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Abstract

The evaluation of the liquefaction resistance of compacted ground, such as by the sand compaction pile (SCP) method,
is performed by considering the N-value from standard penetration test obtained between the sand piles which is the
weakest point. Therefore, under this condition, the liquefaction resistance cannot be evaluated appropriately as the
composite ground effect due to the existence of the compacted sand pile and the increase in lateral stress induced at the
time of sand pile installation are not taken into account. In addition, the liquefaction resistance determined from the
results of subjecting samples, obtained by push tube sampling between the sand piles, to laboratory tests such as cyclic
undrained triaxial tests may underestimate the in-situ resistance of the compacted ground because of possible effect of
disturbance (loosening) during sampling and transport. Since the current design procedure evaluates the liquefaction
resistance of the improved ground with respect to the increase in the relative density, it can be surmised that the actual
liquefaction resistance is not properly evaluated; however, if it can be estimated directly in-situ, such problem may be
resolved.

In this paper, in order to estimate the in-situ liquefaction resistance of the compacted ground, the results of
vibration tests conducted previously at four sites using the vibro hammer of SCP method are re-analyzed and the
relationship between the maximum shear stress ratio, Ly, and the maximum excess pore water pressure ratio, 7, max, 1S
plotted. From the chart, it is observed that for the same corrected SPT N-value N, the pore water pressure development
is different between the natural ground and the compacted ground, with the latter being more effective in suppressing
the generation of pore water pressure for the same level of ground shaking. This observation indicates that, for the same
level of shear stress induced by earthquake shaking and for the same SPT N-value obtained by analysis or from
numerical simulation, the compacted ground has larger liquefaction resistance when compared to the original ground.
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1. Introduction

The evaluation of the liquefaction resistance of ground improved by sand compaction pile method
(hereinafter referred to as the “improved ground”) is usually performed using the standard penetration test
(SPT) N-value obtained between the piles. However, since the relationship between the liquefaction
resistance of the ground and the penetration resistance (i.e. the N value) assumes that the static earth pressure
coefficient, K, of the ground is 0.5, the resistance is deemed to be underestimated because any increase in
the K, value as a result of sand pile installation is not considered. In addition, the liquefaction resistance
obtained from the laboratory test results, such as from undrained cyclic triaxial tests, on tube-sampled
specimens of the improved ground indicates that the potential disturbance of the specimen during sampling
and transport may result in underestimation of the in-situ liquefaction resistance [1]. Furthermore, the actual
improved ground is a composite ground consisting of multiple compacted sand piles and the ground in-
between the piles, and the liquefaction resistance between the piles does not reflect the composite ground
effect due to the presence of sand piles. Hence, as described above, the current design procedure evaluates
only the effect of density increase on the liquefaction resistance of the improved ground and therefore it can
be surmised that such resistance has not been properly evaluated. However, if the resistance can be estimated
directly in-situ, the issue may be resolved.

In this paper, the results of four previous vibration tests are collected and reorganized. In the tests,
schematically shown in Fig. 1, vibrations by the vibratory hammer of the sand compaction pile (SCP)
method are applied to the ground and the accelerations induced in the ground and the generated excess pore
water pressure are measured. Based on these results, the response of acceleration and excess pore water
pressure at the sensor locations is correlated to the liquefaction resistance of the ground, from which a chart
is developed to estimate the in-situ liquefaction potential of the ground improved by compaction.
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Fig. 1 — (a) Schematic diagram of vibration test; and (b) photo of vibro-hammer of SCP machine.
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2. Re-analysis of previous vibration tests
2.1 Measurement conditions in previous vibration tests

In the past, attempts were made to evaluate the improvement effect in terms of water pressure control by
comparing the excess pore water pressure (EPWP) developed in the original ground and the improved
ground by directly measuring the in-situ pore water pressure within the ground. Table 1 summarizes the
measurement conditions during the vibration tests at four sites: site A [2], site B [3], site C [4], and site D [5].
At sites A, B, and D, the casing of the SCP machine was used as vibration source (frequency: 9-10 Hz) and
the generated acceleration and excess pore water pressure were measured. On the other hand, at site C, an H
pile held by the vibro-hammer of the SCP machine was used as the vibration source. The table shows the
location of the sensors (accelerometers and pore water pressure gauges), and the corresponding normalized
N-value, N, corrected N-value, N,, and liquefaction resistance, R;, computed from the SPT N-value and
fines content, F,, of the adjacent ground using Eq. (1) [6] and Eq. (2) [7]. The measurement points include
the 4 locations in the original grounds and 6 locations in the improved grounds, resulting in a total of 10
measurement locations.

Table 1 — Measurement conditions in previous vibration tests

Site Set Specification | Fines SPT N- Normalized| Corrected | Liquefaction
name depth, Ground (Infill content, value N-value, N-value, Resistance, Remarks
z (m) material) | F, (%)" M N, R
Original ground 19 10.7 0221  |*Measurement
4 . — 7 10.7 durlng
(Fine sand) (10) (10.7) (0.226) X )
installation
. , |Original ground B 9 5 6.1 6.1 0.167 (penetration/
Site A (Fine sand) (10) : 6.1) (0.183) | formation)
Improved P
7 ground Unknown (11109) 15 18.3 (} gg) (ggg })
(Fine sand) ) )
— =
Original grougd 206 0312 Megsurement
2 (Upper volcanic - 394 10 11.8 (25.9) (0.451) during
sand) ) ) installation
Improved (penetration/
2 ground (Upper (L D(li.Sm 38.2 15 17.7 éz'% (gﬁ)z) formation)
Site B volcanic sand) (Gzrad]) ’ ' *Soil data
Original ground 107 0221 from nearby
8 (Lower volcanic - 352 7 6.2 : : data
sand) 134 (0.249)
Improved
700 ol.5m 18.6 0.293
8 ground (Lower 40.0 12 10.6
ol gand)) (sand) (23.6) (0.371)
Improved *F, measured
4.5 ground (Sandy MY i 10.0 25 34.1 Sl Sl from D5, and
. (sand) 34.1) (3.132)
Site C soil) U.[4]
e Improved 700 ol.6m 300 0795
4.5 ground (Sandy (crushed 10.0 22 30.0 ) ’
. (30.0) (0.795)
soil) stone)
Improved *Measurement
. 700 ol.6m 1033 31 31.5 1.012
Site D| 12.5 | ground (Sandy ¢ > 26.6 at fixed
sl (sand) (21.5) (31770) (34.7) (1.734) position
D F_in () is average value
DN, Ry in () are from [7]
3
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Design Specifications for Highway Bridges [6]:

Clz

_ {0.088 Na/1.7 (Na < 14) )
Y7 0.088/Naj17 + 1.6 x 10~5(Na — 14)*5  (Na Z 14)

Na = C1N1 + CZ
N, = 170N/ (g}, + 70)

1 (0% = F. < 10%)

(F. +40/50)  (10% < F, < 60%)

F./20 -1 (F. 2 60%)

c _{o (0% = F, < 10%)
27 (F,—-10)/18 (F. 2 10%)
Design Specifications for Highway Bridges [7]:
B {0.0882\/(0.85Na +21)/1.7 (Na < 14) @
0.0882,/Na/1.7 + 1.6 x 10~6(Na — 14)*5 (Na = 14)

(Dso < 2mm)

Cre(Ny + 2.47)
Na =
(Dsp Z 2mm)

{1-0.3605410(Ds0/2)}N;
N, = 170N /(o) + 70)
1 (0% = F, < 10%)
(E.+20)/30  (10% = F. < 40%)
(E./16) /12 (E, = 40%)

Cr¢c =

In the above equations, R; is the liquefaction resistance, C;, C,, Cg¢ are the correction coefficients of the SPT N-value
due to fines content, o, is the effective overburden pressure (kN/m?) and Dsy, is the mean particle diameter (mm). Fig. 2
compares the liquefaction resistance for the 10 measurement points based on Egs. (1) and (2). It is noted that the 2017
version of the code results in larger correction for fines content than the 1996 version; this is the aftermath of the results
of investigations conducted following the 2011 Tohoku earthquake.

35 r

Original Improved

3 ground ground
JRA1996) O m]
"E: 25 IRAZOI7] W | |
g
5
2 -
]
§ 15
k!
5 1 L
=z -
moamd AL
\ ¥ # A ” IR T T e
Site A Site B SiteC SiteD
N, 11 6 *’1@ 12 @ 6 g % g% g
Fe 10 10 @ 39 38 35 )) ) 0 )

Fig. 2 — Comparison between the liquefaction resistance, R;, at the 10 measurement points.

2.2 Outline and results of the test at site D

2.2.1 Outline of the experiment
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To illustrate the vibration tests, site D is considered. Here, vibration was applied on the ground improved by
the SCP method at a frequency of 9 Hz by oscillating a vibro-hammer using a casing, and the acceleration
and the pore water pressure induced were measured over time through the accelerometer and pore water
pressure gauge installed within the improved ground. Specifically, the accelerometer (with one vertical
component and two horizontal components) and pore water pressure gauge shown in Fig. 3(a) were installed
through the borehole at the position shown in Fig. 4, and shaking was applied by vibrating the vibro-hammer
over a certain period of time near the sensors, at locations shown in Fig. 5. Fig. 3(b) shows the measurement
condition at the time of the test. Fig. 4 also shows the cross-sectional view of the sensor installation location
and the profile of the ground. The improvement pitch was 0 1.5 m (square grid pattern with improvement
ratio, a, = 17.1%) and the soil profile consisted of an alternating layer of upper sand layer, lower sand layers
(1) and (2), and clay layers. The sensor was installed at the lower sand layer (1) at GL-12.5 m.

(b)
Fig. 3 — Photos showing: (a) accelerometer and pore pressure gauge used in the test; and (b) condition during
the test.
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Fig. 4 — Cross-sectional soil profile and sensor location
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Fig. 5 — Layout of SCP piles and locations of sensors and vibration points for three cases at Site D

2.2.2 Measurement results

Fig. 6 shows the measurement results corresponding to the three locations where the vibration was induced
(i.e. Cases 1-3). The time histories of the vertical acceleration (top row), horizontal acceleration (middle row)
and excess pore water pressure (bottom row) are shown in the figure. Note that the vertical acceleration was
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generally larger than the horizontal acceleration. In Cases 1 and 2, almost no excess pore water pressure was
generated for the cases where the maximum vertical accelerations corresponded to 80 to 330 cm/sec’. In
Case 3, where the largest vertical acceleration was measured at 1270 cm/sec’, the excess pore water pressure
was only 24.1 kPa against an effective overburden pressure of 128 kPa (i.e., excess pore water pressure ratio,
r,=0.19).

Note that while actual earthquakes are generally multi-directional, it has been customary in practice to
consider the horizontal peak ground acceleration, not the vertical acceleration, when evaluating liquefaction
potential. This is because lateral shaking is a result of the propagation of S-wave into the medium (as
compared to P-wave, which is generated by vertical acceleration). As a consequence, it is the horizontal peak
ground acceleration which is used in the simplified empirical equation to calculate the shear stresses induced
by the earthquake [6-7]. It should also be mentioned that numerical investigations performed by various
researchers concluded that the resistance to liquefaction was not significantly affected by the vertical base
acceleration [8, 9]. Hence, when investigating soil liquefaction occurrence in field tests, such as those
discussed here, the horizontal peak acceleration, rather than the vertical peak acceleration, should be
employed.

A comparison of both horizontal and vertical maximum accelerations recorded during vibration tests
at Site D is shown in Fig. 7. It is clear that the maximum vertical accelerations are generally twice that of the
maximum horizontal accelerations. Similar trends were observed at the other test sites; hence, the vertical
accelerations dominate the observed response (due to the vertical vibration direction) and the maximum
horizontal accelerations are about half of the maximum vertical accelerations.
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Fig. 6 — Time histories of vertical acceleration (top), horizontal acceleration (middle) and excess pore water
pressure, EPWP (bottom) for each vibration point
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Fig. 7 — Comparison between maximum vertical and horizontal accelerations recorded at Site D.

3. Relation between acceleration due to vibration and excess pore water pressure
3.1 Confirmation of improvement effect

From the previous tests (sites A and B), the relations between the maximum horizontal acceleration ratio
Oma/g and the maximum excess pore water pressure ratio, 7,,. are plotted in Fig. 8. In terms of
improvement effects, the three sets of data (0 — e, A — A, 0 - m) show that the range for the improved
ground data plots to the right of the range for the original ground data. This trend indicates the effectiveness
of ground improvement in suppressing the development of excess pore water pressure in the ground.
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Fig. 8 — Results of vibration tests

3.2 Estimation of liquefaction resistance
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The data of all the measurement points shown in Table 1 were divided into two groups: those with F. > 20%
and those with F. < 20%. For each group, the relations between the maximum shear stress ratio, L,
obtained from the maximum horizontal acceleration ratio as indicated by Eq. (3), and the maximum excess
pore water pressure ratio, 7, ..., are obtained and plotted in Fig. 9.
amax O-V

Lpae ==, 3)
In the above equation, &’ and o, correspond to the effective and total overburden pressures, respectively, at
the sensor installation depth. Note that while the maximum horizontal accelerations were monitored in sites
A, B and D, no data was available for site C. Hence, the maximum horizontal accelerations in site C were
estimated from the monitored maximum vertical accelerations and the relations shown in Fig. 7.

In the plots, the normalized SPT N values, »,, calculated using Egs. (1) and (2), are also indicated
beside each data point. Based on these values, trend lines corresponding to N; = 5, 10 for the original ground
and N, = 20, 30 for the improved ground were drawn. Paying attention to the lines in both figures, it can be
seen that lines with the same &, value tend to shift to the right as F. increases. This is expected because
higher fines content tend to suppress the generation of excess pore water pressure during shaking.
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Fig. 9 — Relations between maximum shear stress ratio and excess pore water pressure ratio

To incorporate the effect of fines content, Fig. 10 shows the same plots, this time corresponding to the
corrected SPT N value, N,, calculated using Egs. (1) and (2) from the codes [6, 7]. In the figure, the label for
each data point is the N, -value calculated using both codes. From these values, the trend lines for N, = 5, 10,
20 for the original ground and N, = 20, 30 for the improved ground, are drawn as in the previous figure.
Considering the trend lines, it is seen that the water pressure suppression effect is different between the
original ground and the improved ground even for the same N, = 20 value, indicating that, for similar ground
motion level, the improved ground has a higher pore water pressure reduction effect. This fact indicates that,
for the same SPT N-value, the improved ground has larger liquefaction resistance when compared to the
original ground. This is consistent with the observations from analysis examples based on N values and shear
stress during actual earthquakes [10] as well as reproduction analysis examples of actual earthquakes [11].

Also indicated in the upper part of the figure are the ranges of liquefaction resistance, R;, of the
original ground estimated using both the 1996 and 2017 versions of the code [6, 7]. Note that when ru,,=1.0
for the original ground, the factor of safety against liquefaction, F, is equal to 1.0; hence, L,—R;. Thus,
when the trend lines for the original ground are extended to ru,,,=1.0, the lines should pass through these
code-specified values. It can be observed that the extension of the trend lines for the original ground with
N,=5 and 10 generally fits the code specifications, while the line for N,=20 plots more towards the right of
the code-estimated values.
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While more data is needed, it can be said that Fig. 10 provides a reasonable estimate of the
liquefaction potential of both natural and SCP-improved grounds. That is, if L. (expressed in terms of
maximum horizontal acceleration ratio) and N, of the ground at a particular depth are known, ru,,,, at that
location can be estimated from the chart. Should a factor of safety against liquefaction, F;, be required, this
can be estimated using available F; -ru relations [e.g. 12, 13]. Hence, the chart can be used to evaluate
directly the in-situ liquefaction potential of both natural and SCP-improved grounds.

R, for original ground from JRA code [6, 7]
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Fig. 10 — Chart for evaluating liquefaction potential

4. Conclusion

This paper collected and re-organized the results of previous vibration tests and proposed a chart (i.e. relation
between the maximum horizontal shear stress ratio, L., and the maximum excess pore water pressure ratio,
umax) fOr evaluating the in-situ liquefaction potential of both original and compacted ground. From the chart,
it was found that the water pressure suppression effect was different between the original ground and the
improved ground even for the same corrected N-value, N,, with the improved ground having a higher water
pressure reduction effect for the same ground motion level. This fact suggested that the improved ground had
larger liquefaction resistance when compared to the original ground, consistent with the analysis examples
based on N values and shear stress during actual earthquakes as well as reproduction analysis examples of
real earthquakes.
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