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Abstract

Slab-on-pile SOP viaducts have been constructed on several highways and railways in Indonesia, but there are certain doubts
about some practical structural seismic design concepts. Therefore, this study aims to investigate the seismic performance
of a single spun pile column for the SOP viaduct using nonlinear analysis. The essential variables used include the effect of
top pile reinforced concrete infill treatment, soil-pile structure interaction (SPSI), and different response modification factors
(R). Moreover, the single spun pile column was designed as a macro model with a force-based beam-column element having
a fiber section in the plastic hinge. The static pushover analysis and quasi-static cyclic were also conducted to determine the
displacement limit state and the equal viscous damping, respectively. Furthermore, seven pairs of ground motion excitations
were used to investigate seismic performance in line with ASCE 7-10 and ASCE 61-14. The results showed that the
implementation of the top-pile reinforced concrete infill treatment slightly reduced seismic response but evoked more severe
pile curvature in the embedded zone. In addition, the behavior and seismic performance were slightly better than those
without treatment when considering the SPSI. This study recommends the spun pile column for the SOP viaduct with a
response modification factor of 1.5 to avoid probable brittle failure occurrence under earthquake load.

Keywords: Soil-Pile Structure Interaction; Response Modification Factor; Displacement Limit State; Hysteretic Energy.

1. Introduction

Several highway and railway infrastructures were constructed recently, particularly in Indonesia, to accelerate
economic growth. The slab-on-pile (SOP) viaduct was observed to be popular as a continuous elevated track in both
infrastructures due to its simple structural configuration and fast construction method [1]. The typical configuration of
the SOP structure consists of the spun pile functioning as the viaduct pier, and then the foundation, pile head, and
concrete slab, as presented in Figure 1. It is similar to the wharf structure, where the lateral seismic resistance is usually
supported by the extended pile foundation as a column. Some of the advantages of using these spun piles, also known
as prestressed hollow section concrete piles, include material durability, an easy construction process, and an economical
cost.

Indonesia currently has no specific standard structural design for SOP structures with spun pile columns. This is the
reason its seismic design is based on the SNI 2833:2016 [2] standard adopted from AASHTO LRFD (2012) and normally
applied to bridge structures [3]. Moreover, there is no provision regarding spun pile column utilization, while the ASCE
61-14 [4] standard was formulated for the seismic lateral resistance of using prestressed piles for the wharf structure.
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Most Indonesian practical engineers currently use linear analysis methods such as static equivalent and response
spectrum, which involve introducing response modification factors (R) to determine the nonlinear performance of bridge
structures, including SOP [5]. However, this nonlinear performance tends to vary depending on the capacity of the
structures to reserve strength (overstrength) and dissipate energy (ductility). The trend was also noted by Mahmoudi &
Zaree (2010) [6], who noted that the structural ductility and energy dissipation capability significantly influenced the
response modification factor of a structure. The study further showed that both SNI 2833:2016 [2] and AASHTO LRFD
(2012) [3] offered the response modification factor of 1.5, 3.5, and 5 for critical, essential, and other categories,
respectively, in multiple column bents of the other bridge design. Several structural design reports observed showed that
some SOP viaducts were designed using R-values of 3 and 5, even though ASCE 61-14 [4] required a seismic response
modification factor of 2 for prestressed piles. It was noted that this factor of 2 was used to design a wharf structure at
Nabire Port, Indonesia [7]. This means the adoption of ASCE 61-14 [4] was more appropriate than the AASHTO LRFD
(2012) [3] for the structural design of SOP.

Slab

“— Pile head

Spun pile

(b) (©
Figure 1. An overview of SOP structural configuration in the study: (a) 3D view, (b) longitudinal view, and (c) transversal view

Several studies have been conducted on the seismic resistance and structural behavior of spun piles. For example,
an experimental study showed that the spun pile without any treatment produced low energy dissipation and ductility
[8], and this was further confirmed by a pinching hysteresis loop applied by Setiawan et al. (2020) [9]. Benzoni et al.
(1997) [8] also observed that the pinching behavior of the tested specimen was affected by the high initial stiffness
provided by the prestressing bar. Furthermore, the application of a more significant axial load to the top pile produced
a lower equal damping capacity, which was below 10%. It is important to note that these significant deficiencies of spun
piles have not been considered in the structural design of SOP. This was observed from the findings of Cofer et al.
(2009) [10] that implementing top pile treatment with reinforced concrete infill was the best solution to overcome the
weakness of using spun pile in the SOP viaduct for the high seismic region. The finite element simulation applied in the
study showed that the tensile crack propagated through roughly 90% of the reinforced concrete infill area up to the
moment of failure in the concrete infill instead of the hollow spun pile [10]. However, there is presently no full-scale
experimental test and evident nonlinear analysis of the spun pile for the SOP viaduct. It was also discovered that the
former study did not consider the interaction between soil and pile, and this can affect the appearance of the plastic hinge
formation, thereby indicating the pile-column failure. This means there is a need to conduct an appropriate nonlinear
structural analysis to capture those problems.

This study applied the nonlinear analysis to a single spun pile column of a slab-on-pile (SOP) viaduct structure to
investigate the behavior and seismic performance of different structural treatments, important categories, and
idealizations. The focus was on several essential variables, such as the effect of top pile treatment with reinforced
concrete (RC) infill and different applications of the response modification factor (R). Moreover, the difference in the
effect of using bottom-fix restraint on bottom-pile restraint effects was also studied with due consideration for the soil-
pile structure interaction (SPSI). The first process involved validating the numerical model through the simulation of
the experiment conducted on a full-scale soil pile under a quasi-static lateral loading test by Hutchinson et al. (2004)
[11]. The preliminary simulation was intended to evaluate the accuracy and validity of the numerical model of the
laterally loaded embedded pile using OpenSees software with due consideration for the soil-pile structure interaction.
Furthermore, the main study formulated some monotonic and cyclic laterally loading analysis scenarios for the extended
single-spun pile-column model of the SOP viaduct structure. It is also pertinent to state that the SPSI model idealized
the soil springs as the p-y model. Moreover, nonlinear time history analysis was applied to obtain the structural dynamic
responses under the designed earthquake excitations. The seismic performance of top spun pile treated with reinforced
concrete infill was also studied, while the effect of SPSI and different response modification factors (R) implemented
was also investigated in relation to the plastic hinge formation, hysteretic loop characteristics, and structural seismic
performance.
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2. Methods

A numerical model validation was first conducted followed by the investigation of the structural behavior and
seismic performance of extended single pile-column models using the research method briefly explained in the following
Figure 2.
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Figure 2. The research flowchart

A numerical model validation was first conducted on an extended pile-shaft structure with reference to the
experimental studies by Hutchinson et al. (2004) [11] and Chai & Hutchinson (2002) [12]. These studies only considered
a top-free single pile model, which led to the addition of a top-fixed restraint pile model to represent the connection
between the pile and pile cap. The validation process showed a good agreement in the hysteresis loop with the former
experimental result, which means it was possible to apply the same modeling method to the main study.

The main study was conducted by designing three types of single pile-column models, including hollow spun pile,
spun pile infilled with reinforced concrete, and RC bored pile, using different response modification factors of R = 1.5
and R = 3.5. Moreover, the RC bored pile models were developed to compare the behavior and seismic performance of
the spun pile. It is also important to note that the effect of soil-pile structure interaction (SPSI) was compared to the
bottom-fixed restraint at the end of the fixity depth. Several analyses were conducted, including pushover, cyclic, and
nonlinear time history analysis (NLTHA). The static-monotonic pushover analysis was used to determine the capacity
curve of the single pile column; the quasi-static cyclic analysis was applied to generate the hysteresis loop; and the
nonlinear time history analysis (NLTHA) was used to investigate the structural responses under the designed earthquake
excitations. The results obtained were in the form of the plastic hinge formation, hysteresis loop behavior, energy
dissipation, equal viscous damping, and seismic performance of each model, which were discussed and compared. The
intention was to provide an appropriate suggestion and the best choice for practicing engineers in the process of
designing SOP viaduct structures with spun pile columns.

2.1. Numerical Model Validation

The single pile model used for the validation was developed according to Hutchinson et al. (2002) [11] and Chai and
Hutchinson (2002) [12] that conducted a full-scale soil-pile lateral loading test to investigate the extended pile-shaft
structure with a focus on the lateral strength, cyclic behavior, and ductility capacity. The test pile embedded in a large
soil container is presented in the following Figure 3-a, and axial pressure was applied using two high-strength steel tie-
down rods, each loaded with a hydraulic jack. Moreover, an actuator reacting against a large-capacity reaction block
provided the lateral force for the cyclic loading test. Pile Test No. 4 was simulated using OpenSees [13] through the
application of the Scientific Toolkit for OpenSees (STKO) [14] as the pre-processor and post-processor. The specimen
had an above-ground height of 6D and was embedded in loose dry sand to a depth of 13.5D from ground level, where
D is the diameter of the pile. The axial force, P, of 445 kN was also applied to represent the nominal axial stress level
of 0.1f'c, where f'c is the uniaxial compressive strength of the concrete.
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Figure 3. An experiment test by Hutchinson et al (2002) [13]: (a) the setup and (b) the reinforcement details of the tested pile

The study also used seven Grade A706 ¢ 22 bars (dp, = 22.2 mm) as the longitudinal reinforcement with a well-
defined yield stress of f, = 421 MPa as indicated in the details of the pile specimen presented in Figure 3-b. It was also
discovered that the MW45 smooth wire (ds, = 7.3 mm) at 50 mm pitch provided concrete confinement while the
transverse steel had an equivalent yield stress estimated at 605 MPa. Moreover, the concrete material provided a
compressive strength, f'c, of 47.5 MPa while the soil used for the test had average wet density and friction angle of 17
kN/m3 and 37°, respectively.

A two-dimensional numerical model was developed for the test pile using STKO-Opensees software as shown in
Figure 4-a. The pile had displacement-based beam-column elements and fiber sections, and a P-delta with a large
displacement effect was considered by applying the corotational geometric transformation. Furthermore, the stress-strain
relationship of the concrete material was based on the Modified Kent and Park model [15] through the utilization of the
Concrete02 material in the OpenSees material library as presented in Figure 4-b. The constitutive model of the
longitudinal steel material was designed using Steel01 and MinMax materials in the OpenSees material library as
indicated in Figure 4-c.
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Figure 4. lllustration of (a) structural idealization of the numerical model and a constitutive model of (b) concrete, (c)
longitudinal steel bars, and (d) cyclic loading protocol

The soil-pile structure interaction in the numerical analysis was considered using a nonlinear p-y spring element. It
is also important to note that the p-y curve for cohesionless soil without liquefaction presented in API (2007) [16] was
adopted. Moreover, the PySimplel material provided in OpenSees, as explained by Boulanger et al. (2003) [17], was
utilized to construct the soil spring material. The pin restraint was assigned to the bottom node of the pile, while the
fixed restraint was assigned to the fixed node of the spring element. The process involved two conditions and the first
was that the top node was assumed to be rotation-free to represent the experimental condition, while the second was that
the rotation at the top node was fixed to represent the SOP piles condition connected to a rigid pile head and slab.
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The axial and cyclic lateral push loads were employed at the top node based on the cyclic loading protocol presented
in Figure 4-d. It is pertinent to state that the cyclic loading analysis was applied after the gravity analysis and was used
to produce the hysteretic loop. The numerical result obtained after the whole process was later compared to the
experimental test data to assess its accuracy.

2.2. Main Study of Numerical Modeling for the Extended Single Spun Pile-Column in SOP

The main study was used to conduct a nonlinear analysis of single pile-column models of SOP using the STKO-
OpenSees software. The spun pile with reinforced concrete (RC) infill treatment and bored pile models were initially
redesigned to provide an equivalent seismic resistance to the existing structure which was in the form of a hollow spun
pile model. It is important to note that the redesigned models were developed in a previous study by Darmawan et al.
(2022) [18] based on SNI 2833:2016 [2] which is equivalent to AASHTO LRFD (2012) [3]. Moreover, the single pile-
column configuration was calculated using static equivalent and response spectrum methods in line with the provision
of the code. The maximum demand/capacity (D/C) ratio of all models was observed to be in the range of 0.7 to 0.9 as
previously noted by Darmawan et al. (2022) [18]. The configuration for each of the pile-column models is presented in
Figures 5-b to 5-d.
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Figure 5. Modeling schemes for the single pile-column: (a) single pile models idealization (unit in m), (b) hollow spun pile
(unit in mm), (c) spun pile infilled with reinforced concrete (unit in mm), and (d) bored pile (unit in mm)

The three groups of the proposed models are shown in Figure 5. The first group was Models A and D, the spun piles
equipped with top-pile concrete infill treatment with due consideration for the soil-pile structure interaction (SPSI) and
bottom-fixed restraint, respectively. The second was a hollow spun pile designed based on SPSI (Model B) and bottom-
fixed restraint (Model E), and the third was a single reinforced concrete (RC) bored pile model accompanied by SPSI
(Model C) and bottom-fixed support (Model F). The piles with SPSI were designed to have a total length of 38.55 m,
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out of which 8.55 m was the free-standing pile length. Furthermore, the embedded pile lengths were 30 m and 3 m for
the models designed with due consideration for the SPSI and the bending moment infliction point depth, respectively.
It is also important to state that the reinforcing steel area ratio in the concrete infill treatment was 1.6%.

The influence of response modification factor variation was also considered in the designed pile. This was indicated
by the application of 1.5 and 3.5 as the factors for the critical and essential bridge based on the operational categories
according to SNI 2833:2016 [2], which is also equivalent to AASHTO LRFD (2012) [3]. Moreover, the preliminary
design of the SOP structure led to a variation in the additional mass of the superstructure applied to the top pier depending
on the response modification factor used. The additional axial load assigned for all types of pile sections to represent
the superstructure loads distributed on the top is indicated in Table 1 in addition to the moment and shear capacity.

Table 1. Axial load and moment & shear capacity of the pile sections

) ] P (kN) P/ (Agf') Moment Capacity (kNm)  Shear Capacity (kN)
Pile Section
R15 R35 R15 R35 R 15 R 3.5 R15 R 3.5
Hollow spun Pile 1.65% 3.06% 394.85 375.79 171.72 171.73
Spun Pile + RC Infill 1413 2613 118% 2.19% 495.90 482.54 266.88 266.90
Bored Pile 1.67% 3.08% 389.33 370.16 238.13 238.13

The spun pile was composed of concrete material with a compression strength f'c = 54.4 MPa, while the concrete
infill had a maximum compression stress of 27.03 MPa, and the bored pile had an unconfined concrete strength of 30
MPa. These values were idealized using Concrete02 as proposed by the Modified Kent-Park model (Scott et al., 1982).
Moreover, Steel01 was used to idealize reinforcements and prestressed bar materials with certain limits, using MinMax
material to represent the failure. The steel bar had a yield stress of 420 MPa, while the prestressed concrete had 1387
MPa. It is pertinent to note that the initial prestressing effect was also considered using the initial strain material.

The single piles were modeled as displacement-based beam-column elements (DBE), while the sections were
discretized as fibers to represent the material nonlinearity at the sectional area. The plastic hinge was assumed to spread
along the element using the Gauss-Lobatto integration rule because the yielding could potentially occur at a specific
location along the pile length due to the different lateral stiffness provided by each SPSI's link. Meanwhile, deeper fixity
produced higher stiffness, and this led to the construction process using zero-length elements every 1 m starting from
+0.00 m to -30.00 m elevation, with the parameters of the p-y material for the pile embedded in the sand determined
based on API (2007) [16]. The bottom pile of the model designed with SPSI consideration was restrained in translation
(pin) based on the assumption that there was no settlement.

Several idealizations of parameter input were considered for the nonlinear time history analysis. For example, the
mass and load were localized at each node along the pile length in the lump idealization in order to simplify the mass
matrix used in the dynamic analysis. Meanwhile, a rotational restraint was applied to the top pile to represent the pile
head restraint. The geometric nonlinearity with P-delta plus large displacement was also considered for the axial force
applied to the top pile, and this had the ability to increase the internal forces in the same way as the stress in the pile
element [19].

2.3. Structural Behavior and Performance Evaluation

Nonlinear static procedures were applied to simulate the nonlinear behavior of the pile models using pushover and
cyclic analysis. The pushover analysis was used to determine the capacity curve and the plastic hinge formation after
reaching a specific target displacement. Moreover, several limit states were applied to the curve to determine the pile's
capacity under several performance levels in line with ASCE 61-14 [4]. The performances were categorized into three
levels, including minimal damage, controlled damage, and life safety protection, and these were applied based on the
concrete strain limit according to the provision code. The limit states and the description are summarized in Table 2. It
is important to note that the limit state for the prestressed pile was addressed in the ASCE 61-14 provision. The actual
limit state was possibly more stringent for the spun pile (hollow section prestressed pile) with low confinement, thereby,
leading to a potential explosive brittle failure [20].

Table 2. Limit states for pile according to ASCE 61-14 [4]

Concrete Strain

Performance Level Description Limit
Minimal damage The structure performs near elastic behavior with minor or without residual deformation. & < 0.004
Controlled damage The structural behavior is still controlled or repairable, although limited inelastic behavior occurs. & < 0.006
Life safety protection The unpreventable damage occurs, but the structure can withstand support gravity loads. & < 0.008
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The cyclic analysis was used to capture the pile's hysteresis behavior. This was represented by the equivalent viscous
damping and hysteretic energy which were used to compare the structure's dissipating capability between the six models.
The hysteretic energy (An) was an area of the complete cycle in the hysteretic response while the equal viscous damping
(&) was calculated by equating the hysteretic energy with the absorbed energy as shown in Equation 1 [21] where Fp,
and An, are the maximum force and displacement in each cycle, respectively.

§ =2 (1)

T 2mFp A,

The other parameters, initial stiffness, and maximum lateral strength, were also compared to determine the difference
in the hysteresis loop characteristics of each model. The initial stiffness was calculated by dividing the initial force by
the initial displacement as presented in the tangent method. The calculation was made using the parameters obtained
from the hysteresis loop and they were also used as indicators to show the influence of several variables considered in
this study. Moreover, the maximum lateral strength was obtained from the peak lateral resistance monitored in the
backbone curve. The dynamic responses of the structure were obtained through nonlinear time history analysis after
which seven pairs of ground motions recorded were selected in line with the provision of ASCE 7-10 [22].

The selection process was based on several criteria including the fault type, magnitude (My), fault distance (Rx), and
condition of the Yogyakarta earthquake site. It is significant to note that the site was categorized as class E based on the
SOP structure's standard penetration test result (Kulon Progo, Indonesia). The fault type was found to be strike-slip
based on the Opak fault in Yogyakarta, Indonesia. The de-aggregation result for the Yogyakarta zones also showed that
the magnitude of the earthquake was 6.8 with a fault distance of 17 km. Furthermore, a single scale factor was calculated
based on each response spectral within the period of interest and the values obtained were multiplied by each ground
acceleration to generate the scaled ground motions as presented in Table 3.

Table 3. Records of the selected seven ground motion

No Earthquake Station Mw  Rx(km) Vgo(m/s)  Scale Factor (S.F.)
1 Chichi CHY047 6.20 38.6 169.5 35
2 Darfield Christchurch 7.00 18.1 187 25
3 El Mayor Botanical Gardens Meloland, E Holton Rd. ~ 7.20 30.2 196 2.0
4 Imperial Valley El Centro Array #3 6.53 10.8 162.9 2.0
5 Morgan Hill Hollister City Hall 6.19 30.8 198.8 55
6 Tottori SMNO002 6.61 16.6 138.8 29
7 Victoria Chihuahua 6.33 18.5 242.1 25

The seismic performance of the single extended spun pile of the SOP structure was investigated by comparing the
maximum top-pile displacements obtained from the dynamic analysis to the limit states at the capacity curve determined
using static analysis. The monitoring process required the control of the top pile displacement with the strain and
deformation of section hinges in both top and bottom locations. The mean of the seven dynamic responses was
considered according to the ASCE 7-10 [22].

3. Results and Discussion
3.1. Validation Analysis Results

The validation analysis showed that the initial stiffness and strength degradation of the numerical simulation
coincided with the experimental result as indicated in Figure 6-a. Meanwhile, the lateral strength from the numerical
simulation was about 18% lower than the value obtained from the experimental test. This means the findings were
sufficiently coincident. It was also discovered that the two scenarios for each monotonic pushover and cyclic loading
analysis were performed by considering the top node of the pile as free and fixed restraint of moment rotation. The top
fixed restraint moment idealization was used to investigate the effect of the pile group action on the actual
implementation of the SOP viaduct system. The cyclic loading analysis result for both scenarios is presented in Figure
6-b. The findings showed that the top fixed restraint idealization of the pile provided significantly higher structural
strength up to 1.8 times compared to the top-free condition.
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Figure 6. (a) Validation results according to Hutchinson et al. (2002) [12] and (b) extended cyclic analysis

3.2. Main Study Results
3.2.1. Plastic Hinge Formation of a Spun Pile Column

The numerical analysis showed that more plastic hinge curvature was generated in the embedded zone of the spun
pile with RC infill treatment on the top compared to the specimen without the treatment, as indicated in Models A and
B in Figure 7. The top plastic hinge of Model A was found to have a larger bending strength capacity, and this forced
more severe plastic hinge formation in the bottom zone. It is important to note that the bottom plastic hinge was the
original hollow spun pile section and had lower bending strength than the top hinge with concrete infill. Moreover, the
inclusion of reinforced concrete infill as a treatment during the process of implementing the bottom fixed restraint was
able to reduce the plastic rotation of the top hinge, as shown in the comparison of Model D and E in Figure 7. This
means practical engineers should be aware of the effect of the concrete infill treatment on the top pile region in the
process of designing structures due to its ability to provoke more severe plastic hinge formation in the embedded zone.

The plastic hinge curvature of SPSI models in the life safety limit state was visible at the top pile and slightly at the
embedded zone, as shown in Figure 7. Meanwhile, the bottom-fixed restraint models, D, E, and F, dominantly showed
the plastic curvature near the bottom moment fixed restraint and emerged slightly at the top pile. The phenomenon was
influenced by the stiffness produced by the different support idealizations.
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Figure 7. Plastic hinge curvature formation of the designed pile with different response modification factors (R); (a)
response modification factor (R) of 1.5 and (b) response modification factor (R) of 3.5

It is important to note that the bottom-fixed restraint was the translation and rotation through extremely high stiffness
or fully rigid assumption, preventing the base from lateral displacement and causing a significant concentrated plastic
curvature around the fixed rotation restraint location. Meanwhile, the SPSI consideration in Models A, B, and C
generated lower lateral resistance and restrained moment distribution, thereby, allowing more widespread light plastic
hinge formation in the embedded zone. The process also triggered the dominant concentrated plastic hinge formation in
the top zone, which was restrained by the fixed rotation. However, the response modification factors did not exhibit a
significant difference in plastic hinge formation on the piles. Model A with a top pile and RC infill treatment generated
less curvature in the bottom hinge when 3.5 was used as an R-value instead of 1.5.

3.2.2. Hysteretic Loops Behavior

The numerical simulation showed that different variations of the designed pile produced different lateral strengths
under cyclic loading, as shown in Figures 8 and 9 as well as Table 4. It was discovered that the lateral strength capacity
of the spun pile with reinforced concrete infill treatment on the top was slightly increased by 11.75% than the specimen
without the treatment [23]. However, the hysteretic loop's shape and immensity remained identical. Orientilize et al.
(2021) [24] compared three specimens of the spun pile with a diameter of 450 mm through pushover and cyclic analysis,
and the findings showed the ability of the additional reinforced concrete infill with 6D19 rebar to increase the lateral
strength by up to 45%. The other parameter, which was the difference in compression strengths of infilled concrete at
35 MPa and 50 MPa, did not show significant differences in the spun pile lateral strength. Meanwhile, the findings of
this present study indicated a slight increase in the lateral strength of the spun pile with reinforced concrete infill because
the probable plastic hinge occurred at the top and bottom zones. It was also discovered that the bottom plastic hinge
used the hollow spun pile section. Models A and E were enhanced with reinforced concrete infill treatment, but the
bottom plastic hinge was found to be the weakest, and this governed the lateral strength of the pile.
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Figure 9. The force-displacement curve of bottom-fixed restraint models under cyclic loading; (a) Model D - R = 1.5, (b)
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Table 4. Hysteresis loop parameters of each model

Initial stiffness Maximum lateral

Minimal damage limit

Controlled damage limit Life safety limit

Model R (KN/m) strength (kN) displacement (mm) displacement (mm) displacement (mm)
15 2109.87 120.67 322 397 472
A 35 2103.13 120.01 252 293 325
15 2067.49 108.35 232 266 281
® 35 2064.81 107.38 220 248 261
15 1130.08 102.08 322 397 471
¢ 35 1685.27 100.72 312 378 442
15 2606.01 121.69 192 222 235
P 35 2671.22 120.56 181 206 218
15 2571.11 111.15 208 239 254
: 35 2637.69 109.18 196 222 235
15 1208.98 105.36 285 356 423
F 35 211557 104.69 274 339 400
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The bored pile models, C and E, produced the lowest elastic stiffness with more significant energy dissipation and
equal viscous damping. This was indicated in Table 4 which was used to represent the parameters of the hysteresis loop
in Figures 8 and 9. It was further discovered that the bored pile models were able to perform large hysteresis loops
without any pinching behavior. This was in line with the findings of EI-Arab & Maki (2012) [25] that there was almost
no pinching on the hysteresis loop when conducting experiments using the circular reinforced concrete column pile
under cyclic loading. Meanwhile, severe pinching was observed in the hollow spun pile as well as the other pile with
reinforced concrete infill treatment. This also aligned with Yang et al. (2018) [26], who elucidated the pinching behavior
of spun piles with different reinforcement configurations, including prestressing and additional deformed bars. Their
findings further noted that more severe pinching occurred on the spun pile with only prestressing bars. It was also
reported that the pinching behavior of the additional deformed bars was not severe, and the energy dissipation capacity
increased with the quantity and area.

The analysis of the SPSI showed that its lateral stiffness was lower than the idealization of a bottom-fixed restraint
as presented in Table 4, but the strength capacity was almost the same. It was also discovered that SPSI displayed better
post-yield stability than the bottom-fixed restraint when subjected to large displacements of greater than 2%, but its
hysteresis loop was narrower. This was due to its more widespread hinge formation, which generated lighter plastic
rotation and produced a narrower hysteretic loop, unlike the bottom-fixed restraint model with a more concentrated
hinge formation.

The observation of the limit states applied with the sectional strain monitored showed that the SPSI models had more
significant lateral displacement limits than the bottom-fixed restraint models, as indicated in Table 4. This was due to
the fact that the SPSI produced a more flexible structure than the bottom-fixed restraint, which led to a longer
deformation in the equal limit state. Moreover, the bottom zone pile plastic hinge of the SPSI models was longer and
more widespread than the bottom-fixed models. The consideration of the SPSI in the spun pile model with RC infill
treatment on the top (Model A) allowed the generation of a longer displacement limit than the specimen without
treatment (Model B). Meanwhile, the spun pile model with bottom-fixed restraint and pile top treatment with RC infill
reduced the displacement limit.

The application of different response modification factors significantly affected the displacement limit state as shown
in Figures 8 and 9 as well as Table 4. However, it was discovered that the hysteresis loop for the models with 1.5 and
3.5 was almost equal due to the occurrence of axial stress in the light level at a value less than 0.2A4f'c, as shown in
Table 1. The findings also showed that the models with a factor of 1.5 achieved a more significant displacement limit
state than those with 3.5. This means a smaller response modification factor has the capacity to produce a higher
deformation capacity against severe earthquakes as well as the ability to produce a pile with a stable post-yield behavior
due to the smaller axial load under the nonlinear geometry effect. Nevertheless, the application of a smaller response
modification factor required more piles to obtain an equivalent seismic capacity for the force demanded.

3.2.3. Energy Dissipation and Equal Viscous Damping Characteristics

The results showed that the implementation of top pile treatment with RC infill did not provide a significant
difference from the hollow spun pile regarding the equal viscous damping and hysteretic energy as indicated in Figure
10. This was found to be in line with the results of Callista et al. (2022) [27] that the pinching hysteretic loops of a
hollow spun pile and another model with reinforced concrete infill treatment were identical, thereby, indicating similar
energy dissipation between the two models.
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In another case, it was also discovered that the bored pile models produced the highest equal viscous damping and
energy dissipation after exceeding 2% drift. This means ordinary reinforced concrete without prestress had the capacity
to achieve a plumper hysteresis loop than the model with prestress due to the absence of initial rebar stress to recover
the unloading state. Meanwhile, the bored pile had the lowest equal damping and hysteretic energy below the drift of
2%. It is also important to note that the longer elastic displacement limit and smaller elastic stiffness generated a narrow
hysteresis loop under small displacement.

The findings also showed that SPSI models produced higher energy dissipation and equal viscous damping than the
bottom-fixed restraint models below 2% drift. It was further discovered that equal viscous damping was generally stable
below 5% and under the 2% drift for all models, as shown in Figure 10. Moreover, the results showed that the energy
dissipation and equal viscous damping of bottom-fixed restraint models were more significant than the SPSI models
after the 2% drift was exceeded. This was due to the fact that the soil spring generated energy dissipation due to plastic
deformation under lateral compression of the side surface when the pile experienced low deformation below 2%.
However, the increase in deformation led to the absence of significant commensuration in the equal damping of SPSI
models with the energy dissipation generated by the bottom-fixed restraint models. The equal viscous damping ratio
under large displacement was found to be 3% to 7% and 3% to 12% for the models with and without SPSI, respectively.
This aligned with the findings of Cruz & Miranda (2017) [28] that there was a reduction in the damping of the model
with SPSI due to the increase in structural height generating insufficient lateral bearing of soil to produce hysteretic
damping. Meanwhile, bored pile column models under large displacement achieved equal viscous damping for 3% to
13% and 3% to 20% with and without SPSI, respectively.

The influence of response modification factor (R) variation was later clearly shown. The findings showed that the
piles with a response modification factor of 1.5 produced higher equal viscous damping and energy dissipation capacities
compared to those with a factor of 3.5. Ren et al. (2022) [29] noted that a lighter compression stress level usually leads
to a higher PC bar's tensile stress level, and this can lead to higher energy dissipation. The study applied finite element
analysis and showed the ability of an increment in the axial force ratio to increase the lateral strength and drift of the
hollow spun pile. An increase in the prestressing level of PC bars was also observed in the study to have caused a slight
increase in the lateral strength while the lateral drift was reduced. Meanwhile, the spun pile columns designed with an
R-value of 1.5 in this present study had a lower axial force ratio than R of 3.5, which led to a higher equal damping ratio
and energy dissipation capacity.

3.2.4. Seismic Performance

The models were observed to have equal levels of seismic performance as indicated by the mean structural response,
which was below minimal damage except for Model D with an R-value of 3.5. Moreover, the reinforced concrete infill
treatment on the top pile generated different trends for the seismic performance of the models with and without SPSI,
as shown in Figures 11 and 12. Model A with the SPSI treatment was found to have slightly better seismic performance
than Model B without the treatment. Meanwhile, the bottom fixed restraint application using reinforced concrete infill
treatment in Model D was discovered to have slightly worse seismic performance than Model E without the treatment.
These variations caused different displacement limit states due to the influence of varying plastic hinge proportions and
distribution at the top and bottom of the pile, as discussed in previous sections.
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Figure 11. The performance levels of SPSI models; (a) Model A - R = 1.5, (b) Model A - R = 3.5, (c) Model B-R = 1.5, (d)
Model B - R =3.5, (¢) Model C-R =15, (f) Model C -R =3.5
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Figure 12. The performance levels of bottom-fixed restrained models; (a) Model D — R = 1.5, (b) Model D - R = 3.5, (¢)
Model E-R =15, (d) Model E-R = 3.5, (¢) Model F - R =15, (f) Model F —-R =35

The maximum top-pile displacements of the SPSI models were generally slightly larger than the fixed-base models
under seven earthquake excitations based on the backbone curve, the deformation limit state, and the maximum
structural displacement response presented in Figures 11 and 12. Meanwhile, the mean maximum top-pile displacements
for all the models were below the minimal damage limit except Model D, with a response modification factor of 3.5,
which was observed to have a mean response slightly above the minimal damage limit. The implementation of SPSI in
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a more flexible structure generated a more significant maximum displacement response due to the general trend of
structural spectrum displacement increasing with structural flexibility. Moreover, the SPSI models had better
performance in terms of the ratio of displacement response to displacement limit, even though their displacement seismic
response was larger than the bottom fixed restraint models.

The implementation response modification factor (R) of 3.5 generated more significant displacement responses than
with 1.5, as shown in Figures 11 and 12. However, the 1.5 value was able to maintain the seismic performance below
the minimal damage limit, and the maximum displacement response did not exceed the maximum lateral strength of the
pile column in all cases with this value. This means the difference in the response modification factors influenced the
axial force and mass, and this needed to be supported by every single extended pile column. It is important to note that
the implementation of the 3.5 factor in the bottom fixed restraint model generated a higher mean displacement seismic
response to the minimal damage limit state. The findings further showed that the performance of some piles exceeded
the minimal damage and life safety limits when 3.5 was applied, specifically the spun pile with a fixed bottom restraint.
Meanwhile, severe displacement responses that were greater than the life safety limit in Models D and E were caused
by the Morgan Hill and Tottori earthquakes.

In comparison, the structural model of the bored pile column with R-values of 1.5 and 3.5 exhibited minimal damage
performance, but Model C with 3.5 surpassed the controlled damage performance limit under the Darfield Earthquake.
It was also discovered that the bored pile column with an RC concrete section provided adequate energy dissipation and
displacement limit, which means it is suitable for use in the SOP viaduct with an R-value of up to 3.5.

In this numerical simulation of a single spun pile column in the SOP viaduct, the macro model idealization only
accounted for uniaxial stress-strain behavior (axial-bending stress interaction only) but was not combined with shear
stress interactions of the plastic hinge. The effect of varying axial forces due to different pile locations in the global
model of the SOP viaduct under earthquake load was also not considered. According to ASCE 61-14, the model of a
single spun pile column remains below the minimal damage limit, but there is a possibility of potential premature
brittle failure when the maximum lateral strength is exceeded [20]. Irawan et al. (2018) [20] observed this behavior
in an experimental study where the spun pile failed due to concrete cover spalling and prestressed bar buckling after
reaching its maximum lateral strength capacity. Akiyama et al. (2012) [30] also noted that large lateral forces on the
spun pile with reinforced concrete infill had the ability to cause concrete spalling and buckling of longitudinal bars
due to their low ductility and flexural capacity. As the standard provisions did not explicitly address the high potential
for brittle failure in spun piles, it is advisable to adopt a conservative design approach in practical structural design
for SOP viaducts with spun pile columns. It is also recommended to use an R-value of 1.5 in order to ensure a safe
structure when resisting the designed earthquake load.

4. Conclusions

The nonlinear analysis conducted to investigate the behavior and seismic performance of single-spun pile columns
for the SOP viaduct showed some essential points related to structural engineering knowledge and provided suggestions
for practical design, as indicated in the following points.

¢ In the single-spun pile column model, the top pile treatment with RC infill slightly enforces a larger plastic
curvature embedded zone. This led to a slight increase in stiffness, lateral strength, and energy dissipation. The
inclusion of SPSI was able to significantly enhance the displacement limit, and this produced better seismic
performance compared to the model without this treatment.

e The consideration of SPSI provoked a dominant plastic hinge formation at the top pile, generated a spread
distribution at the embedded zone of the pile, and formed medium curvature severity on the top pile compared to
the model without considering SPSI. This led to the generation of better energy dissipation under small
displacement, less achievement under large displacement, and increased structural flexibility and deformation
limits compared to the model without the treatment. It is important to note that the model triggered more significant
structural responses under seismic excitations, but the larger displacement limit contributed to better structural
performance than without considering the SPSI.

e The application of the 1.5 response modification factor (R) generated a safer spun pile column structure than the
3.5 value in the design to resist earthquake load. This was indicated by the mean structural responses recorded
with minimal damage performance in all structural models. Moreover, the consideration of SPSI with an R-value
of 3.5 produced seismic performance below minimal damage levels, but some ground motion types triggered
structural responses adjacent to the controlled damage performance limit. The findings also showed that the
implementation of a bottom fixed restrain with an R-value of 3.5 produced worse seismic performance by
exceeding the minor damage level and allowing some structural responses to be greater than the life safety
displacement limit.

¢ It was recommended that a 1.5 R-value should be used for the conservative structural design of the SOP viaduct
with spun pile column as long as there is no new standard provided to specifically discuss the best value. There is
also the need to consider SPSI in the design to achieve more representative structural behavior to the actual
structure.
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e There is a need for another study related to the nonlinear analysis of the global model SOP viaduct with
consideration for the SPSI in order to enrich more realistic structural behavior and performance. Moreover, the
brittle failure mode of the spun pile containing the axial, bending moment, and shear interaction needs to be
developed to simulate more detailed structural behavior and performance.
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