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Abstract— In this paper, further analysis from the result of spun pile test under reverse flexural load and combined with two levels
constant axial load, 40 tons (0.08fc’Ag) and 80 tons (0.16fc’Ag) is presented. The analysis is related to the confinement behavior of the
concrete section of pile using the low amount of spiral reinforcement. It was shown that the strain readings from the spiral
reinforcement indicate a subtle contribution regarding the confinement mechanism of the hollow section of a pile. In addition, it was
evident that spiral reinforcement seems to be compressed when the concrete section resists compression strain due to flexural load.
The crushing of concrete at ultimate condition could also not be resisted by spiral reinforcement by any means.
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combined with two levels of constant axial load. The result
I. INTRODUCTION showed that the displacement ductility of specimens which
axially loaded with 40 tons (0.8\;) and 80 tons (0.16A,)
were 4.8 and 2.4, respectively. By design specifications [6-
7], the results indicate that either specimen exhibits low
eductility; therefore, a flexible design is prohibited, test
'specimens can only be used in a low and high seismic risk
area with remain elastic condition. Prior research with
The role of the spiral reinforcement as confinement is similar interest was also carried out by Budek and Priestly
0{8]. The results showed that under lateral load the

anticipated to obtain ductile performance on a prestresse _ . -
pile. The role is subject to alleviate the plastic hinge prestressed hollow piles collapsed at displacement ductility
around 4.

mechanism thereby allowing the structure to behave as n thi furth vsis ab h . |
nonlinear member. This can be done by utilizing closely- . n this paper, further analysis about the experimenta
investigation conducted by Irawaat al. [5] is presented.

spaced transverse reinforcing bars to confine the Th vsis is based . | K which is related

compression zone of a pile [1]. As a result, high ductility can e analysis Is based on experimental work which Is relate

be obtained with the value not less than 8 [2-4]. to the conﬂ_nement behavior of spun pile und_er flexural load.
A prestressed hollow pile, otherwise termed as the SpunThe study is directed toward to understanding how the low

pile, generally demands sufficient ductility when behaves as 'atio of spiral reinforcing barsp(= 0.0024) could, therefore,

a free-standing column which mostly relies on the use pile &fect the performance of spun pile. Accordingly, this
shaft with the soil confinement being neglected. Irawizal. present study also adopts an advanced analysis to assess the
[5] investigated the seismic performance of hollow S€ISMIC performance of spun pile. Failure mechanism at the

prestressed concrete pile subjected to reversed flexural loa@nd ©f loading phase is also studied as well as visual

In high seismic risk utilization, the requirement of piles is
strictly specific by design specifications. In the level of
design, this requirement involves the minimum ductility,
ratio, and diameter of transverse reinforcement to ensure th
piles have adequate strength to support the weight of uppe
structure is subjected to significant earthquake loading.
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observation through the readings from strain gauges The experimental investigation described herein differs
mounted on the concrete, and longitudinal and transversefrom previous research, in that the spun piles were tested
reinforcement. These readings can be used to justify theunder axial load and reversed lateral two points load. The
level confinement provided by the concrete and previous work tested under monotonic lateral load without
reinforcements. The previous research regarded to seismi@xial load [9-11]. The utilization of piles was not only
performance of hollow pile are presented below. embedded in the ground but also used as freestanding
Three groups of hollow piles with a diameter of 400 mm columns such as in marine and bridge structure. In case fixed
and a wall thickness of 70 mm, built with high strength head structure, high bending moment will occur on pile shaft
concrete (ave. 87.4 MP§)]. The specimens were varied the under pile head as shown in
ratio of transverse reinforcement and added non-prestressed Fig. 1 [12]. Therefore, the pile was freely deflected without
longitudinal steel. Specimens were laterally loaded at resisted by soil resistance. This research investigated the
midspan in merely supported, with a span 2.6 m. This flexural behavior of spun pile combining with a constant
investigation concluded that adequate close spacing ofaxial load.
transverse reinforcement would provide confinement to the

core, and produce a ductile performance of hollow pile. The e - ‘ .r . . .

T

additional non-prestressed longitudinal reinforcement would ™)
also produce a ductile response, even after the failure of the
prestressed longitudinal steel.

High-strength spun concrete hollow prestressed piles were
laterally loaded at midspan in merely supported, with a span
5 m [10]. The diameter was 400 mm with a wall thickness
150 mm. The strength of concrete was 95-106 MPa. The
ratio of transverse reinforcement with yield strength 1,000
MPa was used. The maximum uniform elongation of the
prestressing bars was evaluated in this study; bars with 2%-
5.13% were used. The conclusions of this research were the
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flexural ductility of the spun pile was proportional to U

elongation of longitudinal steel. Adequate confinement of Moment Patterns Free Head Fixed Head
compression concrete fiber using sufficient the amount and

spacing of transverse reinforcement would lead to the Fig. 1 Moment patterns in free and fixed-head piles [12]
undesirable failure mode of the spun pile if the tensile

capacity of the longitudinal bars was exceeded. Il. MATERIAL AND METHOD

The monotonic and cyclic lateral loading was carried out )
in the spun piles, without axial load[11]. Specimens had 30 A. Specimens _ _
cm diameter and 6 cm thickness. The compressive strength 1his study involved two test specimens of spun piles,

of the concrete was fc’ = 69 MPa. Six prestressed steel barglesignated as S-TB-1 and S-TB-3. The specimens were
(PC bars) of 7 mm diameter were used for longitudinal tested under the similar environment, with the difference of

reinforcement and spiral of 3 mm diameter and 100 mm the axial load being applied to each of test specimens as the
pitch were used for transverse reinforcement. Piles wereParameter. Specimen S-TB-1 was axially loaded with 40
embedded into the soil. The locations of plastic hinge were tons (0.08fc’Ag) while S-TB-3 was loaded with the axial
the focus of this research. For monotonic loading, the plasticload of 80 tons (0.16fc’Ag).

hinge was formed at a depth twice the diameter of the pile The test specimens had a circular hollow section with
(2D). While plastic hinge was visible on the fourth diameter diameter was 400 mm and a wall thickness of 100 mm. The

of the pile (4D) for cyclic loading. ratio of thickness and outer diameter, t/d, was 0.25.

Four test units, designated PS11-PS14, were hollow Specimens were fabricated using the spinning method.
prestressed pile with a diameter 610 mm and a wall Hollow section of concrete was produced due to centrifugal
thickness 94 mm [8]. The strength of concrete was ave. 67.5force were placed on the outer face of molding. A single
MPa for PS11-PS 13 and 53.5 MPa for PS14. Reversedayer of reinforcement consisted of ten prestressed PC bars
lateral load combining with axial load applied to the pile. With a diameter 7.1 mm were embedded to pile as
External confinement of pile section applied to PS 11 and longitudinal  reinforcement.  In  addition,  transverse
PS13 by the saddles made from a 75 Duro “A” rubber that reinforcement used3.2 mm wire with 100 mm spacing.
covered 100 of pile shaft circumference top and bottom. Pile's section and detail of reinforcement are shown in Fig.
The conclusions drawn from this test were the failure 2
initiated due to compression failure of the shell when the ¢ il
strain at the core’s inner surface reached a value about 0_005B;thr0perty 0 I?}/Ia(;ena S . h of fc’ 54.4 M
The presence of non-prestressed longitudinal bars caused the e concrete had a compressive strength of ic” 54.4 Mpa
decreasing of curvature capacity by damaging the sheIIObt"?“r?E_’d at 28-day_-age testing. Due to initial prestressing,
trough bond slip, initiating compression failure. External (€ initial compressive stress was4.6 Mpa.
confinement by the saddle and the level of transverse
reinforcement ratio on the plastic hinge region hasffece
on displacement ductility capacity.
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Spiral ©3.2-100 C. Setup and Loading System
. : PC bar 1067.1 The test setup of specimens is presented in Fig. 5. Both
- e » specimens were tested under reversed flexural loading
' : combined with constant axial load, 40 tons for S-TB-1 and
80 tons for S-TB-3. These loads represent the gravity and
seismic load.
: The specimens were tested as merely supporting structure,
127 | - T with pin-pin support at both ends, in a vertical position. A
S B constant axial load was applied using 300 tons oil jack
mounted on the top section of the spun pile. The pressure
force was generated by the oil pump and controlled using a
pressure gauge. Upside pin support was designed to can
movable vertically to transmit the axial load from jack to
pile section while reverse flexure load applied in the middle
span of spun pile using 150 tons actuator.
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Fig. 4 The curve of stress-strain of spiral reinforcement, WiB2 mm,
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under tensile load c
'yecles
Tensile properties of 7.1 mm PC bar are shown in Fig. 3. Fig. 6 The drift ratio of the loading protocol [13]

Given its diameter, the PC bar had the area of 39.8 ifine
elastic modulus of the bar was 220,267 Mpa, while the yield
and ultimate stresses were 1,387 Mpa and 1,455 Mpa

respectively. While the yield and ultimate strain are 6/%98  1ansqucer (LVDT) instrument. Based on the displacement
and 22,529ue respectively. Regarding strain, due to initial a5 obtained the value of drift ratio, a ratio between lateral
prestressing, PC bars were subjected to 5000ensile  displacement and shear span (h/2), at the middle length of
strain. the specimens. The loading protocol was based on ACI 374-

_ Tensile properties of wire spiral reinforcement are shown 1.05. The constant reverse displacement was repeated three
in Fig. 4. The cross-sectional area was 8.0°nModulus of  cycles. Value of drift ratio was increasing until the pile

elasticity obtained from the linear gradient of the graph was fajled [13]. The cycles of reversed lateral load are shown in
220,200 Mpa, while the yield and ultimate stresses and straingig. 6,

in respective were 681 Mpa and 818 Mpa, and 3,@6and
5,219ye.

The lateral load was controlled by lateral displacement,
recorded using 100 mm Linear Variable Differential
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D. The measurement of strain In compression fiber concrete, the confinement mechanism

According to the schematic flexural behavior of spun pile occurred. In ultimate condition, the crushing of concrete was
due to lateral loading as shown in Fig. 7, due to reverseresisted by confining force of spiral reinforcement. The
lateral load spun pile was deflected. While the lateral load strains of spiral reinforcement were recorded using strain
was pushed (+), it caused tension stress on front PC bar andauge mounted on the surface of the spiral wire. Strain
compression stress on rear side concrete of spun pile. Whileggauges of spiral reinforcement were mounted in the front
the lateral load was pulled (-), it will induce the tension on and the rear side in some locations and placed on the middle
back PC bar and compression on front side concrete of spurspan (x = 0), 200 mm and 400 mm above and below of
pile. middle span (x =+200, x=+400) and below of middle span (x
=-200, x=-400).

The compression and tension strain of concrete and PC bar
due to flexural loading was recorded using strain gauge. Fig.
8 showing the position of a strain gauge on concrete and PC
bar. Both face of concrete in the same direction of lateral
load. The recorded strain was ready by data logger

Compression on Compression on instrument
back side concrete front side concrete '
" ensoning pueh tond
load (+) PC bar back load () I1l. RESULT AND DISCUSSION
tensioning

A. Failure Mode of Specimens

Irawan et al. [5] conducted a detailed analysis of the load-
displacement relationship of tested spun piles. The hysteresis
curve of the load-displacement due to reverse lateral loading
is shown in Fig. 9. In this study displacement ductility, the

&) Conerete and PC bar strain b) Concrete and PC bar strain ratio of ultimate displacement to yielding displacement was
due to push lateral load due to pull lateral load . . . . .
intensively analyzed. Specimen S-TB-1 withstand until
Fig. 7 The schematic flexural behavior of spun pile due to lateral loading maximum displacement ductility, = 4.8. The increasing of
axial load on specimen S-TB-3 caused spun pile early

Lateral load collapsed at lower displacement ductility = 2.4. The not
T (+) ¢— P (- . ..
: 1 © very high of the ductility of hollow column, around three or
PC bar strain —1[||  PCbarstrain four, is also obtained from previous research [8][14].
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Fig. 9 Hysteresis load (moment) and displacement of the spun pile under
cyclic loading [5]
Strain gauge of PC bar

Strain gauge of PC coner The increasing of the axial load was increasing the peak

_ N _ moment capacity of the spun pile, especially at crack and
Fig. 8 The position of strain gauges of concrete and PC bar
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yield stage. Nevertheless, the slightly decreasing of ultimate
moment capacity was achieved [5].

As shown in Fig. 10 and Fig. 11, the failure patterns of
both specimens were compared. The concrete crushing
occurred in the front and the rear face of S-TB-1 specimen.
The damage occurred at load pull. This failure mode
corresponding to the load-displacement curve of S-TB-1 [5],
see Fig. 9. At displacement ductility, = 4.8 the lateral load
capacity was decreasing. Another scenario was apparent in
specimen S-TB-3 where the explosion at high bending
moment region was inevitable due to higher axial load level
being applied to specimen S-TB-3 (see Fig. 11). After peak
load, excessive reduction of flexural capacity rapidly
occurred.

According to visual observation throughout the loading
phase, the test specimens failed in less desirable brittle
manner. In each of test specimen, it was evident that the
failure due to outside wall concrete crushing occurred after ,
the specimen achieved the peak capacity. After spalling of Fig. 11 Totally explosion damage of specimen S-TB-3
cover concrete, the buckling of PC bars was clearly .
observed. This type of failure was corresponding to the B- The Strain of Concrete and PC Bar
previous testing conducted by Budek and Priestly. The The recorded strain of concrete and PC bar as the behavior
failure of hollow section prestressed pile was caused by theof the failure mechanism of the pile is presented in Fig. 12
compression failure of the shell [8]. Inside face of concrete and Error! Reference source not found. Through the
wall crushing also causes the failure of hollow columns or reading of strain gauges on concrete, it appeared from the
piles [14][15]. The decreasing of peak loads of hollow Fig. 12 that the strain of concrete for S-TB-1 and S-TB-3 are
prestressed piles under lateral load was initiated by the5,008 pe and 4,252pe, meaning that the strains have
concrete cover spalling. Due to the large axial load applied exceeded the limit of strain at crushing, £g3,000ue [17].
on pile caused spalling concrete cover and buckling of PCThe crushing phenomenon occurred.
bar or longitudinal bar was early occurred [18].
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Fig. 10 The crushing on the front and the rear face of specimen S-TB-1 3 1000
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g
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Fig. 12 The strain of concrete of S-TB-1 and S-TB-3
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The readings of strain gauges of PC bar are shown incrushing [16]. As the result of the phenomena captured from
Error! Reference source not found. It can be seen, the the experimental investigation, it can be said that the
corresponding tensile strains of PC bars at maximum loadutilization of low amount of spiral reinforcement governs the
are 6,46Que and 5,383u¢ for specimen S-TB-1 and S-TB-3, tendency in which concrete in extreme compression fiber
respectively. However, due to initial prestressing of 5,000  behaves as unconfined concrete. Considering this fact, good
caused tensile strain values of the specimens go up 11,46@0nfinement of hollow column or pile is not then achieved
pe and 10,383ue. These strains are now known to be less Which Woul_d also affect th_e ductile performance of pile. The
than ultimate strain limit which is 22,52&. It implies that ~ Small spacing of spiral reinforcement on hollow pile has no
the failure is dominated only by concrete crushing. The Significant effect on the ductility capacity [8]. Without the
concrete crushing caused the PC bar was buckling. ThisPresence of concrete core on the hollow pile, close spacing

phenomenon was depicted by the suddenly decreasing of th@f spiral reinforcement is not crucial because a brittle failure
compressive strain of PC bar. occurred after concrete cover spalling [18]. The confining

pressure of inside surface of the concrete wall in hollow

8000 columns from confining reinforcement is smaller than in
Po = 0.08fc’Ag solid columns [14]. The low lateral confining action is the
6000 1 characteristic of hollow concrete columns or piles [8][14].
4000 A §
2000 1 1500
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Z 2000
500 -
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C. The Strain of Spiral Reinforcement Analysis Displacement (mm)
The readings of strain at spiral steel from specimen S-TB-1 Fig. 14 The resume strain of spiral wire of specimens S-TB-1 and S-TB-3
and S-TB-3 are shown iError! Reference source not
found.. Each figure represents the record of strain starting IV. CONCLUSIONS
from initial loading condition until the specimens failed.  Regarding the results of the experimental work as
Before concrete crushing, the average of tensile strains ofpresented above, the following conclusions can be drawn:
spiral steel is 3Que. When the load is at the peak point, the The ultimate strength of prestressed hollow pile spun pile,
jump of tensile strain occurs with the value increased arounddue to reverse flexure load combined with constant axial
1,330pe. This value is lower than yield strain of spiral steel load is reached due to the crushing failure of concrete on
which is 3,067 pe (see Fig. % hence, it is clear that compression fiber. Crushing of concrete at shell occurs at
transverse reinforcement has not been yielded. However, it isfiber compression strain @f = 5000pe. The recorded strain
impeccable that some gauges have shown simultaneou®f spiral reinforcement shows that low amount of spiral
event of concrete crushing at the same time when spiralreinforcement poorly contributes the confinement of spun
steels are subjected to compression. pile’s section. Spiral reinforcement does not resist the
Effective confinement of concrete section occurred when explosion of pile's concrete section at ultimate state due to
transverse reinforcement was vyield to resist the concretecompression. Its tensile strain does not achieve yield limit;
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moreover, spiral reinforcements are compressed coincided
with the compression damage of concrete.

(5]
NOMENCLATURE

f stress MPa
A area mm [6]
P axial load tons
Greek letters 7
p ratio of reinforcement
€ strain 8]
vl ductility
Subscripts [0l
c concrete
t transverse steel [10]
0 initial
g gross
A displacement
u ultimate [11]
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