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Centrifuge study of downdrag on axially loaded piles in liquefiable soils

Centrifugeuse étude d'abaissement sur des pieux chargés axialement dans les sols liquéfiables

Sumeet Sinha, Katerina Ziotopoulou & Bruce Kutter
Civil and Environmental Engineering, University of California Davis, USA, skssinha@ucdavis.edu

ABSTRACT: Piles are designed to transfer superstructure loads using positive skin friction and tip resistance while undergoing
acceptable settlements. However, when liquefaction-induced soil settlement occurs, it can drag the pile downward and result in
negative skin friction and drag load. In such cases, estimating the drag load and pile settlement becomes important for pile design. A
series of centrifuge model tests were performed to study liquefaction-induced downdrag on piles. The tests included four heavily
instrumented piles installed in two different soil layered profiles with their tip embedment zero, three and five times their diameter
in the dense sand. Loads on the piles were varied to study their effect on drag load and pile settlement. Results are presented
describing the mechanism behind the development of liquefaction-induced downdrag, the magnitude of drag load, and pile
settlement. Finally, recommendations are made for the design of piles in liquefiable soils.

RESUME : Les pieux sont congus pour transférer les charges de la superstructure en utilisant un frottement de peau positif et une
résistance de pointe tout en subissant des tassements acceptables. Cependant, lorsque le tassement du sol induit par la liquéfaction se
produit, il peut entrainer le pieu vers le bas et entrainer un frottement négatif de la peau et une charge de trainée. Dans de tels cas,
l'estimation de la charge de trainée et du tassement des pieux devient importante pour la conception des pieux. Une série d'essais sur
modele de centrifugation a été réalisée pour étudier la trainée descendante induite par la liquéfaction sur les pieux. Les tests comprenaient
quatre pieux fortement instrumentgs installés dans deux profils de couches de sol différents avec leur ancrage de pointe nul, trois et cinq
fois leur diamétre dans le sable dense. Les charges sur les pieux ont été variées pour étudier leur effet sur la charge de trainée et le
tassement des pieux. Les résultats sont présentés décrivant le mécanisme derriére le développement de la trainée descendante induite par
la liquéfaction, I'ampleur de la charge de trainée et le tassement du pieu. Enfin, des recommandations sont faites pour la conception des
pieux dans les sols liquéfiables.
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1 INTRODUCTION resistance to balance the overall load at the neutral plane. The
current state of practice AASHTO (2020) assumes negative skin
friction equal to the residual shear strength of soil in the

liquefiable zone and ultimate interface strength in the non-

Piles are designed to transfer loads to greater soil depths and
more capable strata through skin friction and tip resistance while

undergoing acceptable settlement relative to the tolerances of the
supported structure. Pile settlement relative to the downward
moving soil is only relevant with respect to the magnitude of unit
negative shaft resistance. Under normal conditions, the pile
resists the superstructure load by mobilizing positive skin friction
around its shaft and tip resistance at its toe, resulting in an overall
decrease of axial load with depth. However, when earthquake-
induced liquefaction occurs, reconsolidation in the liquefied
layers results in soil settlement around the pile (Figure 1). The
phenomenon of drag on a pile from the settlement of soil
surrounding it is known as downdrag. If the settlement of soil
around the shaft exceeds the movement of the pile, negative skin
friction is generated. The developed negative skin friction adds
an internal load on the pile known as drag load (Figure 1(b)). As
a result, the overall load on the pile increases with depth until the
pile experiences positive skin friction, after which it starts to
decrease. The depth at which the soil and the pile settle the same
(i.e., their relative movement is zero) is known as the neutral
plane (see Figure 1(b)). Above the neutral plane, the relative
movement of the soil is greater than the pile resulting in the
development of negative skin friction and drag loads. Below the
neutral plane, the relative movement of the pile is greater than
the surrounding soil resulting in the development of positive skin
friction that resists the loads on the pile. Overall, the load on the
pile increases while the length of the pile resisting the load
decreases. As a result, more load is transferred to the tip, and the
pile settles until a force equilibrium is achieved. Estimating the
drag load and the pile settlement is thus important for designing
and evaluating the performance of piles in liquefiable soils.
Estimating the drag load for pile design requires estimating
the neutral plane and the mobilized negative skin friction in the
liquefiable and non-liquefiable layers above it. Pile settlement
can be calculated from the tip movement required to mobilize tip

liquefiable layers. Fellenius and Siegel (2008) recommend using
the unified pile design method (Fellenius 1984; Fellenius 2004)
with zero negative skin friction in the liquefiable layers to
estimate the drag load and pile settlement. Boulanger and
Brandenberg (2004) proposed a modified neutral plane method
to estimate the development of negative skin friction and pile
settlement during reconsolidation. The method assumed full
mobilization of interface friction linearly factored with the
excess pore pressure in soil. Through blast-induced liquefaction
studies, Rollins and Strand (2006) recommended the negative
skin friction in the liquefiable layer as approximately 50% of the
positive skin friction before liquefaction. However, in blast-
induced liquefaction test conducted on sites with earthquake
drains, Rollins and Strand (2007) observed the negative skin
friction equal to 100% of the positive skin friction before
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Figure 1. Illustration of liquefaction-induced downdrag on piles.



liquefaction.  Caltrans  (2020) and Federal Highway
Administration (FHWA) (Hannigan et al. 2016) recommend the
use of the neutral plane method with soil behavior models (t-z
and q-z models) calibrated from the field tests to determine the
drag load and pile settlement. While the studies mentioned above
have improved our understanding of liquefaction-induced
downdrag, there is still some confusion in estimating the negative
skin friction in the liquefiable layer and pile settlement. More
testing is required to understand the development of drag load
and pile settlement in liquefiable layers.

In the present study, centrifuge model tests were performed to
study liquefaction-induced downdrag on piles. Four heavily
instrumented piles with their tip embedded zero to five times
their diameter in dense sand were tested in two soil profiles with
varying loads resulting in static safety factors ranging from 2.5
to 12. Results illuminate the mechanisms involved in developing
drag load and pile settlement during and post shaking. Finally,
recommendations are made regarding the design of piles in
liquefiable soils.

2 CENTRIFUGE MODEL TESTS

Two large centrifuge model tests: SKS02 (Sinha et al. 2021¢) and
SKSO03 (Sinha et al. 2021d) were performed on the 9-m radius
centrifuge at the Center for Geotechnical Modeling at the
University of California Davis. The tests were performed at the
centrifugal acceleration of 40g. The numerical quantities
presented in this paper have been converted into prototype units
per the scaling laws described by Garnier et al. (2007).
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Figure 2. Model cross-section and instrumentation layout for centrifuge
test SKS02.

The SKS02 model (Sinha et al. 2021c) consisted of a
uniformly layered soil profile of 9 m thick loose liquefiable sand
layer (with relative density, Dr =~ 43%) sandwiched between a 4
m layer of relatively low permeable over-consolidated clay (with
an undrained shear strength of su~ 20kPa) at the top and a dense
sand layer (Dr = 87%) at the bottom (Figure 2). The clay layer
was placed as a slurry and slowly consolidated in stages with pre-
consolidation stress of 100 kPa, producing an over-consolidation
ratio (OCR) ratio of about 10 at the top and about 4 in the middle
of the clay layer. The sand layers consisted of Ottawa F-65 sand
with a critical friction angle of 30° (Bastidas 2016). The model
consisted of two piles, 0DPile, and 5DPile, loaded with 1000 kN
and 500 kN, respectively.

The SKS03 model (Sinha et al. 2021d) had an interbedded soil
deposit. The soil profile consisted of 1 m of Monterey sand, 2 m
of clay crust (su = 28-35 kPa), 4.7 m of loose liquefiable sand
layer (Dr =~ 40%), 1.3 m of clayey silt layer (20% clay and 80%
silt), 4 m of medium dense sand layer (Dr = 60%) and a dense

sand layer (Dr =~ 83%) beneath it (Figure 3). The clay crust was
prepared from a lightly cemented Yolo loam slurry with a water
content of w = 50%, soil cement ratio of 3%, and cured for about
2 weeks underwater before the test. The model consisted of two
piles (3DPileM and 3DPileL), loaded with 1500 kN and 2400
kN, respectively.
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Figure 3. Model cross-section and instrumentation layout for centrifuge
test SKS03.

The models consisted of identical pipe piles with an outer
diameter (D) of 635 mm and a thickness of 35 mm. The interface
of the piles was made significantly rough to achieve the full
interface friction angle (Sinha et al. 2021e). The 0D, 3D, and 5D
naming annotations in the piles indicate the embedment depth of
the pile tip, i.e., the 0DPile had its tip placed at the bottom of the
loose sand layer, while the 3D and 5D piles had their tips
embedded 3 and 5 times their diameter into the dense sand. The
piles were pushed in at 1 g (after placing the soil layers) to their
embedment depth by using a crane to lower a heavy mass onto
the top of the pile. The static pile capacity for the 0DPile, 3DPiles,
and 5DPile were estimated to be 2700 kN, 4000 kN, and 6200
kN, respectively (Sinha et al. 2021c; d). The shaft capacity was
calculated by integrating the interface shear strength along the
length of the piles (also known as load curve defined later). The
tip capacity was taken as the median of the capacity estimated
from measured cone penetration at the pile’s tip using the
empirical methods provided in AASHTO (2020), Lehane et al.
(2005), Salgado and Lee (1998), and Titi and Abu-Farsakh 1999).
A pile load test was also conducted on 3DPiles in flight, which
resulted in a static pile load capacity (estimated from De Beer’s
1967 yield load method) of 3800 kN and 4500 kN, respectively
at the beginning and at the end of the centrifuge test. The ODPile
and 5DPile loaded with 1000 kN and 500 kN resulted in a static
factor of safety of 2.7 and 12.4, respectively (Figure 2). 3DPileM
and 3DPileL loaded with 1500 kN and 2400 kN resulted in a
static factor of safety of about 2.7 and 1.7, respectively, with the
annotations M and L corresponding to the medium and large dead
loads applied to produce the safety factors listed (Figure 3).

The models were densely instrumented with accelerometers
(A#), pore-pressure transducers (P#), settlement sensors (SM-1,
SM-2, LP-0D, LP-5D), and cameras to monitor the generation
and dissipation of excess pore pressures, accelerations, and
settlement in soil and piles (Figure 2 and Figure 3). The SKS02
model used linear potentiometers LP-0D and LP-5D placed at the
center of the pile masses of 0DPile and 5DPile to measure their
settlements. Soil settlement was measured by placing the linear
potentiometers at the center of soil settlement markers (SM and
SM>). In addition, line lasers and cameras were also used to
measure the settlement of the soil and the piles (Sinha et al.
2021b). The SKS03 model used cameras and digital image
correlation (DIC) techniques to obtain 3-D movements of soil
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and piles (Sinha et al. 2021a). The piles were instrumented with
nine strain gages in a full-bridge configuration inside the pile to
measure the axial load distribution. The loads applied on the piles
were placed closer to the ground (about 1 meter) to avoid the
development of large bending moments affecting the axial load
measurements in piles. The models were shaken with multiple
Santa Cruz earthquake motions while waiting for the complete
dissipation of excess pore pressures between each subsequent
event. This paper presents the results of a single shaking event,
EQM:s in the SKS02 centrifuge test and EQMa in the SKS03
centrifuge test.

3 RESULTS

Shaking events EQMs and EQM4 were the fifth and the fourth
events in sequence, respectively, for the centrifuge tests SKS02
and SKSO03, respectively. EQMs was a scaled Santa Cruz
(Northridge 1994 Earthquake) motion with a peak ground
acceleration (PGA) of 0.3 g. EQM4 was a long-duration modified
Santa Cruz motion from Malvick et al. (2002) consisting of one
large pulse followed by five small pulses, scaled to produce a
peak ground acceleration of 0.4g. Figure 4 shows the applied
earthquake motion EQM4 and EQMs.
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Figure 4. Applied earthquake motion EQM;s and EQM, in centrifuge test
SKS02 and SKS03, respectively.

All the piles had developed an initial drag from soil
reconsolidation during centrifuge spin up and from following
past shaking events. As the centrifuge spun up, gravity
progressively increased shear stresses in the soil, which resulted
in the development of excess pore pressures, the dissipation of
which caused soil reconsolidation resulting in the development
of drag load (Sinha et al. 2021¢). Before the shaking events of
EQM34 and EQM:s, shakings were of small to medium earthquake
motions with peak ground acceleration (PGA) ranging from 0.1
to 0.3 g. The developed drag load on the piles further increased
from these previous medium shaking events because of soil
reconsolidation following liquefaction. Figure 9 (shown later)
shows the initial axial load distribution of the piles at the
beginning of shaking events EQMs (in centrifuge test SKS02)
and EQMa4 (in centrifuge test SKS03). As expected, the axial load
distribution in the piles (above the neutral plane) has a parabolic
shape showing a linear increase of mobilized interface shear
strength with depth. Cone penetration tests conducted between
the past shaking events showed relatively uniform soil settlement
in the loose sand layer (Sinha et al. 2021c; d). The relatively large
increase of axial load in 5DPile at the interface of loose and dense
sand could have resulted from the dilatancy of the shear zone
around the pile.

Figure 5 and Figure 6 show the distribution of excess pore
pressures and settlement in soil and pile, respectively, for shaking
events EQMs and EQMa.

Figure 7 shows the mobilized tip stress and pile settlement as
the free-field effective stress in the soil near the tip changed
during and post-shaking. Figure 8 shows the development of
liquefaction-induced drag load on 5DPile for shaking event
EQMs. With aid from these figures, the mechanism observed
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during and post shaking is discussed below.
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Figure 5. Excess pore pressure distribution and settlement time history
for shaking event EQM; in centrifuge test SKS02.
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Figure 6. Excess pore pressure distribution and settlement time

history for shaking event EQM4 in centrifuge test SKS03

3.1  During Shaking

Excess pore pressures generated during shaking decreased drag
loads; however, it also caused significant settlement in piles.
When shaking began, the increase in excess pore pressures
(Figure 5 and Figure 6) in soil resulted in the loss of shaft friction
and drag load in piles (Figure 8). In Figure 8, the axial loads in
the 5DPile decreased as excess pore effective stress decreased
during shaking (t = 0s — t = 30 sec). During this period, the drag
load in 5DPile decreased from about 700 kN to 300 kN. A
decrease in drag load generally decreased the load at the pile’s
tip. However, since the tip capacity also reduced during shaking,
the piles settled until they mobilized enough resistance to attain
equilibrium.

Figure 7 shows the mobilized tip load and settlement of the pile
during shaking.

When full liquefaction was achieved, drag loads significantly
reduced; however, the piles suffered significant settlement. When
the loose sand layer liquefied, the shaft skin friction in the layer
essentially became negligible. In the SKS02 model, the loose
sand layered between the depth of 5-12 m was fully liquefied. In
the SKS03 centrifuge test, the loose sand and the silt layer were
fully liquefied. Figure 8 shows a constant axial load distribution
in 5DPile in the liquefied soil (5-12 m), indicating zero drag
loads. The decrease in the drag load also decreased the mobilized
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tip load (see SDPile and 3DPileM in

Figure 7). However, for heavily loaded piles, 0DPile and
3DPileL, the loss of shaft friction resulted in more load
transferred to its tip, resulting in higher mobilization of tip load
than before shaking (see

Figure 7). With high excess pore pressures and more load
transferred at its tip, the ODPile and 3DPileL suffered large
settlements. At the peak of shaking (when the excess pore
pressures were greatest at the pile’s tip depth), the ODPile and the
3DPileL settled by about 80 mm and140 mm, respectively, i.e.,
about 65% and 70% of their total settlement during the event (
Figure 7). Throughout the shaking, the ODPile and 5DPile settled
by 100 mm and <5 mm, respectively, whereas the 3DPileL and
3DPileM suffered 200 mm and 30 mm settlements, respectively.
Overall, more than 80-90% of the total pile settlement occurred
during shaking. The soil surface also settled during shaking. In
SKS02 and SKO03 tests, the soil surface settled by 15 mm and 50
mm, respectively.

Effective Stress (kPa) Axial Load (MN)
0 50 100 150 200 BO| |8 0.5 1 1.5
o 0 r.-.-..-.-l--.—.-.+-.-.-.-.—-|-.-.-.—.—- 0 Hbr - ——
S:E‘ t=0 :
=
[ 5
-F” O 4 S| 4
o f(=8sec
]
£ —O Iy
Q t=30sec T 3
£ _§ 12 1
—_—{—
® t=tmin 9 . %
$ X B|76
E —e i e
Y t=3min N\
3 20 4
g —O0—
t =40 min
24 £

Figure 8. Development of liquefaction-induced downdrag on 5DPile for
shaking event EQM; in centrifuge test SKS02.

3.2 During Reconsolidation

Post shaking, interbedded low permeable layers hindered the
drainage of water coming to the surface, causing equalization of
excess pore pressures in the layers beneath. When shaking ended
(t = 30s for EQMs motion and t =~ 70s for EQM4 motion),
reconsolidation began. The excess pore pressures started to
dissipate, and the soil settled. However, the low permeable clay
layer and the clayey silt layer slowed down the dissipation rate.
It resulted in equalizing excess-pore pressures within all the
layers beneath (Figure 5 and Figure 6). In the SKS02 centrifuge
test, equalization of excess pore pressures was achieved att =
2.5 minutes (Figure 5). The excess pore-pressure (ue) in the
layers below the clay layer quickly dissipated and equalized to
about ue ~ 38 kPa (i.e., the effective stress at the bottom of the
clay layer). The impediment of drainage by the clay layer
resulted in forming a water film layer at the sand-clay interface
(Malvick et al. 2002). During this period, the surface settlement

remained almost constant with slight heaving. The water film
eventually drained through the leakages from the sides of the
centrifuge model container. At t = 8 minutes, the water film
entirely disappeared, resulting in about 65 mm of surface
settlement. Following that, the excess pore pressure in the soil
layers dissipated while remaining equalized, achieving complete
reconsolidation in about 45-60 minutes. Similarly, for the SKS03
test, the clay layer and interbedded clayey silt layer resulted in
equalization of excess pore-pressures ue ~ 20 kPa within the
loose sand layer and ue = 79 kPa within the medium dense and
dense sand layers beneath it (Figure 6). In the loose sand layer,
complete reconsolidation was achieved in 40 minutes. However,
the layers beneath took 3 hours for complete reconsolidation due
to the low permeable clayey silt layer. At the end of complete
reconsolidation, the soil settled by 73 mm and 78 mm,
respectively, in SKS02 and SKSO03 tests.

As soil reconsolidated and settled, drag loads increased,
however, the settlements of the piles were small. As the excess
pore-pressures dissipated, interface shear strength and negative
skin friction increased (Figure 8), causing increased drag loads.
Consequently, more load was transferred to the tip resulting in
an increase of mobilized load at the tip (

Figure 7). Figure 8 shows an increase in the axial load
distribution in 5DPile as soil reconsolidated.

Figure 7 shows an increase in the mobilized tip load during
the reconsolidation phase. While the load at the tip increased, the
piles were able to resist it by undergoing small settlements. At
the end of reconsolidation, the ODPile settled by about 20 mm,
whereas SDPile, 3DPileL, and 3DPileM settled by less than 10
mm (Figure 5, Figure 6, and

Figure 7). Since the 0DPile had its tip at the bottom of the
liquefiable layer, some of the pile settlement during
reconsolidation could have resulted from the soil settlement
beneath it.

3.3 Discussion on Drag Load

After complete reconsolidation, the developed drag load (Figure
8) and mobilized tip load (
Figure 7) were higher than their initial values before shaking. The
increase in the drag load could have resulted from the increase in
the lateral earth pressure coefficient (K) from each shaking event.
Ganainy et al. (2014) and Kokkali et al. (2018) used tactile
pressure sensors in centrifuge model tests and found that the
lateral stresses increased post shaking following reconsolidation
of liquefied soil. Figure 9 shows the axial load distribution in
piles before and after the shaking events. The developed drag
load increased with shakings. In the SKS02 test, the magnitude
of the drag load was higher (about 1000 kN) for the deeply
embedded 5DPile compared to the heavily loaded with shallow
embedment 0DPile (460 kN). Correspondingly, the neutral plane
in the 5DPile was much deeper, about 14 m, compared to about
11 m for the ODPile. In the SKSO03 test, where piles had the same
embedment, the drag loads were higher, and correspondingly the
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neutral plane was deeper for the lightly loaded 3DPileM. The
drag load in 3DPileM was 640 kN compared to the 275 kN in the
3DPileL. The neutral plane depth was about 9 m for the lightly
loaded 3DPileM compared to 5.5 m for the heavily loaded
3DPileL.

A load curve describing the pile capacity was obtained for
both the centrifuge tests (Figure 9). A load curve is the
integration of the shaft resistance of the pile with depth. The load
curve for the SKS03 test was obtained from the pile load test
conducted in flight after the end of all shaking events. A load test
with a constant penetration rate was conducted to evaluate the
pile’s interface shear and tip capacity (Sinha et al. 2020c). Figure
9 (a) shows the obtained load curve for 3DPiles. Analysis of the
load curve showed mobilization of large lateral stresses around
the pile. The lateral stress coefficient (K) around the pile
calculated for an interface friction angle of & = 30° was found to
increase with depth. The lateral stress coefficient increased from
K~=1.4 at adepth of 4 mto K= 1.9 at a depth of 15 m. While the
free-field lateral stress coefficient is expected to be around K =
0.5 for soil friction angle of ¢'=30°, a high lateral stress
coefficient could develop locally at the pile’s interface from
arching of soil or dilatancy of the shear zone surrounding the pile.
Movement of the pile from the developed drag load during
reconsolidation might have resulted in soil arching and dilatancy
of the shear zone around the pile resulting in large lateral stress
development around the pile. Since no pile load test was
conducted for the SKS02 test, the interface shear strength of the
pile was estimated as t = Ko'y tand with an interface friction
angle of & = 30° and lateral stress coefficient with an average K
= 1. For the shaft friction in the clay layer, o method of AASHTO
(2020) with an undrained shear strength sy~ 20 kPa was used.
Figure 9 (b) shows the calculated load curve for piles in the
SKS02 centrifuge test. The figure shows that the final axial load
distribution after complete reconsolidation is well contained
within the load curve. The loads at the neutral plane are close to
the one estimated from the load curve. While some portions of
the pile length achieved negative skin friction equal to the
assumed interface shear strength, others were not. Overall, the
results suggest that liquefaction-induced downdrag can mobilize
negative skin friction up to 100% of the interface shear strength
in the liquefied as well as non-liquified soils. However, the true
magnitude and distribution of the negative skin friction
developed at the interface will depend on the soil-pile interaction
during the shaking event.
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24
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Figure 9. Distribution of axial load in piles before and after the shaking
event (a) EQMj in centrifuge test SKS04 and (b) EQM; in centrifuge test
SKS02.

A small settlement in the soil can cause a significant increase
in drag loads. In the SKS03 centrifuge test, about 20-25 mm of
soil settlement (during reconsolidation) achieved full drag load
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on piles (Figure 6). Soil settlement of 20-25 mm equals about 3-
4% of the pile diameter. Fleming et al. (2008) suggested that
shear displacements of 0.5% to 3% of the pile diameter are
required to mobilize full shaft resistance. Viewed another way,
the 20 mm of soil settlement corresponds to a displacement equal
to 2.5 times the median grain diameter (Dso) of sand used in the
centrifuge test. DeJong and Westgate (2009) and Martinez and
Frost (2017) suggested an interface shear band thickness of 5-7
particle diameters adjacent to the pile’s interface. A relative
movement of soil by 3 x Dso (assuming a shear band thickness of
5 x D50) would produce a shear strain of 50%, which would
likely be enough to mobilize the full negative skin friction at the
interface. These results suggest that even when the soil layers do
not fully liquefy, settlements caused by the dissipation of excess
pore pressures exceeding a small percentage of the pile diameter
would be enough to mobilize large negative skin friction at the
interface.

4 CONCLUSIONS

Two large centrifuge model tests were conducted to study
liquefaction-induced downdrag on piles. The model consisted of
four heavily instrumented medium pipe piles with an outer
diameter of 635 mm with a thickness of 35 mm with their tip
embedded zero, three, and five times their diameter in the dense
sand. Nine strain gages were installed inside the inner diameter
to measure the axial load distribution along the length of the
piles. The piles were made rough to achieve maximum interface
shear strength. The models consisted of two different soil profiles
with liquefiable layers and interbedded deposits. The model was
shaken with strong earthquake motions, and the developed
downdrag was monitored. Results on the mechanism of
liquefaction-induced downdrag, drag load, and soil and pile
settlement were presented. The main findings from the
experiment, which should be accounted for designing piles in
liquefiable soils, are described below.

e  During shaking, excess pore pressure in the soil resulted in
the loss of shaft friction and decreased drag load. When the
soil was fully liquefied (ru =~ 1), the drag load in the liquefied
layer essentially became zero. Post shaking, as soil
reconsolidated, drag load gradually increased, surpassing
the initial value before shaking. The increase in drag load
can be attributed to the increase in lateral stress coefficient
(K) from densification caused by the shaking events. The
developed drag load was higher for the piles which were
lightly loaded or embedded deep in the soil.

e  Soil settlements in the order of 1% of the pile’s diameter or
a couple of particle diameters are sufficient to mobilize
significant negative skin friction at the interface.
Furthermore, the results show that negative skin friction in
the liquefied and the non-liquefied layer can reach up to
100% of the drained interface shear strength. The load curve
estimated from the full mobilization of interface shear
strength enveloped the axial load distributions in piles.

e Most of the pile settlements occurred during shaking when
the excess pore pressures were high. With reduced tip
capacity and more load transferred to the tip, the pile
underwent settlement until enough tip resistance was
mobilized to achieve equilibrium. Overall, 80-90% of the
pile settlements occurred during shaking. For design, it is
recommended to check the settlement of the piles during
shaking by considering the reduced shaft and tip capacities
from the presence of excess pore pressures in the soil. Post-
shaking, the observed settlements in piles were generally
small (< 10 mm).

Liquefaction-induced downdrag did not result in strength failure
(from the developed drag load) or serviceability failure (i.e.,
significant settlement of pile). While large drag loads developed,



the piles were able to sustain them by undergoing small
settlements. A settlement-based approach is therefore
recommended to design piles for downdrag. Test results showed
that the piles of sufficient structural strength and capacity
satisfying the serviceability criterion during shaking are overall
safe and undergo small settlements during reconsolidation.
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