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ABSTRACT

Muiti-node plles are piles having multiple nodes
or bulbs along thelr shafts. Vertical compression
loading tests for model piles are carrled out in
order to Investigate bearing mechanisms of multl-node
piles. Model plles tested are multl-node piles having
different numbers of nodes. Piles with straight-shaft
having smooth or rough surfaces and a corrugated
pile are also tested for comparison. These piles arc
set up In a large triaxial chamber filled with dry
sand under nearly ldeal non-displacement conditions.
It Is shown f{rom the test results that shaft
resistance of multi-node piles In sand 1s mainly
attributed to bearing resistance of each nodal base
and friction resistance of shaft below It where high
normal stresses act, and that muolti-node piles are

more effective than stralght-shaft piles with the same
outer dlameter.
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INTRODUCTION

Piles having multiple nodes or bulbs have been
used In some countries. Precast concrete piles called
‘nodal pile’, which used to be called 'Takechl pile',
have been wldely used In Japan for more than 80
years (Clarke and Watson, 1938). When they are driven
inte the ground, gravels are used as a sealing
material to fill the vold between the plle shaft and
the ground. They can also be Installed in pre-bored
holes with gravel or other seallng materials as non-
displacement type plles In urban areas. Cast-in-situ
concrete plles called multi-underreamed plles have
been extensively used for structures on Indian black
cotton solls where upward movement of plles due to
soll expansion is Ilmportant (Mohan et =al.,, 1969). In
the field of ground anchors, multi-underreamed
anchors whose shapes are simflar to these plles have
been used (e.g., Hunt, 1988). Therefore, multl-node
plles may be effectively used for offshore structures

where uplift resistance of plle Is an lmportant deslgn
factor.

In multl-node piles of the non-displacement type
and multi-underreamed piles, each node works as a
kind of plle base until a continuous cylindrical slip
surface whose diameter s nearly equal to that of the
nodes is formed. lowever, the resistance of the node
is different from that of the pile base, which Is
usually modeled by a sphericel cavity expansion
theory (Hirayama, 1988), due to the existence of the
adjacent shaft and the node below. The adjacent shaft
below may prevent surrounding soll from being fully
compacted, and the adjacent nocde causes loosening of
the soil.

In order to Investigate bearing mechanisms of the
plle nodes, vertical compression loading tests for
model multi-node piles having different numbers of
nodes are carrled out. Plles with stralght-ghaft
having smooth or rough surfaces and a corrugated
plle are alsc tested for comparison. These plles are
set up In a large triaxial chamber filled with dry
sand under mnearly [deal non-displacement conditions.
This paper summarizes the test results, and dlscusses
fundamental bearing mechanisms of multi~node pilles in
sand.

TEST PILES, APPARATUS AND PROCEDURES

The shapes and dimensions of model plies are
shown In Fig. 1. Three multi-node piles having 3, 4 and
5 nodes are tested. The four-node plle shown In
Fig. 1(a) Is a8 1/4-scale model of one of the current
'GEOTOP nodal plles’. A plle which has a single node
at the middle of its shaft (Fig. 1{d)) is also tested In
order to Investigate the mechanism of the node which
is affected by the shaft lower and free from the
effect 'of the node below. Stralght-shafted smooth and
rough plles and a corrugated pile are also tested to
compare shaft reslstance characteristics with those of
muliti-node piles.

The plles are made of stalnless steel, and strain
gauges are Instrumented lnside of each hollow shaft.
They are 1000mm fn Jength and 100mm In maximum
diameter. The shaft dlameter of wulti-node piles
(Filg. 1(a)-(d)) Is 68.2mm. Shaft surface proflle of the
smooth plle (FFig. 1{e)) measured by a roughness gauge
indicates that maximum helght of asperities along a
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Fig. 1. Model plles tested.

reference length of 2.5mm ranges from 9 to 15 um,
Multi-node plles have the same order of asperitles.
The rough plle shown In Fig. I(f) is roughened by
pasting sand particles used In tests on the shaft
surface of the smooth plle. The helght and pitch of
corrugations of the corrugated plie (Fig. 1(g)) are
2.5mm and 10mm, respectively.

Tests are carrled out In a triaxial pressure
chamber, 158cm of Inner diameter slze and 178cm In
height. Alr-dried gquartz sand which has the feollowing
properties 1s used for tests:
mean graln slze or 50% dlameter Dse = 0.33mm,
effective graln slze or 10% dlameter Dio = 0.20mm,
uniformity coefficient U, = 1.8,
maximum dry density pma= = 1597kg/m®,
minimum dry density peia = 1264kg/m®.

Uniform sand layers are prepared by a sand-rain
method, or a multlple sleving method (e.g., Mlura and
Tokl, 1982). When the thickness of the layers becomes
70cm, a test pile Is Installed flxing Its top to the
chamber with a flxing device. Then preparatlon of
sand layers is contlnued up to the top level of the
chamber Interbeddlng wvery thin coloured-sand layers
to ohserve the behaviour of the surrounding soll
when a pile Is dug out after testing. After removing
the fixing device, vertical and horizontal pressures
are applled. Thus the pile is considered to be
embedded in nearly ldeal non-displacement condlitions.
The relatlve density of sand mass prepared Is about
80% after compression under o .=98kPa and on=49kPa.

Piles are 1loaded up to 200mm displacement.
Loading Is displacement-controlled with a loading
speed of lmm/min, while the initial part of loading is
load-controlied. The values of o+ (=93kPa) and opn
(=49kPa) applled to soll mass are kept constant durlng
each test. Two tests are carrled out for each type of
the piles. Test results shown in the following sectlon
are the average values of two tests.

Unit shaft skin friction or other unit
reslstances are calculated from the measurements of

straln gauges Instrumented. Strain-gauge readlngs are
zeroed when a plle is flxed to the chamber. Before
the vertical pressure s applled, the flxing device
has to be removed and the reading is stopped until
reconnecting  electric wires., Since the strain
increments measured during sand deposition are
negligible, instrumentation 1s zeroed before applying
vertical and horlzontal pressures to evaluate Initial
residual stresses (Hanna and Tan, 1973).

Pressure sensitlve paper {s attached onto the
shaft to evaluate the normal stress acting on the
shaft for two extra tests, In which the one-ncde plle
and three-node plle is loaded up to 100mm.

TEST RESULTS

The results of loading tests are summarized from
two viewpolnts on shaft resistance of multi-node
plles: shaft frictlon resistance and node bearing
resistance. As shown In Fig. 2, the value of f which
represents conventional shaft friction reslstance, and
the values of qu, 9: and ge. which represent node
bearing resistance are defined. Unit shaft skin
frictlion vs. settlement, or f-S relationships, compared
with the straight-shafted piles and corrugated pile
are shown in Fig. 3. The results of g.-S, Qi-S and ge-S
are shown In Fig. 4. )

The deformation behaviour of thin coloured-sand
layers observed durlng digging out the ©plles
indicates that a slip occurs at the plle-sand
{nterface In the case of the smooth pile while it deces
in sand s&bout 3mm from the Interface of the rough
plle. For the corrugated plle, the slip surface s
observed in sand about 3mm from the outer surface
(i.e., 10cm diameter). The deformation behaviour, which
is evaluated from coloured-sand layers, of soil
argund the three-node pile 1s illustrated In Flg. &.

Colour changes of the pressure sensitlve paper
on the one-node plle Indicate that high normal
pressures have acted along the shaft from the bottom
of the node to ahout 10cm below the node. The colour
changes on the three-node pile Indicate simllar
patterns although the pressures on the shaft below
upper two nodes have been less than those of the
one-node plle. Many scratched lines, which indicate
Interface slip under hlgh normal pressurcs, are
observed In a coloured Zone.

DFARING MECHANISMS OF NODES IN SAND

Fig. 3 Indlcates that the patterns and amounts of
shaft frietion resistance of multi-node plles are very
different from those of straight-shafted or
corrugated piles. It should be noted that settlements
are limited within some value In practice; for
instance, settlement equals to 10% of dlameter (l.e.,

10mm for all the plles In thls study} has bheen
employed as a reference settlement for non-
displacement plles In Japarese deslgn codes. The
corrugated pile shows almost the  same shaft

resistance with the rough stralght-shafted pile. The
nodes and corrugations are different in resistance
mechanisms although the enlarged shape of the
corrugation is similar to the node as shown in
Fig. 1(g). Therefore, both nodal base resistance and
shaft friction resistance under high normal pressures
along the shaft below each node, which is described
in the last part of the preceding section, play an
important role ln so-called shaft resistance of multi-
node plles (Yabuuchi et al., 1993b).

Fig. 4 summarizes the load bearing characteristics
of nodes. Fig. 4(a) shows how the load bearing
resistance of &an upper node of multiple nodes is
influenced by the distance between nodes, compared



with the isolated node of the one-node plle. The
shorter the distance between upper and lower nodes
Is, the less an upper node resists.

Deformation behaviour shown In Fig. & 1llustrates
how the loosening of soll develops from the lower
node to upper node. A continuous .cylindrical slip
surface whose dlameter ls nearly equal to multi-node
diameter Is formed after a complete loosening Iis
developed from the lower nodes (Yabuuchi et al.,
19938). Then shaft resistance drops down from a peak
value. The settlement where peak resistance 1s mobl-
lized depends on the distance between the nodes and
soll conditlons. It seems that nultl-node plles whose
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Fig. 2. Definitions of f, gu, Q. and g..
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Fig. 3. Relationships between unit shaft friction
and settlement.
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Fig. 4. Qu-, 91~ and g+S relationships.



g,SIID
surface

fS[ J

i

Observed S =iem
results S =3cm

S =bhenm
S =T¢em

Fig. 5. Deformation behaviour of soil around the
three-node pile.

configuration Is similar to the four-node or flve-node
pile ylelds reasonable load bearing characteristics in
general.,

Figs. 4(b)(c) show the bearing characterlstics of
lowest nodes. The result of the one-node plle also
shows a detrimental effect of the lower shaft. The
lowest node basically works as & part of pile base. If
the shaft under the lowest node is too long to keep
a highly stressed reglon on the shaft, which is about
10cm In this case as judged from ceolour changes of
the pressure sensitive paper, the lowest node cannot

fully compact the lower soll (Hlrayama, 1988). Then
physlcal ultimate base bearing capacity, which
requlres settlements more than base diameter

(Hirayama, 1990), of the node of the one-node plle s
much smaller than the lowest nodes of the other
multi-node plles or toes of straight-shafted piles. As
long as settlements are in a practical range, however,
the difference is not significant. Thus each node In a
multi-node plle may be as efficlent as Its plle base If
loosening of soll does not occur within an allowable
settlement.

Load bearing mechanism of a multi-node pile Is
schematically illustrated In comparison with that of
the base of a straight-shafted plle in Flg. &

CONCLUSIONS
Shaft resistance of multi-node piles In sand
under fdeal non-displacement conditions s mainly

controlled by the load bearing resistance of nodes
and friction resistance of shaft below where high
normal stresses act. A contlnucus cylindrical slip
surface whose dlameter is nearly equal to the multi-
ncde diameter does occur, However, settlements at
which a continuous slip surface develops are usually
much Jlarger than allowable settlements, and thus
multi-node plles show different load-settlement curves
as compared with stralght-shafted piles having the
same outer dlameter.

Judging from the above-mentioned test results,
muiti-node plles are more effectlve than stralght-
shafted plles for reslsting compressive load as well
as uplift load.
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Fig. 6. Bearing mechanism of a multi-node pile
compared with those of a pile base.
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