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Synopsis

Steel piles with drvain capability have been developed as a countermeasure for liquefaction of sand layers. These
steel piles have steel channels with a number of holes to drain pove water from the sand layer, and thus ave
capable of reducing the excess pove water pressure genevated by earthquakes. This paper veporis on applicability
of the sheet pile with drain capability to the liquefaction countermeasures for buvied structurves and embankments,
tnwestigated through model lests using a shaking table. The main resulls ave as follows: (1) Enclosing the buried
Structure with the sheet piles with drain capability was effective in preventing uplift displacement due to liquefac-
tion. This resulted from prevemting the loss of soil stremgth around the sheet pile walls. (2) Enclosing the
embankment with the sheet piles with dvain capability was effective in protecting it from the settlement due to
liquefaction. The effect of this method is to utilze the sheet pile walls and the soil stremgth avound it to prevent

the soil underlying the embankment from spreading out.

1. Infroduction drain pore water from the sand layer as shown in Fig.
1 and thus are capable of reducing the excess pore
Sand liquefaction, generated by earthquake water pressure generated by earthquakes®. The
ground shaking, has been widely recognized since sheet pile developed is called herein SPDC (Sheet Pile
Niigata Earthquake in 1964. In recent years seismic with Drain Capability).
design considering liquefaction has the come to be This paper reports on the applicability of SPDC to
required in various kinds of standard specifications countermeasures for buried structures such as com-
for design®. Some countermeasures for liquefac- mon utility ducts and for soil embankments such as
tion have been developed including soil improvement river dikes and road embankments, investigated
techniques represented by sand compaction, seismic through model tests using a shaking table.

reinforcement using steel piles and pore water pres-
sure reduction techniques represented by gravel Hole with mesh

il

.. Hole with h
drain pile methods®. ole with mes

However, earthquake damage due to liquefaction

has been induced in recent earthquakes and Japan

still has many places with the potential for disaster

due to liquefaction.

Under these circumstances the authors have devel-

oped special steel piles which are equipped with drain

capability as a liquefaction countermeasure. These (a)Pipe pile (b)Sheet pile

steel piles have channels with a number of holes to Fig. 1 Examples of steel pile with drain capability

72




2. Application of SPDC to
Countermeasures for Buried Structures

2.1 Outline of Countermeasures
for Buried Structures Using SPDC

Buried structures of relatively light weight located
in loose saturated sand layers are often damaged due
to the uplift displacement by liquefaction generated
during earthquakes. This is due to the lateral flow of
liquefied sand into the area below the structure where
the overburden pressure is lower than in the vicinity.

As a liquefaction countermeasure for such buried
structures, the authors have examined enclosing
them with the sheet pile with drain capability (SPDC)
as shown in Fig.2. This method is called herein the
cut-off sheet pile method using SPDC. The aim of this
method is to prevent the soil around the structures
from losing its strength due to liquefaction and to cut
off the lateral flow of the surrounding soil into the
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Fig. 2 Liguefaction countermeasure for buried structures
using the sheet pile with drain capability

area below the structure by sheet pile walls driven on
both sides of the structure.

2.2 Shaking Table Tests on the Countermeasures
for Buried Structures Using SPDC

The shaking table tests shown in Table 1 were
conducted in order to confirm the effectiveness of
SPDC as a countermeasure for buried structures.
Three types of model-no-countermeasure, cut-off
sheet pile using normal sheet pile, and cut-off sheet
pile using SPDC- were applied to these tests, with
three different dimensions of liquefiable loose layer
thickness prepared for each of the models.

2.2.1 Test Procedure

Figure 3 shows the set up of the model tests and
instrumentation for measuring the response in a li-
All the

models were contained in a rigid container of dimen-

quefiable sand layer of 700mm thickness.

sions 2000mm long, 1000mm high and 1000mm wide.
Dividing the width of the container into half (500mm
wide), a model was set up in each half of a single
container, and tests were conducted for two models
at a time. The model ground consists of two sand
layers as illustrated in Fig.3. The upper one is a
liquefiable sand layer. The liquefiable layer was
placed by pouring dry sand from a certain height into
water in the container. The properties of the sand
used and the relative densities of the upper liquefiable
layers in each test are given in Table 1. The average
unit weight of the upper layer in these tests was
1.86gf/cm® (18kN/m?). The buried structure model
was a rigid box of 500mm long, 250mm high and

Table 1 Conditions for shaking table tests on the liquefaction countermeasure for the buried structure
rre = e
¢ __ - ; Conditions of sand laver ... - !
i L upe of collntenineasure E . Sheet oile moded i—WMM;—— - : L Vibauon &}d;}f |
s - . e
1 55 47.6 35
2 No-countermeasure 70 41.5 20
3 90 41.5 0 3Hz
4 Cut-off sheet pile 55 478 3 ?(l)n: 5211;1: l 8S2:266?>788
5 : P . 1.2mm steel plate 70 52.7 20 4 s0 =0
6 using normal sheet pile 9 579 0 150gal mm
’ 200gal Uc=3.21
7 Cut-off sheet pile 1.2mm steel plates 5 573 35 300gal
8 ing SPDC ith vertical drain 70 55.6 20
g |USHE W 90 57.6 0

H1 : Thickness of loose layer Dr : Relative density of loose layer H2 : Thicknees of dense layer
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400mm wide. Its apparent unit weight was 0.88gf/cm?

(8.6kN/m?). Sheet pile models were steel plates with
dimensions of 900mm in height, 410mm in width and
1.2mm in thickness. Those with drain capability
were equipped with vertical drains on the inner sur-
face of the steel plate, where inner means the side
enclosed by the sheet piles. The flexural rigidity of
the vertical drains was negligible. Sheet pile models
Each

model was shaken by 30 cycles of horizontal

were fixed at the bottom of the container.

sinusoidal motion at frequency 3 Hz at the accelera-
tion levels of 150, 200 and 300gal. One level of input
acceleration was applied during one test run and this
was repeated for each level of acceleration from
150gal to 300gal.

2.2.2 Results and Discussions
(1) Relationship between input acceleration and in-
duced uplift of the buried structure

Figure 4 shows the variation of the accumulated
uplift displacement of the buried structure with input
acceleration. Figure 4 (a), (b) and (¢) are those for
liquefiable layer of 550mm thickness (Tests No.1,4,7),
700mm thickness (Tests No.2, 5, 8) and 900mm thick-
ness (Tests No.3, 6, 9). Effectiveness of the cut-off
sheet pile method is confirmed in the results, particu-
larly for SPDC : it can prevent the buried structure
from significant uplift displacement even with a li-
quefiable layer of 900mm thickness and high acceler-
ation, in which case considerable uplift was observed
for the cut-off sheet pile without drain capability.
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Fig. 3 Model of shaking table tests on the liquefaction countermeasure for the buried structure
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(2) Mechanism of the cut-off sheet pile method with
SPDC

It is reported in a past paper that the effect of the
cut-off sheet pile method results from cutting off
lateral flow of liquefied soil into the area below the
buried structure and, in the case of SPDC, reducing
pore water pressure around the structure®. Herein,
the relationship between the uplift displacement of
the structure and bending deformation of the sheet
pile is considered.

Figure 5 shows time histories of sheet pile strain
and excess pore water pressure observed at locations
of 50mm inside the sheet pile during 150gal shaking in
tests No.6, 9. It can be seen that the drain capability
of SPDC reduced the excess pore water pressure,
particularly with regard to the intermediate compo-
nent which is defined in Fig.6, and then prevented soil
in the vicinity from softening due to liquefaction.
This effect results in reducing the intermediate com-
ponent of the sheet pile strain as recognized in Fig.5.
That component of sheet pile strain indicates the
deformation of the sheet pile illustrated in Fig.7,
which contributes to the uplift displacement of the
buried structure®. Therefore, it is considered that the
cut-off sheet pile method using SPDC effectively
prevents the uplift displacement of the buried struc-
ture.

It is considered that the induced uplift displace-
ment of the buried structure enclosed with in sheet
pile walls can be approximately estimated by means
of dividing the volume reduction 4 v due to sheet pile
deformation illustrated in Fig.6 by the base area of

Figure 8 shows a comparison

the structure?.
between the uplift displacement observed during
each test run in tests No.5-9 and those calculated.
The sheet pile strain observed in each test was used in
order to evaluate A4 v. Uplift displacement values of
the structure are reasonably well evaluated by this
method. It is, however, found that the uplift displace-
ment values calculated for SPDC tend to overesti-
mate the actual values and those calculated for the
normal sheet pile are just the reverse. These results
seem to indicate that, in case of the cut-off sheet pile
without drain capability, the flow of liquefied soil
located between the sheet pile and the structure into
the area below the structure may also induce uplift
displacement in addition to the bending deformation
of the sheet pile. On the other hand, it is considered
that SPDC was able to prevent that type of flow
because soil strength is retained by the drain capabil-
ity and a part of 4v is carried away as drained
water. This is another reason why SPDC is more
effective than the normal sheet pile without drain
capability.

— L T ' T I T | T I T ] — T I T | i I T | T —_— 1 | T ' ] | 1 T
£ E . - I
£ 100 — - E 100 - -] g 100 — X — X No-countermeasure
g L ] 0,59 _ _ ) C / 1] @ Normal sheet pile
3 _F 4 £ _} ] 3 _F 1 Ospnc
g 80 0 8 8 4 5 e B
i r S s I N ]
B 60— 4 % e - B 60 / ]
& C ] & C X ] & C ]
é - - = - /o = -k X 1

40— — 40— ‘ — = 40— —
ket - - o - / - kel - <
8 - - L L N Q ,ﬂ’ -
ks - 7 = B ’ ] & C 7
Ewp 1§ A X o7 Fawf ]
RO, S I B R A s F 1 ]
< 0 [ ﬁ L E [ T < 0 [ 1 L 1 ] < 0= T 1,01y

100 200 300 100 200 300 100 200 300

Input acceleration(gal)

(a)550mm loose layer

Input acceleration(gal)

(b)700mm loose layer

Input acceleration(gal)

(c)900mm loose layer

Fig. 4 Relationship between input acceleration and accumulated uplift of the buried structure
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Countermeasures for Embankments

3.1 Outline of Countermeasures
for Embankments Using SPDC
Soil embankments such as road embankments,
river dikes and railway embankments on a loose
saturated sand layer are often damaged due to settle-
ment and slope failure because of liquefaction of




foundations. This results from spreading out of the
liquefied soil underlying the embankment due to the
embankment weight.

One of the liquefaction countermeasures for
embankments is the method illustrated in Fig.9%. In
this method steel sheet piles are driven into the
ground at the toes of the embankment slopes and the
top of the sheet piles are connected by steel tie rods.
Steel tie rods are installed in order to protect the
sheet pile walls from bending deformation induced by
the lateral flow of liquefied soil. It is, however, diffi-
cult to apply this method to river dikes because of
possibility of water leakage along the tie rods. It is
also difficult to install tie rods in existing embank-
ments. In such cases, the cut-off sheet pile method
using SPDC without tie rods shown in Fig.10 is
proposed herein as the countermeasure for embank-

ments.

Sheet pile wall

Fig. 9 Liquefaction countermeasure for embankments using
sheet pile walls and tie rods

Sheet pile with drain capability

Fig. 10 Liquefaction countermeasure for embankments using
sheet pile with drain capability
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3.2 Shaking Table Tests on the Countermeasures
for Embankments Using SPDC

Shaking table tests shown in Table 2 were perform-

ed to investigate applicability of SPDC to the lique-
faction countermeasures for embankments. In these
tests, four types of test model were prepared: no-
countermeasure, the cut-off sheet pile method with-
out tie rods using normal sheet piles, the cut-off sheet
pile method without tie rods using SPDC and the
cut-off sheet pile method with tie rods using normal
sheet piles.

3.2.1 Test Procedure

Figure 11 shows the set up for the model tests and
the locations of gages. The conditions for the tests
can bhe found in Table 2. The model ground under-
lying the embankment consists of two sand layers ;
the upper liquefiable layer of 400mm thickness and
the lower compacted layer of 350mm thickness.
These sand layers were prepared in the same manner
as explained in the previous section. The embank-
ment was formed of same sand, and its unit weight
was approximately 1.6gf/cm?® (15.7kN/m?). The vinyl
sheet underlaid the embankment to cut off permea-
tion of pore water from the saturated liquefiable
layer. Sheet pile models were steel plates With dimen-
sions of 780mm in height, 410mm in width and 3.2mm
in thickness. Those with drain capability were
equipped with vertical drain pipes (15mm dia.) on
both the surfaces of the steel plate, which did not
contribute to the flexural rigidity of the steel plate.
The drain pipes on the inside of the cut-off enclosure
were connected to vinyl piles of 5mm in diameter in
order to carry drained water away from the embank-
ment, so that the drain capability inside the enclosure
was less than that outside. Tie rods used in test No.
4 were steel rods with a diameter of 3mm and were
not prestressed. Each model was excited by 30 cycles
of horizontal sinusoidal motion at a rate of 3Hz. The
amplitude of input acceleration was about 200gal.




2000

675 | 225 , 200 175 5050 250 , 375
I =T T 1 T >
No countermeasure
model
=3 @
[Te)
S
S -
~ Cut-off sheet pile
model
g ®
il
_______»Sheet pre Vinyl sheet
¥
A Acceleration meter
& Pore pressure meter
- O Displacement meter 9 )
&8 Strain gage 1:1.5 Vinyl sheet
O
[aN]
- Sheetpile | @4 ©®  ©4® you
(=] (=3
gl g BT AS @s® | =@
~ v
Loose sand layer ® @4}@ ¥ -
®
te
§ X
Fixed
X Dense sand layer “al
<t (mm)

Direction of vibration

(b)Cross sectional view

Fig. 11 Model of shaking table tests on liquefaction countermeasures for embankments

Table 2 Conditions for shaking table tests on the liquefaction countermeasure for embankments

§ Tl . - ) [Cc;‘miitimﬂ of sand laver |
P Tupe of conntermessure | Sheel pile moded e
| No - | Hilem) Dr(%) | Holem)
L—-MWM«WW‘ m_ﬁ_é_“ S SR 3 B s
1 No-countermeasure 40 49.3 35
Normal sheet pile
2 without tie rods 3.2mm steel plate 40 66.3 35 3Hz Gs=2.678
ol Sinusoidal | Dse=0.38
3 | SPDC without tie rods | S2mm steel plate - )40 ) 52T 3530 cycles mm
with vertical drain 35 150gal Uc=321
Normal sheet pile
4 with tie rods 3.2mm steel plate 40 53.6 35

H1 : Thickness of loose layer Dr : Relative density of loose layer H2 : Thicknees of dense layer

3.2.2 Results and Discussion
(1) Observed time histories for excess pore water
pressure

Figure 12 shows the time histories for excess pore
water pressure observed during tests No.l-4. This
includes those observed at a depth of 200mm below
the center of the embankment and at a depth of
200mm, 50mm outside the sheet pile. The vertical
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axis shows the excess pore water pressure ratio Ru=
A u/e.o. Itis observed that the sand layer outside of
enclosure was liquefied in 2-3 sec except for No.3. In
No.3, for the SPDC model, the excess pore water
pressure ratio R, did not reach 1.0, as pore water
pressure was reduced by the drain capability. The
sand layer inside the enclosure was also liquefied in
2-3 sec due to insufficiency of overburden pressure
from the embankment. Even with SPDC (No.3), the




inside soil was liquefied in 5-6 sec since the drain
capability inside the enclosure was less than that
outside.

(2) Observed time histories for settlement of the

embankment -

The time histories for settlement of the embankment
are shown in Fig.13. It can be seen that the settlement
of the embankment in tests No.l, 2 and 4 increased
substantially after the fifth cycle of the table motion
and that in No.3 (SPDC) increased after the fifteenth
cycle. These cycle numbers were almost identical to
those in which the excess pore water pressure ratio in
each test reached 1.0 as shown in Fig.12. This indi-
cates that the drain capability of SPDC was effective
in preventing the settlement of the embankment. It
is, however, recognized that, after 22 cycles of table
motion, the induced settlement in No.3 (SPDC) was
greater than that in No.4 (tie rods). This indicates
that restraint of the sheet pile displacement by tie
rods held its effectiveness even with liquefaction of
the sand layer underlying the embankment.

.0
No.1 0.5
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Fig. 13 Observed time histories on the settlement of the

embankment

(3) Residual deformation of embankment

Figure 14 illustrates the residual deformation of the
embankments after each test. It seems that the
embankments sank into the liquefied layer, largely
retaining their shape, and without sliding failure of
the slope. This is due to liquefaction of the whole
area under the embankment. It can be seen in Fig.
14(a) that settlement of the embankment without
reinforcement was very prominent and soil surround-
ing the embankment was elevated by lateral flow of
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Fig. 12 Observed time histories on excess pore water pressure
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(d) No.4 (Normal sheet pile with tie rods)

Fig. 14 Residual deformation of the embankment

liquefied soil underlying the embankment. In Fig.
14(b), (c) and (d), the elevation of surrounding soil is
not seen due to the lateral flow of liquefied soil being
cut off by the sheet pile walls, and the settlement of
embankment was reduced in comparison with that in
test No.1 (no-countermeasure). The remedial effects
of the cut-off sheet pile method with drain capability
and with tie rods are particularly remarkable as
shown in Fig.14(c) and (d).
(4) Residual deformation of sheet pile

The vertical distributions of residual bending
strain and deformation of the sheet pile are shown in
Fig.15(a) and (b). Residual deformation in Fig.15(b)
was calculated from residual strain shown in Fig.

Strain of sheet pile (u)

—400 0 400
O T I 1 l

10— @ No.2 (Normal sheet pfle
§ without tie rods}
20— O No.3 (SPDC without tie rods)

B No.4 (Normal sheet pile

30 with tie rods)

40

Depth (cm)

50

60—
0 J

(a) Residual strain of sheet pile

15(a). The sheet pile deformation for test No.3 was
less than that for test No.Z.
strength around the sheet pile walls being retaind by
the drain capability of SPDC. In fact, the sheet pile
strain was never observed while the preventive effect

This is due to soil

against liquefaction was substantially effective dur-
ing the first 5 seconds. It is also found that restraint
by tie rods sufficiently prevented the bending defor-
mation of sheet pile even after soil liquefaction.

It is concluded that remedial effects result from
prevention of lateral flow of liquefied soil by the
flexural rigidity of the sheet pile in the case of the
normal sheet pile without tie rods, by the flexural
rigidity of the sheet pile and the soil strength around
it in the case of SPDC without tie rods and the flexur-
al rigidity of the sheet pile and restraint of sheet pile
deformation in the case of normal sheet pile with tie

rods.

4. Conclusion

As one of the countermeasures for liquefaction, a
new method using steel sheet piles with drain capabil-
ity has been developed. In this paper, applicability of
such special sheet piles to liquefaction countermea-
sures for buried structures and embankments was
investigated through model tests using a shaking
table. The main results were as follows:

(1) Enclosing a buried structure with the steel sheet
piles equipped with drain capability sufficiently
prevented its uplift displacement even for the case
with a thick liquefiable layer in which significant

Displacement of sheet pile(cm)

Depth (cm)

-3 0 3
0
10 @ No.2 (Normal sheet pile
without tie rods)
20 O No.3 (SPDC without tie rods)
& No.4 (Normal sheet pile
30 with tie rods)
40
50
60 —
70—

(b) Residual displacement of sheet pile

Fig. 15 Vertical distributions on residing bending strain and deformation of the sheet pile
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uplift was observed with normal sheet piles.

(2) Uplift displacement of the buried structure en-
closed with sheet pile walls was mainly induced by
the bending deformation of the sheet pile walls and
the flow of liquefied soil between the structure and
the sheet pile walls into the area below the structure.
The sheet piles with drain capability were able to
reduce hoth of these phenomena retaining the soil
strength in the vicinity. This is the reason why the
sheet pile with drain capability was effective as a
countermeasure for uplift displacement of the buried
structure.

(3) Enclosing an embankment with the sheet piles
equipped with drain capability was effective in
protecting it from settlement due to liquefaction. In
this method, the soil underlying the embankment is
prevented from spreading out by the sheet pile walls

and the soil strength around it .

(4) One of the reliable countermeasures for settle-
ment of an embankment due to liquefaction was to
enclose it with sheet pile walls and to connect their
tops with tie rods. The restraint of sheet pile defor-
mation by tie rods prevented the soil underlying the
embankment from undergoing lateral flow and
retained its effectiveness even with liquefaction of
sand layer underlying the embankment.
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