8, consists of a large soil bag with a
mass of 2kN or more, and a tail and a wing that are
connected to the main. The wing is inserted between
neighbouring soil bags, thereby ensuring the strength of
stacked soil bags serving as a potential wall. The tail is
installed within the embankment, so it exerts a reinforce-
ment effect in combination with the stacked soil bags and
embankment. The body of the soil bag system and the tail
reinforce a wider area of the embankment, and increase
the strength of the whole body as a flexible wall.
Furthermore, as the materials within the soil bag are
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Figure 9. Geosynthetic soil bag with extended tail and
inclined stacking system: (a) inclined stacking; (b) GSET

confined by the bag and exert a larger bearing capacity,
on-site soil of low quality can be used. When high-
permeability materials such as crushed stone are used for
the embankment, its stacked layer can also serve as a
drain. Therefore these materials provide resistance to
overflow, and also improve measures against leakage and
the safety of the dam during an earthquake.

It is important to evaluate the soil bag strength for full
use of the capability of the soil bag system in stabilising
the structure of stacked soil bags. The compressive proper-
ties of soil bags were reported by Matsuoka et al. (2001)
and Lohani et al. (2004). Regarding the shear resistance
of stacked soil bags, Aqil et al. (2005, 2006) and
Matsushima ef al. (2008) reported the results of a large-
scale shearing test. It is difficult to ensure sufficient
resistance by simple vertical compression tests of verti-
cally stacked soil bags, because sliding friction between
soil bag materials is small, and friction dominates the
shear deformation of the whole stacked body. For this
reason, Matsushima et al. (2008) suggested increasing the
shear resistance of the body by installing soil bags at a
inclined angle, and they provided detailed data on the
increased resistance.

4. OVERFLOW REGIMES OF GSET DAM

4.1. Hydraulic flow regimes and erosion

The mechanics of embankment erosion during overflow
have been widely documented in the literature, for
example for the numerous small earthfill dam failures that
occurred in the 1960s. The observations of Ralston (1987)
and Powledge et al. (1989a) indicate that headcut forma-
tion and advance are critical processes in breach of
embankment dams. The mechanics of headcut erosion,
causing breach of an earth spillway, were discussed in
detail by Temple (1989).

For cohesive soil embankments, breach takes place by
headcutting. In general, a first, small headcut forms near

Disaster prevention for earthfill dams

the toe of the dam, and then progresses to the upstream
side until the crest of the dam is breached, as shown in
Figure 10. A series of stepped headcuts forms on the
downstream face of the dam. Dodge (1988) reported on
the results of early tests in which overtopping flows were
simulated over model embankment dams. The tests were
designed to evaluate the effectiveness of various crest and
embankment face protection schemes that would permit
overflow without causing dam breach.

Powledge et al. (1989b) described three hydraulic flow
regimes and erosion zones for embankment overflow. In
the flow region on the dam crest, the velocities and
tractive stress are relatively low, and no significant erosion
will occur. On the downstream portion of the crest, the
energy slopes and traction stress are higher, and erosion is
sometimes caused at the knick point at the downstream
edge of the crest. Another point of erosion is the down-
stream face of the dam. Tractive stresses are very high,
and changes in slope or surface discontinuities cause the
stress to concentrate, thereby initiating erosion.

Erosion may start at any point on the slope, but the toe
is the most common location. Once erosion has been
initiated, a headcutting behaviour is generally observed, in
which the scour hole moves upstream and widens.

4.2. Stream regimes of stepped spillways

A GSET dam with stacked soil bags as shown in Figure
11 can be considered as one specific type of stepped
spillway. Because of its high energy-dissipating effect,
such a stepped configuration has been widely used for
concrete dams. A number of researchers have already

Overflow

Reservoir

(@)

Headcut erosion

(b)
Figure 10. Progressive headcutting breach of cohesive soil

embankment (after Powledge et al. 1989b): (a) just after
overflow; (b) after failure

Soil bags stacked
nclined downward
at the back

: Gabion

==

Figure 11. Basic components of GSET spillway for
temporary flooding (after Matsushima ez al. 2008)
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studied the overflow characteristics of such dams (Hubert
1994). The overflow characteristics can be classified into
the following three main types, as shown in Figure 12,
depending on the step height, the discharge and the slope
of the spillway:

nappe flow, characterised by the formation of a
nappe and an air pocket at each step (Figure 12a);
skimming flow, characterised by the formation of an
eddy at each step (Figure 12b);

the formation of free fall at the top of the slope
(Figure 12c).

However, no study on the influence of such regimes on
the stability of a GSET dam against overflow has been
performed. Figure 13 shows a conceptual illustration of
the damage mechanisms, as a function of overflow level,
that may affect the stability of a GSET dam subjected to
overflow. The damage mechanisms of the GSET dam
against overflow are controlled by the following three
damage mechanisms of the downstream slope:

suction of backfill material by negative pressure, that
is, washout of soil particles from the embankment
through spaces between the soil bags;

attrition of geosynthetics by tractive force;

breakage of geosynthetics by penetration force
caused by free water fall.

To evaluate the stability of GSET dams against overflow
affected by these three damage mechanisms, a series of
large-scale model hydraulic overflow failure tests was
conducted. Based on observations of the tests, the damage
patterns on the GSET dam were identified, and cate-
gorised as a function of the different stream regimes that
depend on overflow levels.

5. PHYSICAL BREACH TESTS FOR SOIL
BAG SYSTEM

5.1. Small-scale breach tests for soil bag system

An overlain downstream slope covered by impermeable
materials such as geosynthetics, gabions and concrete
blocks should have a high resistance to overflow during a

“

Vo7

N

.
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Free-fall
flow

Nappe | Skimming flow

flow

Tractive force

~
N

Penetration force
or impact force

~

Suction force
(negative pressure) ™ Y

GSET spillway

N

Influence degree of damage of

Overflow level

Figure 13. Damage mechanism of GSET spillway as a
function of overflow level

flood. However, if the overflow passes into the dyke under
the surface layer, the downstream slope may suffer severe
erosion as the advance rate drastically increases. To
validate the above, and confirm the behaviour of the soil
bag facing system on the slope during overflowing, a
series of model tests was performed. Six small models
with different facing arrangements, as listed in Table 2,
were prepared. The model consisted of a 200 mm-thick
base ground, on which a 500 mm-high model earthfill
dam with a slope of 1V:2H on a scale of 1/10 of an
assumed prototype was constructed, as shown in Figure
14a. The fill material is Hokota sand (specific gravity,
G, = 2.676; mean diameter, D5y = 1.84 cm; coefficient of
uniformity, U, = 5.82; maximum dry density, pPgmax =
15.17 kN/m?; and optimum water content, wey = 14.3%),
compacted at water content w=1.1.5% to a relative
density D, equal to 85% (not very dense). The soil bags
were made of polyester. With this model, the water flow
was continued while increasing the flow rate every hour,
as shown in Figure 14a.

Figure 14a also illustrates the stream line on the slope
at the constant flow rate in the cases where the slope may
suffer failure by washing out of the slope surface, and the
depth of overflowing water at the crest. Figure 14b shows
that protecting the slope surface by using GSET with
sufficient overlap between vertically adjacent soil bags
(cases 3 to 6) increases the stability against overflow in
comparison with cases 1 and 2. The first phase of failure
of a slope embankment by overflow is initial failure of the
protective cover on the downstream face of the fill. Of

Top of slope \
SL

Separation

Air pocket

(a)

(b)

— N

Corner eddy
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Figure 12. Stream regimes of stepped spillways (after Hubert 1994): (a) nappe flow; (b) skimming flow; (c) free-fall flow
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Table 2. Small-scale breaching tests cases (Matsushima ez
al. 2005)

Case | Slope protection Soil bag dimensions

(thickness X width
X length, mm)

1 Nonwoven Sheet

2 Type A soil bags without overlapping 20 X 50 X 60

3 Type A soil bags with overlapping 20 X 50 X 60

4 Type B soil bags with overlapping 25 X 80 X 80

5 Type C soil bags with overlapping 20 X 80 X 120

6 Type D soil bags with overlapping 20 X 50 X 180

course, a higher velocity and higher turbulent flow over
the slope face may induce more rapid erosion of the facing
materials.

The failure patterns after breaching tests and the mech-
anical behaviour for individual models (cases 1 to 6) are
described below.

Disaster prevention for earthfill dams

° Case 1: The slope soil was eroded gradually with
time as water flowed below the nonwoven geosyn-
thetic sheets, finally resulting in a sudden shallow
failure of the slope.

° Case 2: The slope was protected by placing the soil
bags on the slope surface with no overlapping
between vertically adjacent soil bags. Sliding failure
between the slope and the soil bags occurred by
water flowing into the interface, even when the flow
rate was still low.

e  (Cases 3: The slope was protected by placing the soil
bags overlapping vertically, with an overlap length of
about 20 mm. This slope type was not eroded by
flowing water level I (indicated in Figure 14).
However, after rising up to the second flowing water
level, the cover layer with soil bags was washed out
by the flow, because water entered the interface
between the soil bags and the slope.

e Case 4: This type, which had a longer overlap
(30 mm) than Case 2, suffered no damage at the
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Figure 14. Overflow line and results for small-scale breaching tests (after Yamazaki et al. 2006): (a) depth level of flowing
water; (b) flow level
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third water level. Some soil bags around the centre
level were pulled out suddenly, and the slope toe
failed by washing out of the soil bags.

e (Cases 5 and 6: By using longer soil bags with a
larger overlap (80 mm and 140 mm) between
vertically adjacent bags, the slope became more
stable, with less erosion of the slope soil. No rupture
occurred in either case at the fourth water level.

5.2. Large-scale breaching tests for GSET dam model

Physical hydraulic model testing may include two-dimen-
sional modelling of earthfill dam sections of the entire
dyke, and will help clarify the fundamental mechanism of
downstream slope breaching. In order to confirm the
overall behaviour of the dyke and the formation of breach-
ing, physical modelling should be performed on a large
scale to overcome the problem of simultaneous scaling of
both hydraulic conditions and material properties.

Even for a small earthfill dam, it will be difficult to
conduct full-scale hydraulic model testing. Despite that,
the scale should be sufficiently large to allow the use of
prototype embankment materials, soil bags, and backfill
materials.

5.2.1. Experiment models and materials

The GSET dam model for the breaching test is a 3.5 m
high embankment with soil bags used for an actual earth-
fill dam to conduct a realistic overflow test. As shown in
Figure 15, the soil bags are stacked on the upstream and
downstream slope faces of the embankment model with a
total of 24 soil bag steps to construct a surface that is
resistant to overflow. These soil bags were stacked with a
15° angle to the foundation ground in order to increase the
shear resistance of the stacked soil bags and enhance the
safety of the model. Referring to the results obtained from
compression tests, which are described later in this paper,
recycled crushed concrete aggregate (RC-40) was used as
a backfill material for the soil bags to improve the bags’
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strength, and establish an embankment model with en-
hanced overall safety.

This model has a downstream slope of 1V:1.2H and a
depth of 2.3 m. Kasama sand (specific gravity, Gy = 2.65,
maximum dry unit weight, pgm.x = 19.35 kN/m?; optimum
water content, wo, = 11.6%) and a mixture of Kasama
sand and a clayey silt (called Kanto loam) (dry unit weight,
ps =26.16 KN/M*;  pamax = 14.7kKN/mM?;  wop = 24.6%;
Kanto loam 1: Kasama sand 1.5 by mass) were used for
the embankment and for the core soil, respectively.

PP sheet with a tensile strength of 1.25 kN/m was used
for the soil bag material. Unlike a normal large soil bag,
this bag basically has a flat shape with a large aspect ratio
(L/H=15 to 8). As shown in Figure 9, it has a wing and a
tail at its side and rear end, respectively. The wing is
inserted into neighbouring soil bags to prevent separation
between soil bags, and the tail is buried in the embank-
ment. These two measures help the whole soil bag system
serve as a wall similar to a reinforced earth retaining wall.

The overflow depths (4y and %) on the upstream side
and the centre of the crest were measured by using water
gauges. To evaluate the displacement distribution of the
downstream slope surface, a laser profiler with a servo
motor control system was set in parallel with the down-
stream slope. For reference, a hydraulic test on a large-
scale unreinforced embankment made using Kasama sand,
3.5m high and 2.3 m wide with a downstream slope of
1V:1.8H, was conducted at a discharge unit quantity flow
g = 0.050 m3/s/m.

5.2.2. Test conditions for GSET dam model

Figure 16 shows the time history of discharge unit
quantity flow in the overflow-induced collapse test on the
GSET dam model. The flow rate was gradually increased
from level 1 to level 3. Overflow water with a low flow
rate went along the surface of the soil bag, and was
basically in the state of nappe flow, although a small
hydraulic jump occurred on each soil bag step.

Upstream side Crest Downstream side
L 4.0m 4.5m 39m |
. 22m |
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DIIINNI)
)00
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Overflow depth h, at 2.2 m away from
the top of the upstream slope

22m
QLF" t— Soil bags stacked in inclined direction
— A S S—— L Infilling material: crushed concrete aggregates
% & — =
=2\
e =25\ e
€ 44§ ’
¢ | == = .
— ¢ Woven geotextile v
Shell Shell = =
Core e A NN e etey E

Figure 15. Test overview for large-scale breaching test (after Matsushima ez al. 2007)
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Figure 16.

Figure 16 also shows the ranges of flow level in which
respective damage levels were observed during the test.
The test consisted of the following two stages:

Stage 1: without artificial physical damage to the
soil bags;

Stage 2: with artificial physical damage to the soil
bags, by cutting the surface and loosening the
backfill material in order to simulate damage by
floating wood, chemical or ultraviolet degradation.

At the second stage, where the surface deformation by
overflow became noticeable, at every step increase of
overflow level at selected stages (denoted by letters a to i
in Figure 16), surface surveys of the downstream slope
were conducted by using the profiler.

5.2.3. Overflow level 1 (little or no damage)

When the overflow depth, /4, was less than 0.238 m (i.e.
S/d. became 1.248-10.67, where S is step height and d, is
critical depth), a relatively steady flow in a staircase
pattern was observed, owing to a high-energy dissipation
caused by the soil bag steps. White water, which was

Crest

Crest Free

Skimming flow

Corner eddy

(a) (b)

Figure 17. Schematic flow regimes in overflow levels: (a) level
(hy = 0.323-0.583 m)

(non-aerated flow region)

Time history of discharge unit quantity flow for test performed on GSET spillway model (after Matsushima ez al. 2007)

actually richly aerated flow, was formed, and a small
hydraulic jump impacted on each soil bag step (Figures
17a and 18). This stream regime was categorised into
nappe or transition flow. This observation is consistent
with the lower limit of S/d. at which nappe flow is formed
in stepped spillways: S/d. = 1.623 at o =tan~'(1/1.2),
according to Yasuda and Ohtsu (1999). Nappe flow, having
nappe and air pockets, has no or little negative pressure at
the corner of soil bags. Therefore suction of the backfill
material from the slope behind the soil bags might not
occur. Accordingly, no damage to the embankment, such
as deformation, suction of backfill material or breakage of
the soil bag, was observed.

5.2.4. Overflow level 2 (minor or moderate damage)

When the overflow depth, /4y, increased to between
0.238 m and 0.323 m (i.e. S/d. became 0.649-1.248), a
thick vein of head flow, separated from the top of the
downstream slope, started forming, which impacted on a
limited number of soil bags. As can be seen in Figure 19,
a heavy flow started entraining air at some distance, after
having leaped over several soil bag steps below the
starting point (Figure 17b). This stream regime entraining

Free fall flow
(non-aerated flow region)

Crest

fall flow

Separation
Starting point of

(©

1 (o < 0.238 m); (b) level 2 (hy = 0.238—0.323 m); (c) level 3
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Figure 20 shows the stacked backfill material that
remained on the periphery of the void between the soil
bags’ interfaces after the test.

At the subsequent test stage, artificial physical damage
was imposed on two soil bag columns at the centre, from
4 to 23 steps (2 X 20 =40 soil bags), by cutting the
surface of geotextile soil bag and loosening the backfill
material, as shown in Figure 21, during overflow testing
for a total period of 150 min at a discharge rate of
g = 0.348 m3/s/m at the respective stages between damage
operations.

As the damage expanded, some of the backfill materials
were released. Thereafter, however, the bag sheet covered
the upper fill materials again and adhered tightly to the
whole surface of the embankment, so the overflow water
did not erode the embankment’s materials directly, result-
ing in no overall collapse of the dam.

Figure 18. Stream regime on downstream side at overflow
level 1 at ¢ = 0.087 m®/s/m, hy = 0.190 m

5.2.5. Overflow level 3 (serious damage)
When the overflow depth, /¢, exceeded 0.323 m, a very
thick vein of head flow with a free fall produced severe

Void between soil bag interfaces

Figure 20. Evidence of sucked backfill material in cell zone
behind stacked soil bags

Figure 19. Stream regime on downstream side at overflow
level 2 at ¢ = 0.348 m3/s/m, hy = 0.323 m

air is basically classified as skimming flow, which is
consistent with the upper limit of S/d. for the formation of
skimming flow in the case of a stepped spillway, S/d. =
1.126 at a = tan~'(1/1.2). Skimming flow with a corner
eddy creates suction at the corner. Therefore the damage
observed on the slope at this stage included:

e  suction of backfill materials from the slope behind
the soil bags through the void area between the
interfaces of adjacent soil bags;
attrition of soil bag surfaces; and
perforation of soil bags by sharp edges of the crushed ~ Figure 21. Artificial physical damage: cutting surface of
concrete aggregates, induced by impact force. geotextile soil bag, and loosening backfill material
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impact on a limited number of soil bags where the
overflow water landed directly, causing the successive
destruction of lower soil bags (Figures 17c¢ and 22). Figure
23 presents the profile of the deformed downstream
surface at stages b and c in Figure 16 (before artificial
physical damage to the soil bags). It was found that a
limited number of soil bags deformed severely, owing to
impacts by over-fall of a very thick vein.

Figure 22 shows the profile of the deformed down-
stream surface after periods of 30 min and 90 min since
the start of flow at a rate of ¢ = 0.652 m3/s/m, at stages h
and i in Figure 16, after artificial physical damage to the
soil bags. It was found that, after 90 min, the erosion had
reached the foundation of the slope along the axis of
waterfall formation, resulting in progressively more severe
erosion. Figure 23 shows a trace of deep erosion that was
formed by a waterfall. This erosion, which reached the
foundation, is critical damage to the slope for the stability
of the embankment. However, the rate of development of
erosion with the reinforced slope was substantially slower
than with the unreinforced slope, which collapsed at 5
min, as shown in Figure 24, at a much lower discharge of
g = 0.050 m3/s/m.

Even after this more severe erosion in the embankment,
the settlement at the crest of the GSET dam was negli-
gible, probably because of reinforcement effects. This high
performance of the GSET dam shows that this technology
can alleviate serious damage to the downstream slope
caused by overflow of earth dams.

5.3. Summary of breaching tests

Based on these findings, it was demonstrated that GSET
dam had great resistance to erosion and failure, and
remained stable without complete collapse against large
overflow. In addition, it is effective to place materials such
as soil-cement and vegetation on the surface of the soil
bags in order to ensure the durability of small earthfill
dams.

It is suggested: (1) that a short slope with a gentle

Top of the down
4  stream slope

Overflow level 3 at g = 0.652 m®/s/m
B {‘ N Maximum discharge flow in this test
—
\ Overfall line (q = 0.652 m*/s/m)
3 N v, = 2.41 m/s, hy = 0.583 m
£ 2r Impact and penetration
*E Elapsed time 30 min
.% at point h
T 4L Overflow level 3
Elapsed time 90 min at point ¢
L atpointi Before overflow
0 Foundation level
Elapsed time from start Erosion of foundation
[ at discharge flow
g = 0.652 m%s/m
-1 1 1 1 J
0 1 2 3 4 5

Horizontal distance (m)

Figure 22. Distributions of horizontal displacement on
downstream slope surface (after Mohri ez al. 2007)

Disaster prevention for earthfill dams

Waterfall

Penetrated soil bags

Figure 23. Erosion trace like the formation of a waterfall
basin after final overtopping

Figure 24. Erosion trace on unreinforced soil slope after
5 min at g = 0.050 m3/s/m
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gradient should be arranged from the top corner to the
impact point at the upper part of the downstream slope;
and (2) that the surface of the soil bags at the impact point
should be reinforced to provide sufficient resistance
against penetration force.

The development rate of erosion was significantly slower
than with the unreinforced slope, and settlement of the crest
was negligible. Therefore total collapse might not occur,
even during a very strong flood. It is concluded that the
GSET dam is effective technology to prevent collapse of
the downstream slope by overflow of earthfill dams.

6. COMPRESSION STRENGTH OF
STACKED SOIL BAGS

6.1. General

The use of geosynthetics in closed form, such as soil bags,
is also becoming attractive (e.g. Tatsuoka et al. 1997;
Matsuoka er al. 2001; Lohani et al. 2004). Stacking soil
bags to form a structure is a practical and cost-effective
solution when construction space is limited, and also when
rapid construction is required.

It is important to ensure that the stacked soil bags used
to stabilise an old earthfill dam are high strength in order
to increase the stability of the dam dyke itself.

With the aim of using of a soil bag pile as a structural
component of a permanent civil engineering structure
supporting external load, the strength and deformation
characteristics of a sand bag pile subjected to vertical
compressive force were evaluated experimentally. The
effects of the following factors were studied.

e  Compaction of backfill: It was examined whether the
backfill placed in the soil bag should be compacted
to ensure a high performance.

e  Material type of soil bag: Two different types of
geosynthetic, a stronger one and a weaker one, were
used.

e  Backfill type: In addition to three types of natural
soil, a recycled product of crushed concrete aggre-
gate was used.

° Vertical preloading: The initial stiffness at relatively
small compression of virgin soil bags is very low. It
was examined whether this inherent drawback of soil
bags can be alleviated by applying appropriate
vertical compressive preload.

6.1.1. Soil bag materials
Polyethylene (PE) and polypropylene (PP) geosynthetics
were used in these tests as soil bag materials:

° Polyethylene sheet (PE): a relatively weak material
with a tensile rupture strength of 3.75 kN/m. This is
used mostly in temporary works.

° Polypropylene sheet (PP): this is a relatively strong
material with a tensile rupture strength of 14.5 kN/m,
but it needs to be protected from ultraviolet light.

Tensile loading tests were conducted on specimens 100 mm
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long and 50 mm wide, at a strain rate of 1%/min, as shown
in Figure 25. It may be seen that the PP sheet is consider-
ably stronger and stiffer, by a factor of about four, than the
PE sheet, while the tensile strain at peak is nearly the same.

6.1.2. Backfill materials and test

Recycled concrete aggregate has mainly been used as a
material for filling soil bags, but considering the cost-
effective use of locally excavated material, sands mixed
with different proportions of clay fraction were also tested
as backfills. The materials used were:

e recycled electric pole concrete aggregate, REPA,
with Dy.x = 37.5 mm (material A);

° Toyoura sand (material B);

° Hokota sand (material C);

° FC35 (material D, a mixture of Hokota sand and
Kanazawa clay in 7:3 proportion by mass); and

e  FCS50 (material E, a mixture of Hokota sand and
Kanazawa clay in 1:1 proportion by mass).

Figure 26 shows the grain size distribution curves of the
backfill materials. Only REPA was used as backfill of the

16
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Figure 25. Tensile force—strain relation for tensile test on PE
and PP woven geosynthetic used as soil bag material (after
Lohani et al. 2006)
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Figure 26. Particle size distribution curves of backfill
materials (after Lohani et al. 2006)
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specimens for the series L vertical compression tests in
the laboratory.
Two main methods were used to prepare the soil bags:

e  Series L: The effects of backfill compaction and the
soil bag material on the strength and deformation
characteristics of a stacked sand bag pile were
evaluated. The total mass of a filled bag was 195 N
per bag (REPA), which was about 50% of its full
volume. The filled bags were placed under a
vibrating rammer of mass 1.70 kN.

° Series F: The compression behaviour of soil bags
made of four different types of backfill, compacted
in a manner similar to those adopted in the field, was
evaluated by applying two heavy (3.50 kN) vibratory
compactor passes. Soil bags made of PP were filled
with 390 N of backfill, at nearly 100% of the
capacity of each soil bag for the standard Proctor
compaction energy level. Four different types of
backfill material (materials A, C, D and E) were
packed in the PP geosynthetic bags.

A series of unconfined compression tests was conducted
on the stacks of geosynthetic soil bags filled with various
geomaterials. A constant strain rate of loading of
1.08 mm/min was maintained in all the tests. Table 3 lists
the soil bag specimens in these compression tests, and
Figure 27 shows the test device and experimental set-up
of soil bags in test series F (Table 3).

Disaster prevention for earthfill dams
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Figure 27. Experimental set-up with measurements for
stacked soil bags for vertical compression tests, series F (after
Lohani et al. 2006)

6.2. Effect of initial compaction of soil bags

Figures 28a, 28b and 28c show the relationships between
the average axial compressive stress, Oyave, and the
average axial strain, & ,ve, of soil bag piles from series L
tests performed at an average axial strain rate of 0.35%/
min. The results from continuous monotonic loading tests
(L1, L2 and L7) are presented in Figure 28a.

Table 3. Tests on soil bag specimens (modified from Lohani et al. 2006)

(a) Series L compression tests

Test | No. of Bag Average initial dimensions of soil bag (mm) Average dry unit H/W ratio of soil Compaction
case | bags | material weight (kN/m?)* bag pile
Length Width Height

L1 4 PE 491 386 245 15.4 0.62 Yes
L2 4 PE 399 379 312 15.0 0.82 No
L3 4 PE 402 379 303 15.4 0.80 No
L4 4 PE 404 378 303 15.4 0.80 No
L5 4 PE 488 405 247 15.1 0.61 Yes
L6 4 PE 476 411 243 15.4 0.59 Yes
L7 4 PP 487 417 235 15.3 0.56 Yes
L8 4 PP 486 427 232 15.2 0.54 Yes
L9 4 PP 486 433 233 14.9 0.54 Yes

(b) Series F compression tests

Case Average initial dimensions of soil bags (mm) Water content Average dry unit Backfill material H/W ratio of soil

no. (%) weight (KN/m3)? bag pile
Length Width Height

F1 543 400 930 9.6 16.1 REPA 2.33

F2 505 400 972 16.3 15.6 Hokota 243

F3 553 414 961 18.7 13.7 FC35 2.32

F4 560 420 920 19.4 13.8 FC50 2.19

*Average dry unit weight = total backfill weight/volume (the volume was calculated from the approximate dimensions of the soil bag pile).

Series L: backfill = REPA; series F: bag material = PP, no. of bags = 9.
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Figure 28. Average stress—strain relations from vertical
compression tests on stacked soil bags, showing effect of
initial compaction, and material used for bags (after Lohani
et al. 2006): (a) compaction effect; (b) preloading effect;

(c) creep effect

The effects of initial backfill compaction were evalu-
ated by using soil bags made of PE. The initial stiffness at
small strains of the respective compacted specimen (de-
noted by C) is noticeably higher than that of the corre-
sponding non-compacted one (denoted by N).

As can be seen from Figure 28a, the initial stiffness
against relatively small compressive deformation of a soil
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bag pile with uncompacted backfill is very low. It is also
true that the oy, value increases at a very low rate for
the initial stage of loading, particularly when the backfill
is not initially compacted. Furthermore, a large axial strain
is necessary to reach the ultimate compressive strength.
These features are among the largest potential problems
with soil bags when used as part of a soil structure
allowing a limited amount of deformation.

6.3. Effect of geosynthetics used to prepare soil bags

The effects of geosynthetic type (PE and PP) on the
stress—strain behaviour of soil bag are readily seen by
comparing the results from test pairs L1 and L7, LS and
L8, and L6 and L9. That is, the stiffness of the soil bag
increases with an increase in the stiffness of the bag
material. However, when the backfill is initially com-
pacted, the difference in the stiffness at small strains
becomes smaller and insignificant. This means that, to
obtain high initial stiffness of soil bags at smaller strains,
a high initial compaction of the backfill is more important
than using a soil bag material with a high stiffness. On the
other hand, Figure 29 compares creep strains in the three
tests described in Figure 28c. It is understood by compar-
ing the results from tests L6 (PE) and L9 (PP) in Figures
28c and 29 that the creep strain also decreases with an
increase in the stiffness of the soil bag material, which
becomes more obvious with an increase in the stress level.

6.4. Effectiveness of preloading

In Figure 28b, when compared at the same axial stress,
the tangent stiffness during reloading is substantially high-
er than that during primary loading. This trend is more
obvious at small stress levels. These results indicate that
the most effective way to increase the stiffness of soil bags
is to develop large residual tensile force in the soil bags
by applying relevant preload.

6.5. Effect of backfill materials used in soil bags

Figure 30 shows the average stress—strain response of the
stacked soil bags in the series F tests. Unloading to near
zero stress and then reloading were performed many times
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Figure 29. Effect of compaction and material used for soil
bag preparation in series L tests (after Lohani ez al. 2006)
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to evaluate the effectiveness of preloading. In the tests,
very similar loads were repeatedly applied on the stacked
soil bags by changing the backfill material. The general
trend is that the REPA material, which is a well-graded
gravel with a higher angle of internal friction, is better
than the finer soils (Hokota sand, FC35 and FC50).

Although the backfill material with the largest percent-
age of fines was expected to show the weakest behaviour,
the tests with FC50 infill differed slightly. The results may
be summarised as follows:

e  Both the strength and the stiffness of soil bags are
improved by using stronger geosynthetic bags.

e  Well-graded REPA aggregate is better suited as a
backfill material for soil bags than those containing
a large proportion of fines.

e  The soil bag system shows a clear increase in
stiffness during the reloading phase.

° While the initial response is not so encouraging, the
stronger stress—strain behaviour and negligible creep
strain during the reloading phase confirm that soil
bags can be used cost-effectively in civil engineering
works when sufficient preload is applied.

7. LATERAL SHEAR TESTS ON
STACKED SOIL BAGS

7.1. General

Regarding the lateral deformation of a reinforced-soil
structure, although it is assumed to be a rigid body in
many design codes, Tatsuoka et al. (1998) demonstrated
that the simple shear deformation of reinforced-soil retain-
ing wall models was not negligible in reduced-scale
shaking-table tests, and Bathurst and Hatami (1998)
showed the same behaviour for the reinforced zone by
FLAC model analysis. During seismic events, stacked soil
bag systems may be subjected to lateral shear loading, in
which the global direction of compressive load is greatly
inclined from the vertical direction. In such a case, the
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Figure 30. Average axial stress—strain relation for series F
test specimens with various backfill materials (after Lohani
et al. 2006)
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strength and deformation characteristics, which are essen-
tial for a reliable seismic design, are not known. The
strength under lateral shear is likely to be very different
from that under vertical compression, owing to the highly
anisotropic structure of stacked soil bags.

Several researchers have studied the sliding resistance
at the bag-to-bag interfaces, typically in terms of the
interface friction (e.g. Matsuoka et al. 2003; Krahn et al.
2007). In reality, however, the failure of stacked soil bags
by lateral shear loading is controlled not only by slippage
along the bag-to-bag interface, but also by excessive
deformation of the soil bags owing to failure of the
backfill or rupture failure of the soil bag sheet. It is
necessary therefore to understand these two failure me-
chanisms of multi-layered soil bags.

In view of the above, a series of full-scale lateral shear
tests on a stacked soil bag system was conducted by
Matsushima et al. (2008).

The first objective is to find an effective practical
method to improve the stability of multi-layered soil bags
subjected to lateral shear loading. The second objective is
to understand which of the two mechanisms (slippage
along the bag-to-bag interfaces or shear deformation)
applies for given multi-layered soil bags under given
loading condition.

7.2. Test method

To evaluate the shear strength and stiffness of a soil bag
system accurately, a single stack of full-scale soil bags
was used, as shown in Figure 31. Also, to increase the
shear strength of the soil bag system, the bags were
arranged with an inclined interface between vertically
adjacent bags. The angle, 6, of the direction of the
interface relative to the horizontal was set at 18°, as well
as at 0° for reference. To investigate the failure mechanism
of the soil bag system, and in particular to examine
whether failure is caused by shear deformation of bags or
by slippage at the interface between vertically adjacent
soil bags, lateral displacements of soil bags were measured
with a set of pulley-type LVDTs (S1 to S6 and S).

The respective full-scale soil bags were each filled with
1.20 kN of air-dried Toyoura sand. The geotextile used as
the soil bag sheet was a woven polypropylene. To produce
each specimen, the bottom soil bag, among in total three
soil bags for a single specimen, was first compacted by
using a 1.70 kN vibratory compactor. The soil bag for the
next layer was placed on the compacted bottom soil bag
and compacted in the same way. The last soil bag was
then placed on the former layered soil bags and com-
pacted. All the specimens had been compacted in the
same way, for a compaction duration of 5 min using the
1.70 kN vibratory compactor.

7.3. Shear behaviour of stacked soil bags

Figure 32 shows the relationships between the stress ratio,
T,n/0y, the shear displacement, s, and the vertical displace-
ment, d, both at the top of the specimen and relative to the
bottom, from six tests on a single stack of three soil bags
filled with Toyoura sand. These figures reveal the follow-
ing trends. Both the peak t,,/0, value and the pre-peak
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Figure 31. Schematic diagram of soil bag shear test apparatus with LVDTs to measure lateral displacements of bags, stacked
horizontally (0 = 0°) and inclined (0 = 18°) (after Matsushima et al. 2008): (a) test apparatus with a specimen; (b) schematic

diagram

stiffness increased significantly, by about 1.6—2.0 times,
upon changing the angle ¢ from 0° to 18°. The volumetric
change also changed significantly, from contractive to
dilative.

This result indicates that soil bags stacked on an
inclined slope can exhibit an interlocking mechanism and
a significantly larger resistance when shear-loaded later-
ally.

Figure 33 shows the vertical distribution of lateral
displacement at the front side face of the soil bags
observed at different lateral shear displacements (6 = 18°,
Toyoura sand at o, = 30 kPa). It can be seen that, at this
low o, value, noticeable relative lateral shear displace-
ments take place between the top and middle soil bags
(i.e. between S2 and S3). This result indicates that
slippage took place along the bag-to-bag interface, which
increased with an increase in the lateral shear displace-
ment at the top loading platen. On the other hand, the
relative shear displacements between S1 and S2, between
S3 and S4 and between S5 and S6, which correspond to
the shear deformations of the respective soil bags,
remained quite small, and did not increase with an
increase in the lateral shear displacement at the top

loading platen. These results indicate that the failure mode
in this case is slippage along the bag-to-bag interface, as
shown in Figure 34a.

At high o, (i.e. 300 kPa), the peak /0, value was
controlled by shear failure in the sand inside the soil bags,
as illustrated in Figure 33b. That is that the slippage along
the interfaces between two vertically adjacent soil bags is
much smaller than the shear deformations in the respective
soil bags. This is because the increase in the sliding
resistance at the bag-to-bag interfaces with the increase in
o, was greater than that of the shear strength of the
backfill. Therefore, which failure mode, slippage (Figure
34a) or simple shear (Figure 34b), actually takes place
depends on the relative magnitude of these two types of
strength.

These test results indicate that a soil bag system
becomes much more stable simply by being placed
inclined so that the direction of the bedding planes of the
soil bags becomes normal to the principal direction of
the applied compressive load. Moreover, to maximise the
shear strength it is important to prevent slippage at the
interface between adjacent soil bags, particularly when
the applied normal stress is low.
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Figure 32. Results from shear tests on sand bags of Toyoura
sand stacked horizontally and inclined: top, shear stress
ratio; bottom, average vertical displacement (after
Matsushima et al. 2008).

8. SHAKING TESTS OF GSET DAM AND
ANALYSIS

In order to evaluate the ultimate performance and stability
under strong earthquake, analytical prediction of the per-
manent displacement was performed on the newly proposed
high-performance earthfill dam with GSET. Moreover,
shaking-table tests were performed on a model of the dam
(Arangelovski et al. 2006; Matsushima ez al. 2006a).

8.1. Test results

The shaking-table tests were performed on a three-direc-
tional shaking table at the National Institute for Rural
Engineering. According to the projected experimental
programme for shaking-table tests, the performance of two
types of earthfill dam was investigated: a horizontally
stacked model and an inclined stacked model with GSET,
using the same size as the full-scale soil bag. A three-
directional shaking table with dimensions 6 m X 4 m and
maximum load capacity of 500 kN was used.

The model earthfill dam had a height of 2200 mm, crest
width of 1700 mm, downstream slope of 1V:1H and
upstream slope of 1V:1.5 H, as shown in Figure 35. The
body of the dam was constructed with silty sand (Kasama
sand) with density of D; ~ 90%. The woven soil bags
made of polypropylene sheet were filled with recycled
crushed concrete aggregate REPA.

The input acceleration had a sinusoidal shape with
frequency f = 3.8 Hz and five levels of intensity amax, as
shown in Figure 36: 3 m/s?, 5m/s?, 7 m/s?, 10 m/s?> and
12 m/s?.
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Figure 33. Distribution of lateral displacement at front face
of soil bags filled with Toyoura sand stacked inclined in a
shear test (after Matsushima et al. 2008): (a) o, = 30 kPa;
(b) oy = 300 kPa

The experimental results can be summarised as follows.
Lateral displacements of the soil bag surface along the
slope were increased with shaking. On the downstream
slope, when the intensity of input acceleration was low
(amax = 3 m/s?), the stacked soil bags behaved like a rigid
body without being separated from the main body of the
dyke. At this stage, the difference in lateral behaviour
between the two models having horizontal and inclined
soil bags (cases H and I) was not significant, as shown in
Figure 37. Figure 38 shows residual settlements of the
crest observed after each excitation for the two models. In
the horizontal model, the crest settlement became 25 mm
at 3 m/s? excitation and increased to 210 mm settlement at
5m/s?, which was a settlement ratio against the model
height of 9%. At input acceleration am,x = 7 m/s2, some
slippage took place between adjacent soil bags at the
middle of the slope, and the crest settlement became
450 mm, which was 18% of the initial model height.

The other model with inclined soil bags was much more
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Figure 34. Two failure modes of multi-layered soil bags
subjected to lateral shear loading: (a) slippage failure at
interface of bags (direct shear); (b) shear failure in backfill
(simple shear).

stable. The crest settlement was negligible at 3 m/s?
excitation, and reached only 23 mm at 5 m/s® excitation. It
caused 100 mm settlement at 7 m/s>, which was very
small: only 25% of the settlement of the horizontal model.
For stronger shaking amplitudes, ama = 10 m/s?, the dam
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Figure 36. Sinusoidal input acceleration: a,,,x = 348.718
em/s?; ayin = —348.718 cm/s?; frequency f= 3.48718 m/s?,
—3.48718 m/s?

exhibited a large vertical deformation of 304 mm, and the
surface of the soil bag deformed into a round shape, but
there was no slippage between stacked soil bags, as for the
horizontal model.

The crest of the dam subsided with large vertical
displacement only during strong shaking. After the experi-
ment the dam was carefully sliced longitudinally in order to
investigate the inner mode of deformation. Figure 39 shows
the two types of failure mode for each test model. With the
horizontal model (case H, Figures 39a and c), the shear
failure planes (i.e. failure zone or failure band) for the
embankment consist of two parts: a sliding surface just
behind the soil bag wall, and the interface plane between
the stacked bags. With the inclined model (case I, Figures
39b and d), the failure planes consist of shallow and deep
circular sliding surfaces inside the embankment, which
pass through a separation at the bottom of the soil bag wall.

These experiments showed that the GSET structure with
the inclined stacking method has a high seismic stability
(i.e. reduced ultimate deformation of the slope and settle-
ment of the crest) without total failure of the embankment.
In this case, the soil bag wall and the zone immediately
behind in the embankment were very stable. Therefore,
the failure surfaces appeared only in the deep zone in the
dam, which resulted in a higher stability.
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Figure 35. Cross-section of GSET reinforced earth dam (inclined model)
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Figure 37. Lateral displacement of soil bag surface along slope, horizontally stacked model (case H) and inclined stacked model
(case I) at each excitation level: (a) 5 m/s?, horizontal stacking; (b) 5 m/s?, inclined stacking; (c) 7 m/s?, horizontal stacking;
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Figure 38. Settlement of crest for GSET dam models
(horizontal and inclined) at each excitation level

8.2. Analysis of GSET dam

8.2.1. Dynamic solution method

Dynamic response analysis, combined with the generalised
return-mapping algorithm, was applied to the integration
algorithms of the elasto-plastic constitutive relations,
including the effect of the shear band. The explicit
dynamic response analysis was applied to the solution of
the embankment dam. The perfectly plastic, isotropic

hardening-softening and kinematic hardening models were
employed.

The solution of the dynamic equation of motion can be
obtained by

Mpa+ Cvo+P— Pt = F (1)

where My, is the diagonalised mass matrix, C is the damping
matrix, v is the velocity vector, « is the acceleration vector,
P is the internal force vector, P™! is the nodal forces due to
initial stresses, and F'is the external force vector.

Applying the central difference method to Equation 1
and replacing the damping by the relation

C= adampMD (2)
the following relaxation equation can be derived.
_ 1
D= T30 SagampAt
A7 init')
X |—(F =P+ P") 424, —(1-0.5A0q,_,
Mp
3)

Here ¢, is the displacement vector at time n, At is the
time increment, and Ogamp i the damping ratio.
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Figure 39. Failure mode of GSET dam models (horizontal and inclined) after stronger excitation: (a) horizontal stacking, after
7 m/s? (case H); (b) inclined stacking, after 10 m/s? (case I); (c) horizontal stacking (case H); (d) inclined stacking (case I)

8.2.2 Constitutive model for plasticity
A simplified and generalised version of the mesh-size-
dependent softening modulus method was used in this
study. A material model for a real material was used, with
the following features: non-linear pre-peak, pressure sensi-
tivity of the deformation and strength characteristics of
sand, non-associated flow characteristics, post-peak strain-
softening, and strain-localisation into a shear band with a
specific width.

The yield function, £, and the plastic potential function,
@, are given by

o
ffa11+m—0 “4)
P=ali+0=0 ®)
where
_ 2sin¢
V33 —sing)
, (6)
,  2siny
~ V3(3 —siny)

where /; is the first invariant (positive in tension) of
deviatoric stresses, and o is the second invariant of
deviatoric stress. With the Mohr—Coulomb model, g(6.)
takes the form

3 —sing

0 =
00 =3 Feostr ~ 2sinf sing

)

where ¢ is the mobilised friction angle and 6 is the Lode
angle. The frictional hardening—softening functions ex-
pressed as follows were used:

a(x) = (2\/K_£f> '

 \Kk+ef

ap (i < gr): hardening-regime (8)

where m, & and &, are material constants, and a, and a;
are the values of a at the peak and residual states. The
residual friction angle (¢,) and Poisson’s ratio (v) were
chosen based on data from the triaxial tests on the sand
used in the model tests. The peak friction angle (¢p) was
estimated from empirical relations based on the plane-
strain compression test on dense sand. 1 is the dilatancy
angle. The introduction of shear banding in the numerical
analysis was achieved by introducing a strain localisation
parameter s in the following additive decomposition of
total strain increment:

_ d.c p
de;; = dsij + sde,

s = F b/ F. )
where Fj, is the area of a single shear band in each
element, and F, is the area of the element.

8.2.3 Simulation results

The displacement obtained by the finite element analysis
showed significantly different behaviours between the two
types of soil bag model with features that are consistent
with those obtained experimentally from the shaking-table
test. This shows that finite element analysis that takes into
account the main soil parameter characteristics and using
plastic modelling can successfully simulate the actual
behaviour of the dam. The soil parameters used in finite-
element analysis were determined by simulation of direct
shear tests on multi-layered soil bags, as listed in Table 4.
Figure 40 shows simulation results of direct shear tests on
multi-layered soil bags for the horizontal and inclined
models. For stacked soil bag modelling, the soil bag was
defined as elastic, and the interface between bags was
assumed to behave as an elasto-plastic material. The
prediction is good at the main points of interest, such as
the shear strength and the vertical deformation (dilation of
stacked bags). The finite element analysis successfully
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Table 4. Material parameters

Disaster prevention for earthfill dams

Material type Elastic modulus Poisson’s ratio Cohesion (kPa) Internal friction angle | Unit weight (kN/m?)
(MN/m?) (degrees)

Fill material 9.8 0.3 2.1 38.9 15.7

Soil bag 19.6 0.3 - - 15.7

Interface 98 0.3 0 232 15.7

1.0

o, = 150 kPa

08k ‘ Backfill material: REPA

0 =18°

Stress ratio, 7,,,/0,

|
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Vertical displacement, d (mm)
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Figure 40. FE simulation for direct shear test of
multi-layered stacked soil bags

simulated the sliding along the interface between stacked
bags. The internal friction angle for the interface was
23.2° as defined by the direct shear test. Figure 41 shows
the finite element mesh of the dam model with inclined
soil bags stacked on the dam slopes (i.e. the inclined
model) used for the analysis with elasto-plastic constitu-
tive models. Figure 42 shows the settlement of the dam
crest for the two models at each excitation. The inclined
model settled down less during the shaking than the
horizontal model. For greater shaking intensity (amax =
7 m/s?), the horizontal model settled at the crest five times
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Figure 41. FE mesh for horizontal model, including stacked
soil bags and interface
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Figure 42. Simulation results of vertical settlement for GSET
dam models (horizontally stacked and inclined stacked
models), at each excitation level

more than the inclined model. This trend is similar to the
experimental result shown in Figure 38.

Figure 43 shows the maximum shear strain distribution
after shaking (@, =5 m/s?). For the horizontal model,
the maximum shear strain distribution of the embankment
is concentrated in the backfill in the bottom zone of the
soil bag wall, and propagates from the toe end of the

0.0 0.16 0.32 0.48 0.60 0.72

Figure 43. Maximum shear strain distribution for each
model after a,,,, = 5 m?/s excitation (a) horizontal model; (b)
inclined model. Maximum shear strain is 80% for horizontal
model and 20% for inclined model
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downstream slope to the crest, contiguous with the back
of the soil bag layer. For the inclined model, the maximum
strain concentration is much less than for the horizontal
model, and its distribution is in the embankment away
from the soil bag wall, progressing from the toe end to the
upstream slope. The finite element analysis was successful
in simulating the experimentally observed sliding surface.
From this finding it can be concluded that finite element
analysis that takes into account the main soil parameter
characteristics and uses plastic modelling can successfully
simulate the real behaviour of GSET dams.

9. IN SITU TEST

NIRE constructed a full-scale earth fill embankment using
GSET as shown in Figure 44, examined its construction
performance, observed its behaviour during the construc-
tion, and conducted a test to evaluate the long-term
durability of the model (Matsushima et al 2006b;
Yamazaki et al. 2006).

For this test, an embankment having two test sections
was constructed, with a height of 3.2 m, an upstream slope
of 1H:1.8H, a downstream slope of 1V:1H and a body
width of 21 m. Kanto loam was used for the embankment
material for both sections (Figure 44). A 10 m-wide
section of the embankment was made of soil bags contain-
ing Kanto loam as type 1. In the other 11 m-wide section
as type 2, recycled crushed concrete aggregate (RC-40
with Dp,x = 40.0 mm) was used as the backfill material
for soil bags.

A screw extruder unit was developed for making soil
bags, as shown in Figure 45. This machine makes it
possible to produce bags on site which substantially
improves construction performance, as it is not necessary
to transport filled bags to site. After each bag was placed,
it was fully compacted with a vibrator and stacked at a 15°

Figure 45. Typical screw extruder for filling soil bags (after
Mohri et al. 2007)

procedure is repeated until the full height of the slope is
completed.

After the embankment was completed, it was used to
retain water to conduct long-term observations of the
behaviour of this earthfill dam. A maximum lateral
displacement of 410 mm was recorded immediately
after construction for both the Type 1 and Type 2
dams, but both types then remained very stable for one
year after construction, with a variation of +5 mm or
less, as shown in Figure 47. Figure 48 and Table 5
show the results of limit state analysis. For the
embankment without soil bags, the factor of safety was
0.578 under static conditions. However, when the down-
stream slope was constructed with GSET to construct

Table 5. Limit state analysis for soil bag system

angle in order to increase the shear strength of the stacked Type Factor of safety
soil bags. Figure 46 shows the construction sequence for
the GSET dam. The first geosynthetic soil bag layer is Static Seismic
placed on the base foundation and compacted using a
heavy roller compactor. Then the second layer is placed Normal embankment 078 0461
y 1o pactor. _second layer 1S place GSET embankment 1.736 1.491
on the first layer and compacted in similar fashion. This
576 m 3.7m ‘ 32m
\
A
N UE,
(s2]

Large-size soil bag intergrated with wing
and tail (infill material of bag is loam or
crushed concrete aggregate)

18 degrees

Figure 44. Cross-section of in situ test for GSET dam (surface displacement by laser profiler at points A, B and C)
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Figure 46. Construction process for GSET dam (after Huang et al. 2008): (a) laying soil bag with tail; (b) backfill and

compaction; (c) second layer; (d) process repeated
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Figure 47. Lateral displacement of soil bag surface after
construction (surface displacement by laser profiler at points
A, B and C in Figure 44) (Yamazaki et al. 2006)
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Figure 48. Limit state analysis for soil bag system (Yamazaki
et al. 2006)

the embankment, the factor of safety was increased to
1.736. Even during an earthquake the dam stabilised by
using stacked inclined soil bags exhibited a factor of
safety of 1.491.

In this test, the embankment was overlaid with soil-
cement or vegetation as shown in Figure 49, in order
to confirm the effectiveness and durability of these
methods for preventing ultraviolet deterioration of soil
bags.

Loam soil bag
Recycled so

Overflow section

—;

Outlet-pipe

Target for displaceme

Soil covering Soil covering

=3

Spillway section

Figure 49. Surface of dam: (a) after piling up soil bags;
(b) overlain with soil-cement and vegetation

10. CONCLUSIONS

A large number of small earthfill dams for agricultural
irrigation, with an embankment height of 15m or less,
were either damaged or failed completely during recent
severe earthquakes, or during overflow in flooding events
that exceeded the drainage capacity of the spillway
discharge system. This paper has focused on the develop-
ment of a new construction method for small earthfill
dams.

A high-performance earthfill dam, which can tolerate
overflow due to flooding and has increased earthquake
resistance, is realised by using geosynthetic soil bags with
extended wing and tail (GSET) to construct the dam dyke.
The mechanical behaviour of stacked GSET embankments
have been described.

The following conclusions can be drawn from the test
results presented in this paper.
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(1) The compressive strength of stacked soil bags
depends on the infill material used. Soil bags filled
with crushed concrete aggregate are more stable, and
their behaviour is stiffer, than bags filled with finer
material. Preloading of the soil bags is effective in
reducing creep deformation, as well as increasing the
stiffness at small deformations.

(2) The shear strength of stacked soil bags is low when
they are sheared horizontally, because the interface
between adjacent soil bags has a low friction angle
compared with the infill materials. Inclined stacking
of the soil bags increases the shear strength against
lateral loading.

(3) In terms of dynamic behaviour, the results from
shaking-table tests reveal that a GSET dam having a
stack of inclined soil bags can exhibit a high seismic
stability. The dam model showed a large vertical
settlement of 304 mm at the crest, but there was no
failure of the stacked soil bags or embankment.

(4) Breaching tests for soil bag embankments were
performed with large soil bags (GSET). The soil
bags were not damaged by the impact of flood water,
and this embankment was still very stable, even
when the overflow depth increased to 0.323 m. After
artificial damage of the soil bag surface by cutting,
some of the backfill material was released as the
damage expanded. Nevertheless, there was no overall
collapse of the downstream slope of the embankment
during overflow testing for a total period of 150 min
with an overflow depth of 0.583 m.

(5) The results of finite-element analysis were consistent
with the experimental results. In particular, the failure
plane pattern obtained by numerical analysis was
similar to the test results.

In summary, the proposed system for construction and
rehabilitation of new and existing dams with GSET is a
very cost-effective technology to achieve high stability
and safety against earthquakes and overflow due to heavy
rainfall.
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NOTATIONS

Basic SI units are given in parentheses.

a amplitude of acceleration (m/s?)
@max  Maximum input acceleration (m/s?)
¢ cohesion (Pa)
C damping matrix (dimensionless)
D5y mean particle diameter (m)
d. critical depth (m)
Dmax  maximum particle size of backfill material (m)
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relative density (dimensionless)

external force vector (N/m)

yield function (Pa)

area of a single shear band in each element (m?)
area of the element (m?)

specific gravity (dimensionless)

average initial height of soil bag (m)
overflow depth on upstream side of crest (m)
overflow depth on centre of crest (m)

I, first invariant (positive in tension) of
deviatoric stresses (Pa)
L average initial height of soil bag (m)
L/H aspect ratio of soil bag (dimensionless)
m, &, & material constants (dimensionless)
Mp diagonalised mass matrix (dimensionless)
N; normal force on stacked plane (N)
P force vector (N/m)
Py, lateral shear force (N)
Pt nodal forces due to initial stresses (Pa)
P, vertical force (N)
g discharge unit quantity flow (m3/s/m)
q, displacement vector at time n (m/m)
S lateral displacement of top loading platen (m)
s shear displacement (m)
Ts shear force on stacked plane (N)
At time increment (s)
U, coefficient of uniformity (dimensionless)
v velocity vector (m/s)
W average initial width of soil bag (m)
Wept Optimum water content (dimensionless)
Odamp damping ratio (dimensionless)
a, value of a at peak state (dimensionless)
a, value of a in residual state (dimensionless)
0 inclination angle of stacked soil bags
(degrees)
Evave average axial strain (positive in compression)
(dimensionless)
0. Lode angle (degrees)
v Poisson’s ratio (dimensionless)
Pdmax  Maximum dry unit weight (N/m?)
o, normal stress on stacked plane (Pa)
o, vertical stress (Pa)
Ovave average axial stress (positive in compression)
(Pa)
o second invariant of deviatoric stress (Pa)
7, shear stress on stacked plane (Pa)
Tyn  lateral shear stress (Pa)
Tyn/0y  stress ratio (dimensionless)
® plastic potential function (Pa)
¢ internal friction angle of backfill (degrees)
¢ residual friction angle (degrees)
¢s interface friction angle between interfaces of
soil bags (degrees)
1 dilatancy angle (degrees)
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