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Drained or partially drained - that is the question
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ABSTRACT: In physical model experiments on liquefaction, a boundary condition at the ground surface is in
many cases drained because adding an impervious layer is too cumbersome. In reality, however, it is hardly seen
that the ground water table is located at the ground surface. When focusing on damages caused by liquefaction,
duration of liquefaction, which is greatly influenced by the drainage condition, is one of the key factors. This
study experimentally demonstrates the difference on soil behaviour under drained and partially drained
conditions. A loose saturated sandy soil whose height is about 95 cm was prepared in an acrylic cylindrical soil
tank whose height and inner diameter are, respectively, 140 cm and 15 cm. Soil is liquefied by rotating the tank
around its axis with sin wave with amplitude of +/-0.5 degrees and 50 Hz. Amount of surface settlement and
transient behaviour of excess porewater pressure are observed and compared by varying the surface drainage
condition. To control the surface drainage condition, an aluminium plate with side wall, a few millimetres smaller
than the inner diameter of the cylinder, was placed on the surface to mimic a partially drained layer. Test results
with the plate clearly show the influence of the partially drained layer as manifestation of large surface settlements
associated with longer duration of liquefaction with large amount of sand ejecta. Significance of keeping the
partially drained condition in physical model testing should be emphasized if a test is targeting to evaluate a scale

of damage due to liquefaction.

1 INTRODUCTION

It is well understood that liquefaction occurs under
undrained condition in an element scale, while, in real
scale, it occurs under partially drained condition
sometimes accompanied by a sand ejecta. In this paper,
“partially drained condition” means ‘“close to
undrained condition.” Flow liquefaction is clear
evidence of partially drained condition in which high
excess pore water pressure last for a long time
(Yoshida and Finn, 2000).

In numerical analysis on liquefaction problem, it
is quite easy to setup a model under either undrained
or drained condition. In physical model tests, although
the importance of having partially drained or
undrained condition is obvious, it is tedious to setup a
perfectly undrained boundary to the ground surface or
in the ground. To realize this condition, low permeable
material such as silt is often utilized to cover
liquefiable layer, or dry sand is placed on top of
liquefiable layer to form an unsaturated layer. In those
cases, difficulty is that the depth of the ground water
table is in strict sense uncontrollable due to capillary
rise.

Ejection of sand from the ground, is widely
acknowledged as a definitive indicator of liquefaction
(e.g., Seed and Idriss, 1967, Bardet and Kapuskar,
1991, Wakamatsu, 2012, Ishihara, 2012, Yasuda et al.,
2012). Also it is an indicator of the partially drained

condition of the ground. Figure 1 schematically shows
partially drained condition of liquefied ground with
fissures and ejected sand. When the ground is partially
drained with cracks, a layer of water may emerge
under the impervious layer which may cause flow
liquefaction if the ground is inclined.

During the 2010 and 2011 earthquakes in
Canterbury, New Zealand, a substantial amount of
naturally deposited liquefied soil was expelled along
the Avon River (Cubrinovski and Green, 2010;
Cubrinovski et al., 2012). The extent of soil ejecta was
unexpected and led to the relocation of residents from
the affected area. Similarly, in the 2011 off the Pacific
Coast of Tohoku, Japan, earthquake, Urayasu in Chiba
Prefecture experienced significant sand ejecta from
reclaimed soil (Yasuda et al., 2012; Ishihara, 2012).
The 2024 Noto Peninsula, Japan, earthquake caused
severe liquefaction-induced lateral spreading in wide
area, by which residential houses and pipelines were
heavily damaged.

To simulate experimentally such a phenomenon,
setting up the partially drained condition is inevitable.
Although many experiments have been conducted
under drained condition because of its simplicity,
numerous studies have explored the mechanisms of
sand boiling under partially drained condition, (e.g.,
Numata et al., 1999, Numata and Someya, 2004,
Wibawa et al., 1990, Okawa, 1997, Kokusho, 1999,



Yamaguchi et al., 2008a, 2008b, Yamaguchi et al.,
2008, Ishikawa and Yasuda, 2012, Tobita, 2019),

By physical model testing, this study tries to
demonstrate the effects of the surface drainage
condition on the amounts of settlements during and
after liquefaction.
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Figure 1. Schematic view of the cross section of the ground
under liquefaction with a fissure and sand ejecta.

2 MODEL FOR PARTIALLY DRAINED
CONDITION

Effects of partially drained conditions were examined
through a series of model tests (Tobita, 2019). A loose,
saturated sand deposit was created in a transparent
acrylic cylinder with a height of 1400 mm and an inner
diameter of 150 mm as shown in Figure 2. Dimensions
of equipment and model ground is listed in Table 1.
The cylindrical shape was chosen because it lacks
corners that could negatively affect the uniformity of
sand boiling.

To simulate a non-liquefiable layer over the
liquefiable sand, an aluminium circular plate (Figure
3) was placed on the model ground surface. The plate's
diameter (144 or 146 mm) was slightly smaller than
the cylinder's inner diameter (150 mm), creating a 3
mm or 2 mm gap for partial drainage, allowing excess
pore water pressure to escape with liquefied sand. The
plate included a sidewall (Figure 3) to catch the ejected
sands (Figure 4). The sidewall height was varied (20
or 40 mm) to study the buoyancy effect on settlement
due to the wight of ejected sand. Overburden stress
was simulated by adding extra weight (100 or 250 g)
along a rod connected to the plate (e.g., 100 g in Figure
3), whose self-weight was approximately 500 g. The
inclination of the plate is limited by restricting
horizontal movement of the rod with a lid on top of the
cylinder (Figures 2 and 3).
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Toyoura sand (specific gravity: Gs=2.66, max. and
min. dry density: pamax=1.638 g/cm?, pamin=1.329
g/cm3) weighing 24.1 kg was placed in the normal
water in the cylinder. Then, using the boiling method,
the model ground surface was adjusted to a height of
950 mm from the bottom, achieving a relative density
of Dr=40% (Figure 5).
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Figure 2. A view of the acrylic cylindrical container and its
dimension and sensor location.

Table 1. Dimensions of testing equipment.

Parameter Unit Value
Acrylic Inner diameter mm 150

cylinder  Length mm 1,400

Depth of the sand deposit mm 950

Diameter mm 144 /146
Aluninum Elevation of sidewall mm 20/40

plate
Self weight of 500
Added weight of 0/100/250

Figure 3. An aluminium plate with 100 g of additional
weight and a lid to cover the cylinder top.
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Figure 4. Accumulation of ejected sand on the aluminium
plate during settlement

An electric motor was used to induce torsional
shaking along the cylinder's vertical centre axis,
simulating liquefaction, with a rotation angle of about
+0.5 degrees at 50 Hz. The shaking lasted
approximately 2 seconds, which was sufficient to
achieve complete liquefaction. Time histories of the
excess pore water pressure ratio of both drained and
partially drained condition shown in Figure 6
demonstrates that the entire sand deposit is liquefied,
as all measured excess pore water pressures (P1, P2,
and P3) reach an excess pore pressure ratio r,=1. While
shear stress and strain induced by this method may
vary radially, it is reasonable to assume these effects
diminish after complete liquefaction.

Two accelerometers (A1l and A2 in Figure 2) were
attached to the base plate to measure radial and
tangential input accelerations. Three pore pressure
transducers (P1 to P3) were installed on the cylinder's
side wall at 400 mm intervals (Figure 2). Another pore
pressure transducer (P4) was attached to the
aluminium plate to measure excess pore water pressure
trapped under the plate as water film (Kokusho, 1999).
A laser displacement transducer was used to measure
the plate's settlement, and video recordings from the
side of the cylinder visually documented the settlement
process.

Figure 7 outlines the identification of each test
case using a specific case ID. For example, the case
“PT20-146-WL20.250” uses a plate with a 20 mm
sidewall height, a 146 mm diameter, and an added
mass of 250 g.

(c) Before shaking with an aluminium
plate

(b) After boiling

(a) Before boiling

Figure 5. Preparation steps of the model ground: (a) sand
is pluviated in the water, (b) water is given from the bottom
of the cylindrical container to cause boiling of the ground
and adjust the depth of the model ground, and (c) the
aluminium plated is placed on top of the ground surface.
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Figure 6. Time histories of the excess pore water pressure
ratio: (a) without loading plate, (b) with loading plate;
PT20-146-WL20.250.
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Figure 7. Example of the case ID of PT20-146-WL20.250.
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3 DRAINED AND PARTIALLY DRAINED
BEHAVIOUR

By varying above mentioned parameters on testing,
total 70 tests were conducted (Tobita, 2019,
Yoshimura, 2018). Here, to investigate the effects of
drained and partially drained conditions on settlement
behaviour, a few cases are selected: One is for drained
condition (PT0-0-WLO0.0), and the other is for partially
drained condition (PT40-146-WL10.250).

Figure 8 compares time histories of the excess pore
water pressure of (a) drained and (b) partially drained
condition. In both cases, duration of shaking is about 2
s. Then for the drained case pore water pressure
dissipation of P2 is started at 20.2 s as indicated by the
solid arrow, while that of the partially drained
condition 30.3 s about 10 s delayed. For P1, dissipation
is started at 48.1 s in the drained condition while in the
partially drained condition 60 s about 12 s delayed. For
P3, in both cases, as it is expected, dissipation begins
immediately after shaking. For the drained case,
excess pore water pressure is completely dissipated at
about 55 s, while for the partially drained case, it may
take more than 70 s.

Time history of the settlement of the aluminium
plate for the case of the partially drained case
corresponding to Figure 8(b) is plotted in Figure 9. For
the drained case (Figure 8(a)), the continuous
measurement of the settlement with instrument was
not done but final value was measured by a ruler and
plotted with an open circle in Figure 9. For partially
drained case, settlement starts simultaneously with
liquefaction. Then, after a brief interval from shaking,
liquefied sand starts to rise in the gap with minor
settlement of the plate. The settlement of the plate is
accelerated with the ejected sand flown into the plate
until about 55 s, which gives an additional mass to the
plate. Then, the speed of settlement (slope of the
curve) becomes almost constant about 30 mm/s. For
the partially drained case, the final amount of the
settlement is about 90 mm. For the drained case, it is
about 30 mm. This large difference on settlement is
caused by elongated duration of liquefaction and sand
ejection through the gap between the side wall of the
aluminium plate and the container.

Next, significance of the partially drained condition
on liquefied sand behaviour is illustrated in Figure 10.
As a trial, continuous shaking under the same
amplitude and frequency as above was given to the
container of the drained condition until no more
settlements being observed (Figure 10(a)). It took 3
min. and 30 s to reach the settlement of about 10 cm.
The relative density after the shaking was Dr=93.7%.
By observation, it was speculated that if the shaking is
stopped the settlement might also be stopped. Thus,
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the settlement/contraction is driven by the shear due to
shaking, i.e., negative dilatancy. On the other hand, in
the partially drained condition in Figure 10(b), total
settlement of about 15 cm was achieved with the
duration of shaking only 2 s. Although the relative
density after shaking is unknown, the ground beneath
the plate was softer than that of the drained case. In the
partially drained case, the ground is less densified than
that of the drained case. This is indicating the
mechanism of re-liquefaction occurred along the Avon
River in 2010 and 2011 earthquakes in Christchurch
(Cubrinovski and Green, 2010; Cubrinovski et al.,

2012), and 2011 Tohoku, Japan earthquake
(Wakamatsu, 2012).
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Figure 8. Time histories of excess pore water pressure: (a)
Drained condition, (b) Partially drained condition.
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Figure 9. Time history of the settlement of the aluminium
plate for the case of partially drained condition. Measured
settlement for drained condition by a ruler is plotted with
an open circle.
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|| 10 cm settlement |
after 3 min 30 sec
of continuous
| shaking

(a) Drained condtion

15 cm settlement in |
1 min 10 sec after
2 sec of shaking

(b) Partially drained condition

Figure 10. Comparison of the settlement behaviour between (a) Drained condition with 3 min 30 sec of
continuous shaking and (b) Partially drained condition after 2 sec of shaking. In the partially drained
condtion (b), liquefied sands are ejected through the gap, while in the drained condition (a), the ground

surface is continuously settled without sand ejection

4 CONCLUSIONS

A series of dynamic model testing to study the
influence of drained and partially drained conditions
under liquefaction was conducted. The model ground
was constructed in an acrylic cylindrical container of
the inner diameter of 150 mm. Loosely saturated
model ground (Dr=40%) with Toyoura sand was made
by the boiling method. To mimic the partially drained
condition, an aluminium plate whose diameter was
slightly smaller than the inner diameter of the
container was utilized and placed on top of the
liquefiable ground. Shaking in the torsional direction
along the central axis of the container was given with
+/- 0.5 deg. and S0Hz. Excess pore water pressure was
dissipated through the gap of the side wall of the plate
with sand ejection.

Significance of keeping the partially drained
condition or close to the undrained condition in
physical model testing should be emphasized if a test
is targeting to evaluate a scale of damage due to
liquefaction. In this study, the settlement of 15 cm was
achieved with only 2 s of shaking under the partially
drained condition, while, under the drained condition,

5

about 10 cm of the settlement was achieved with
continuous shaking of 3 min and 30 s.

Development of a physical and flexible method to
simulate the partially drained condition is needed for
more reasonable assessment of damage due to
liquefaction.
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