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ABSTRACT

Elevated expressways are vital components of modern transportation systems,
enhancing traffic efficiency by utilizing vertical space. However, these structures are
particularly susceptible to seismic hazards due to their lump mass atop the piers.
Earthquakes continue to cause extensive economic losses and human casualties
worldwide, emphasizing the importance of resilient design, thorough assessment, and
proper maintenance as well as strengthening of reinforced concrete infrastructure. This
study evaluates the seismic performance of an elevated expressway structure in
Thailand through a detailed three-dimensional finite element (FE) model analysed by the
explicit solver in LS-DYNA. The investigation encompasses the load-carrying capacity
under gravity loads and seismic behavior through nonlinear time history analysis, with a
focus on hysteretic response and damage patterns under a representative earthquake
scenario in Thailand. Results indicate that the structure’s load-carrying capacity
surpasses the factored design loads specified in the expressway design standards. Peak
lateral forces of 613 kN and 562 kN were reported during positive and negative loading
cycles, corresponding to lateral displacements of 66.7 mm and 65.9 mm, respectively.
The seismic excitation resulted in pronounced damage localized at the base of the pile
cap, the lower portion, and the mid-height region of the pier column, reflecting critical
zones of structural vulnerability.

1. INTRODUCTION
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Elevated expressways play a vital role in the modern transportation scheme,
particularly in urban areas with high traffic congestion, by controlling the surface-level
traffic flow and reducing the travel time. Due to the geometry configurations, elevated
expressways are particularly vulnerable to seismic forces compared to surface-level
roads. Previous studies investigated the potential seismic damage modes of highway
bridges resulting from the remarkable seismic events such as Wenchuan earthquake in
2008, Chi Chi earthquake in 1999 (Han 2009; Hsu 2004), and etc. The identified seismic
damage modes such as unseating, pounding damage of adjacent segments, rubber
bearing failure, shear key damage, pier failure, footing settlements can be classified into
three groups; as damage to superstructure, bearings and substructure (Moehle 1999).
Generally, due to the lumped mass atop the piers and cantilever-like behavior of piers,
lateral seismic forces induce high bending moments and shear forces at the base of the
pier. As a result, damage is often concentrated in substructure components such as pier,
pile cap and piles. Therefore, the present study primarily focuses on the damage
behavior of substructure during seismic events.

Seismic evaluation of highway bridges can be performed by four major methods:
lateral force method (Qu 2018; Wang 2018), modal response spectrum analysis
(Domaneschi 2020) , non-linear time history analysis (Bi 2013; He 2017; Jia 2024), and
non-linear static (push-over) analysis (Abdel-Mohti 2008). Although non-linear time
history analysis is the most realistic and accurate approach to determine the seismic
performance (Mahmoud 2017), this method is rarely used due to the higher time
consumption and specially applied for high priority structures (lliev 2021). In addition,
most of the previous studies on the seismic analysis of elevated expressway structures
considered the fixed base condition and ignored the soil — surface interaction (SSI) (Bi
2013; He 2017), thereby failing to capture the real behavior of the structures. Although
numerous experimental studies were conducted to investigate the seismic performance
of elevated expressways (He 2017; Li 2019), there were still limitations due to the
difficulties in testing large-scale structures. Finite element analysis offers an alternative,
comprehensive, and cost-effective approach to evaluate the seismic performance of
large-scale structures.

The present study aims to evaluate the seismic performance of Bang Na—Chon
Buri Expressway, which is located in Bangkok, metropolitan area. The probabilistic
seismic hazard analysis (PSHA) maps in Thailand developed by Pailoplee (2016)
indicates that, western Thailand has most earthquake prone regions with 2% and 10%
of Probability of Exceedance (POE) in the next 50 years, with peak ground acceleration
(PGA) values ranging from 0.1 — 0.4 g and 0.1 — 0.2 g, respectively. Further, Bangkok is
located in considerable distances from active faults, it has experienced noticeable
shaking from moderate earthquakes (Mw = 5.5) due to the soft soil profile
(Ornthammarath 2023). Moreover, the seismicity in Thailand is evidenced by devastating
earthquakes such as Mandalay earthquake in 2025, Mae Lao earthquake in 2014, Tarlay
earthquake in 2011 and Nan earthquake in 1935, with magnitude of 7.7, 6.1, 6.8, and
6.3, respectively. Despite the country being susceptible to seismic activity, there is a
noticeable absence of comprehensive studies that focusing on the seismic performances
of elevated expressway structures. To address the aforementioned research gaps, three-
dimensional one pier finite element (FE) model of the expressway was developed in LS-
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DYNA and its seismic performance under the nonlinear time history analysis method was
evaluated.

2. STRUCTURAL LAYOUT AND MATERIAL SPECIFICATIONS

2.1 Structural Layout

The Bang Na—Chon Buri Expressway spans between Bang Na to Chon Buri,
covering a total length of 55 km. Fig. 1a and Fig. 1b show the elevation views in
transverse and longitudinal sections of the one pier model adopted in this study. The
foundation comprises a pile cap with dimensions of 5.0 m x 11.3 m x 2.5 m, supported
by 16 circular-section precast concrete piles having a diameter of 0.8 m. The top of the
pile cap is positioned at the ground level and bottom of the pile is at 35.0 m below ground
to provide stable foundation support to the structure. The pier is an H — shaped, cast in-
situ column, with a height of 16.5 m.
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Fig. 1 Structural layout of the expressway (a) Elevation view of the modeled structure
in transverse direction (b) Elevation view of the modeled structure in longitudinal
direction (c) Arrangement of support components beneath the deck (d) Precast
segments in superstructure
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The concrete bearing seats and seismic buffers are placed on the top of the pier.
Further, four elastomeric bearings are positioned on each bearing seat. A layer of grout
is placed over each bearing to securely place the precast segments. The configuration
of these support components is illustrated in Fig. 1c. Two types of precast segments are
utilized in superstructure, pier segments and typical segments, as shown in Figs. 1b and
1d, respectively, both having the same outer dimensions of 27.2 m in width, 2.6 m in
depth, with a 2.5% gradient of top surface sloping from edges toward the center. The
total length of the modeled deck segment was 44.4 m.

2.2 Material Specifications

The compressive strength of 45 MPa concrete was adopted for the pile cap while
40MPa concrete was used in other concrete components in accordance with the design
material specifications of the expressway. High strength grout with a compressive
strength of 60 MPa was utilized as bonding material between bearings and precast
segments. SD40 deformed bars, with a minimum yield strength of 400 MPa, were used
for both primary reinforcement and stirrups.

3. FEA METHODOLOGY

3.1 Element Properties, Boundary Conditions and Contact Interfaces

The eight — node solid elements (hexahedron) and two — node beam elements were
adopted in all concrete components and steel reinforcements, respectively. A 150 mm
mesh size was utilized for all beam and solid elements except for the typical segments
and pier segments. The coarser mesh size of 300 mm was adopted in those segments
to minimize the simulation time, based on the assumption that they would not experience
significant damage under seismic loading. In addition, reinforcing bars in the
superstructure were not included in the model, and the superstructure was assumed to
behave elastically. The overall view of the analysed one pier 3D model and the modeled
reinforcement in substructure are illustrated in Fig. 2a and Fig. 2b, respectively. A set of
vertical springs and lateral springs were modeled to simulate the resistance from piles
and surrounding soil to the pile cap. All spring ends were fully constrained in both
translational and rotational degrees of freedom. The superstructure was constrained at
both ends in the longitudinal (y-) direction to represent the continuity of expressway.

A perfect bond was assumed at the connections between reinforcement and
concrete by utilizing the CONSTRAINED LAGRANGE IN SOLID keyword in FE model.
The CONTACT TIED SURFACE TO SURFACE OFFSET algorithm was used to define
the contact interfaces between the top surface of pile cap and bottom surface of pier, and
top surface of pier and bottom surface of bearing seats and seismic buffers. In addition,
CONTACT AUTOMATIC SURFACE TO SURFACE keyword was used to prevent any
penetration among the bearing seats, bearing pads, and grout layer. The connection
between the precast segments in the superstructure was simulated using the TIED
SURFACE TO SURFACE contact interface, assuming no slip and opening between the
segments.
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Fig. 2 Analysed one pier 3D model (a) Overall view (b) Reinforcement in
substructure

3.2 Material Models

MAT CSCM (MAT_159) was employed to model the concrete components,
including the pile cap, pier, bearing seats and seismic buffers. The material parameters
were calculated based on their concrete compressive strength and Poisson’s ratio, in
accordance with the equations presented in Murray (2007). The steel reinforcement was
modeled using elasto — plastic material model, MAT PIECEWISE LINEAR PLASTICITY
(MAT_024), which allows to define arbitrary stress-strain curve (LSTC 2019). Assuming
that the superstructure would not experience significant damage during the seismic event,
the superstructure components were simply modeled using MAT ELASTIC (MAT_001)
to save computational resources. Vertical and lateral springs were modeled using MAT
SPRING ELASTIC (MAT_SO01). The vertical spring stiffness was 1.43 x 10* MN/ m,
defined based the axial pile stiffness and pile to spring length ratio. The pile cap was
surrounded by the weathered clay and soft soil profile (Bazaz 2019), hence the lateral
modulus of subgrade reaction of soil profile was taken as 2.0 MN/ m3. The effective area
allocated for each lateral spring was incorporated while calculating the lateral spring
stiffness.

3.3 Load Applications

During the initial phase, the load-carrying capacity of the structure under gravity
loading was evaluated to verify its structural performance and to ensure compliance with
the design requirements prior to the application of seismic loading. Following the
application of self-weight and superimposed dead load of 2811.9 kN in the one pier model,
a gradual increasing vertical displacement was imposed at the top of the superstructure
until structural failure was observed. The applied displacement curve is shown in Fig. 3.
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Later, seismic analysis was performed in two sequential phases by utilizing the
restart functionality using the explicit solver of LS-DYNA. During Phase 1, self-weight of
the structure was applied with 1.5 seconds gradually ramping and maintained constant
throughout the simulation. Then, the superimposed dead load of 2811.9 kN and the
vehicular load of 1961.3 kN, determined for one pier model, were introduced with another
1.5 seconds ramping and remained constant until the end of the simulation. After
initialization the stress in this phase, Phase 2 was initiated by applying the ground motion
at the base of the pile cap in the form of acceleration-time history in the transverse
direction (X-axis in Fig. 2a). Fig. 4 illustrates the applied ground motion which
corresponds to Bang Na region in seismic zone 5 based on 2475 — year return period
(DPT 1301/1302-61 2025), which represents the reliable seismic condition expected at
the expressway location.
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Fig. 3 Applied vertical displacement Fig. 4 Applied ground motion

4. RESULTS AND DISCUSSION

4.1 Load-Carrying Capacity

The load carrying capacity of one pier model of the elevated expressway structure
under the gravity load is presented in Fig. 5. The vertical reaction force at the bottom
nodes of vertical springs, was plotted against the corresponding vertical displacements
at the top of the superstructure. In the initial stage (corresponding to Stage 1 in Fig. 5),
the load — displacement curve exhibited a steep gradient, reflecting high stiffness
attributed to the elastic response of the structure. As shown in Fig. 6a, most of main
rebars in the pier structure experienced low axial stress (15-25 MPa), except for some
rebars in concrete bearing seats which showed yielding under compressive stresses.
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Fig. 5 Load — displacement response under gravity loading
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Fig. 6 Axial stress of rebar under gravity loading at (a) Stage 1 (b) Stage 2 (c) Stage 3

Beyond Stage 1, the structure still showed rather elastic behavior (with lower
stiffness compared to stage 1) until it reached a maximum load of 83 MN at a vertical
displacement of 37.5 mm (Stage 2 in Fig. 5). At this stage, rebars at the bottom of the
pile cap exhibited tensile yielding (red color), whereas some main rebars at the top and
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bottom of the pier yielded under compression (blue color). Further, tensile yielding (red
color) in pier’s stirrups was observed at the top of the pier, as illustrated in Fig. 6b.

After the structure reaches its peak load, it demonstrated ductile response over an
extended displacement range (up to Stage 3 in Fig. 5). During this phase, the extent of
rebar yielding at the top of the pier increased significantly, as shown in Fig. 6¢c. A
significant number of main rebars at the top of the pier exhibited compressive yielding
(blue color), while the stirrups in the same region experienced tensile yielding (red color).
Beyond this stage, the gradual reduction in load-carrying capacity was observed. The
maximum load capacity obtained from the FE model is approximately 1.6 times the
factored design load specified for the expressway design in accordance with AASHTO
(1996), which is 50.7 MN per one pier.

4.2 Hysteresis Behavior

Fig. 7 illustrates the relationship between the lateral force at the base and lateral
displacement response at the top of the pier. The analysis was conducted until 81
seconds which is the completion of the seismic ground motion (see Fig. 4). Due to the
application of irregular and non-uniform real-time earthquake ground motion, the
structure exhibited an asymmetric hysteresis behavior. The peak lateral loads observed
during the positive and negative cycles were 613 kN and 562 kN, associated with lateral
displacements of 66.7 mm and 65.9 mm, respectively. The progressive reduction in the
slope of the hysteresis loops indicates the stiffness degradation due to the damage
accumulation during the earthquake. Notably, the hysteresis response exhibited neither
pinching effect or any abrupt reduction in stiffness and lateral load resistance (Fig. 7),
highlighting that the structure remains stable under the applied seismic motion.
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Fig. 7 Hysteresis response
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4.3 Damage Patterns

The damage pattern of the anaylsed structure was evaluated based on the
element’s effective plastic strain, where the fringe of 1 indicates full damage and 0
indicates no damage in concrete. Fig. 8 illustrates the damage patterns resulting from
the gravity loading phase (Phase 1) in the seismic analysis simulation model. Evidence
of two flexural cracks was observed at the bottom of the pile cap (see Fig. 8a) after
completely imposing the service dead and live loads on the superstructure. In addition,
minor damage was observed at the bottom surface of the pile cap, particularly in the
regions connected to the vertical springs, as shown in Fig. 8a. This observed damage
was attributed to the high stress concentration localized at the connection between piles
and pile cap, where the discrete spring elements were used to represent the piles. This
idealization was adopted to reduce the computational demand, as modeling the full
geometry of piles would significantly increase the simulation time. In the real structure,
the larger bearing area of pile cross section allows for more efficient load distribution,
thereby reducing the localized stress concentrations at the pile — pile cap interface. The
overall damage pattern of the modeled structure at Phase 1 is presented in Fig. 8b
confirming that no damage was observed in other components.
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Fig. 8 Damage patterns due to gravity loading (a) Bottom of pile cap (b) Overall
view
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Under seismic loading (Phase 2), in addition to the two flexural cracks in the pile
cap that had formed during the previous gravity loading phase, damage at the interface
between the pile cap and pier was initiated when the lateral displacement at the top of
the pier reached 36.5 mm, as shown in Fig. 9a. During the seismic loading the damage
was primarily concentrated at the bottom of the pile cap and both the lower and mid
height regions of the pier column. The maximum cumulative damage was observed when
the top of the pier displaced laterally by 75.3 mm (at time 80.6 seconds). The
corresponding maximum cumulative damage patterns at this time, including the damage
at the bottom of pile cap and the overall structure are shown in Figs. 9b and 9c,
respectively.
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Fig. 9 Damage patterns due to seismic ground motion (a) Damage initiation at pile
cap - pier interface @ 36.5 mm (b) Maximum cumulative damage at pile cap base @
75.3 mm (c) Overall view of maximum cumulative damage @ 75.3 mm
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5. CONCLUSIONS

The load carrying capacity and the seismic performance of the selected one pier
model of Bang Na—Chon Buri Expressway were investigated in this study. A detailed 3D
finite element model was developed. The seismic performance was evaluated based on
the hysteresis response and damage patterns of the simulated expressway structure.
The key findings from this study are outlined as follows:

e The one pier model of the elevated expressway demonstrated a maximum load
carrying capacity of 83 MN under gravity loading, which is approximately 1.6 times
of the factored design load capacity as specified in AASHTO (1996).

e During the seismic application, the hysteresis response of the expressway
exhibited the asymmetric peak lateral loads of 613 kN and 562 kN in positive and
negative cycles, corresponding to lateral displacements of 66.7 mm and 65.7 mm
respectively.

e The absence of pinching and abrupt stiffness as well as load resistance
degradation in the hysteresis response indicates that the structure remains in safe
condition under the applied seismic loading as shown in Fig. 4.

e The seismic-induced damage primarily concentrates at the bottom of the pile cap,
the lower and mid-height region of the pier column, highlighting the critical zones
of structural vulnerability under the applied seismic loading as illustrated in Fig. 4.

e The limited extent of observed damage reflects the sufficient seismic response of
the structure and its compliance with acceptable performance criteria under the
applied ground motion.
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