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There exists many road embankments in Japan which
are not earthquake resistant. For example, a road em-
bankment collapsed at Okuradani IC in Hyogo Pre-
fecture during the Great Hanshin-Awaji Earthquake
of 1995. In 2009, a road embankment along the Tomei
Expressway collapsed during an earthquake with epi-
center in Suruga Bay. Road failure makes relief ac-
tivity and transportation of goods difficult, causing so-
cial damage. Furthermore, recovery of damaged em-
bankments takes much time and cost. Accordingly, it
is important to conduct research on methods of con-
struction which would help build embankments inex-
pensively and swiftly. Against this background, a full-
scale experiment was conducted at E-Defense to con-
firm the validity of a method of construction that uses
flexible container bag to pack soil for quick embank-
ment recovery. Generally, flexible container bags are
easy to handle, and ensure and maintain the earth-
quake resistance performance of embankments after
the completion of recovery work, taking the longer
life time of the reinforced structure into consideration.
In the experiment, two kinds of reinforced structures
with flexible container bags stacked differently were
placed at either toe of the slope of an embankment of
height 4 m, and shake tests were performed three times
to compare the effectiveness of both reinforced struc-
tures. For both kinds of structures, the flexible con-
tainer bags were stacked in two tiers and compressed
from top and bottom using compression plates to make
the structures rigid. One of the structures was one-tier
type where the flexible container bags were stacked
in series and the other was two-tier type where the
flexible container bags were stacked along the side of
the embankment. In the case with the target accel-
eration of sine wave of 376 Gal, crack occurred on
the reinforced structure of one-tier type, but the em-
bankment collapsed a little near the top of the slope.
There was little displacement in both reinforced struc-
tures, hence, it is judged that the deformation would
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not impair the functionality of the road. As for the
seismic performance, it can be said that the two-tier
type would be slightly superior to one-tier type, how-
ever, this assumption cannot be evaluated decisively
under the present circumstances. For practical use
in future, form, size, workability, and economy of em-
bankment should be examined for designing and con-
struction which takes the specification of the structure
into consideration.

Keywords: road embankment, flexible container bag,
earthquake resistance, full-scale model, shake table test

1. Introduction

Many housing land and road embankments have suf-
fered damage during earthquakes. Especially in the case
of road embankments, the social and economic impact of
the damage is significant, as the embankments temporar-
ily fail to function as a linear structure. In Japan, many
road and housing land embankments have either insuffi-
cient earthquake resistance or were constructed according
to the previous earthquake resistant design code and have
not been examined to confirm whether they meet the cur-
rent earthquake resistant design code and performance re-
quirements. For example, a road embankment collapsed
completely at Okuradani IC in Hyogo Prefecture during
the Great Hanshin-Awaji Earthquake of 1995 [1], and in
2009, a road embankment along the Tomei Expressway
collapsed due to an earthquake with epicenter in Suruga
Bay, rendering the major one of Japan’s most major high-
ways impassable [2]. Road failure makes relief activity
and transportation of goods difficult, causing more social
damage. Furthermore, restoring the damaged embank-
ments takes much time and cost. Accordingly, it poses
a major challenge in the earthquake proofing of social in-
frastructure which is a part of the research and develop-
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ment centered on finding methods to build embankments
inexpensively and swiftly [3]. Against this background,
the Japanese Geotechnical Society advocates the advance-
ment of “the development of the technology to judge the
dangerous spots of the road embankments which are mas-
sive stock in Japan swiftly, inexpensively and precisely
and the development of the method of reinforcement con-
struction practicable effectively and economically” [4].
As a step toward the implementation of this proposal, two
full-scale experiments were conducted in the fiscal year
2016-2017 at the Large Earthquake Simulator with a 1D
shake table operated by the National Research Institute for
Earth Science and Disaster Resilience (NIED). Then, at
the 3D full-scale earthquake testing facility commonly re-
ferred to as “E-Defense” similarly operated by the NIED,
another full-scale experiment was carried out in Novem-
ber 2019.

In these experiments, proposals were made to improve
the earthquake resistance performance of embankments
by using flexible container bags which are easy to handle
and also minimize the scale of damage. These propos-
als aimed at both swift embankment recovery and finding
earthquake resistance measures that will ensure longlife
of the infrastructure. In this study, however, first a predic-
tion analysis is conducted using an embankment model
and then a full-scale experiment was carried out at E-
Defense to measure the dynamic behavior and residual
deformation of the embankment.

For this purpose, two different types of reinforced
structures are installed by stacking flexible container bags
differently at either toe of the slope of an embankment of
height 4 m and their effectiveness was compared by con-
ducting four times shaking tests. For both types of rein-
forced structures, the flexible container bags were stacked
in two tiers and were compressed from top and bottom us-
ing compression plates to make the structures rigid. One
of the structures is one-tier type where the flexible con-
tainer bags are stacked in series and the other is two-tier
type where the flexible container bags are stacked along
the slope of the embankment. In case of a target acceler-
ation with sine wave of 450 Gal as a shaking condition, a
crack occurred in the reinforced structure of one-tier type,
and the embankment collapsed a little near the top of the
slope. For both types of reinforced structures, there was
little displacement; therefore, it is judged that the resid-
ual deformation would not impair the functionality of the
road.

As for the full-scale experiment at E-Defense, the num-
ber of cases are limited because of the experiment’s scale
and the experiment was conducted only once. Therefore,
the cases without reinforcement measures could not be
verified. However, based on the pre-analysis, the compar-
ison of the deformation mode and the characteristics of
acceleration response at the top of the slope suggested that
in the cases without resistance measures, the embankment
as a whole deforms, while in the cases with measures, the
deformation was more remarkable in the upper part of the
embankment than in the flexible container bags. As for
the seismic performance of the reinforced structures, it
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can be said that the two-tier type would be slightly su-
perior to one-tier type, however, it cannot be evaluated
decisively under the present circumstances. In this paper,
examples of road embankment damage were introduced
and the results of the numerical analysis that was con-
ducted on the basis of the results of the full-scale experi-
ment and the analysis model used in the pre-analysis were
discussed.

2. Examples of Damage and Previous Experi-
ments

Even if only a part of road embankment collapses, the
social and economic damage is significant since the road
embankment’s function as a linear structure fails. In this
chapter, first, the actual examples of damage are intro-
duced, followed by a summary of previous studies on
embankment recovery and countermeasure construction.
The next chapter then focuses on the full-scale experiment
conducted as part of this study.

2.1. Examples of Damage Caused by Earthquakes

As for the large-scale damage caused by earthquakes in
the past, a road embankment collapsed at Okuradani IC
in Kobe City, Hyogo Prefecture and the housing land em-
bankments in Yurigaoka, Nishinomiya City, and Ashiya
City collapsed during the Great Hanshin-Awaji Earth-
quake of 1995 [1]. Then, there was a large-scale collapse
along the Noto Toll Road during the Noto Hanto Earth-
quake in 2007, and in 2009, a road embankment along the
Tomei Expressway in Makinohara, Shizuoka Prefecture
collapsed during an earthquake with epicenter in Suruga
Bay [2]. A brief description of each of these three inci-
dents follows next.

2.1.1. Damage Caused at Okuradani IC by the Great
Hanshin-Awaji Earthquake

The Great Hanshin-Awaji Earthquake struck the south-
ern part of Hyogo on January 17, 1995, resulting in the
collapse of an embankment of height 15 m near Oku-
radani IC along the Daini-Shinmei Road as shown in
Fig. 1. According to the investigation report on the Great
Hanshin-Awaji Earthquake [1], this road embankment
was constructed on a site where a pond had once existed,
and the foundation ground was soft with the N value being
less than 5 up to 5 m in depth. As to the failure mecha-
nism, it is estimated that the swelling of concrete block
retaining wall caused by lateral deformation and ground
surface settlement, and numerous cracks in the embank-
ment triggered the collapse. Additionally, it is pointed out
that the large amount of water leaked because of a rupture
in a water pipe buried in the embankment contributed to
the collapse.
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Fig. 1. Damage situation at Okuradani IC [1].

Longitudinal-9 (at the time of disaster in May 2007)

Collapse of outbound lane

Fig. 2. Damage situation along the Noto Toll Road [5].

2.1.2. Damage Caused Along the Noto Toll Road by
the Noto Hanto Earthquake in 2007

The Noto Hanto Earthquake in 2007 caused large-scale
damage along the Noto Toll Road [5], following which
a detailed survey was carried out to understand the ten-
dencies of road embankment damage. The factors lead-
ing to the large-scale collapse (as shown in Fig. 2) are
as follows: construction of high embankments in the val-
leys; the valleys acted as catchment areas for surface wa-
ter and groundwater from hinterland and surrounding ar-
eas; at about 70% of the collapse sites, the collapsed sed-
iment changed into mud that flows down to the lower part
of a slope; performing soil boring tests, etc. It is also
found out that the former geographical features remained
as they were and there existed slip surface near the un-
dersurface of embankment. These factors suggest that
the shear strength of the embankment material with high
moisture content rate at the top of the slope was lowered
by the seismic motion, which led to collapse.
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Fig. 3. Damaged lane of Tomei Expressway in Makinohara
District [2].

2.1.3. Damage Caused at Makinohara District,
Shizuoka Prefecture Along the Tomei Express-
way

An embankment slope near Makinohara Service Area
of the Tomei Expressway collapsed during a 2009 earth-
quake with epicenter in Suruga Bay. “The Committee on
Earthquake Damage in Makinohara District of the Tomei
Expressway” reported on the cause of the collapse [6].
According to the report, there was slight damage in dis-
tricts other than Makinohara and the damaged infrastruc-
ture was restored with relatively easy repairs. However,
in case of Makinohara as shown in Fig. 3, a 40 m long
portion of the embankment slope of the Expressway’s
main lane collapsed. The above-mentioned committee
was of the opinion that the slope surface collapsed be-
cause of the reduced shear strength and permeability of
the structure. This was caused by the weathering of mud-
stone in the lower part of embankment over many years,
which resulted in bad drainage and rise of groundwater
because of this embankment’s construction in the catch-
ment area. Such conditions along with the embankment’s
inferior earthquake resistance triggered a sliding failure in
the lower part of the embankment that gradually advanced
to the upper part and finally reached the driving lane of the
Expressway.

2.2. Restoration of Embankment Along the Tomei
Expressway

In this section, emergency restoration of the damaged
road embankment of the Tomei Expressway mentioned
earlier is described. First, aiming to not add to the sed-
iment runoff at the failure site, H-section steel columns
were erected at the toe of the slope; large flexible con-
tainer bags were placed and the upper part of the em-
bankment was treated for cement stabilization to reduce
the amount of sediment. Furthermore, a protective con-
crete layer was placed at the toe of the slope and large
styrofoam blocks, which were lighter than sediments in
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Fig. 4. Method of construction for restoration of embankment using flexible container bag.

weight, were laid to reduce the weight of embankment.
The restoration work was carried out night and day so that
after the occurrence of the earthquake at 5:07 am on Au-
gust 11, the roadblocks in the outbound and inbound lanes
were removed at 24 o’clock on August 12 and August 15,
respectively. However, complete restoration took more
time.

2.3. Previous Experiments

As is evident from the above examples of damage, it
is important to develop a method of construction which
would provide high earthquake resistance during emer-
gency restoration, assure the safety of the process until
complete restoration, and is also efficient in terms of total
cost. Shibuya et al. [7] proposed using flexible container
bags as an alternative method of construction as shown in
Fig. 4. In this method of construction, the land surround-
ing the toe of the slope of an embankment is excavated,
the excavated soil is tightly packed into the pillow-shaped
flexible container bags, and the flexible container bags are
then stacked and binded with the bedrock using ankers.
To maintain the integration of the flexible container bag
for a long time, the important points that need considera-
tion are the size of the flexible container bag, deformation
and strength characteristics of the material to be filled in
the flexible container bags, compaction, and the technique
of using the ankers (if necessary).

To evaluate the earthquake resistance of the flexible
container bag structure, a small shake table test was per-
formed under the conditions where the horizontal load
corresponding to the lateral earth pressure of embankment
was applied to the flexible container bags loaded with pre-
stress [8].

First, the shake table test was conducted on an embank-
ment with no reinforcement measure (Case 1) and then
on an embankment reinforced with the flexible container
bag structures (Case 2) using the full-scale model shown
in Fig. 5 [9]. For this experiment, the loading frequency
in the direction of embankment section was regulated as
f =2 Hz and the amplitude of sine wave of 40 waves
was adjusted to 100 Gal, 250 Gal, and 750 Gal until the
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Case 1l 4m

(Embankment without reinforcement)

Embankment 4m

Foundation 10.5m
11.08m
(a) Embankment without measure (Case 1)
Case 2 4m |
(Embankment with reinforcement)
1:1.2
Embankment 4m
Flexible container bag
Foundation 40.5m

11.08m
(b) Embankment with measure (Case 2)

Fig. 5. Section of previous full-scale experiment.

collapse of the embankment was confirmed. From the re-
sults of 3D territorial laser measurement before and after
the experiment [10], the effectiveness of the reinforced
structure was confirmed (see Fig. 6), as the sliding sur-
face generated at a point higher than the reinforced area
(height of 1.4 m above the foundation) in Case 2 so that
the scale of the sliding sediment became smaller.

3. Full-Scale Experiment at E-Defense

In this chapter, the full-scale experiment conducted at
E-Defense is described. Since the number of cases was
limited due to the scale of the experiment, the experi-
ment was conducted only once. Furthermore, referring
to the results of the experiment mentioned in Section 2.3,
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Embankment before shaking
Embankment after
shaking

>l A=0.9m?

A=0.8m?

Fig. 6. Results of 3D territorial laser measurement before and after experiment.

the effectiveness of using flexible container bags at the
toe of the slope for reinforcement was confirmed. There-
fore, in this experiment, the effectiveness was not veri-
fied using the embankment without measure case, instead
two types of reinforced structures with the flexible con-
tainer bags stacked differently on the same embankment
are compared for effectiveness. In the next sections, the
experiment is described in terms of the specification of the
model.

3.1. Concept of the Experiment

Before describing the experiment, its concept is ex-
plained based on the discussion in Section 2.

Three examples of road embankment damage caused
by earthquakes were already mentioned in Section 2. In
the case of great collapse caused at Okuradani IC, micro-
topography such as high embankment on soft ground was
a significant factor against the damage, whereas the nat-
ural ground materials at the toe of embankment’s slope
were the main factor on the damage caused along the
Noto Toll Road and the Tomei Expressway. Regarding
the restoration after the damage, the case of Tomei Ex-
pressway showed that temporary restoration was possible
at the earliest, but it took much more time to complete the
restoration process. Taking these examples and the ex-
periment discussed in Section 2.3 into consideration, re-
inforcement using flexible container bag and ankers as a
measure against soft ground is proposed and an experi-
ment is conducted to verify the effectiveness of the rein-
forced structures.

As mentioned above, the objective of this study is to
find an inexpensive and swift method of construction for
earthquake resistant reinforcement of road embankments
that will also ensure longlife of such reinforced structures.
However, as the stock of compression plate for the flexi-
ble container bags and the workability of the ankers and
flexible container bags determined depending on the con-
dition of the foundation can influence the actual cost, it
is still not clear whether the objective of this study could
be achieved if the number of constructed structures at the
sites dose not increase. Accordingly, taking the imple-

Journal of Disaster Research Vol.15 No.6, 2020

Fig. 7. Overall view of soil container for full-scale experiment.

mentation at the sites into consideration, different types of
flexible container bags were evaluated in this experiment.
The experiment was planned in such a way so as to ob-
tain the basic data to identify a favorable method that will
not only temporarily restore the embankments after dam-
age but will also lead to better workability and longlife of
the reinforced structure by improving its earthquake resis-
tance and reducing the construction period.

3.2. Shake Table and Soil Container

The experiment is conducted using the shake table at
E-Defense. The specifications of the shake table are: it
supports the maximum loading capacity of 1,200 t, max-
imum acceleration with the maximum weight loaded is
900 cm/s? in the lateral direction and 1,500 cm/s? in
the vertical direction, and the maximum displacement of
4100 cm in the lateral direction and +50 c¢m in the verti-
cal direction. Using this shake table, it is possible to sim-
ulate the earthquake collapse behavior of an embankment
model of height 4 m.

On this shake table, a rectangular parallelepiped steel
soil container was set as shown in Fig. 7 and a model us-
ing the flexible container bags was built inside the soil
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Table 1. Physical and dynamic characteristics of embank-
ment material.

Density of soil particles Ps (g/cm3) 2.615
Maximum particle size D .x  (mm) 75.0
Fine content (<0.075 mm) F. (%) 11.4
Optimum water content Wopt (%) 10.4
Maximum dry density £ dmax (g/cms) 1.998
Cohesion Ccq (kN /mz) 14.7
Angle of shear resistance dq ) 36.1
Initial modulus of rigidity G, (MN/m2) 30.6
Maximum damping constant |/ .« (%) 14.2
100 I '
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Fig. 8. Grain size distribution curve of embankment material.

container. Its dimensions are: width = 4.0 m, height =
4.5 m, and length = 16.0 m; thus, it was possible to build
a full-scale embankment in the soil container.

3.3. Overview of Embankment Model

In the soil container shown in Fig. 7, the model was
so built that the two types of reinforced structures with
flexible container bags stacked differently are constructed
at either toe of the slope of the embankment with height
4 m. The ground material used for the embankment, con-
struction of the reinforced structure using sandbags, and
its cross section are explained in the next sections.

3.3.1. Ground Material

The physical and dynamic characteristics of the em-
bankment material used for the experiment are listed in
Table 1 and its grain size distribution curve is shown in
Fig. 8. The ground material consists of gravelly sand with
fine (SF-G) with the maximum particle size of 9.5 mm
and the maximum dry density of 2.15 g/cm?. The inter-
nal friction angle (¢) of the ground material is around
52° compared to 30° to 35° which is generally regarded
as good quality, indicating that the ground material is of
superior quality. The dynamic deformation characteris-
tics of the embankment material are shown in Fig. 9 and
are used for the prior numerical analysis as a modified RO
model [11].
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ment material.

3.3.2. Preparation of Embankment and Finished
Shape

Figure 10 shows the outline and cross section of the
model, which was so prepared that the two types of rein-
forced structures with flexible container bags stacked dif-
ferently were constructed at either toe of the embankment
slope. For both types of reinforced structures, the flexible
container bags were stacked in two tiers and were com-
pressed from top and bottom using compression plates to
make the structures rigid. One of the structures is one-tier
type where the flexible container bags are stacked in series
and the other is two-tier type where the flexible container
bags are stacked along the side of the embankment.

To prepare the embankment, it was first divided into
15 layers in the soil container with the help of a mini
backhoe and the ground material was placed and leveled.
Then, rolling compaction was carried out 8 times using a
hand roller so that the degree of compaction D, reached
around 90%. To control the soil density of each layer af-
ter rolling compaction, soil densities were checked using
the RI instrument (JGS 1614-1995) and conducting sand
replacement method (JIS A 1214). Average water content
we in the finished shape is 6.3% by RI method and 6.7%
by sand replacement method. The average degree of com-
paction was measured 87.6% by RI method and 89.0% by
sand replacement method. Finally, after the completion
of the spreading of soil and rolling compaction up to the
crest, the crest was paved with asphalt and the embank-
ment is prepared.

Although the height of the model was 4.0 m according
to the original plan, the final finished shape was short of
0.1 m so as to secure the slope gradient of 1 : 1.5 and the
width of crest of 3.0 m.

3.3.3. Construction of Flexible Container Bag

Figure 11 shows what the flexible container bags look
like during the construction. The actual construction of
the reinforced structure was carried out at the designated
place before preparation of the embankment as described
in Section 3.2.1. The construction procedure is as fol-
lows: 1) setting the foundation and ankers for fixture of
the flexible container bag, 2) preparing the foundation
ground for the embankment and the embankment itself,

Journal of Disaster Research Vol.15 No.6, 2020
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Fig. 11. Situation of flexible container bags.

3) setting the bottom frame of compression plate, 4) plac-
ing the flexible container bags and the top frame of com-
pression plate (Fig. 12), and 5) fixing both compression
plates using bolts under the control of load and putting
the flexible container bags under pressure. The prestress
in step 5) was controlled with an anker axial tension of
100 kN/m?. Tt is confirmed that after the relatively large
reduction in prestress immediately after the loading, it fi-
nally converged to about 70 to 80%. However, the change
in the volume of the flexible container bag with the pre-
stress decreased and the creep characteristics were not
measured quantitatively.
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Fig. 12. Placement of the top frame of compression plate.

3.4. Conditions of Shaking and Measurement Plan

Table 2 shows the conditions of shaking. As for the
shaking wave, the amplitude of the sine wave of 40 waves
with f =5 Hz was set as 100 Gal, 250 Gal, and 450 Gal,
before a final shaking of 750 Gal was provided. While
considering the conditions of shaking, a previous study
was referred in which the experiment was conducted on
a pond embankment of similar scale [12]. The maximum
acceleration generated at the bottom of the soil container
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Table 2. Conditions of shaking.

. Target acceleration Response acceleration
Case Shaking wave
(Gal) of shake table (Gal)
Casel 100 125
Case?2 Sine wave, 5 Hz, 250 245
Case3 shaking of 40 waves 450 376
Cased 750 660
500 ——T——T——T—T— —A37 (Shake table) |
B e e e R A T P et il el e
300 p---L---L--_ ! [T i R
200 |oocbooot AT T TIVH THTE 10 P
ol 11111114110 LTI LA
2 TR RO AR A
$ 100 [---r- MUV CAOAIATROAEET IO
< 500 F-—-to - LTEE N A R e
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500 i i i | i h h h \ 1 | i i
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Fig. 13. Input wave (Case 3).

in each case was 125 Gal (Case 1), 245 Gal (Case 2),
376 Gal (Case 3), and 660 Gal (Case 4) which are de-
termined as the experiment conditions. Fig. 13 shows an
example of a shaking wave.

Data measurement was carried out using 37 accelerom-
eters for the model of embankment, flexible container
bags, and shake table; 28 laser displacement sensors for
the model of embankment and flexible container bags;
12 load cells for control of the prestress load of the flexi-
ble container bag; and 20 strain gauges for measurement
of the anker axial tension. The yellow and black-colored
targets for 3D dynamic measurement were arranged on
the slopes of the embankment and the upper frames of
compression plate to analyze the dynamic behaviors at
the time of shaking. In addition, 3D territorial laser mea-
surement is carried out before and after the shakings with
amplitudes of 376 Gal and 660 Gal to analyze the resid-
ual deformation. As lots of data was collected using the
sensors, only the results necessary for explanation are dis-
cussed in the next chapter.

4. Results of Experiment

As mentioned above, four cases were tested in the ex-
periment. Of all the cases, Case 4 is tested with the inten-
tion to destroy the model and make some targets disappear
due to the movement of sediment on the slope surface. As
for the dynamic behavior, the results of the shaking ex-
periment of Case 3 (376 Gal) and the response accelera-
tions obtained from the numerical analysis are compared
to confirm the reinforcement effectiveness of the flexible
container bags. Furthermore, results of 3D territorial laser
measurement before the experiment and after the Case 4
shaking (660 Gal) are compared to confirm the effective-
ness of the reinforced structures based on the collapse
form and residual deformation of the embankment.
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4.1. Experiment Results

The results of response acceleration and response dis-
placement at the representative spots are explained below.

4.1.1. Response Acceleration

Figure 14 shows the location map of the sensors.
Fig. 15 shows the time history of the results of measure-
ment of the response acceleration at the toe of the slopes
on the sides of one-tier and two-tier types (A26 and A28)
in Case 3. Compared to the acceleration at the shake table
(A37), an amplitude exceeding 4,000 Gal is recognized at
the top of the slope corresponding to the input accelera-
tion of 376 Gal. As for the response acceleration at the
upper part of the flexible container bags (A32 and A35),
there is a significant difference between one-tier and two-
tier types and it is confirmed that the response acceleration
of one-tier type exceeds 1,500 Gal and that of two-tier
type marks 886 Gal. A possible reason behind such large
amplitude of the response acceleration in the embankment
could be that the predicted value of natural period of the
model was about 6 Hz, while the preliminary value deter-
mined by the actual random wave was about 8§ Hz, which
was possible that the dynamic characteristics of the em-
bankment was close to resonance due to damages with re-
peated shake tests. This possibility remains a conjecture
as of now and should be examined further in detail.

4.1.2. Results of Measurement of 3D Dynamic Dis-
placement Sensor

Figure 16 shows the layout drawing for shooting and
the arrangement plan of targets. The camera was set at a
depression angle of 70° to the direction of shaking, and
the angle between the slope surface of embankment and
the surface of imaging element of the camera was 36.1°.
Dy, in Fig. 16 indicates the vertical component of the
gauge mark (B,,). The high speed camera used for shoot-
ing had an earthquake resistant structure with an image
resolution of 1,600 x 1,200 pixels and shooting speed of
1,000 frames per second. The position of the target and
the displacements generated in the direction of shaking
were traced and the vertical direction was summarized as
time history.

Since some targets disappeared after the collapse of the
surface layer of the slope of the embankment in Case 4,
the dynamic behaviors were explained based on the re-
sults of Case 3 where the deformation of the embankment
began and it can be analyzed how the embankment got de-
formed. Fig. 17 shows the displacement at the top of the
slope for one-tier and two-tier types and that in the upper
part of the flexible container bags in Case 3. As to the dis-
placement at the top of the slope, the horizontal displace-
ment increased with the shaking, but the displacement in
one-tier type was smaller than that in the two-tier type.
As for the vertical displacement, in case of one-tier type,
the displacement increased with the increase in horizon-
tal displacement immediately after the shaking, while in
two-tier type, there was a delay in the generation of ver-
tical displacement. Focusing on the displacement in the
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Fig. 15. Response acceleration at the top of the slope of
embankment.

upper part of the flexible container bags, there is no sig-
nificant difference in horizontal and vertical displacement
between the two types of structures, and it is understood
that a settlement in the vertical direction is remarkable
compared with horizontal displacement.

Based on these findings from Case 3, any difference in
the response acceleration and deformation characteristics
of the embankment cannot be confirmed. As for the flexi-
ble container bags, it is characteristic that the response ac-
celeration in one-tier type is distinguished. This might be
because the one-tier type is structurally more unstable and
the natural period of the flexible container bag could trig-
ger resonance. However, it is surmised that at this stage it
is not an external force which could lead to collapse of the
embankment, so that no difference cannot be recognized
in the deformation behaviors.

Journal of Disaster Research Vol.15 No.6, 2020

4.1.3. Analyzing Residual Deformation Using 3D Ter-
ritorial Laser Measurement

Prior to the measurement, multiple targets were set as
fixed points in the soil container to synthesize the data
and the measurement is made, taking the constraint of the
workplace into consideration. The distance is calculated
by the time when the irradiated laser pulse is reflected by
the object and returns. As the laser is continuously au-
tomatically irradiated while rotating, a large amount of
point data can be obtained at one time. However, by using
only one point, the distance from the measurement loca-
tion can be obtained. If there is a blind spot, the shape of
the embankment body cannot be expressed in 3D. There-
fore, in this experiment, measurement was made from
multiple random spots to convert the synthesized data into
3D as point group.

Figure 18 shows the contour figure of vertical change
seen from above the embankment (the elevation after and
before shaking) in Cases 3 and 4. In Case 3 shown in
Fig. 18(a), the crest part shows light blue over the entire
surface and the settlement of about 6 cm can be seen. Both
shoulders of slope are colored blue and the settlement cor-
responding to a collapse of about 12 cm is confirmed. On
the other hand, both slope surfaces on the sides of one-tier
and two-tier types are yellow and an uplift of about 6 cm
can be seen there. Fig. 19 shows the details from the de-
formation of the shoulder of the slope to the uplift of slope
surface. It is thought that this was basically caused by the
influence of the settlement of the embankment as a whole
and its lateral swelling and additionally by the influence of
covering of the collapsed sediment from the shoulders of
slopes on the slope surfaces. For reference, the plane con-
tour figure of Case 4 is shown in Fig. 18(b). It can be seen
that the scope of the deformation of the shoulder of slope
enlarges, the slope surfaces uplift more, and the collapsed
sediment is concentrated on the line between the flexible
container bag of one-tier type and the embankment. Such
situation is shown in Fig. 20.

Next, the deformation diagram on the centerline of the
soil container in the direction of shaking in Cases 3 and
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Fig. 17. Results of measurement of 3D dynamic displace-
ment sensor.

(c) Target arrangement (two-tier type)

Fig. 16. Measurement of 3D dynamic displacement sensor.

4 is shown in Fig. 21. From the results of the measure-
ment after Case 4, the lateral displacement of the top
frame of the compression plate for the flexible container
bag of one-tier type was about 40 mm and that for two-
tier type was about 50 mm. Though there is no direct
comparison between the two because of how the flexible
container bags were stacked, the lateral displacement in
one-tier type was a little larger than that in two-tier type.
As to the shoulder of the slope, the settlement in one-tier
type was 186 mm and that in two-tier type was 178 mm,
indicating tendencies opposite to that of the flexible con-
tainer bags. As for displacement of the shoulder of the
slope, similar to the explanation of dynamic behaviors, it

(b) Case4

Fig. 18. Results of 3D territorial laser measurement.
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(b) Two-tier type

Fig. 19. Results of measurement of 3D dynamic displace-
ment sensor.

is surmised that the residual deformation became larger
in one-tier type than two-tier type because of the unstable
flexible container bag structure and its resonance with the
embankment under the condition of the destructive exter-
nal force such as in Case 4. It could be said that in spite
of a slight difference, two-tier type is superior in terms of
functionality of road. However, judging from the results
of this experiment, comparison with the characteristics of
the seismic motion should be needed.

The abovementioned measurement results concerned
the configuration of the embankment surface. Results of
the handy dynamic cone penetration test [13], carried out
both before and after the shaking, are shown in Fig. 22 and
the damage caused to the embankment can be confirmed.
The survey locations were already shown in Fig. 21. As
the asphalt pavement model imitating road is placed on
the crest, the survey was conducted at the shoulder of
the slope. The cone penetration resistance g; shows the
periodical peaks from the ground surface, irrespective of
before or after the shaking and the type of flexible con-
tainer bag structure. Such peaks indicate the rolling com-
pactions during the construction. As the values of g; was
about 10 Mpa, both before and after the shaking, for both
structure types and there was no significant difference in
the tendencies, sliding surface cannot be estimated at the
cone penetration points.
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Fig. 20. Experiment situation.

4.2, Evaluation by Numerical Analysis

This full-scale experiment focuses on embankment re-
inforcement by setting the flexible container bags at either
toe of the slope; therefore, the earthquake resistance of
the embankment without reinforcement is not evaluated
at the same scale. Accordingly, a two-dimensional mesh
for the experiment section shown in Fig. 23 was gener-
ated and additionally, the mesh assuming the model with-
out reinforcement was also done. The numerical analy-
sis was conducted as the total stress analysis. As to the
dynamic behavior during the shaking, the dynamic defor-
mation characteristics shown in Fig. 9 were used as the
nonlinear hysteretic characteristics of the ground, joint el-
ement was set between flexible container bags, and the
bottom was considered as bottom fixed boundary. Ground
constants used for the analysis were shown in Tables 3
and 4.

4.2.1. Results of Analysis

As the condition of analysis, the input wave which was
measured actually was used in each case shown in Ta-
ble 2. Fig. 24 shows the residual deformation diagrams
of the model of flexible container bag and that of em-
bankment without reinforcement under the condition of
shaking in Cases 1 and 3 as the representative results of
the analysis. The contour color indicates the lateral dis-
placement. Since the deformation volume is small, the
results of analysis are explained based on deformation
mode only. In the case of embankment without reinforce-
ment, the overall settlement occurs with the swelling of
the slope surface. In the case of model with flexible con-
tainer bag, the structure of one-tier type deforms and a
swelling due to the large horizontal displacement of the
slope on the same side is recognized. However, for two-
tier type, there is no such displacement as one-tier type
but the settlement becomes larger at the top of slope. This
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4.2.2. Characteristics of Amplification of Acceleration

100

The amplification rates at the shoulder of the slope and

g

upper part of the flexible container bag structure based on
the acceleration of the shake table, obtained from the re-

sults of the numerical analysis and full-scale experiment

=

in this study are shown in Table 5. This summary indi-
cates the results of Case 3. In both the numerical analysis

and full-scale experiment, the amplification rates at the
shoulder of the slope and upper part of flexible container
- bag are larger in one-tier type model. Furthermore, in the

— One-tier type
— Two-tier type

numerical analysis, the amplification rate in the embank-
ment without reinforcement is a little less compared to

(b) After shaking

that of both the reinforcement types of flexible container

Fig. 22. Simple dynamic cone penetration test.

is thought to be caused by the fact that the flexible con-
tainer bag of one-tier type is more vulnerable to deforma-
tion than that of two-tier type.

The distribution diagrams of the maximum horizontal
acceleration in Cases 1 and 3 are shown in Fig. 25. Al-
though the acceleration distribution generated in the em-
bankment without reinforcement is a little complex, it can
be seen how it amplifies upward laterally. In the case
of model with flexible container bag, a large acceleration
generates at the joint elements between the flexible con-
tainer bags and the flexible container bags has a slightly
rigid structure, therefore, this model shows a larger ac-
celeration in the upper part of the flexible container bags
compared to that in the embankment without reinforce-
ment.
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bag. This might have been caused by the fact that the level
of the upper part of the flexible container bag becomes
a virtual foundation surface and the height of the em-
bankment becomes lower. Although the results obtained
from the numerical analysis and the full-scale experiment
show similar tendencies overall, there can be recognized
prominent dissimilarities each other. The reason behind
these differences could be found in the fact that the anal-
ysis model does not express the collapse and reflect the
input parameters precisely. The resonance of the flexi-
ble container bag and the interpretation of the interaction
between the embankment and the flexible container bag
structure are one of the problems in the experiment. Ac-
cordingly, it remains a problem as to how to treat the joint
element set in the analysis while considering the collapse
phenomenon.
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Table 3. Ground constants for analysis.

Material Poisson’s Weight of unit Elastic wave Shear modulus, G | Young's modulus E Non-linear characteristics (Value at ‘
Name ’ ) Width, & (m) | Standard strain, 7, Remarks
number ratio, v | volume, y (kN/m?) | velocity, ¥, (m/s) (kN/m?) (kN/m?) A G 7
Standard confining pressure
1 Paving 0.45 19.0 200 2476 7179 1.00 - - - - is assumed 0.1 kN/m? and
modelled as elastic bod
2 |Embankment | 0.45 19.0 126 30759 89201 1.00 1.00E-03 0.17 | 3107.1 |1.010E-04 [ e confining pressure
is assumed 98 kN/m
g |Flexble 0.45 19.0 150 43593 126419 1.00 1.00E-03 0.17 - |1.010g-g4|Pependence on confining
container bag pressure is not considered
4 |Baseground | 0.45 19.0 200 77498 224745 1.00 1.00E-03 0.17 78285 |1.010E-04 > nderd confining pressure
is assumed 98 kN/m
Table 4. Material constants for analysis.
Moment of inertia | Moment of inertia |Torsional moment, Weight of unit Young’s modulus,
Name Specification | Cross section (m?) . . . 5 ,
of area, I, (m*) of area, 1,(m*) 1,(m*) volume, y (kN/m?>) E (kN/m?)
H-section steel H150 0.003965000 1.6200E-05 5.6300E-06 1.6200E-05 77.0 2.0E+08
Steel plate t=10 mm 0.010000000 8.3333E-08 8.3333E-08 8.3333E-08 77.0 2.0E+08
Anker (between flexible container
bags) $24 0.000452389 1.6286E-08 1.6286E-08 3.2572E-08 77.0 2.0E+08
ags
Anker (between flexible container
. . $24 0.000452389 1.6286E-08 1.6286E-08 3.2572E-08 77.0 2.0E+08
bag and soil container)

5. Conclusions

As complete restoration of the damaged embankments
takes much time and cost, research is being conducted to
develop methods of construction which would help build
road embankments inexpensively and swiftly. To this end,
a method of construction using flexible container bags
which are easy to manage was proposed and a full-scale
experiment was carried out to verify the effectiveness of

Journal of Disaster Research Vol.15 No.6, 2020

this proposal.

In the experiment conducted at E-defense, the number
of the cases was limited due to its scale and the exper-
iment was conducted only once. Therefore, the flexible
container bags of one-tier and two-tier types stacked dif-
ferently at either toe of the slope of an embankment were
prepared to compare and verify the effectiveness of the
structures. The results of shaking experiment in Case 3
(376 Gal) show that the shoulder of the slope collapses a
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Fig. 24. Residual deformation diagram (Unit: m, deformation rate of 200 times).
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Fig. 25. Distribution diagrams of the maximum acceleration (Unit: m/s?).

Table 5. Amplification rate of acceleration.

Case3 (376Gal) Numerical analysis Full-scale experiment
. Number | Amplification Amplification
Model Location . Sensor .
of node | rate (times) rate (times)
Shoulder of slope 5209 2.92 A26 15.06
One-tier model Upper part of flexible
X 3543 1.23 A32 4.13
container bag
Shoulder of slope 5267 2.86 A28 12.56
Two-tier model Upper part of flexible
. 3603 1.19 A35 2.30
container bag
Embankment 3111 2.60 — —
without Shoulder of slope
reinforcement 3169 2.60 - -

little but this did not lead to a large-scale collapse.

From the results of the measurement of 3D dynamic
displacement sensor, it can be seen that the horizontal dis-
placement on the side of one-tier type was smaller than
that on the side of two-tier type. As for the vertical dis-
placement, it increased with the increase in horizontal dis-
placement immediately after the shaking on the side of
one-tier type, while in case of two-tier type, the displace-
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ment became smaller and there was also a delay in its gen-
eration.

From the results of 3D territorial laser measurement,
the horizontal displacement of the top frame of compres-
sion plate of the flexible container bag of one-tier type
exceeded a little compared to that of two-tier type. How-
ever, the deformation of the shoulder of slope in two-tier
type was smaller.

Journal of Disaster Research Vol.15 No.6, 2020



From the results of the full-scale experiment and the
numerical analysis focusing on the amplification rate at
the shoulder of embankment, it can be recognized that the
amplification rate of the upper part of the flexible con-
tainer bag of one-tier type was larger than that of two-tier
type, which seems to render the structure vulnerable at the
top of the slope of embankment.

From the above comparisons, it seems that two-tier
type would be slightly superior to one-tier type. How-
ever, for practical use in the future, form, size, workabil-
ity, economy of embankment, etc. should be examined
and experiment data should be analyzed to establish the
appropriate design and method of construction.
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