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ABSTRACT

Methods using pressed-in steel sheet piles have been proposed as countermeasures against liquefaction. Research has
shown the effectiveness of a square steel sheet pile wall surrounding a structure in controlling subsidence and tilting due
to liquefaction, primarily by restraining the soil flow. Additionally, the structural support capabilities have been assessed
through vertical and horizontal loading tests conducted on a large-scale model within the “Liquefaction Test Apparatus,”
which is capable of creating and maintaining a certain level of liquefaction. However, there is insufficient understanding
of the ground conditions necessary for evaluating the bearing capacity of the square sheet pile wall, which is a requirement
in its design process. This study aims to present fundamental test results aimed at determining the geotechnical parameters
of liquefied sands in the “Liquefaction Test Apparatus.” Three types of tests were conducted. The first involved static
vertical and horizontal load tests conducted on square-shaped piles, equipped with strain gauges, inclinometers, and earth
pressure transducers. The second test method used was Cone Penetration Testing, while the third used the Borehole
Pressuremeter Test. These tests were conducted with the excess pore water pressure ratio of the model ground, specifically
at ratios 0of 0, 0.3, 0.6, and 0.9.

Key words: Liquefaction, Static load test, Cone Penetration Test, Borehole Pressuremeter Test

1. Introduction proposed as countermeasures against liquefaction

Methods using pressed-in steel sheet piles have been (Ishihara et al. 2023). One such method involves square
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steel sheet pile walls surrounding a structure, which
effectively restrains soil flow under the structure. The
efficacy of this approach in controlling subsidence and
tilting due to liquefaction has been confirmed through
shaking table model tests conducted under both
gravitational and centrifugal fields (Kato et al. 2014).
Additionally, given that steel sheet piles are used as
friction piles, they are anticipated to perform well in
supporting structures. The bearing capacity of either a
single pressed-in tubular pile or a structure including a
square steel sheet pile wall has been confirmed through a
large-scale model test involving vertical and horizontal
loading in the “Liquefaction Test Apparatus,” under both
non-liquefaction and liquefaction conditions (Willcocks
2021; Haigh 2022). This apparatus is capable of creating
and maintaining a certain level of liquefaction over a
specified duration by using seepage forces from the
bottom to the surface of the model ground in place of
seismic motion (Ogawa et al. 2018). However, the
geotechnical parameters necessary for evaluating bearing
capacity under liquefaction conditions have not been
identified in these studies.

The purpose of this study is to present the
fundamental test results aimed at determining the
geotechnical parameters of liquefied sands in the
“Liquefaction Test Apparatus.” Three types of tests were
conducted. The first one involved the static vertical and
horizontal loading tests (VLT and HLT) conducted on
square-shaped piles equipped with strain gauges,
inclinometers, and earth pressure transducers. The second
test method used the Cone Penetration Test (CPT), and the
third one used the Borehole Pressuremeter Test (BPT).
These tests were conducted with the excess pore water
pressure ratio of the model ground, specifically at ratios of
0, 0.3, 0.6, and 0.9. Finally, as an example of the
geotechnical parameters, subgrade reaction coefficients
were estimated according to the Specification for
Highway Bridge Part IV (JARA 2017), and their
relationship to excess pore water pressure ratio was

confirmed through comparison across the three tests.

2. Acquisition of excess pore water pressure ratio
As shown in Fig. 1, the “Liquefaction Test Apparatus”
is a tank measuring 7 m x 7 m x 10 m, filled with sand, as

detailed in Table 1. The pore pressure transducers were

installed at depths of GL-1 m, GL-3 m, and GL-5 m on
both the west and east sides, situated 2 m from the center.
The seepage forces generated by water movement from
the bottom to the top of the tank resulted in an increase in
excess pore water pressure. The relationship between flow
rate and excess pore water pressure, as measured by the
pore pressure transducers, is shown in Fig. 2. The excess

pore water pressure ratio (r,) was obtained by:
Au

Ty (ysat_yw)z (1)
where Au represents the excess pore water pressure
measured by the pore pressure transducers, ys: denotes the
saturated unit weight as shown in Table 1, y,, stands for
the unit weight of the water, and z is the depth from the
ground surface. As illustrated in Fig. 3, the difference in
the excess pore water pressure ratio at each depth was
small, confirming a uniform degree of liquefaction in the
model ground. In the range of higher flow rates, stronger
momentum was observed in the water flowing into the
drainage. It was estimated that this phenomenon affected
the excess pore water pressure ratios at depth GL-1 m,

causing them to exceed 1.
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Fig. 1 Liquefaction Test Apparatus

Table 1 Sand property

ps  [KN/m’] 26.3
[kN/m’] 18.4
0.891
0.531

Soil particle density
Saturated unit weight (D =10%) 7 sa
Maxmum void ratio € max

Minmum void ratio € min
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3. Estimation methods of the subgrade reaction
coefficients
The procedure for determining the subgrade reaction
coefficients from VLT, HLT, BPT, and CPT is shown in
Fig. 4.
The subgrade reaction coefficients for VLT and HLT
(kv vir and Ay pir) were estimated from the p-y curves
correlating soil reaction and pile deflection obtained
through the respective tests. The reference displacement
defining the subgrade reaction coefficients was selected to
be 3 mm (1% of the 300 mm pile width) (JARA 2017).
The Young's modulus from BPT (£ gpr) was
determined according to JGS 1421-2003 (JGS 2013).
According to JARA (2017), the subgrade reaction
coefficient from BPT (ky_gpr) was obtained as follows:
ki ppr=Ako(B'/0.3)3/4 [kN/m?]  (2)
ko=aE gpr/0.3 [kN/m?] (3)

B={D/p “4)

p= ’kHiBPTD/ 4E1 (%)

where 4 is the factor taking into account the construction

method of the foundation (4 = 1), ko represents the
subgrade reaction coefficient corresponding to the value
from a plate loading test with a rigid disc of 0.3 m diameter,
B’ signifies the converted load width of the foundation,
denotes the conversion factor, a = 4 for BPT, D is the
diameter of the pile, S represents the characteristic value,
and F1 signifies the bending stiffness of piles.

According to Robertson (2009), the Young's modulus
from CPT (£ cpr) was determined as follows:

E cpr~0.8Gy=0.8pV> [kN/m?]  (6)

VS:[avs (qt'UVO)/pa]O-S (7)
avsz[10(0.551c+1.68)] (8)
I= ((3.47- log Qt)2+(log F,-1 .22)2)0'5 )
0= (f]t'o'vo)/a'vo (10)
Fi=1./(q,-0v9)*100 [%] (11)

where p represents mass density (p = ysa/9.8), Vs denotes
the shear-wave velocity, ays is the shear-wave velocity
factor, g represents the cone resistance obtained by CPT,
ovo represents the total stress, p, indicates the atmospheric
pressure (P, = 100 [kPa)), I. represents the soil behavior
type index, O represents the normalized cone penetration
resistance, o’vo denotes the effective stress, F; stands for
the normalized friction ratio, and f; signifies the sleeve
friction obtained by CPT. The subgrade reaction
coefficient from CPT (ky_cpr) was obtained by equations
(2) to (5), with E gpr replaced by E cpr.

Static loading test BPT CPT
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Load Load / D
b _
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i AS t [t
ic O tt
z Rl
Vi ) tht
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“ “ Argpr "beT
zZ
Z N 7
Estimating by | Estimating by
zyand y;: JGS. 2010 | Robertson. 2009
Displacement corresponding to N
1% of the pile width | Young’s modulus (£_yyr, E_crr) |
(JARA.2017) | Estimating by JARA.2017 |

| Subgrade reaction coefficients (ky vir, Ky uir ku spr> ku_cer) |

Fig. 4 Procedure for determining the subgrade reaction

coefficients
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4. Testing methods
4.1. Test cases
Three types of tests were conducted with ry: 0, 0.3,
0.6, and 0.9, as shown in Table 2. HLT was not conducted
at r,= 0.9 due to observed self-settling in VLT at r,= 0.87
(in V9).
Table 2 Test cases

Case Test type 7, (measured)
VO |Static loadingtest | Vertical 0.00
V3 (VLT) 0.30
V6 0.60
V9 0.87
HO Horizontal 0.00
H3 (HLT) 0.23
H6 0.58
C0 |Cone Penetration Test 0.00
c3 |(CPT) 0.33
C6 0.58
C9 0.83
B0 |Borehole Pressuremeter Test 0.00
B3 |(BPT) 0.19
B6 0.59
B9 0.90

7, : Excess pore water pressure ratio

4.2. Vertical and horizontal static loading tests (VLT
and HLT)

As shown in Fig. 5, strain gauges were installed on
both the west and east sides of the pile to measure axial
and bending strains. Both earth pressure and pore pressure
transducers were installed at depths of GL-1 m, GL-2 m,
and GL-5 m below the ground surface to obtain the ground
horizontal resistance acting on the test pile. Inclinometers
were installed at the same depth as the aforementioned
transducers.

The VLT and HLT procedures are explained below,
with Steps 2, 4, and 5 illustrated in Fig. 6.

Step-1.

To eliminate the effects of the previous loading test,

Ground preparation

the model ground was subjected to complete liquefaction

for 30 minutes at a flow rate of 2.0 m*/min.

Step-2.

The test pile was filled with water to prevent

Installing the test pile

displacement by buoyancy forces. First, the ground was
liquefied at a flow rate of 1.8 m*/min, and the test pile was
inserted under its own weight into the center of the tank to

a depth of approximately 3.5 m. Subsequently, the flow

rate was increased to 2.0 m*/min, and the test pile was
further inserted to a depth of 7 m.

Step-3.
The test pile was allowed to cure for approximately

Curing of the ground

one day. Steps 4 and 5 were carried out during curing.

Step-4.  Swedish Weight Sounding (SWS) test

SWS tests were conducted 2 m west and 2 m east of
the center of the test pile. The test results were presented
in Fig. 7.

Step-5.
Displacement sensors and jacks for VHL and HLT

Preparation of the test

were installed as shown in Fig. 8. Base displacement was
measured at the steel rod base, while horizontal
displacement at the ground surface (Du_gL-0) was obtained

by the displacement sensors.

Step-6.
Initially, the ground was liquefied for 10 mins at the

Loading test

specified excess pore water pressure ratio. Vertical or
horizontal loading was then initiated while liquefaction
was maintained. The loading method followed JGS 1811-
2002 (JGS 2002) and JGS 1831-2010 (JGS 2010) for VLT
and HLT, respectively.
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Fig. 5 Layout of the test pile
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Fig. 8 Layout of VLT (left side) and HLT (right side)

" Step-4. SWS test
HLTE T s
4.3. Cone Penetration Test (CPT)

The CPT was conducted 2 m west of the center of the

tank, as shown in Fig. 9. Ground preparation to eliminate

the effects of previous tests was performed prior to each

test.
CPT and BPT BN
Test pile & Steel rod
Step-5. Prepiiration of the test
&
Fig. 6 Situation of pile installation, SWS test, VLT, and =
- i Ore pressure transducer
HLT T .a'
West side East side
N value N value
VLT 01234567 012345617
0
0
1 —=-V3
2 \ ——V6
——V9
=3 —
E E
g4 £
5 E
&S 4 &
6 A
7
8
HLT N value N value s
g P 234567 01234567 Fig. 9 Layout of CPT and BPT
L ——H0 L —o—H0
) —5—H3 , | 4 o |=-m3
—o—HE —o—HG 4.4. Borehole Pressuremeter Test (BPT)
g° g2 § The BPT was positioned with the center of the probe
=4 =4
g. s g s located 2 m from the ground surface, at the same point as
8 = - .
6 6 ;2; the CPT, as shown in Fig. 10. The probe was inserted by
7 3 o 7 % liquefying the ground, so there was no excavation hole and
8 8 the probe was in contact with the ground. Ground
Fig. 7 SWS test results at the west and east sides preparation to eliminate the effects of previous tests was

also performed prior to each test.
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5. Test results
5.1. Vertical and horizontal static loading test (VLT
and HLT) results

The vertical load-displacement curves and the g-z

curves of base resistance in all cases were obtained, as
shown in Figs. 11 and 12. Unit base resistance was
calculated using strain gauges positioned 0.3 m above the

pile base. However, in the case of V9, stable values for

Horizontal load [kN]

strain at 0.3 m above the pile base could not be obtained,

so values at 1.0 m above the pile base were used. The

stiffness at the pile head and base was observed to

0 5 10 15 20 25 30
Horizontal displacement at ground

Horizontal load-displacement curves were obtained, surface (Dy ¢y ) [mm]

decrease as ry increased.

as shown in Fig. 13. The stiffness was observed to Fig. 13 Horizontal load-displacement curve
decrease, similar to VLT.

The horizontal displacement required to obtain the p-

| Vo V3 ceeeeeees V6 oo ) y curves of horizontal resistance was estimated using
60 strain gauges installed on the test pile, based on the
following procedure:

— 30 Firstly, the bending moment was obtained using the

g 40 strain gauges, and this distribution was calculated using a

E polynomial approximation curve of the seventh order. The

:g 30 bending moment at the loading point and the test pile base

g 2 was assumed to be zero. The bending moment

> distributions were obtained for Dy g0 of 15 mm, as
10 shown in Fig. 14 of the left side.

o Secondly, the rotation angle was calculated by

0 10 20 30 40 integrating the bending moments mentioned above, with

Vertical displacement at pile top [mm] the initial value at the pile tip assumed to be zero. Cases

Fig. 11 Vertical load-displacement curve V3 and V6 were adjusted to match the value of the
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inclinometer at GL-2 m as the rotation of the pile tip was Displacement [mm]
inferred. As shown in Fig. 14 on the right side, the 2'10 0 1020 30
calculated values correspond to the measurements. 1 o
- 0
However, the rotation angle at GL-5 m was not obtained 0 e
due to the sensor failure in cases H3 and H6. 1
Finally, the horizontal displacement was calculated E2
by integrating the rotation angles obtained above, with the g_ 3
. . . . 2 4
displacement of the load point being the value obtained / 5 HO
from the displacement sensors, as shown in Fig. 15. 6 "3
The p-y curves of horizontal resistance at GL-2 m 7N He
were obtained, as shown in Fig. 16. The horizontal earth 8 -
pressure was measured using the earth pressure transducer Fig. 15 Distribution of horizontal displacement
installed on the test pile. It was observed that stiffness when Dy _GL-0 was 15 mm
decreased as r, increased.
| HO H3 ......... H6
| 4 Measure Polynomial Corrected | — 80
g
HO Moment [KNm] Angle [deg] é 7
-10 0 10 20 30 40 50 60 70 0.1 0 0.1 02 03 04 05 = 60
-2 -2 ;
1 -1 2 50
0 ™~ 0 / 2
1 \ﬁL\ 1 = 40
— L= il
E2 E2 g 30
s 3 £ 3 / =
g4 g, / £ 20
a % A g
5 5 = 10
6 | A 6 =
4 =
7| T 7 0
s s 5 0 5 10 15 20 25 30
Estimated horizontal displacement [mm]
H3 Moment [KNm] Angle [deg]
2-10 0 10 20 30 40 50 60 70 2-0.1 0 0102030405 Fig. 16 p-y curves obtained by HLT at GL-2 m
1 § 1 |Carr l(‘f'ng 1)
AN o ) |
. | / 5.2. Cone Penetration Test (CPT) results
E 2 E 2 Results of ¢, fs, and pore water pressure (1) were
g_ i J '*g_ : y/4 obtained, as shown in Fig. 17. It was observed that cone
K
= 5 = 5 7/ resistance decreased as 7y, increased, and the ratio of CO to
6 6 [ C9 generally ranged approximately 35% in the depth
7 7
8 8 direction and was larger than at the base, which was 15%.
H6 Moment [kNm] Angle [deg] The rate of decrease in f; was small from case CO to case
» 7107071020 30 4050 60 70 _2'0’1 o o 0':'0‘3 04 03 C6 but significant at case C9. One reason for this different
-1 —‘L\ -1 " trend may be attributed to the dynamic effect of the
0 .
2 L /4 penetration speed (2 cm/sec). Accurate values of u could
E 2 E2 // [ not be obtained up to 1 m above the surface due to the
s 3 . . .
g. : g, / / instability of the rod angle. In all cases, u increased
a =] . .
5 Y 5 / / proportionally with depth. The excess pore water pressure
g d : | generated by the “Liquefaction Test Apparatus” was
8 8 generally considered to be evenly distributed in the depth
Fig. 14 Distribution of bending moment and rotation angle direction, as discussed in Chapter 2.

when Du_gL-o was 15 mm
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Fig. 17 Results of cone resistance (gt), friction sleeve (fs), and

pore water pressure (u)

5.3. Borehole Pressuremeter Test (BPT) results

The pppr-drsper curves of the BPT were obtained, as
shown in Fig. 18. The initial stiffness below 2 mm did not
significantly differ across all cases. Subsequently, with the
exception of case P3, the probe pressure decreased as r,
increased. Although the ground preparation reset the
effects of the previous test, case P3 may have had stiffer

ground before liquefaction compared to other cases.

Pressure of the probe pushing
the ground, pgpy

Prove radius increments, Argpy

Probe pressure [kKN/m?]

0 2 4 6 8 10 12 14 16

Probe radius increments [mm]

Fig. 18 Horizontal resistance stiffness for BPT

6. Subgrade reaction coefficients (k)

The subgrade reaction coefficients for the three tests
were estimated using the methods outlined in Chapter 3.

For static loading tests of VLT and HLT, kv vir and
ku_nir were obtained, as shown in Fig. 19. With the
exception of case V6, a linear trend of decreasing subgrade
reaction coefficients was confirmed. The averaged N
values of V0, V3, V6, and V9 from GL-7 m to GL-7.3 m
east and west, shown in Fig. 7, were 4.0, 3.2, 4.8, and 5.1,
respectively, with V6 being higher than VO and V3. One
possible factor contributing to the exceptional trend of V6
is considered to be the variation of N values.

Regarding the estimation derived from the CPT
results, the variation of ku_cer with depth is shown in Fig.
20 (a), while the relationship between ku cpr and 7, at a
depth of 2 m is illustrated in Fig. 20 (b). For C9, the f; was
zero, rendering estimation unattainable beyond GL-3 m.
The relationship between ku_cpr and r, was confirmed to
exhibit linear agreement.

In the context of the BPT, the coefficient ku_gpr was
derived from the linear section of the pgpr-Argpr curve.
The relationship between ky_gpr and 7y is shown in Fig. 21,

where the observed trend was confirmed.
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Fig. 21 kn_per estimated from the BPT results

The subgrade reaction coefficients, normalized at r,
= 0, were obtained, as shown in Table 3. At GL-2 m, the
subgrade reaction coefficients derived from CPT data
were approximately ten times higher than those from BPT.
This discrepancy is attributed to an oversight of strain
level differences not taken into account. For instance, it
has been confirmed that Young’s modulus obtained from
shear-wave velocity is 1040 times higher than that
obtained from BPT (Anai et al. 2018). The subgrade
reaction coefficients, as indicated by the results of this
study, showed similar differences. When addressing
ground parameters during liquefaction, it is important to
consider differences in strain levels.

The relationship between the subgrade reaction
coefficients normalized at »,= 0 and , is shown in Fig. 22.
While a different decreasing trend for VLT was previously
confirmed, the decreasing trend for HLT, CPT, and BPT

was confirmed to be similar.
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Table 3 Subgrade reaction coefficients (k) normalized at 7u = 0

Test Case ru k Normalized
(Depth) [kN/mQ] atru=0
VLT VO 0.00 14,628 1.00
(GL-7m)|V3 0.30 4,784 033
Vo6 0.60 16,691 1.14
V9 0.87 3,442 0.24
HLT HO 0.00 8,650 1.00
(GL-2 m)|H3 023 7,261 0.84
H6 0.58 4,276 0.49
CPT Co 0.00 64,652 1.00
(GL2m)|C3 033 49,680 0.77
C6 0.58 35,088 0.54
9 0.83 |- -
BPT BO 0.00 3,546 1.00
(GL-2 m)|B3 0.19 3,333 0.94
B6 0.59 2,689 0.76
B9 0.90 895 0.25

| OVLT OHLT oCPT ABPT

1.2 J’ 5
1.0 A
0.8 |

k normalized at r,=0
=
- =)}

A

e
o

e
=)

0.0 0.2 04 0.6 0.8 1.0
ru
Fig. 22 Relationship between subgrade reaction coefficients (k)

normalized at ru= 0 and ru

7. Conclusions

The vertical load test, horizontal load test, CPT, and
Borehole Pressuremeter Tests were conducted under
varying excess pore water pressure ratios of the ground at
0, 0.3, 0.6, and 0.9 using the “Liquefaction Test Apparatus.”

The subgrade reaction coefficients were determined
through the examination of (1) the g-z or p-y curves
representing base and horizontal resistance in the static
loading test, (2) analysis of the CPT cone resistance and
friction sleeve, and (3) assessment of the pppr-Arspr
curves derived from the Borehole Pressuremeter test.

These subgrade reaction coefficients showed a
tendency to decrease with an increase in the excess pore
water pressure ratio, although the values were observed to
vary depending on the testing method. This variability
may be attributed to the lack of consideration for

differences in strain levels.
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