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ABSTRACT: In recent years, both tension force and compradsiae occur in foundation such as pile foundationvall foundation due
to earthquake and wind loads with increasing bagdieight and building weight. In addition, tensloads on foundation can increase also
as groundwater table rises. This trend is notieeakpecially in urban central areas of Japan. Rhase backgrounds, it is necessary to
develop new types of foundations for high-rise ssfpactures. New types of foundation are nodulat-oaplace concrete pile or nodular
diaphragm wall with one- or two-bell shaped enlangats to increase both bearing capacity and temegistance. The main purpose of this
study is to confirm the resistance of nodular dgagitace concrete pile and nodular diaphragm walktlayey soils. The paper reports the
investigation of construction methods of nodulastéa-place concrete pile and nodular diaphragml,veadd the results of static axial
reciprocal load tests carried out to develop théuter cast-in-place concrete pile and nodular diagim wall. According to the ultrasonic
measurement during the construction of piles of aadl the investigation of pile shape or wall shafter the load tests, the nodular cast-in-
place concrete pile and nodular diaphragm wall werestructed as designed. As a result of load, tdstshodular cast-in-place concrete pile
and nodular diaphragm wall have large tension amdpcession resistance. The tension resistance atattiular part and under-reamed part

shows a large value.
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INTRODUCTION

In recent years, both building height and buildimgight increase.
This trend is noticeable especially in urban cérdaraas of Japan.
Both tension force and compression force occur imd@ation such
as pile foundation or wall foundation due to themurning moment
due to earthquake and wind loads. Tension loadewumdation can
increase also when groundwater table rises, bedauseancy force
acting on basement structure increases. From theeda@rounds, it
is necessary to develop new types of foundationshigh-rise

superstructures.

There exist little researches on nodular cagitéwe concrete pile
and nodular diaphragm wall in sand and/or gravepodis.
However, there exist a little research on nodulast-in-place
concrete pile and nodular diaphragm wall constdigteclayey soils.
Mohan (1961) carried out a series of load testauoder-reamed

piles both in clayey and in sandy soils in Decclateu, India. The
test results indicate that the load-settlement Weha is

considerably improved by providing more than ondébbThis is

mainly due to a substantial increase in their ifsital resistance
component. One additional bulb increases the bgaraipacity by
more than 50%. Thus, a very high pile capacity dhieved by
providing a number of bulbs at suitable intervaisl ghe main
concern of the pile design is the limiting load.

Under-reamed piles for highway bridges foundatjomhich had
knots at the pile shaft, were studied by Clisby &uattox (1971).
They confirmed increase of vertical bearing capacittcompression
from field load tests, and examined the facturesimder-reamed
piles by excavating the constructed piles.

Akino and Kanatani (1983) carried out pull-own@ion) load tests
on model under -reamed piles at 1g acceleratiofd.fidhis
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Figure 1 Soil profile and test piles
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observation confirmed development of slip linestire ground

around the under-reamed part. They concluded tphaerial

expansion theory is applied to estimation of thesien resistance of
under-reamed part.

There are several researches on cast-in-placeratenpiles with

one- or two-bell shaped enlargements to increasé bearing

capacity and tensile resistance. Sudo et al. (22088 and 2009)
carried out a series of load tests on nodular icagltace concrete
piles and nodular diaphragm walls. They confirmee tension and
compression resistance of nodular part and undened part. They
concluded that tension resistance and compressasistance
increase due to the existence of nodular part.i lditel Aoki (2008)

reported a series of in-situ full-scale tensiondldasts on cast-in-
place concrete piles with one- or two-bell shapelhrgements in

order to investigate the characteristics of tensi@sistance
behaviour. The test results indicated that theftuginsion resistance
of a belled pile embedded within stiff depositasger than that of a
corresponding straight pile.

The purpose of this study is to confirm the resiséaof nodular
cast-in-place concrete pile and nodular diaphragafl im clayey
ground. This paper firstly describes the investigat of
construction method for the nodular cast-in-plasacecete pile and
nodular diaphragm wall, and then presents the tesfl static
reciprocal load tests carried out to develop theuter cast-in-place
concrete pile and nodular diaphragm wall.

LOAD TESTSDESCRIPTION
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The profiles of soil layers and SPN-values at the test site are
shown in Figure 1, together with the seating ofttst piles and the
test wall. Three types of test piles, 1) cast-iaepl concrete pile
(straight pile), 2) nodular cast-in-place concneite and 3) nodular
diaphragm wall were constructed. The nodular aagtice
concrete pile and the nodular diaphragm wall hasteonly nodular
part but also under-reamed part. The reason ofteanieg three
types of test piles was to confirm the increaseilef resistance by
constructing nodular part. The test piles had andtar of 700mm
and the test wall had a cross section of 700-byad®20. The
inclined angle of nodular parts and under-reamedspaere 45
degrees. The test nodular pile and test wall hatllao parts and
under- reamed parts as shown in Figure 1 and Phofbe ground
at the test site consisted of buried soil, hardasitl clayey sand at
depths of 0 to 3.5m, consolidated silt more thai SPRsalue of 50
at depths 3.5m to 12.5m, and silty sand and catesteld silt at
depths deeper than 12.5m. The nodular parts weatdd at a depth
of around 9m where consolidated silt having $PValue greater 50
existed, while the pile and wall base were alsocosathe silty sand
layer below 12.5m depth. Friction cut by a doulifeepmethod was
carried out from the ground level to a depth of nexamine the
resistance at the embedded point of consolidatedager having
SPTN-value greater 50.

Reaction beam and reaction pile system were eraploy apply
loads on the test piles and the test wall. Tatdbdws the maximum
load in each load test. Reaction piles were contstduaway from
the test piles and the test wall so that centreetutre distance
between the reaction piles and the test piles ertéist wall was
greater than 3 times of the diameters of the tdss pr test wall,
following JGS standard of vertical load test metl@@02). All the
load tests were carried out following JGS standsrdertical load
test method (2002). Loading method was multiplelecymethod
with stepwise loading. Holding time for each loagistep was 30
minutes for new loading steps and zero load stag?aminutes at
repeated loading steps. Displacement and loadeahpad (ground
level), and strains of PC steel rods at six levélthe test piles and
test wall were measured. The measured strains weeg for
estimating axial forces and local displacementhia test piles and
test wall.

CONSTRUCTION OF TEST PILE AND TEST WALL

The nodular cast-in-place concrete test piles amel modular
diaphragm wall were constructed by the followinggass;

The axial part of pile was excavated, after thatrtbdular part and
the under-reamed part were excavated by the simi&thod used
for constructing the under-reamed parts of caglaiwe concrete
pile. Note that the underground continuous wallhodtwas used
for excavation of nodular diaphragm wall. After tle&cavation,
installation of rebar cage and concreting wereiedmout.

Confirmation of the construction method and thepsh of the
constructed piles or wall is one of the importamtgwses of the load
tests. So, the ultrasonic measurement was carngdwith the
excavation of ground, and the test piles and teditwere dug from
the ground to investigate the shape of piles dftercompletion of
the load tests.

The results of ultrasonic measurement are showifrigure 3.
According to Figure 3, the test pile and test wadte constructed as
designed. There was no collapse of ground at nochdas and
under-reamed part.

Photo 1 shows the test pile and test wall dumftioe ground after
the load test. From Photo 1, it has been obselvadthere was no
slime at the nodular parts and under-reamed pamt$the concrete
was filled in the entire part of the pile.

Thus, it is possible to construct the nodular @agilace concrete
pile and the nodular diaphragm wall adopting thevabmentioned
construction method.

RESULTSOF LOAD TESTS

The static axial reciprocal load tests were cardgetfor two types
of test piles and test diaphragm wall such asicagtace concrete
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Figure 4 Relationship between tension stress aathgin concrete

pile, nodular cast-in-place concrete pile and naddlaphragm wall
to confirm the resistance of them. The resultshebé load tests are
described in this section.

Method for Estimating Tensile and Compressive Axial Forces

In order to estimate tensile axial forces from tieasured strains of
PC steel rods in the test piles and the test walling's modulus and
cross-sectional area of each cross-section indidat@able 2 were

used. In order to take into account non-linearsstsrain behaviour

of the concrete material, the relationship betwteasion axial stress,
0, and tension axial strairg, shown in Figure 4 was employed.
Naganuma and Yamaguchi (1990) reported the sofienin
characteristics of concrete in tension loading. @ydic behavior of
reinforced concrete was summarized by Naganuma Gimcubo

(2000). Based on these works, the relationship twiension
stress and tension axial strain of the test piled t@st diaphragm
wall was estimated as shown in Figure 4. The tensimess (or
force) of the test piles and test wall was estichafeom the

measured strain using the stress-strain curvesigaré- 4. The
relation indicated by the solid line was used fewnloading steps,
while the relations indicated by the dashed linewewused for
repeated loading steps. When the compressiven sganeasured,
Young's modulus of the concrete was estimated filmenrelation

shown in Figure 4. Specifically, the initial gradie of the

relationship between tension axial stress andderesxial strain was



calculated and used as the Young's modulus fanastig the axial
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force in compression side.

M ethod for Calculating L ocal Displacement of Pile
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Figure 5 Load cycles

Table 1 Maximum load and loading step

Maxumum load

Loading

Compressior]
load (kN)

Tension
load (KN)

step
(kN)

Cast-in-place
concrete pile

10400

10000

400

Nodular cast-in-place

concrete pile

12800

12800

800

Nodular diaphragm wall

10800

10800

1200

Table 2 Calculation conditions

Elastic modulus Sectional area
2.
2 (mn)
(N/mm) Pile wall
Concrete Function 369x16 | 1.22x16
PCsteelrod]  2.12x10 1.63x10 | 4.07x16

000

In order to obtain local displacement of pile frahre measured
displacement at pile head and strains of PC stetd o the test
piles and test wall, the length from the measureénpmint of

displacement (pile head) to each level of strairasneement (see
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Fig. 1) was used. The displacement of each levsl eméculated by
Eqg. (1).
d: Jat pile head— Eiave* L i
d: Displacement of each level
O at pile heast Displacement at pile head (measured displacement)
€iave Average strain of pile section from pile headeteel where
displacement is calculated
L ;: Length from pile head to the pile level

1)

Relationships between Tension and Compression Load and
Displacement

The loading sequence of each reciprocal load tsstshown in

Figure 5. The maximum load and loading steps it éaad test are
summarized in Table 1.

Figure 6 shows the relations of tension and congasloads at
loading point and displacements at loading poinasneed in the
three tests. Note that tension force and upwarglatisment are
taken as negative (compression force and downwesmladement
as positive) in this paper. Figure 7 shows thetimriahips between
reciprocal load and displacement at below theidnictcut by the

double pipe method (embedded point). It is infefredh Fig. 7 that

the cast-in-place concrete pile reached the yigldimd indicated the
plastic behaviour in both compression side andigenside. The
nodular cast-in-place concrete pile was applied tin®s load

compared to the cast-in-place concrete pile, bet Itlehaviour
showed elastic state in the compression and tensioles.

Comparing the axial forces in the cast-in-place ocetecpile and that
in the nodular cast-in-place concrete pile at aldement of 20mm,
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the axial force of the nodular cast-in-place cotemgle is almost larger than that in tension side. The reason & fiienomenon is
1.3 times axial force of the cast-in-place concpate. The nodular attributed to occurrence of cracks in the walllia tension side. The
diaphragm wall has the large resistance becausgetii®onal area is distributions of axial force are shown in Figure@Bto (c).

large. A load of 14000kN was mobilised at a dispiaent of 10mm.

It can be also seen that the stiffness in the cesgiwn side was Distributions of Axial Force and Shaft Friction
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Figure 9 Distributions of axial force

In the case of the cast-in-place concrete pile il eig8 (a)), the indicating uniform mobilisation of shaft resistan@dong the
amplitude of pile axial force below the tension detreases almost embedded section below the tension cut at eaclnigatep.
linearly with increasing depth in the compressiod &nsion sides,
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In case of the nodular cast-in-place concrete pg#eshown in
Figure 8 (b), the amplitude of axial force decrsasgh increasing

depth in both tension and compression sides. Howéwve rate of
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Figure 10 Relationships between shaft friction aisgldcement

decrease is not constant and sudden decreasealrfage occurs at
the nodular part. This trend is predominant whes amplitude of
axial force becomes large. Thus, the resistantieeatodular part is
much larger than that at the axial part (generat)pand the
resistance at the nodular part increases as ttk dbapile head
increases. It is said that the difference of afdate at the under-

reamed part is small because the load transfeaeet pile tip is
small. This fact implies that the soil around theder-reamed part
has a large resistance.

According to Figure 8 (c), the axial force of noglubdiaphragm
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Figure 11 Relationship between bearing pressure and
displacement on nodular cast-in-place concrete pile

wall has the similar trend to the nodular castdmep concrete pile.
The axial force decreases as the depth becomesrdeepl the rate
of decrease in the axial force is large at the teydpart. It is also
said that this trend dominates when the load & Ipdad is large.
From this fact, it can be seen that the resistafic®il increases by
constructing the nodular part and the resistandbeanodular part
increases as the load increases. The shaft resiseaists along the
section of friction cut because the friction cut Hguble pipe
method did not work well.

Figures 9 (a) to (c) show the distributions of sHattion. The
shaft friction of each test pile and test wall g@tivas calculated as
difference of axial forces divided by the corresgiog surface area.
Surface area of the nodular part or under-reamedwses allowed
for, if it existed.

The maximum shaft friction of cast-in-place conergile shows
500 to 700kN/mA in tension side and 300 to 600kN/nin
compression side, respectively. The shaft fricibrthe section of
GL-9 to -11m is larger than that at the other sectThe pile at this
section expanded about 100mm from the investigaifartrasound
measurement.

The maximum shatft friction at the nodular part freigure 9 (b) is
1800kN/nt in tension side and 1500kNnin compression side,
respectively. The shaft friction at the under-rednpart is larger
than that of the axial part (general part). Hehe, shaft friction at
the under-reamed part in compression was removern fthe
distributions of shaft friction because the frictiat inclined part of
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under-reamed part cannot be considered. It iscdiffito estimate
the shaft friction at inclined part.

The trend similar to the nodular cast-in-place cete pile was
observed in the nodular diaphragm wall. The shadtién at the
nodular part and under-reamed part of the nodutgshdagm wall
shows large value compared to the axial part. Thgimum value
of shaft friction at the nodular part and undemned part is
900kN/nt in tension side. The shaft friction is small valire
compression side because the applied load is sralvever,
compared to the shaft friction at nodular part #rat at axial part,
the former part shows large value.

The relationships between the shaft friction and thcal pile
displacement for each section of the test pilesthpdest wall are
summarised in Figures 10 (a) to (c). From thesairdig, the
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Figure 12 Relationship between bearing pressure and
displacement on nodular diaphragm wall
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following findings were obtained. The shaft fricti@f the cast-in-
place concrete pile (see Figure 10 (a)) was fulpbitised for all

sections, and the shaft friction reached the ulenstate in tension
side. The shaft resistance exhibited a nearly ielpstfect plastic
behaviour.

The shaft friction of the nodular cast-in-place cmte pile and
nodular diaphragm wall did not reach limit valuesdaended to
increase much more if larger tension and compresisiad would
had been applied.

Bearing Pressure of Nodular Part and Under-Reamed Part

The relationships between bearing pressure andadepent of the
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Figure 14 Calculation area of bearing pressure
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nodular cast-in-place concrete pile and the noddiphragm wall
are shown in Figures 11 and 12, respectively. Egurl and 12
involve bearing pressure at nodular part and thatnder-reamed
part.

The difference of axial force above and below tbdular part or
under-reamed part is divided by the projection ébearing area) of
the nodular part or the under-reamed part as shovrigure 13 to

estimate the bearing pressupg, Figure 14 indicates the calculation

area of bearing pressure involving neglected raofyehe shaft
friction. The hatched area in Figure 14 shows tlssumed
influential zone on the bearing pressure of nodpéat.

Lo: Neglected range of shaft friction
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