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ABSTRACT: Vertical drains have been extensively used as a liquefaction countermeasure
and seismic case histories have demonstrated the effectiveness of these technique. However, it
has often been observed that excessive settlement and deformation of the ground occurred
even though excess pore water pressure was expected to dissipate and be kept low by the technique. Uncertainties and questions remain regarding the use of these technique as liquefaction
remediation. In this study, a series of centrifuge tests were conducted to promote better understanding of the performance of sand remediated with gravel drains. The effects of drain diameter/spacing ratio, and permeability and depth of liquefiable layer were systematically
investigated. Excess pore pressures observed in the tests are also compared with those predicted with the Seed and Booker’s design procedure. It is confirmed that the use of a constant
mv value over the depth in the current design procedure makes the design somewhat unsafe.
1 INTRODUCTION
Vertical drains have been extensively used as a liquefaction countermeasure and seismic case
histories have demonstrated the effectiveness of the technique. The design chart originally produced by Seed and Booker (1977) is commonly employed in the design practice to determine
drain spacing to maintain the seismically induced excess pore pressure below a certain level.
Excess pore water pressure is expected to dissipate and keep low owing to the technique.
Gravel drains and stone columns were first used in the 1970s, and more recently drains constructed with artificial materials such as prefabricated vertical drains have been introduced.
However, in recent years (particularly after 1995 Kobe earthquake in Japan), vertical drains
have become obsolete while similar other techniques such as soil densification and solidification
have been used in preference (Towhata, 2008; JGS, 2004)). One of the major reasons for this is
that the currently used design procedure often provides an unrealistically small spacing between
the drains for stronger design earthquake motions, which have been introduced after the Kobe
earthquake. Another reason is a concern about excessive settlement that might occur owing to
dissipation of excess pore pressure generated during earthquakes through vertical drains. In
fact, it was reported that excessive settlement and deformation of ground occurred although vertical drains were implemented and worked well (Yasuda et al. 1996; Unno et al. 2014).
The Seed and Booker’s chart was derived based on the diffusion equation. Dominant soil
characteristics in the equation are soil permeability and volume of water discharged from soil
in the dissipation process of the excess pore pressure. It is common practice to use the coefficient of volumetric compressibility, mv, to estimate the discharge characteristic, with specific
values recommended for soil conditions; for example, the recommended value for loose sand
is mv= 0.00005-0.0001 m2/kN (JGS, 2004). Although the drain spacing determined through
the design procedure is highly sensitive to mv, and also mv varies largely depending not only
on soil densities but also factors including soil type, stress level and generated excess pore
pressure, engineers has paid little attention in determining mv.
The objectives of this study are to provide a better understanding regarding the uncertainties. Moreover, questions remaining regarding the use of the vertical drains as liquefaction
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remediation and the validity of current design procedures. Therefore, high quality physical
test data is important and centrifuge modeling which can reproduce a realistic stress level in a
reduced scale model is a powerful tool, especially for models that exhibit stress level dependent
behavior. A series of centrifuge tests was conducted in this study to closely simulate the behavior of liquefiable level ground improved with gravel drains.
2 CENTRIFUGE TEST
2.1 Model preparation
A rectangular laminar container was used in all the centrifuge tests conducted in this study. The
box is designed to shake a plane strain geotechnical model in the long direction of the box. This
box is comprised of a stack of up to 20 rectangular rings of duralumin alloy separated by linear
roller bearings, and has internal dimensions of 12 cm wide, 40 cm long and 22 cm deep (Figure 1).
Ube-Keisa No. 7 sand deposited at a relative density Dr = 60 % was used in all six centrifuge
tests reported in this paper (Table 1). Grain size distributions of the sand and gravel used in the
tests are indicated in Figure 2. This sand is a silty sand of fine contents FC = 21 % and a permeability (for the sand at Dr = 60%, tested at 1g using water as pore fluid) of k = 6.4×10-4 cm/s.
The specific gravity of the sand is 2.63 and its minimum and maximum void ratios are emin =
0.657 and emax = 1.138, respectively. Ube-Keisa No. 1 gravel is used as the material for gravel
drain. Permeability of the gravel at γd = 13.4 kN/m3 was 3.2 cm/s, approximately 5000 times
higher than the sand.
The choice of gravel to be used as drain material is of particular importance. Since a primary
focus in this study is on the effects of soil permeability and diameter of drain on the pore

Figure 1. Model conﬁgurations in prototype scale; (a) models without drain, T1 and T2; (b) models
with 1.6m diameter drain, T3 and T4; (c) model with 0.8m diameter drain, T5.
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Table 1. Summary of test conditions (in prototype scale).
Test

Relative Density
Dr (%)

Drain dia./spacing
dw/b (m)

Pore ﬂuid

GWL
GL – (m)

Input acc.
(m/s2)

Well resistance
Lw

T1
T2
T3
T4
T5
V1

63.2
61.7
55.3
59.3
57.2
60

–
–
1.6/4.8
1.6/4.8
0.8/2.4
0.8/2.4

Metolose
Water
Metolose
Water
Water
Water

0
0
0
0
0
4.0

1.1
1.1
1.1
1.1
1.1
2.4

0.015
0.015
0.015
0.015
0.06
0.015

Figure 2.

Grain size distributions of silty sand and gravel.

pressure response of sand, the well resistance and clogging problems are out of scope. Hence,
the gravel material was selected so that the permeability is sufficiently high not to consider the
well resistance and the gravel drain was surrounded by stainless mesh sheet to avoid clogging.
The coefficient of well resistance proposed by Onoue (1988) is given by the following:
 
32 ks H 2
Lw ¼ 2
π kw d w

ð1Þ

where kw and ks are coefficients of permeability of sand and gravel, respectively; H is depth
of liquefiable sand; and dw is diameter of drain. Lw of all the models tested in this study was
lower than 0.06 and the well resistance is expected to be negligible.
Gravel drains were prepared in a metal pipe with an internal diameter of either 20 or 40
mm. A flexible stainless mesh with 0.12 mm aperture opening was placed inside the pile and
the gravel was filled in the pile. The pipe was hit and shaken repeatedly to make the gravel
dense (γd= 13.4 kN/m3). The gravel drains wrapped with the stainless mesh were extracted
from the piles and placed in the laminar box. The dry sand was poured into the laminar box
to a depth of 20 cm through a funnel. During sample preparation, pore pressure transducers
were installed at the proper locations as shown in Figure 1.
The model sand deposits were saturated, either with water (Tests T2, T4, T5, and V1 in
Table 1) or with a viscous fluid (Tests T1 and T3 in Table 1). The viscous fluid was Metolose
solution pore fluid prepared by dissolving 1.8% Metolose by weight in water, to achieve a viscosity of approximately 40 times the viscosity of water (40 cSt kinematic viscosity). The
objective of centrifuge testing using a viscous pore fluid is to simulate more closely the prototype permeability; comparison with similar centrifuge tests using water allows investigating
the effect of permeability on effectiveness of gravel drain as liquefaction countermeasure.
One consequence of using water in a centrifuge test at 40g to model liquefaction of water-saturated prototype soil in the field is that the actual prototype permeability being simulated is 40
times larger than that of the model. In this case, prototype permeability is 6.4×10-4×40 = 0.026
cm/s for the sand and 3.2×40 = 1.3×102 cm/s for the gravel, respectively. This corresponds to
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the permeability of medium sand in the field rather than that of the silty sand used in the centrifuge experiment. This is the case of the four centrifuge tests using water as pore fluid reported
here. Further, if the model is saturated with a viscous fluid 40 times the viscosity of water, the
centrifuge test simulates a water-saturated prototype soil permeability of the same sand tested,
that is 6.4×10-4 cm/s, corresponding to silty sand in the field (tests T1 and T3). Comparison
between the results of corresponding tests can then be used to examine the effect of sand permeability on pore pressure response of the same sand deposit improved with gravel drain.
De-aired pore fluid (water or Metolose solution depending on the test) was introduced
through the top of the model under a vacuum of 97 kPa until the fluid level in the laminar box
exceeded the surface of the soil. Subsequently, the vacuum was released and potentiometers
were placed as shown in Figure 1. The laminar box was moved onto the centrifuge platform
and the centrifuge was brought to 40g gradually. Finally, one-dimensional lateral shaking was
imparted along the model long axis using a mechanical shaker.
2.2 Test conditions
A total of six centrifuge tests were carried out as listed in Table 1. Five of these experiments, T1
to T5, hereafter referred to as test series T, were similar in all respects, except that two primary
testing parameters were varied between the tests: the permeability of the soil and diameter of the
gravel drain. These five models consisted of a depth of approximately 20 cm of the silty sand
having a relative density of 55%–63%. Gravel drains with diameter dw= 4cm were set at a
center-to-center spacing b= 12 cm in two models (T3 and T4), while in T5 2cm diameter drains
were set at a 6 cm spacing maintaining the replacement ratio (dw/b)2 = 0.11 constant. Two of
these models (T1 and T3) were saturated with the viscous fluid (Metalose solution) with a viscosity 40 times that of water, while the others were saturated with water. All time histories of
the lateral input shaking applied in-flight to the base of these five models in test series T have
the shape indicated in Figure 3(a), which consisted of 45 cycles of a sinusoidal wave with a

Figure 3.

Input acceleration and excess pore pressure responses observed in test T1 and T2.
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frequency of 28 Hz and uniform acceleration amplitude of 4.4g except for several cycles of a
taper at the beginning. For the 40g centrifugal acceleration, this corresponds to a prototype frequency of 0.7 Hz and a prototype acceleration of 1.1 m/s2 applied to the base of a homogeneous
silty sand layer with a prototype thickness of 8 m with and without gravel drains.
An experiment V1 was conducted using similar water-saturated models with different
ground level, GL. -10 cm, improved with the same gravel drain of 2 cm diameter and the
replacement ratio of 0.11. Considering higher overburden pressures being subjected to liquefiable layer of these models, a base prototype acceleration time history shown in Figure 14 with
higher acceleration amplitude was imparted.
In the following discussions all results and comparisons are presented in prototype units
unless mentioned otherwise.
3 EFFECT OF PERMEABILITY AND DIAMETER OF DRAIN
3.1 Pore pressure response of uniform sand without drain
In this chapter, the results of test series T are discussed. Excess pore pressure time histories
observed at depths in tests of uniform sand without gravel drain, T1 and T2, are shown in
Figure 3(b) and (c). The inset in Figure 3(a) is a close up view at the beginning of shaking that
compares input accelerations of these tests and confirms a satisfactory reproducibility. Differences in peak acceleration of each cycle are smaller than 0.08 m/s2. This is also the case for all
the tests conducted in this study.
Excess pore pressures, Δu, are gradually generated at the beginning of the shaking, started
to accumulate significantly after t= 15s when the base acceleration amplitude exceeds 0.5 m/s2
and reaches the initial effective vertical stress, σv0ʹ, at t = 20 – 21 s throughout the entire depth
of the sand. Although the sand permeability being 40 times higher for T2, the rate of excess
pore pressure generation of these two models is quite similar to each other, suggesting that
sands in these models are in the undrained condition at the beginning of shaking. Note that
the observed ru significantly overshoot the initial effective stress at the shallower depth. This is
because of the subsidence of pore pressure cells installed at shallower depth after surrounding
soil liquefies and loses its stiffness. After t = 19 s, pore pressure generation slows down in T2
at the bottom of the sand (P8), and did not reach ru= 1. Depth of liquefaction of T2 does not
reach 8m but somewhat deeper than 6m.
Differences in pore pressure response between these models are more distinctly observed
after t = 30 s. Further, ru at the bottom (P5) in the model with higher permeability (T2) starts
to decrease indicating that sand solidifies from the bottom up earlier in T2, while the solidification occurs in T1 after the end of shaking.
3.2 Effect of permeability on pore pressures in models with gravel drain
Time histories of ru in the models with gravel drain are shown in Figure 4. Note that all excess
pore pressures, not only pressures in sand but also in gravel drain, are normalized with respect
to the initial vertical stresses in sand. In T3 with sand of relatively low permeability, excess
pore pressure generation in the sand is quite similar to that in model without drain (T1 and
T2). ru in sand at both shallower and deeper depths starts to increase significantly at t = 15 s,
it reaches initial liquefaction at t = 20 – 21 s and then the sand continues to liquefy throughout
the shaking event. In this test the gravel drain cannot prevent the soil to liquefy even at a location closest to the drain (P5 and P9). Further, ru in the gravel drain increases in a similar
manner to the surrounding sand but maintains lower until t = 20 s and then starts to decrease.
It is of importance to mention that ru in the drain is considerably high even though the coefficient of well resistance Lw is exceedingly low. This is also observed in other tests in this study
as mentioned below. It may be optimistic to assume the infinite permeability of the drain and
ru in the drain being always zero in the engineering practice.
In the case of T4, where the permeability is 40 times higher than T3, ru in sand at a greater
depth (z= 6m) attains its maximum value at approximately t = 21 s, then levels off for some
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Figure 4.

Excess pore pressure responses of models with gravel drain at two depths.

time from 21 – 23 s indicating how dissipation balances generation. This is followed by swift
dissipation, even when shaking is continued. The ru in sand is considerably lower than T3 indicating the distinct effect of soil permeability on the effectiveness of gravel drains. The effect of
lowering ru extends radially from the point in the vicinity of drain (P5) to the midpoint of the
two adjacent gravel drains (P2) and ru remains lower than 0.7. The gravel drain effectively
prevented the soil from liquefaction triggering. Further, ru at a shallower depth (z= 2m) at any
locations in sand (P7 – P10) reaches the liquefaction condition. Effects of gravel drains can be
observed on the timing of dissipation initiation and more dilative responses regarding pore
pressure responses during liquefaction as compared to T3. However, the gravel drains cannot
prevent occurrence of soil liquefaction at shallower depth.
The evolution of radial distribution in ru is depicted in Figure 5. ru of T3 (low permeability
model, Figure 5(a)) is nearly uniformly distributed at any time and effects of the gravel drains
to reduce the excess pore pressure in sand is most certainly limited to the zone especially close
to the drain. While for T4 (higher permeability model) at the depth z=6m, the zone of influence where ru is believed to be lowered by the drain extends to the midpoint between two adjacent drains (P2). However, this is not the case at the shallower depth.
To consider the horizontal and vertical flow simultaneously, contours of maximum excess
pore pressure, Δumax, attained at t= 20 -21 s are indicated in Figure 6. For model T3, slopes
and intervals of the contours at greater depth demonstrates the pore fluid flowing horizontally
towards the drain. However, this is limited to the zone near the drain. While at the shallower
depth, contours are more or less horizontal and sparsely distributed, indicating that the drain
do not appear to have dissipative effect at the shallower depth.
For model T4 a distinct difference from T3 can be observed at a greater depth. A zone with
hydraulic gradients towards the drains extends radially approximately 0.5m from the drain
and Δu maintains at a low value. At the shallower depth, however, it is difficult to find any
significant difference from T3.
3.3 Effect of diameter of drain
Test conditions of model T5 is the same as T4 in all aspects with an exception of a diameter of
drain (dw) and a center-to-center spacing (b), dw= 0.2 cm and b= 0.6 cm (in model scale) in this
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Figure 5. Radial distribution of ru at selected time together with numerical simulation with mv= 0.00003
m2/kN.

Figure 6.

Contours of Δumax (at t = 20 – 21 s).

model, which are the half of those for T4, while maintaining the ratio dw/b= 0.33 the same as
T4. According to the Seed and Booker’s equation (shown later in Eq. (2)), the time required for
dissipation to occur at the corresponding point in the domain is in inverse proportion to square
of the drain radius. The drain in the model T5 is supposed to be more effective than T4.
Time histories of ru observed in T5 are presented in Figure 4(c). Radial distributions of ru are
also indicated in Figure 5(c). At z= 6m, ru attains its maximum values at t = 21 s and almost
fully dissipates at t = 35 s. Compared with T4, the lower ru and faster dissipation in T5 at z= 6m
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is attributed to the smaller diameter of the drain. Further, sand at shallower depth does liquefy
in T5, although positive effects of smaller drain diameter can be observed in the form of more
significant dilative spikes in pore pressure responses and swifter dissipation than T4.
Contours of ru_max, depicted in Figure 6(b) indicate that, at greater depth, the zone with
hydraulic gradients towards drains extends radially to the midpoint, approximately 0.8 m
apart from the drain. The slope of the contour lines is steeper and Δu is lower than the corresponding points in T4. It appears again that the drains do not have any dissipative effect at
shallower depth. Moreover, contours in sand above 2m depth are somewhat similar in all tests
(T1-T5). This is considered to be attributed to the lower horizontal hydraulic gradient towards
the drain owing to the lower Δu at shallower depths compared with that at greater depths.
3.4 Settlement
Settlement of the sand surface was monitored using two potentiometers set at the surface.
However, careful measurement at several locations after the tests demonstrated considerable
uneven settlement. This fact indicates that the recorded settlement with the potentiometer may
not be a representative settlement of the models. Hence average values of measured height of
the sand surface after tests at more than ten locations are used in this section to discuss the
settlement behavior of the models. Note that the locations of the measurement did not include
the drain. Settlement is derived from difference in height of the surface at 1g (before started
and after stopped the centrifuge) with settlement during increasing centrifuge acceleration
from 1g to 40g being considered.
Figure 7 shows the average settlement of each models owing to the shaking. Open circles
stand for model saturated with water and filled circle with 40 time more viscous fluid. Significant settlement was observed for models without drain; 48 cm for T1 where the sand liquefied
at all the depth, and 30 cm for T2 where liquefaction extended from surface to the depth of
approximately 6m as described earlier, corresponding to volumetric strain of 6% and 5%,
respectively. Model T3 develops large settlement comparable to T1. This is consistent with the
fact that the drain installed in T3 had minimum effect on the pore pressure responses. Settlement of models with drain becomes smaller sequentially in the order from T3 to T5; however,
it should be noted that settlement is not improved in T4 as compared to T2.
Figure 8 indicates the excess pore pressure profile along the midpoints between drains at t =
20 – 21 s when Δu attained its maximum value, Δu_max. It is observed that Δu_max, higher at
deeper locations, could have propagated upward thus making the overlying soil liquefied.
Similar Δu_max profile was reported by Howell et al. (2012). To estimate the depth of the liquefied sand, it is reasonable for the first approximation to assume a Δu_max profile as shown in
Figure 9. The observed ru at the depth of 6m is extended vertically upward and the depth of
the intersection with the initial effective stress line is regarded as the bottom of liquefied sand.
The relationship between the settlement and depth of liquefied sand is presented in Figure 9.
The settlement is approximately promotional to the depth of liquefied sand. This may be
attributed to the volume change characteristics of sand. Volumetric strain of sand after or
during cyclic shearing is limited if the maximum generated excess pore pressure is lower than

Figure 7.

Settlement of sand surface due to shaking.
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Figure 8.

Vertical distribution of maximum Δu.

Figure 9.

Relationship between settlement and depth of liqueﬁed sand.

approximately 80 %, and abruptly increase if the sand liquefies and rearrangement of soil
fabric occurs (e.g. Ishihara and Yoshimine 1992; Ohno et al. 1983). It is evident from the
figure that settlement is dominated by the thickness of the liquefied layer.
4 VALIDITY OF CURRENT DESIGN METHOD
The design of vertical drain in the current practice widely uses the design charts (e.g. JGS,
1998) originally developed by Seed and Booer (1977). Generation of pore pressure owing to
earthquake shaking and axisymmetric diffusion is given as follows.
 2

k
∂ Δu 1 ∂Δu
∂Δu
þ
¼
2
mv γw ∂r
r ∂r
∂t

∂ug
∂t

ð2Þ

where mv and k are the coefficient of volumetric compressibility and permeability of sand,
respectively; γw is unit weight of pore fluid; and ∂ug =∂t is generation rate under the undrained
condition. Values of mv recommended are for example mv= 0.00005-0.0001 m2/kN for loose
sand and 0.00002-0.00005 m2/kN for medium dense sand (JGS, 1998).
In equation (2), no consideration is provided to the vertical dissipation since horizontal
drainage path to the nearest gravel drain is usually much shorter than vertical drainage
boundary. Seed and Booker (1977) validated this simplification by demonstrating that ru_max
obtained from analysis assuming radial drainage alone (Eq. (2)) was virtually the same as that
assuming radial and vertical drainage simultaneously.
It should be mentioned here that, for such a fully submerged uniform sand deposit as studied in this paper, depth is not a factor to be considered as far as a constant mv is employed
throughout the depth. A certain value of ru generated in sand causes a horizontal hydraulic
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gradient toward gravel drain which is proportional to the depth or initial effective vertical
pressure, σv0ʹ, and amount of water to be squeezed out from the sand to flow toward the drain
is also proportional to σv0ʹ. Consequently, there is no dependence on depth of pore pressure
dissipation responses.
Radial distribution of ru of the models are simulated in this study with equation (2) and
shown in Figure 5 with solid lines for representation. In the calculation mv= 0.00003 m2/kN
was assumed irrespective of depth. To calculate the generation term in equation (2), the
equivalent number of cycles Neq= 35, number of cycles to cause liquefaction Nl= 3 and duration of shaking td= 58 s were used based on the tests without drain (T1 and T2). It should be
noted that the observed excess pore pressures in the drains were used as the boundary condition to closely simulate the pressures in the model sand.
The simulation captures the overall trend of radial distribution and evolution with time that
was observed in the tests at a greater depth (z= 6m) fairly well. For T3, which is a lower permeability model, the generation rate is the fastest among the three models with drains. ru distributed uniformly with respect to the zone of influence owing to the drain extended only 0.3
m in sand from the sand/drain boundary. For T4 with higher soil permeability, the zone of
influence reached to the midpoint and ru is maintained at a lower level everywhere in the sand.
Further effect in reducing ru can be observed for T5 with smaller diameter drain and higher
permeability.
The results of the numerical simulation for the shallower depth, z= 2m, is almost the same
as those for z= 6m, because the simulation employed the same mv value irrespective of depth.
Slight differences between two depths are owing to ru observed in the model drain which was
used as the boundary condition in the simulation. It is apparent that the observed ru in the
tests are higher than that simulated at z= 2m. While the sand liquefied at z= 2m in T4 and T5
except for the zone near the drain, the simulation predicts non-liquefaction. This distinctly
demonstrates that equation (s) in conjunction with the constant mv assumption considerably
overestimates the effect of drain, i.e. on the unsafe side.
Variation in ru along depth observed in the tests could be partly explained by well resistance. Onoue (1988) conducted numerical analysis for sand with uniform mv considering the
well resistance. He showed that ru at shallower depth could be somewhat higher than that at
middle depth and this well resistance effect can be significant for drains with higher well resistance. However, this effect is considered negligible in this study since the well resistance of the
models was kept low (Lw< 0.2).
Volumetric strain of sand for both drained and undrained conditions was studied by several
researchers. Finn (1981), among others, found a relationship between the volumetric contraction and generated excess pore pressure based on cyclic shear tests. For medium-dense clean
sand, excess pore pressure ratio uniquely correlated with the volumetric strain that could have
been attained if the same test was conducted in the drained condition, and a volumetric strain
(in the order of 1%) was required to reach a condition close to liquefaction (excess pore pressure ratio higher than 90%). Okamura et al. (2018) explained the increase in the liquefaction
resistance owing to partial drainage, imperfect saturation of soils, and membrane penetration
during shearing in terms of the volumetric strain. It is known that unsaturated soils exhibit
higher liquefaction resistance than fully saturated soils. The underlying mechanism that
enhance the liquefaction resistance of unsaturated sand is considered the same as sand in the
partially drained condition; air in a partially saturated sand mass absorbs generated excess
pore pressures by reducing its volume. Okamura and Soga (2006) found a unique relationship
between volumetric strain and liquefaction resistance ratio, which is practically free from confining stress. Nelson (2018) conducted cyclic triaxial tests in the partially drained condition
and observed that the relationship between volumetric strain and generated excess pore pressure did not significantly depend on confining stress.
These experimental evidences suggest that it is reasonable to employ a “constant volumetric
strain” assumption rather than the “constant mv”. The use of the assumption of the constant
volumetric strain at any depth is equivalent to that of mv which is inversely proportional to
depth. mv is assumed in the following form and simulations were conducted for the two depth
of models T3, T4 and T5,
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Figure 10. Radial distribution of ru from numerical simulation with the “constant volumetric strain”
assumption.

mv ¼ mv0

p0
σv0 0

ð4Þ

where σv0ʹ is initial effective vertical stress; mv0 is soil compressibility at σv0ʹ= 1 atm; and p0 is
the atmospheric pressure. Figure 10 shows the results of simulation using the “constant volumetric strain” assumption where mv0 was set as 0.000025 m2/kN together with the test observations. The values of mv for z= 2m and 6m in the calculations were 0.00015 m2/kN and
0.00005 m2/kN, respectively. The simulation agrees satisfactorily with the centrifuge test
observations for T4 both at z=2m and 6m. For T5, the simulation still overestimates the effect
of the drains at shallower depth, it compares well until t = 19 s. It is concluded that the current
design procedure overestimates the effects of drainage at shallower depth and vice versa.

5 RESIDUAL SETTLEMENT
Settlement of ground improved with vertical drains is another concern addressed by several
researchers. Excessive settlement might occur owing to dissipation of excess pore pressure generated during earthquakes although the improved ground was considered non-liquefied. The
improved ground in Rokko Island and Port Island hit by the 1995 Kobe Earthquake (Yasuda
et al. 1996), Shiogama port hit by the 2011 Tohoku earthquake as well as shaking table tests
(e.g. Sasaki and Taniguchi. 1982; Unno et al. 2014) were the case. These field case histories
and model test observations are, however, contradictory to the accumulated knowledge that
volumetric strain of sand after dissipation of excess pore pressure generated by undrained or
partially drained cyclic shearing is small, typically less than 1%, as long as the sand does not
reach the liquefaction condition. The settlement observed in the tests described above in this
paper is largely dependent on the depth of liquefied sand (Figure 9). One may assume that the
excessive settlement was probably caused mainly by liquefaction of soil at shallower depths of
improved ground; the vertical drains designed and implemented in the sites were effective to
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prevent the liquefaction of soil at greater depths, which reduced the depth of liquefied sand
but could not prevent triggering at shallower depth. In fact, Yasuda et al. (1996) reported that
settlement in the zone with vertical drain implemented, typically ranging between 0 and 40
cm, was considerably smaller than that in the adjacent non-improved zone, 0 – 95 cm.
To examine the hypothesis that excessive settlement occurred in the ground improved with
vertical drain was due to the soil liquefaction at shallower depth, an additional centrifuge test
(Test V1 in Table 1) was conducted.
A model saturated with water was prepared in the same manner as done for tests T5, and was
also tested at 40g centrifugal acceleration, with an exception of the locations of sensors. The
pore water was drained at 40g through a siphon set in the model as shown in Figure 11 until the
ground water level reached the depth of 4m below the surface. The model was subjected to the
base shaking shown in Figure 10. To make the seismic stress ratio at the middle depth of liquefiable layer (z= 6m) the same as that in the former tests T1-T5, acceleration amplitude of 2.0 m/
s2, which was 1.8 times higher than that for the former tests, was imparted to the base.
Figure 12(a) depicts input acceleration of the test V1. The actual input acceleration amplitude is somewhat higher than that intended. Figure 12(b) and (c) shows time histories of ru at
the two depths in the liquefiable layer. ru of the greater depth (p3, p4) increases at the beginning, reaches the peak at t = 20 s and dissipates after that, which is quite similar to that
observed in T5. At the shallower depth (p6, p7), ru demonstrates quite similar behavior to that

Figure 11. Model conﬁgurations for V1.

Figure 12. Time histories of (a) input acceleration and (b)(c) ru.
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at deeper depth, with the maximum ru stayed lower than 0.4, indicating that the sand did not
liquefy anywhere in the liquefiable layer of V1.
The average settlement of 19 cm (Figure 9), which accounts for contraction settlements due to
the saturated and the unsaturated layer above the ground water table. These components of the
settlement are estimated to be 12 cm and 7 cm, respectively, as follows. Residual excess pore pressures observed after ample time (t = 1200 s) in the sand at two depths are 8.1 kPa at z = 5.3 m
and 7.7 kPa at z = 6.7 m, which are arisen from the rise in the water table and subsidence of the
pore pressure cells. Assuming that the sensors moved with the surrounding sand, the difference in
these residual pressures can be regarded as difference in vertical settlement at the two depths.
Hence the volumetric strain of sand below the water table is estimated to be 3 % and corresponding settlement 12 cm. Volumetric strain of the sand below the ground water table in model V1
which was effectively prevented from liquefaction triggering by implementing drains is significantly smaller than that of liquefied sand in T1 and T3 (approximately 6%), but noticeably larger
than that typical value of non-liquefied sand (less than 1 %) observed in laboratory tests after
dissipation of excess pore pressure generated by undrained cyclic shearing.
These centrifuge results partly support the hypothesis that excessive settlement observed in
the ground improved with vertical drains such as that in Kobe earthquake in 1995, Tohoku
earthquake in 2011 and shaking table tests may be owing to the liquefaction of soil at shallower depth, which was supposed not to be liquefied in the design with the used of constant
mv irrespective of depth. They also confirm that non-negligible settlement may occur even
though the excess pore pressure ratio is maintained at lower level by drains.
6 CONCLUSION
The paper summarizes research using the centrifuge at Ehime University on the effect of
gravel drains to prevent liquefaction triggering and settlement. Shaking tests were conducted
in a laminar box at a centrifugal acceleration of 40g, simulating a 8 m thick homogeneous
layer of silty sand of relative density 60% improved with a replacement ratio of 11%. Five centrifuge experiments were conducted using either water or a viscous pore fluid forty times more
viscous than water, thus varying the soil permeability by a factor of forty and simulating
either fine sand or silty sand in the field. These five models were subjected to the same base
input excitation of a peak input accelerations 0.11g. An additional centrifuge test of a similar
model with water as pore fluid and lowered ground water table was subjected to a stronger
base shaking. The following primary conclusions are obtained from these results.
• Gravel drains effectively prevented liquefaction triggering of ﬁne sand at a greater depth
but not at shallower depth. The higher the initial effective stress is, the more effectively the
drainage works to dissipate the generated excess pore pressures.
• The numerical simulation commonly used in the design practice predicted excess pore pressure distribution in the models quite satisfactory at the greater depth; however, it signiﬁcantly overestimated the effect of gravel drain at shallower depth. The use of constant mv
irrespective of depth could be responsible for this.
• Excessive settlement observed in the ground improved with vertical drains in past earthquakes was probably partly due to the liquefaction of soil at shallower depth, which was
not supposed to liquefy by assuming a constant mv, irrespective of depth.
• Settlement of ground surface increased with the depth of liqueﬁed soil. The model with
lowered ground water table not liquefying at any depth due to the gravel drains, still demonstrated noticeable subsidence.
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