
Seismic Response Analysis of a Multi-

Span Curved Continuous Box-Girder 

Bridge with Multiple Supports 

 

By 

Yifan Wang 

April 2022 

 

 

 

 

 

 

Department of Civil Engineering and 

Applied Mechanics 

 McGill University, Montreal 

 

Thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment of 

the requirements of the degree of Master of Engineering 

 

 

 

© 2022 Yifan Wang 



1 

 

Abstract 

Curved concrete box-girder bridges are widely applied in highway systems to enable traffic to 

move from one highway to another. The Akşemsettin Viaduct (termed A Viaduct in the current 

study) in Istanbul, Turkey, is a typical 11-span curved continuous bridge with a total length of 

596.8 m. Located in the high seismicity zone, the A Viaduct exhibits complex seismic 

behaviour because varying ground motion inputs are expected to excite the bridge at different 

column/abutment foundations. This study investigates the seismic responses of the A Viaduct 

under different ground motion scenarios using nonlinear time history analyses (NTHAs). In 

particular, the software of OpenSees is used to develop a high-fidelity finite element model for 

the A Viaduct, from which seismic responses of multiple critical components are compared 

under uniform versus multiple support excitations. To supplement such comparisons, a 

literature survey is conducted regarding seismic damage to curved bridges, their soil-structure 

interaction effect, and the multi-support excitation scheme. Moreover, modelling 

considerations of key components are presented for the A Viaduct, and 6 representative groups 

of simulated ground motions are selected to capture the effects of site-specific surface 

topography and soil stratigraphy at the bridge site. 
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Résumé 

Les ponts caissons-poutres en béton incurvés sont largement appliqués dans les systèmes 

autoroutiers pour permettre au trafic de passer d'une autoroute à une autre. Le viaduc 

Akşemsettin (appelé viaduc A dans la présente étude) à Istanbul, en Turquie, est un pont continu 

courbe typique à 11 travées d'une longueur totale de 596,8 m. Situé dans une zone de forte 

sismicité, le viaduc A présente un comportement sismique complexe car des mouvements du 

sol variables sont susceptibles d'exciter le pont au niveau des différentes fondations des 

colonnes et des piliers. Cette étude examine les réponses sismiques du Viaduc A sous différents 

scénarios de mouvement du sol en utilisant des analyses non linéaires de l'histoire du temps 

(NTHA). En particulier, le logiciel OpenSees est utilisé pour développer un modèle d'éléments 

finis haute-fidélité pour le Viaduc A, à partir duquel les réponses sismiques de plusieurs 

composants critiques sont comparées sous des excitations uniformes et des excitations à 

supports multiples. Pour compléter ces comparaisons, une étude documentaire est menée sur 

les dommages sismiques causés aux ponts courbes, sur les effets de l'interaction sol-structure 

et sur le schéma d'excitation multi-supports. De plus, les considérations de modélisation des 

composants clés sont présentées pour le Viaduc A, et 12 groupes représentatifs de mouvements 

de sol simulés sont sélectionnés pour capturer les effets de la topographie de surface et de la 

stratigraphie du sol spécifiques au site du pont. 
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1. Introduction 

1.1. Seismic damage to multi-span curved viaducts 

Horizontally curved viaducts are widely utilized in transportation networks for interchanging 

roadways. Curved viaducts have been extensively constructed in the last 30 years; these bridges 

account for about one-third of all bridges under construction today in the United States [1]. 

Stress, strain, and internal forces have complex distributions in curved viaducts, particularly 

for those with slight curvatures [2]. Due to the existence of the horizontal curvature, viaducts 

undertake not only bending moments and shear forces, but also substantial torsional moments 

(e.g., the bending-torsion coupling effect). These moments would rotate the axes of principal 

stresses, thereby increasing the risk of concrete cracking and other damage mechanisms. 

In addition, the seismic response of irregular curved viaducts supported on columns with 

unequal heights, particularly for those crossing valleys, turns out to be a challenging problem 

that requires extra attention. Due to geometric irregularities, the center of mass offsets the 

center of rigidity, increasing the possibility of in-plane rotating of the deck [3]. If such rotations 

are significant, the transverse displacement at the end of the deck might be increased, which 

may cause the bridge to be unseated. The increased eccentric displacement may also cause 

bridge piers to deform in shear and torsion. Researchers started to investigate the seismic 

resistance of curved viaducts after the significant damage to the SR14/15 interchange of Golden 

State highway during the 1971 San Fernando Earthquake (Fig 1.1). Despite several research 

efforts since 1971, curved viaducts still exhibited severe damage after recent earthquake events; 

these damages included span unseating and complete collapse. For example, the Huilan 

interchange had a bending-shear failure at the short pier near the abutment, and the Baihua 

viaduct collapsed (Fig 1.2) during the 2008 Wenchuan Earthquake in China. 
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Fig 1.1 Failure of the SR14/15 Interchange Fig 1.2 Failure of the Baihua bridge 

 

1.2. Soil-structure interaction 

The multi-span curved viaduct also requires specific consideration of the soil-structure 

interaction (SSI) effect. The SSI effect would significantly alter the seismic performance of the 

bridge-soil system in several aspects. First, SSI changes the wave-field of the input seismic 

force compared with free-field motions. Due to the flexibility of the supporting soil, the 

stiffness of the bridge-soil system is lower than the bridge itself. Meanwhile, the existence of 

soil radiation damping would also increase structural damping [8-11]. By contrast, bridges 

would change both soil’s static force field and the dynamic transmission path of seismic waves 

in soils. In dealing with these different aspects of SSI, previous studies can be divided into the 

following three phases: 

(1) From the 1950s to the 1960s, studies focused on deriving the transient and stationary 

theoretical solutions of vibrations of circular and rectangular plates surrounded by semi-

infinite soil domains [16-18]. 

(2) From the 1970s to the 1980s, numerical simulations became a major pathway to solving 

SSI problems, benefitting from the development of finite element methods, finite 

difference methods, and boundary element methods [19-20]. 

(3) After the 1990s, scholars investigated the SSI effect by carrying out a large number of field 

and experimental tests and combining them with theoretical analyses or numerical 

simulations [23-25]. 
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Since SSI deals with material nonlinearity and nonlinear interaction, the traditional 

analytical methods developed in the early 1960s can only solve individual problems under 

specific simplified conditions. From the practice perspective, existing approaches to analyze 

SSI effects in bridges include substructure, direct, and lumped parameter methods. 

The basic idea of the substructure method is shown in Fig 1.10, which separates the soil-

structure system into structure system (substructure 1) and foundation-soil system (substructure 

2). The method analyzes the soil substructure according to external loads and also determines 

the structural loads from the soil. Finally, the dynamic response of the structure is solved using 

structural loads from the soil with proper interface constraints. The substructure method 

reduces the degrees of freedom of the structure and improves computational efficiency. 

However, the method essentially applies the superposition principle, which remains difficult to 

deal with any nonlinearity and is hard to simulate the energy exchange between soil and 

structure. As a result, computational accuracy remains questionable when using the 

substructure method. 

 

 

Soil-structure system Substructure 1 Substructure 2 

Fig 1.10 Schematic plot of the substructure method 

 

The direct method regards bridge, foundation, and soil as an integrated system and 

analyzes the dynamic response of the entire system, during which the SSI effect is captured 

automatically. The direct method commonly relies on numerical simulation approaches such 

as the finite element method, finite difference method, boundary element method, etc. [27-29]. 

In particular, the finite element method is able to deal with challenging problems that include 
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significant nonlinearity and cover multiple fields at large scales. Nevertheless, this approach is 

computationally expensive and complicated, limiting its real-world implementations. 

The lumped parameter method simplifies the semi-infinite soil-foundation into spring-

damping-mass systems and uses lumped parameters to represent the dynamic resistances of 

foundation and soil [17]. This approach is promising in engineering applications. For example, 

spring-mass models are utilized in the Japanese Immersed Tunnels Seismic Code to simulate 

the soil when computing the vertical seismic responses of tunnels [30]. Conversely, the lumped 

parameters method also has its shortcomings. For instance, linear springs have been used most 

of the time by neglecting soil nonlinearity; the seismic wave on the free surface is also 

commonly considered the earthquake input without taking into account any wave-field 

interaction from the structure. In this study, the lumped parameter method is used to simulate 

the SSI effect of the A Viaduct, where nonlinear springs are used to capture foundation-soil 

behaviours at both column and abutment foundations. In particular, the multi-support analysis 

scheme is considered for ground motion excitations.  

1.3. Multi-support analysis of ground motions 

Local topography may induce variances in frequencies and amplitudes of seismic waves when 

the construction field of the bridge has a varying topography. This phenomenon is known as 

the spatial variation of seismic ground motions at different supporting points of the bridge. 

Sometimes, such topographic effects can generate magnified seismic waves [31-32]. The 

bridge foundations may also receive seismic excitations at different time instants when the 

transmission direction of the seismic wave is similar to the layout direction of bridge piers. 

According to field tests, seismic excitations received by supporting points of large-span 

structures may have significant time differences within 50 meters [33]. In recognizing such 

topographic effects, it is required to account for the local site effect when analyzing long 

bridges under seismic loading [34]. The local site effect becomes more prominent and complex 

when dealing with multi-span curved bridges (e.g., the A Viaduct) that show significant spatial 

irregularity, in which case multi-support excitations need to be considered. 

Previously, several studies handled multi-support excitations when analyzing bridges 

under earthquake loads. The bridge’s dynamic response pattern under the travelling wave effect 
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was investigated by Bogdanoff (1965) [35], who confirmed the need to utilize multi-support 

excitations to capture earthquake ground motions’ spatial variation. K. Soyluk (2004) [36] 

investigated the effect of seismic multi-support excitations on long-span bridges using the 

random vibration method. The feasibility of using a filtered white noise ground motion model 

to represent the natural ground motion is validated. Similarly, Liang et al. (2006) [37] 

developed the average response spectrum method to analyze the dynamic response of bridges 

under spatially varying earthquake ground motions. Their results revealed that the ground 

motion spatial effect might magnify the structures’ inertial forces. By considering multi-support 

excitation, Liang et al. (2007) [38] also investigated the seismic capacity of steel truss arch 

bridges. Amplified seismic response of the truss arch bridge has been observed due to multi-

support excitations. 

Recently, Burdette et al. (2008) [39] discussed the effect of non-uniform excitations on the 

seismic responses of curved girder bridges from the perspective of geometric incoherence in 

travelling seismic waves. They conducted NTHAs using a finite element bridge model with 8 

spans and a radius of 200 m. The result showed that the bridge response is amplified 

significantly when subjected to asynchronous seismic ground motions. Alexander (2008) [40] 

carried out a multi-support excitation analysis to investigate the dynamic response pattern of a 

single span bridge when subjected to recorded ground motions. This study indicated that 

uniform support excitation analysis might be too conservative for spatially heterogeneous 

ground motion inputs. Jia (2013) [41] examined the nonstationary stochastic vibration of a 

high-pier railway bridge under tridirectional spatially varying excitations and derived a 

nonstationary stochastic analysis scheme. 

In summary, existing methods to incorporate multi-support excitations in bridges include 

deterministic NTHAs, random pseudo excitation method, and multi-support excitation 

response spectrum method. Deterministic NTHAs rely on individual groups of time history 

excitations to represent seismic loads. The multi-support excitation is realized by inputting 

seismic waves with different durations, amplification, and frequency spectra at different pier 

foundations. The random pseudo excitation method assumes that ground motion is a random 

process in time and space. Therefore, spatial correlation functions are used to describe the 
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correlation of ground motions at different locations. This method computes the statistical 

properties of bridge responses using the auto-power spectrum or cross-power spectrum of the 

seismic ground motion field. The multi-support excitation response spectrum method is similar 

to the traditional response spectrum method. However, it also takes into account the extra 

spatial-temporal characteristics of ground motions when developing the seismic response 

spectrum of civil engineering structures. This method appears in different design codes when 

multi-support excitation is of concern. Deterministic NTHAs are considered in this study to 

analyze the A Viaduct with multiple supports.  

1.4. Research objective 

The main objective of this thesis is to determine the seismic response of a multi-span curved 

continuous bridge under different types of excitations through a numerical study using 

OpenSees. In particular, this research attempts to: 

(1) Develop finite element models to carry out time-history analysis of the multi-span curved 

continuous bridge. 

(2) Evaluate the seismic response, including the displacement and force of critical components 

of the A Viaduct. 

(3) Explore to what extent different ground motion excitation schemes would change the 

seismic response of the bridge. 

1.5. Thesis outline 

The thesis is organized into six subsequent chapters with the following contents (Figure 1.11): 

Chapter 2 presents an overall discussion about the geological condition of the A Viaduct. 

This chapter also presents the physical properties of critical components, such as the 

superstructure, columns, abutments, foundations, bearings, and impact elements. 

Chapter 3 provides modelling details for various bridge components. The chapter also 

presents the integration of various component models to generate the global numerical model 

of the bridge for NTHAs. 

Chapter 4 illustrates the ground motions used to derive the multiple support excitation 

scheme.  

Chapter 5 quantifies the seismic responses of different bridge components under three 
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ground motion excitation scenarios. 

Finally, a summary and discussion of future work are presented in Chapter 6. 

 

 

Fig 1.11 Flowchart of the dissertation layout 
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2. Bridge Design of the Akşemsettin Viaduct in Istanbul 

2.1. Geometry and overall design consideration 

As shown in Figure 2.1, the A Viaduct considered in this study locates in the city of Istanbul, 

Turkey (41.094°, 28.921°). Due to site-specific topographic conditions, the viaduct was 

constructed in the form of a horizontally curved concrete bridge with a planar curvature of 

1500 m and a slight gradient in the vertical direction. The bridge has a total of 11 spans with 

10 column piers and two end abutments. The first and last spans have a length of 46.4 m; the 

length for the sixth span is 40 m; other spans are 58 m in length. Therefore, the total length of 

the bridge is 596.8 m. The deck placed over the abutment has a with of 20 m. Besides, the 

heights of the bridge deck at the highest point from the ground varied from 17.64 m to 35.28 

m. Bridge piers are designed with rectangular hollow sections with dimensions of 3.0 m × 7.0 

m and a thickness of 0.45 m. The height of column sets P1-P7 is around 25 m, and the pier sets 

P8-P10 are less than 20 m in height. The bridge deck and piers/abutments are connected 

through bearings. The piers at P1 and P7-P10 are supported by shallow foundations, and the 

piers at P2-P6 are supported by pile foundations, each consisting of 16 piles with a diameter of 

1.65 m and lengths varied from 13.5 m to 41.5 m. The piles were constructed with C25 in 

concrete and S200 in steel reinforcement. 
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2.2. Geological condition at the bridge site 

Four drillings at depths varying between 12 m - 40 m were carried out at the bridge site. The 

Standard Penetration Test (SPT) was performed on the soils. As listed in Table 2.1, soil classes 

have been determined for each soil layer, together with the associated soil properties, including 

soil type (cohesive - C or non-cohesive - S), soil layer thickness H, unit volume weight γn, 

effective stress at the middle of the layer 𝜎′𝑚 , effective stress at the end of the layer 𝜎′𝑒 , 

standard penetration resistance N, and shear wave velocity Vs. In general, the soils at the bridge 

site can be divided into 4 layers, namely the manmade sandy fill with Vs = 180 m/s), the pebbled 

sand layer with Vs = 227.51 m/s, the silty clay layer with Vs = 200 m/s, and the bottom sandstone 

layer with Vs = 693 m/s. 

 

Table 2.1 Engineering Parameters and Properties of Sub-Foundation Soils of the A 

Viaduct 

Soil Type C/S H (m) γn (kN/m3) 𝜎′𝑚 (kPa)  𝜎′𝑒 (kPa)  N Vs (m/s) 

Manmade Fill C 5.5 17 46.8 78.5 - 180.00  

Pebbled Sand S 4.5 19 98.8 119 30 227.51  

Silty Clay C 25 19 231.5 344 8 200.00  

Sandstone C 5 23 401.5 459 - 693.00  

 

2.3. Deck 

As presented in Figure 2.2, the A Viaduct uses the single-cell cast-in-place concrete box-girder 

as the bridge deck. The concrete material is C35. The box-girder has a height of 5.05 m, a top-

slab width of 19.3 m, and a bottom width of 7 m. In particular, the thickness of the box-girder 

varies linearly from the middle span to the bridge ends, where a solid cross-section is designed 

for the bridge deck. 
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(a)  (b)  (c)  

Fig 2.2 Dimensions of Girder Cross Sections at (a) Bridge ends, (b) Column ends, and (c) 

Middle Spans (unit: cm) 

2.4. Column 

Bridge interior bents, denoted as P1-P10 in Figure 2.1, are designed with rectangular C25 

concrete columns with an external dimension of 3.0 m × 7.0 m. The columns have a hollow 

box cross-section with a thickness of 0.45 m (Figure 2.3). As shown in Figure 2.1, the column 

heights vary from 11.79 m to 27.43 m. Figure 2.3 also indicates that longitudinal 

reinforcements are placed in both exterior and interior rows of the column. With a diameter of 

12.5 mm and a total rebar number between 244 and 296, the reinforcement ratio of the column 

varies from 1.46% to 1.83%. Transverse reinforcements in the column are designed with #4 

confinement rebars with a spacing of 150 mm. The clear concrete cover for confinement rebars 

is 40 mm. In addition to the hollow section shown in Figure 2.5, a solid cross-section with a 

height of 2.0 m and a material type of C35 is designed at the column top to place bearings and 

connect to the deck.  

Table 2.1 Longitudinal Reinforcement Information in the Columns 

Column Number Number of 

Reinforcements 

Diameter of 

Bars (mm) 

Reinforcement Ratio 

P1 244 12.5 1.46% 

P2 260 12.5 1.56% 

P3 292 12.5 1.83% 

P4 252 12.5 1.51% 

P5 296 12.5 1.77% 

P6 244 12.5 1.46% 

P7 252 12.5 1.51% 

P8 244 12.5 1.46% 

P9 244 12.5 1.46% 

P10 244 12.5 1.46% 
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Fig 2.3 Dimensions and Steel Arrangements of the Column (unit: cm) 

 

2.5. Bearing 

The A Viaduct is designed with a combination of elastomeric and sliding bearings to isolate the 

bridge deck. As shown in Figure 2.4, ten elastomeric bearings are placed at the top of the 

columns to constrain the transverse placements of the bridge deck. In the longitudinal direction, 

P1 to P4 columns are designed with elastomeric bearings, while the remaining columns are 

installed with sliding bearings. Tow bars are used at the left abutment, while a sliding bearing 

is also placed at the top of the right abutment. The general dimensions and placements of all 

bearings are listed in Table 2.2. 

 

 

Fig 2.4 Arrangement of Both Elastomeric and Sliding Bearings 
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Table 2.2 Dimensions and Placements of Bearings 

Location 
Dimension (mm) 

Number Direction 
Sliding 

Direction Length Width Height 

P0 800 800 109 2 X - 

P1 800 800 109 4 X-Y - 

P2 800 800 109 4 X-Y - 

P3 800 800 129 4 X-Y - 

P4 800 800 209 4 X-Y - 

P5 700 800 109 4 Y X 

P6 700 800 129 4 Y X 

P7 800 800 189 4 Y X 

P8 800 800 109 4 Y X 

P9 800 800 109 4 Y X 

P10 800 800 109 4 Y X 

P100 800 800 109 2 - X 
 

 

2.6. Abutment 

Solid concrete blocks are designed for the abutment stem wall and the back wall; their 

dimensions are presented in Figure 2.5 (a). Additional pull bars are also designed to connect 

the bridge deck to the back wall, preventing the bridge from moving in the longitudinal 

direction. As shown in Figure 2.5 (b), a total of 58 steel pull bars are designed at the west 

abutment to provide the tensile constraint, whereas the compressive constraints at both 

abutments are achieved through the shear key-type impact element between the deck and the 

back wall. 
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(a) Dimensions of the 

Abutment Walls 
(b) Impact Element and Steel Pull Bars at the West Abutment 

Fig 2.5 Elements at End Abutment  

2.7. Foundation 

Bridge bent P2, P3, P4, P5, and P6 are designed with pile foundations. Each pile foundation 

consists of 12 bored piles arranged in 3 rows and 4 columns (Figure 2.6); the piles all have a 

diameter of 1.65 m and a varied length between 9.5 m and 41.5 m, as illustrated in Figure 2.1. 

The pile foundations are designed with pile caps in-plane dimensions of 12.5 m × 17.5 m and 

thickness of 3 m or 4 m. Other than pile foundations, bridge bent P1, P7, P8, P9, P10, and end 

abutments P0 and P100, are designed with spread footings (Figure 2.1). These shallow 

foundations have a plane dimension that varies from 10.0 m × 13.0 m to 12.2 m × 14.0 m, 11.0 

m × 14.0 m, and 11.0 m × 13.0 m. All spread footings are designed with a height of 2.5 m. 

 

  

Fig 2.6 Pile Arrangement of the Pile Foundation 
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3. Numerical Modelling of the A Viaduct in OpenSees 

3.1 Overall modelling considerations  

The software platform of OpenSees [51] is used to develop the numerical model for the A 

Viaduct. As shown in Figure 3.1, the deck in one span is treated as a spine with multiple elastic 

beam-column elements along the centerline of the bridge. Tributary masses are lumped at two 

end nodes for each element. Rigid and massless beam elements are used to model the transverse 

diaphragms at bridge bents and end abutments; these rigid elements are also used to place 

bearings for being connected to the columns and other abutment components. The weight 

density of reinforced concrete is assumed to be 25 kN/m3; 23650 MPa is used as Young’s 

modulus of concrete, and the Poisson ratio is 0.2. The P-Delta effect is also triggered during 

the NTHAs. Two horizontal ground motions are applied as excitations at each column and 

abutment foundation. As such, the free nodes of the foundation elements are constrained in the 

vertical translational direction and three rotational directions. Overall modelling considerations 

for each bridge component are also illustrated in Figure 3.1; they will be discussed in detail in 

the following sections.  
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Fig 3.1 Overall Modelling Considerations for the A Viaduct 
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3.2. Deck  

As mentioned, elastic beam-column elements are adopted to simulate the bridge deck. The 

element size is chosen as 0.5 m to emulate the curved shape of the deck. The geometric, mass, 

and inertia properties of the deck cross-sections are calculated based on the design drawings of 

the deck; these values are tabulated in Table 3.1. Three different sections are considered to 

model the bridge deck – a solid section with a total length of 4 m at bridge ends; a thick hollow 

section with a total length of 5 m at each side of column support; and a regular thin hollow 

section at the middle of each span. Due to different reinforcement arrangements, the unit weight 

of the bridge deck at the middle span is larger than that at end spans and near column supports. 

 

Table 3.1 Geometric and Mass Properties of the Bridge Deck 

Property Location Value 

Area  Middle Span 15.20 m2 

Near Column 20.00 m2 

End Span 47.45 m2 

Unit Weight Near Column & End Span 27.34 kN/m3 

Middle Span 28.08 kN/m3 

Translational Mass Middle Span 21.77 t/element 

Near Column 27.88 t/element 

End Span 66.19 t/element 

 

3.3. Column 

As shown in Figure 3.2, columns are modelled using twelve fiber-type displacement-based 

beam-column elements along with rigid links at the column top and bottom, simulating the 

solid sections at these two locations. In the fiber sections, the unconfined and confined concrete 

are simulated using the Concrete02 material; the constitutive relationship of the confined 

concrete is simulated using the Kent-Park model [52]. The Steel02 material with the Giuffré-

Menegotto-Pinto model for isotropic strain hardening [53] is utilized to model the longitudinal 

reinforcements in the column. The torsional stiffness of the column is computed using the 

moment of torsion times shear modulus. The translational and rotational masses are lumped at 
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the nodes of the column elements.  

 

Fig 3.2 Overall Modelling Considerations for Bridge Bents 

 

3.4. Bearing 

Previous studies [54] proved that the shear force-displacement hysteric loop of elastomer 

and sliding bearings could be approximated using a bilinear model, as shown in Fig 3.3. In 

particular, the bearing’s horizontal restoring force can be computed as: 

 

𝐹(𝑥) = {
𝐾1 · 𝑥, 𝑥 < 𝑥𝑦
𝐾2 · 𝑥, 𝑥 ≥ 𝑥𝑦

(3.1) 

 

where 𝑥 is the relative displacement above and below the bearing, 𝐾1 is the elastic stiffness, 𝐾2 

is the post-yielding stiffness, and 𝑥𝑦  is the yielding displacement, which is assumed as the 

value equal to ℎ𝑒𝑓𝑓  in the current study, where ℎ𝑒𝑓𝑓 is the effective bearing height. 

Shear modulus G of the elastomeric bearing material is between 0.9 - 1.38 MPa, where the 
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mean value of 1.14 MPa is utilized in the current work. Therefore, the elastic stiffness of 

elastomer bearings is computed using the following equation. 

𝐾1 =
𝐴𝐺

ℎ𝑒𝑓𝑓
(3.2) 

 

where 𝐴 is the area of elastomer bearings. Besides, the post-yielding stiffness of the elastomeric 

bearing is determined by defining the stiffness ratio N (𝑁 = 𝐾1/ 𝐾2). A common ratio of N = 

10 is considered for the elastomer bearings. 

Previous research also revealed that the hysteric loop of sliding bearings is similar to the 

elastic-perfectly plastic material, as shown in Figure 3.3. Therefore, for sliding bearings, the 

stiffness ratio N can be taken as a large value, such as 50 [54], and its horizontal restoring force 

can be computed as: 

 

𝐹𝑚𝑎𝑥 = 𝐾1 · 𝑥𝑦 = 𝜇𝑑 · 𝑅 (3.3) 

 

where 𝐹𝑚𝑎𝑥 is the critical friction force, 𝜇𝑑 is the sliding bearing friction factor and taken as 

0.04, and 𝑅 is the support reaction provided by the bearing and 𝑥𝑦 is the yielding displacement, 

which is assumed as 0.2 m in the current study. The modelling parameters of both elastomeric 

and sliding bearings are summarized in Table 3.2.   

 

  

(a) Elastomer Bearings (b) Sliding Bearings 

Fig 3.3 Bilinear Models for Modelling Bearings 
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Tale 3.2 Modelling Parameters of both Elastomeric and Sliding Bearings 

Location 
Area 

(m2) 

Heff 

(mm) 

Longitudinal Direction Transverse Direction 

Bearing 

Type 

K1 

(kN/m) 
N 

Bearing 

Type 

K1 

(kN/m) 
N 

Abutment 0.64 85 EBs1 8584 10 EBs 8584 50 

P1 0.64 85 EBs 8584 10 EBs 8584 50 

P2 0.64 85 EBs 8584 10 EBs 8584 50 

P3 0.64 101 EBs 7224 10 EBs 7224 50 

P4 0.64 165 EBs 4422 10 EBs 4422 50 

P5 0.56 85 SBs2 1300 50 EBs 7511 50 

P6 0.56 101 SBs 1300 50 EBs 6321 50 

P7 0.64 149 SBs 1300 50 EBs 4897 50 

P8 0.64 85 SBs 1300 50 EBs 8584 50 

P9 0.64 85 SBs 1300 50 EBs 8584 50 

P10 0.64 85 SBs 1300 50 EBs 8584 50 

Abutment 0.64 85 SBs 1300 50 EBs 8584 50 

1 Elastomeric Bearings; 2 Sliding Bearings. 

 

3.5. Abutment components 

As shown in Fig 3.4, a spring system is established to capture the dynamic interactions of 

different abutment components. The numerical modelling of each abutment component is 

discussed in detail below. 

3.5.1 Backfill 

The force-displacement relationship of the backfill under passive earth pressure can be 

expressed by a hyperbolic model, which can be further parameterized using the following 

formula [45-46]: 

 

𝐹(𝑦) =
𝑦

1
𝐾𝑎𝑣𝑒

+ 𝑅𝑓
𝑦
𝐹𝑢𝑙𝑡

(3.4)
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𝐾𝑎𝑣𝑒 =
𝐹𝑢𝑙𝑡
2𝑦𝑎𝑣𝑒

(3.5) 

 

where 𝐾𝑎𝑣𝑒  defines the effective stiffness of the model and is determined by the cut-line 

stiffness connecting the origin and 0.5 times the ultimate load, and the corresponding 

deformation is expressed as 𝑦𝑎𝑣𝑒 , 𝐹𝑢𝑙𝑡  is the ultimate capacity at a lateral displacement of 

0.1Habut considered in this study, Habut is the abutment wall height, and 𝑅𝑓 is the failure ratio, 

which can be computed as: 

 

𝑅𝑓 = 1 −
𝐹𝑢𝑙𝑡

𝐾𝑎𝑣𝑒𝑦𝑚𝑎𝑥
(3.6) 

 

Based on experimental data on retaining structures similar to bridge abutments, Shamsabadi 

[46] gave an empirical formula for the force-displacement curve for practical application: 

 

𝐹(𝑦) =
272.8𝑦

1 + 1.18𝑦
(
𝐻

1𝑚
)1.5  (𝑠𝑎𝑛𝑑) (3.7) 

 

𝐹(𝑦) =
150.8𝑦

1 + 0.51𝑦
(
𝐻

1𝑚
)  (𝑐𝑙𝑎𝑦 ) (3.8) 

 

According to the geological survey, the type of abutment backfill is clay for the A Viaduct. 

Moreover, the value of 𝐾𝑎𝑣𝑒 is computed as 7417434 kN/m, the 𝑅𝑓 is taken as 0.95, the 𝐹𝑢𝑙𝑡 is 

taken as 276349 kN, and the hyperbolic gap material is used to simulate the backfill element 

in OpenSees. 

3.5.2 Pounding element between abutment and deck 

The Hertz contact model with a nonlinear hysteresis is used to simulate the impact pounding 

element, where the dissipated energy can be expressed as: 

 

𝐸 =
𝑘ℎ𝛿𝑚

𝑛+1(1 − 𝑒2)

𝑛 + 1
(3.9) 
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Where 𝑘ℎ is the impact stiffness parameter, n is the Hertz coefficient, which is typically taken 

as 1.5, e is the coefficient of restitution with typical values from 0.6-0.8, and 𝛿𝑚
  is the relative 

penetration taken as 0.016 m. The impact stiffness, 𝑘ℎ, can be expressed as [47]: 

 

𝑘ℎ =
4

3𝜋(ℎ1 + ℎ2)
[
𝑅1𝑅2
𝑅1 + 𝑅2

]

1
2

(3.10) 

 

where ℎ1, ℎ2 are material parameters that can be computed as: 

 

ℎ𝑖 =
1 − 𝜐𝑖

2

𝜋𝐸𝑖
(3.11) 

 

where 𝜐𝑖
   and 𝐸𝑖  are the Poisson's ratio and elastic modulus of sphere i. Assuming the two 

colliding structures as spheres, the radius of the sphere can be estimated as: 

 

𝑅𝑖 = √
3𝑚𝑖

4𝜋𝜌

3

(3.12) 

 

where 𝑚𝑖 is the colliding mass, and 𝜌 is the density of the reinforced concrete (28kN/m3). The 

Impact stiffness, 𝑘ℎ, can then be calculated as 2.423 × 107𝑘𝑁/𝑚, where the effective stiffness, 

𝑘𝑒𝑓𝑓, of the impact element is further computed as: 

 

𝑘𝑒𝑓𝑓 = 𝑘ℎ√𝛿𝑚 
2 (3.13) 

 

And the yield displacement is: 

 

𝛿𝑦 = 𝑎𝛿𝑚
 (3.14) 

 

where a is typically taken as 0.1, the initial stiffness k1 and secondary stiffness k2 are chosen 
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such that the energy dissipated by the impact model during the collision is consistent with the 

associated energy dissipated in the Hertz model. 

 

𝑘1 = 𝑘𝑒𝑓𝑓 +
𝐸

𝑎𝛿𝑚 
2

(3.15) 

𝑘2 = 𝑘𝑒𝑓𝑓 −
𝐸

(1 − 𝑎)𝛿𝑚 
2

(3.16) 

 

According to the calculation, 𝑘1 = 9.281 × 10
7𝑘𝑁/𝑚, 𝑘2 = 1.865 × 107𝑘𝑁/𝑚. A hysteretic 

gap material is used in OpenSees to simulate the impact element. 

3.5.3 Pulling bars 

To simulate the effect of pulling bars, the steel02 material is applied in OpenSees to connect 

the abutment and deck with the zero-length tension-only element. According to the properties 

of S500/600 steel, the stiffness of the steel bars is set as 777439 kN/m, and the yield force is 

set as 14500kN. 

 

 

Fig 3.4 Spring System Considered for Simulating End Abutments 

 

3.6. Foundation 

As shown in Figure 2.1, two different types of foundations, pile foundations, and spread 

footings, are designed for the A Viaduct. 

3.6.1 Pile foundation 
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The R5P (termed as response five parameter) model is adopted for the hysteric material in 

OpenSees to simulate the pile-foundation-soil system [57]. R5P model can incorporate 

nonlinear behaviours of soil materials, a wide array of heterogeneous soil profiles, and realistic 

connection details between piles and pile caps. According to the numerical modelling scheme 

of the pile-soil system [57] and the pile/soil properties of the A Viaduct, cyclic pushover 

analyses are conducted on the pile-soil system. Furthermore, the R5P model can be developed 

by regressing the hysteretic curves for piles at different depths [57], as shown in Fig 3.5. 

 

  

(a) Longitudinal Direction (b) Transverse Direction 

Fig 3.5 Backbone Curves of the Piles using the R5P Model and shallow foundations 

 

Pile foundations for the A Viaduct contain arrays of multiple rows and columns of piles, 

whose interaction typically results in a pile group with a capacity lower than the simple sum of 

individual pile capacities. Since the lateral resistance of the group piles needs to be reduced, 

group factors 𝑓𝑚 is applied to individual piles based on pile spacing and the number of piles 

per row/column. Xie et al. [57] proposed a procedure, based on Rollins et al. [58], for 

calculating the group amplification factor 𝐴𝑚 , which amplifies the backbone response of a 

single pile to the backbone response of a group of piles. This procedure assigns the largest 

grouping factor value 𝑓𝑚1 to the first row, the reduced value 𝑓𝑚2 to the second row, and the 

smallest value 𝑓𝑚3 is assigned to the third and all subsequent rows as follows: 
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𝑓𝑚 =

{
 
 

 
 0.26 ln (

𝑆

𝐷
) + 0.5 ≤ 1.0    𝑓𝑜𝑟 𝑓𝑖𝑟𝑠𝑡 𝑟𝑜𝑤

0.52 ln (
𝑆

𝐷
) ≤ 1.0   𝑓𝑜𝑟 𝑠𝑒𝑐𝑒𝑛𝑑 𝑟𝑜𝑤

0.60 ln (
𝑆

𝐷
) − 0.25 ≤ 1.0  𝑓𝑜𝑟 𝑡ℎ𝑖𝑟𝑑 𝑜𝑟 ℎ𝑖𝑔ℎ𝑒𝑟 𝑟𝑜𝑤

(3.17) 

 

where S represents the center-to-center spacing of the piles and D is the diameter of the piles. 

The amplification factor can then be calculated as: 

𝐴𝑚,𝑥 = 𝑓𝑚,𝑥1𝑛𝑦 + 𝑓𝑚,𝑥2𝑛𝑦 + 𝑓𝑚,𝑥3𝑛𝑦(𝑛𝑥 − 2) (3.18) 

𝐴𝑚,𝑦 = 𝑓𝑚,𝑦1𝑛𝑥 + 𝑓𝑚,𝑦2𝑛𝑥 + 𝑓𝑚,𝑦3𝑛𝑥(𝑛𝑦 − 2) (3.19) 

where 𝑛𝑥 and 𝑛𝑦 are the number of piles in longitudinal and transverse directions, respectively, 

𝑓𝑚,𝑥1, 𝑓𝑚,𝑥2, and 𝑓𝑚,𝑥3 are the group factors calculated from Eq. (3.17) for the first, second, and 

third rows of piles in the transverse direction, respectively; and 𝑓𝑚,𝑦1, 𝑓𝑚,𝑦2 and 𝑓𝑚,𝑦3 are the 

same group factors for the piles in the transverse direction. 

 

3.6.2 Shallow foundation 

The TzSimple2 material [59] is applied in OpenSees to simulate the lateral behaviours of 

shallow foundations; the material has two input parameters: the ultimate capacity 𝑡𝑢𝑙𝑡 and the 

displacement at which 50% of the ultimate load is mobilized 𝑧50.  The sliding resistance of the 

foundation can be calculated as: 

 

                                                       𝑡𝑢𝑙𝑡 = 𝑊𝑔𝑡𝑎𝑛𝛿 + 𝐴𝑏𝐶                                                            (3.20) 

 

where 𝑊𝑔 is the total weight above the foundation, 𝛿 is the friction angle between the soil and 

the foundation, which is usually taken as 1/3 to 2/3 of the friction angle of soil, 𝐴𝑏 is the area 

of the spread footing foundation, and 𝐶 is the soil cohesion. Besides, 𝑧50 can be calculated as 

follows: 
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𝑧50 =
𝐶𝑒𝑡𝑢𝑙𝑡
𝑘𝑒𝑙

(3.21) 

 

where Ce is the empirical coefficient that is determined by fitting the friction behaviour of 

shallow foundations, which is taken 0.708 for clay, and 𝑘𝑒𝑙 is the elastic stiffness of the shallow 

foundation, which can be computed based on the suggestions from Gazetas (1991) [62] for 

both long side (𝐾𝛾
′) and short side (𝐾𝜒

′ ) of the foundation: 

 

 𝐾𝛾
′ =

𝐺𝐿

2 − 𝜐
[2 + 2.5 (

𝐵

𝐿
)
0.85

] (3.22) 

 

𝐾𝜒
′ =

𝐺𝐿

2 − 𝜐
[2 + 2.5 (

𝐵

𝐿
)
0.85

] +
𝐺𝐿

0.75 − 𝜐
[0.1 (1 −

𝐵

𝐿
)
 

] (3.23) 

 

where L is the foundation length, B is the foundation width, G is the Shear Modulus of the 

interface soil, and υ is its Poisson’s ratio. 

 To avoid convergence issues, the TzSimple2 material is further simplified as an equivalent 

bilinear model to simulate the lateral resistances of spread footings. Figure 3.5 also compares 

the force-displacement relationships of four shallow foundations together with those for pile 

foundations.    
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4 Physics-based Simulations of Ground Motions at the A Viaduct 

4.1. Overall methodology 

Zhang et al. [63-65] investigated the influence of site-specific surface topography and soil 

stratigraphy on the dynamic soil-structure interaction behaviour of structures located in the 

southeastern European side of Istanbul city. They surveyed the geological and geotechnical 

data of the Istanbul city from 2912 boreholes to develop the shear wave velocity and density 

profiles of citywide soils at different depths. Afterwards, the major topographic features and 

properties of soil in the Istanbul metropolitan area were simulated by implementing a virtual 

topography method [66] in Hercules [67], an octree-based finite element parallel software. 

Finally, physics-based simulated ground motions were obtained from Central Marmara Basin 

(CMB) and the North Boundary Fault (NBF) using the hybrid method [68]. These simulated 

motions are adopted as the input ground motions in the current study. Compared with flat free-

surface results (FLAT), the virtual topography method can capture the change due to the 

topographic irregularities and detect high-resolution topographic effects. 

4.2. Selected ground motions 

Six groups of simulated ground motions are selected herein, whereas each motion group 

contains 12 motion records at 12 column/abutment foundations for the A Viaduct. Table 4.1 

gives a summary of the fault dimensions, rupture areas, and seismic moments of the 6 events 

included in this study, where A denotes the rupture area (the product of fault length L and width 

W). The seismic moment M0 is considered as 6.31×1018 , which is used to calculate moment 

maginitude 𝑀𝑤 according to the equation proposed by Hanks and Kanamori (1979) [69] : 

 

𝑀𝑤 =
𝑙𝑜𝑔𝑀0 − 9.1

1.5
(4.1)  

 

The epicenters information (longitude, latitude and hypocentral depth H) of the simulated 

ground motions are also listed in Table 4.1. The ground motion records of the first motion 

group, denoted as SIM024, are shown in Table 4.2; information regarding all other ground 
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motion records is listed in Appendix A. 

As shown in Table 4.2, the Peak Ground Accelerations (PGAs) indicate significant 

variances across the 12 foundation motions for exciting the bridge. The response spectra and 

time histories of the 12 ground motions are shown in Figs 4.1 and 4.2, respectively. Fig 4.1 

indicates that large variances of the twelve motions occur in the response spectra for periods 

up to 1 second. At the natural period of the A Viaduct (i.e., 4.07 s), response spectra of the 

twelve motions show minor differences, which is consistent with the results shown in Table 

4.2. The time-history comparison in Fig 4.2 also confirms the overall high-frequency nature of 

the simulated ground motions. It remains interesting to observe how these twelve motions 

would change the time-history responses of the A Viaduct. 

 

Table 4.1 Parameters of Simulation Ground Motions 

Simulation Mw M0 (N·m) L (km) W (km) A (km2) Lon (°) Lat (°) D (km) 

SIM023 6.49 6.31×1018 27.5 11 302.5 28.9167 40.8633 8.5 

SIM024 6.49 6.31×1018 27.5 11 302.5 29.0473 40.8011 8.5 

SIM025 6.49 6.31×1018 27.5 11 302.5 29.1776 40.7387 8.5 

SIM026 6.49 6.31×1018 27.5 11 302.5 28.8931 40.8347 7.5 

SIM027 6.49 6.31×1018 27.5 11 302.5 29.0237 40.7725 7.5 

SIM028 6.49 6.31×1018 27.5 11 302.5 29.1539 40.7102 7.5 

 

Table 4.2 Ground Motion Records for Group SIM024 

Input 

Foundation 
Station Direction 

PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 
Direction 

PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 

Ab1 1 X 367 42  Y 258 24  

P1 2 X 352 41  Y 216 24  

P2 3 X 293 41  Y 311 23  

P3 4 X 234 42  Y 282 23  

P4 5 X 240 42  Y 235 23  

P5 6 X 214 42  Y 219 23  

P6 7 X 209 41  Y 238 23  

P7 8 X 276 42  Y 204 23  

P8 9 X 289 42  Y 178 24  
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P9 10 X 293 43  Y 209 25  

P10 11 X 318 44  Y 228 26  

Ab2 12 X 324 45  Y 223 26  

 

 

(a) Longitudinal Direction 

 

(b) Transverse Direction 

Fig 4.1 Response Spectra of the Selected Twelve Ground Motions  
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(a) Longitudinal Direction 

 

(b) Transverse Direction 

Fig 4.2 Acceleration Time Histories of the Selected Twelve Ground Motions  
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5. Seismic Response Analyses of the A Viaduct Under Different 

Motion Inputs 

The A viaduct is excited by two different ground motion excitation schemes – the uniform 

excitation, where each bridge foundation is applied with the same motion, and the multi-

support excitation, where different motions from 1-12 are applied individually to the 

corresponding column/abutment foundations in both longitudinal and transverse directions. 

The input motions to the numerical model will cause different bridge components to respond 

differently in time histories. The responses of these components under both uniform and multi-

support excitations are compared and discussed in this chapter. 

5.1. Uniform excitation 

By taking the geometric mean of the motions in longitudinal and transverse directions, the 

group motions with the maximum and minimum PGAs are identified. As such, the uniform 

excitation scheme considers two motion cases – the maximum case where the largest PGA 

motions among the 12 motions are used to excite the A Viaduct at all foundations and the 

minimum case where the smallest PGA motions are used. 

5.2. Multi-support excitation 

The multiple support excitations are input in the form of acceleration waves in OpenSees. 

Therefore, twelve acceleration time histories of seismic ground motions are used to excite the 

twelve supporting foundations of the A Viaduct simultaneously. 

5.3. Response comparisons of critical bridge components 

5.3.1 Column 

Table 5.1 summarizes the peak displacements of the 10 columns under uniform and multiple 

support excitations. In the table, “Max” denotes the use of the maximum motion inputs in 

uniform excitation; “Min” represents the use of the minimum motion inputs; “Multi” indicates 

the multi-support excitation scheme that has different motions applied to different foundation 

input points. Besides, “L” and “T” represent the column’s longitudinal and transverse responses, 

respectively. In the longitudinal direction, the multi-support excitation scheme captures the 

peak column displacement of 20.9 cm at Column P9, which is close to the one from the 
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maximum motion case (i.e., 18.5 cm at Column P9). Likewise, similar longitudinal responses 

can be observed between multi-support and maximum motions for ColumnsP1, P2, P3, P4, P8, 

P9, and P10. However, this is not the case for the remaining columns, where significant 

differences can be observed. For instance, the longitudinal displacement of Column P7 under 

the multi-support excitation is 9.4 cm; the displacement for the same column is increased to 

19.5 cm when the maximum motions are used. Generally, the maximum motion case tends to 

overestimate column displacements, while the minimum motion case shows the smallest 

displacements for about half of the columns. Smaller displacement responses can be observed 

for the columns in the transverse direction. As a result, these three motion excitation schemes 

show closer column responses in this direction.  

 

Table. 5.1 The Peak Displacements of Columns under Uniform/Multi-support 

Excitations (unit: cm) 

Column Case 
Displacement 

Column Case 
Displacement 

L T L T 

P1 

Max 13.1  12.0  

P6 

Max 1.1  0.7  

Min 9.4  8.9  Min 0.7  0.6  

Multi 12.5  11.1  Multi 0.7  0.7  

P2 

Max 3.1  2.1  

P7 

Max 19.5  9.3  

Min 2.5  2.0  Min 10.2  11.3  

Multi 2.8  2.1  Multi 9.4  9.7  

P3 

Max 2.3  1.4  

P8 

Max 8.9  5.4  

Min 1.9  1.3  Min 9.1  4.2  

Multi 2.0  1.3  Multi 8.8  4.3  

P4 

Max 1.7  0.9  

P9 

Max 20.9  7.0  

Min 1.4  0.8  Min 16.7  6.7  

Multi 1.4  0.8  Multi 18.5  7.5  

P5 

Max 1.4  1.0  

P10 

Max 19.6  5.5  

Min 0.9  0.8  Min 15.8  6.5  

Multi 0.9  0.8  Multi 19.3  7.3  
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To better illustrate the responses of columns under three cases of excitations, Fig 5.1 shows the 

hysteretic curves of three representative columns – P1, P7, and P9, in the longitudinal direction. 

As shown in the figure, all three columns enter the nonlinear phases with substantial hysteretic 

loops. In particular, different excitation schemes have produced column force-displacement 

responses that significantly differ from each other.   

  

   

(a) Maximum (b) Minimum (c) Multisupport 

   

(d) Maximum (e) Minimum (f) Multisupport 

   

(g) Maximum (h) Minimum (i) Multisupport 

Fig 5.1 Hysteric Curves of Piers under Different Excitation Schemes 

 

5.3.2 Bearing 

The peak displacements of all bearings are compared in Table 5.2 when the A Viaduct is 

subjected to the three motion excitation schemes. As highlighted, bearings at Columns P4, P5, 

P7, and P9 show significant differences in displacement responses. In particular, the 

longitudinal bearing displacement at Column P5 is overestimated by about 50% (i.e., from 7.1 
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cm to 10.5 cm) should the maximum uniform excitation motions be used as the inputs. Similar 

conclusions can be drawn for the bearing displacement in the transverse direction, where the 

maximum uniform excitation changes the bearing displacement at Column P3 from 14.1 cm to 

17.1 cm. By contrast, the minimum uniform excitation motions show the overall smallest peak 

bearing displacements, and the largest difference occurs in Column P7, where the bearing 

displacement in the longitudinal direction is reduced from 11.4 cm to 8.8 cm. 

 

Table 5.2 The Peak Displacements of Bearings under Uniform and Multi-support 

Excitations (unit: cm) 

Bearing Case 
Displacement 

Bearing Case 
Displacement 

L T L T 

P1 

Max 11.2  7.4  

P6 

Max 11.3  12.4  

Min 10.8  4.6  Min 6.8  16.0  

Multi 10.5  4.8  Multi 8.0  14.6  

P2 

Max 6.1  14.4  

P7 

Max 15.0  10.2  

Min 3.4  12.4  Min 8.8  11.5  

Multi 4.4  12.7  Multi 11.4  9.6  

P3 

Max 6.0  17.1  

P8 

Max 15.2  8.8  

Min 4.7  13.8  Min 18.3  5.5  

Multi 5.8  14.1  Multi 19.2  6.7  

P4 

Max 7.5  12.2  

P9 

Max 27.9  6.0  

Min 5.2  11.5  Min 22.5  3.9  

Multi 6.2  11.0  Multi 23.5  5.0  

P5 

Max 10.5  11.3  

P10 

Max 25.8  4.2  

Min 6.2  13.6  Min 20.0  4.2  

Multi 7.1  13.5  Multi 24.2  5.6  

 

Figure 5.2 shows the force-displacement hysteretic curves for three representative 

bearings (i.e., P4, P5, and P9) under different excitation schemes, where Figure 5.2 (a)-(c) 

shows the bearing responses in the transverse direction and the remaining figures indicate the 

longitudinal responses. It is evident that the maximum-motion uniform excitation case tends to 
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overestimate bearing responses. Both bearings P4 and P9 show nonlinear behaviours under the 

multi-support excitation scheme. 

 

 
  

(a) Maximum (b) Minimum  (c) Multisupport  

   

(d) Maximum  (e) Minimum  (f) Multisupport  

   

(g) Maximum  (h) Minimum  (i) Multisupport  

Fig 5.2 Hysteretic Curves for Representative Bearings under Different Excitations 
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5.3.3 Abutment 

 

 
 

(a) Displacement of the West Abutment 

  

(b) Displacement of the East Abutment  

Fig 5.3 Displacement Time Histories of End Abutments 

 

The time-history curves of nodal displacement of abutments under different excitation methods 

are provided in Fig 5.3. For the abutments under maximum-motion uniform excitations, the 

maximum nodal displacement of the west and east abutments are 5.98 cm and 0.19 cm, 

respectively. When it comes to the vibration under multi-support excitations, the maximum 

displacements of west and east abutments are 6.12 cm and 0.19 cm, respectively. The maximum 

displacement of the west abutment is reduced substantially when the minimum-motion uniform 

excitations are the case scenario. 
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5.3.3 Foundation 

 

  

(a) Foundation 5 (Pile Foundation) 

  

(b) Foundation 6 (Pile Foundation) 

 
 

(c) Foundation 9 (Shallow Foundation) 
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(d) Foundation 10 (Shallow Foundation) 

Fig 5.4 Displacement Time History Curve of Foundation 

 

Fig 5.4 compares the time history responses of foundation displacements under three excitation 

schemes for foundations P5, P6, P9, and P10. P5 and P6 are pile foundations, and P9 and P10 

are shallow foundations. The comparisons for foundation displacements also indicate that the 

maximum-motion uniform excitations case would have the largest foundation displacements, 

followed by the multi-support excitation scheme. In contrast, the foundation displacements are 

reduced further when the minimum-motion uniform excitations are the input case. Comparing 

the displacement demand with the R5P pile capacity models also shows that all piles will be in 

the elastic damage without having any damage under the given set of input motions.   
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6. Conclusion 

This thesis conducts the time history analyses of the A Viaduct, a multi-span curved continuous 

box-girder viaduct in Istanbul, Turkey, under different schemes of ground motion excitations. 

The software platform of OpenSees is used to build the 3D nonlinear finite element model for 

the viaduct; 12 sets of simulated ground motions considering the topographic effect at the 

bridge site are used for uniform excitations and multiple support excitations, respectively. 

Seismic responses of the A Viaduct under additional sets of ground motions are provided in the 

Appendix, where similar observations can be pinpointed. The following conclusions can be 

drawn from the current work:  

 

1. The literature review indicates the importance of using multiple support excitation to 

capture the topographic effect in ground motion inputs. 

2. The numerical model developed in OpenSees indicates the nonlinear dynamic interactions 

among various bridge components, including column, bearing, foundation, and abutment 

components (impact element, backfill, pull bars, etc.) 

3. Under the given set of ground motions, both columns and bearings show nonlinear 

behaviours. 

4. Among the chosen three motion excitation schemes, the multi-support excitation scheme 

bears the most promising strategy to capture the responses of different bridge components 

reliably. However, the maximum-motion uniform excitation scheme tends to overestimate 

bridge responses, while the minimum-motion uniform excitation shows the smallest responses 

in many cases. 

 

This thesis focused on the effect of multi-support excitation and uniform excitation on the 

seismic performance of A Viaduct. However, there exist additional problems that remain 

unsolved; potential future works can be: 
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1. Many more sets of ground motions should be included in future analyses to cover more 

physics-based earthquake scenarios. 

2. Seismic fragility and risk assessment should be conducted on the A Viaduct to 

transparently and comprehensively evaluate the soundness of the multi-support excitation 

scheme.  
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Appendix A – All Sets of Ground Motion Records 

Table A.1 Ground Motion Records - SIM23 

Station Direction 
PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 
Direction 

PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 

1 X 126  7  Y 93  5  

2 X 101  5  Y 95  5  

3 X 92  5  Y 81  5  

4 X 93  5  Y 115  5  

5 X 98  5  Y 104  5  

6 X 99  5  Y 81  5  

7 X 82  5  Y 88  5  

8 X 88  5  Y 87  5  

9 X 86  5  Y 69  5  

10 X 99  6  Y 73  6  

11 X 110  6  Y 90  7  

12 X 104  6  Y 108  7  

 

Table A.2 Ground Motion Records - SIM24 

Station Direction 
PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 
Direction 

PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 

1 X 367  42 Y 258  24 

2 X 352  41 Y 216  24 

3 X 293  41 Y 311  23 

4 X 234  42 Y 282  23 

5 X 240  42 Y 235  23 

6 X 214  42 Y 219  23 

7 X 209  41 Y 238  23 

8 X 276  42 Y 204  23 

9 X 289  42 Y 178  24 

10 X 293  43 Y 209  25 

11 X 318  44 Y 228  26 

12 X 324  45 Y 223  26 
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Table A.3 Ground Motion Records - SIM25 

Station Direction 
PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 
Direction 

PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 

1 X 207  31  Y 182  27  

2 X 174  31  Y 139  24  

3 X 142  31  Y 174  24  

4 X 156  31  Y 224  24  

5 X 168  31  Y 202  25  

6 X 138  31  Y 151  26  

7 X 137  31  Y 157  26  

8 X 148  32  Y 174  25  

9 X 139  32  Y 129  25  

10 X 161  32  Y 148  26  

11 X 202  32  Y 209  27  

12 X 207  33  Y 196  28  

 

Table A.4 Ground Motion Records - SIM26 

Station Direction 
PGA 

(cm/s2) 

Sa (3.27s) 

(cm/s2) 
Direction 

PGA 

(cm/s2) 

Sa (3.27s) 

(cm/s2) 

1 X 113  12  Y 158  6  

2 X 99  12  Y 125  9  

3 X 95  12  Y 138  10  

4 X 118  11  Y 121  9  

5 X 104  12  Y 118  8  

6 X 91  11  Y 99  6  

7 X 104  11  Y 105  6  

8 X 141  11  Y 103  6  

9 X 112  11  Y 104  6  

10 X 118  11  Y 118  6  

11 X 148  11  Y 124  6  

12 X 152  11  Y 117  6  
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Table A.5 Ground Motion Records - SIM27 

Station Direction 
PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 
Direction 

PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 

1 X 335  39  Y 214  25  

2 X 312  37  Y 207  23  

3 X 311  35  Y 264  24  

4 X 324  34  Y 367  24  

5 X 309  33  Y 328  24  

6 X 273  32  Y 218  24  

7 X 282  32  Y 214  24  

8 X 313  32  Y 233  24  

9 X 259  32  Y 246  25  

10 X 325  32  Y 293  26  

11 X 419  32  Y 341  27  

12 X 447  33  Y 324  28  

 

Table A.6 Ground Motion Records - SIM28 

Station Direction 
PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 
Direction 

PGA 

(cm/s2) 

Sa (4.07s) 

(cm/s2) 

1 X 212  29  Y 139  23  

2 X 205  28  Y 132  22  

3 X 169  28  Y 131  22  

4 X 211  28  Y 157  23  

5 X 209  28  Y 150  23  

6 X 195  28  Y 122  23  

7 X 186  28  Y 131  23  

8 X 176  29  Y 113  24  

9 X 159  29  Y 138  24  

10 X 189  30  Y 187  24  

11 X 246  30  Y 241  25  

12 X 282  30  Y 212  25  
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(a) Longitudinal Direction (b) Transverse Direction 

 

(c) Acceleration Time History of GMs in Longitudinal Direction 

 

(d)Acceleration Time History of GMs in Transverse Direction 



57 

 

Fig A.1 Response Spectrum and Acceleration Time History for SIM23 

  

(a) Longitudinal Direction (b) Transverse Direction 

 

(c) Acceleration Time History of GMs in Longitudinal Direction 

 

(d)Acceleration Time History of GMs in Transverse Direction 
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Fig A.2 Response Spectrum and Acceleration Time History for SIM25 

  

(a) Longitudinal Direction (b) Transverse Direction 

 

(c) Acceleration Time History of GMs in Longitudinal Direction 

 

(d)Acceleration Time History of GMs in Transverse Direction 
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Fig A.3 Response Spectrum and Acceleration Time History for SIM26 

  

(a) Longitudinal Direction (b) Transverse Direction 

 

(c) Acceleration Time History of GMs in Longitudinal Direction 

 

(d)Acceleration Time History of GMs in Transverse Direction 
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Fig A.4 Response Spectrum and Acceleration Time History for SIM27 

  

(a) Longitudinal Direction (b) Transverse Direction 

 

(c) Acceleration Time History of GMs in Longitudinal Direction 

 

(d)Acceleration Time History of GMs in Transverse Direction 

Fig A.5 Response Spectrum and Acceleration Time History for SIM28 
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Appendix B - Responses of Bridge Columns and Bearings 

Table B.1 Peak Displacements of Columns under Uniform/Multisupport Excitations - 

SIM23 (unit: cm) 

Column Case 
Displacement 

Column Case 
Displacement 

L T L T 

P1 Max 5.6  4.2  P6 Max 0.4  0.3  

Min 4.8  4.2  Min 0.3  0.3  

Multi 4.0  3.5  Multi 0.3  0.3  

P2 Max 2.0  0.7  P7 Max 6.7  3.2  

Min 2.0  0.6  Min 3.8  4.1  

Multi 1.0  0.6  Multi 3.8  2.9  

P3 Max 0.9  0.4  P8 Max 3.1  2.0  

Min 1.0  0.4  Min 3.6  1.4  

Multi 0.7  0.4  Multi 4.6  1.6  

P4 Max 0.5  0.3  P9 Max 5.9  3.3  

Min 0.6  0.3  Min 2.8  2.3  

Multi 0.5  0.2  Multi 2.9  2.4  

P5 Max 0.5  0.5  P10 Max 5.3  1.6  

Min 0.4  0.5  Min 2.9  1.4  

Multi 0.4  0.4  Multi 3.7  1.9  
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Table. B.2 Peak Displacements of Columns under Uniform/Multisupport Excitations - 

SIM25 (unit:cm) 

Column Case 
Displacement 

Column Case 
Displacement 

L T L T 

P1 Max 8.8  15.6  P6 Max 0.6  0.7  

Min 7.1  13.8  Min 0.6  0.7  

Multi 8.3  12.3  Multi 0.6  0.7  

P2 Max 4.6  2.0  P7 Max 11.5  12.8  

Min 4.0  2.0  Min 9.8  11.8  

Multi 2.8  2.0  Multi 6.6  9.9  

P3 Max 3.2  1.7  P8 Max 6.0  5.3  

Min 2.6  1.6  Min 4.2  5.3  

Multi 2.0  1.4  Multi 4.6  4.5  

P4 Max 1.7  0.8  P9 Max 8.7  10.0  

Min 1.7  0.7  Min 7.1  7.5  

Multi 1.3  0.7  Multi 8.6  7.2  

P5 Max 0.7  0.9  P10 Max 8.1  7.2  

Min 0.8  0.9  Min 6.9  6.4  

Multi 0.7  0.9  Multi 9.8  7.3  
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Table. B.3 Peak Displacements of Columns under Uniform/Multisupport Excitations - 

SIM26 (unit:cm) 

Column Case 
Displacement 

Column Case 
Displacement 

L T L T 

P1 Max 5.5  3.2  P6 Max 0.5  0.3  

Min 3.3  3.8  Min 0.3  0.3  

Multi 4.5  4.7  Multi 0.3  0.2  

P2 Max 1.7  0.7  P7 Max 3.8  3.9  

Min 1.2  0.5  Min 2.7  3.9  

Multi 1.0  0.5  Multi 2.6  3.2  

P3 Max 0.7  0.3  P8 Max 4.6  1.7  

Min 0.7  0.3  Min 3.1  1.9  

Multi 0.7  0.3  Multi 3.6  1.5  

P4 Max 0.6  0.3  P9 Max 4.6  2.2  

Min 0.5  0.3  Min 3.3  2.8  

Multi 0.6  0.2  Multi 4.3  1.8  

P5 Max 0.6  0.5  P10 Max 4.0  2.0  

Min 0.4  0.4  Min 3.2  1.9  

Multi 0.3  0.3  Multi 4.4  2.2  
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Table. B.4 Peak Displacements of Columns under Uniform/Multisupport Excitations - 

SIM27 (unit:cm) 

Column Case 
Displacement 

Column Case 
Displacement 

L T L T 

P1 Max 13.6  15.0  P6 Max 1.3  0.8  

Min 10.5  9.8  Min 0.9  0.7  

Multi 15.9  11.1  Multi 0.8  0.7  

P2 Max 3.8  2.6  P7 Max 18.3  16.4  

Min 3.5  2.0  Min 13.1  11.3  

Multi 4.0  2.0  Multi 9.7  11.2  

P3 Max 3.0  1.7  P8 Max 7.0  4.8  

Min 2.1  1.4  Min 9.2  4.1  

Multi 2.8  1.6  Multi 7.0  4.7  

P4 Max 2.3  0.7  P9 Max 19.0  9.2  

Min 1.5  0.7  Min 20.2  7.0  

Multi 1.8  0.7  Multi 21.0  9.2  

P5 Max 1.8  0.9  P10 Max 15.9  8.7  

Min 1.2  0.9  Min 19.7  6.9  

Multi 1.2  0.9  Multi 19.5  7.6  
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Table. B.5 Peak Displacements of Columns under Uniform/Multisupport Excitations-

-SIM28 (unit: cm) 

Column Case 
Displacement 

Column Case 
Displacement 

L T L T 

P1 Max 11.2  13.0  P6 Max 0.8  0.7  

Min 6.8  12.4  Min 0.8  0.7  

Multi 8.3  10.8  Multi 0.8  0.7  

P2 Max 3.7  2.3  P7 Max 13.0  11.1  

Min 3.6  2.1  Min 10.6  10.9  

Multi 3.2  1.8  Multi 7.5  10.9  

P3 Max 2.6  1.4  P8 Max 5.8  4.7  

Min 2.8  1.3  Min 5.5  5.1  

Multi 2.7  1.2  Multi 4.1  4.9  

P4 Max 1.9  0.9  P9 Max 5.5  8.2  

Min 2.1  0.9  Min 5.6  6.5  

Multi 2.0  0.8  Multi 6.5  6.1  

P5 Max 1.1  1.0  P10 Max 5.2  8.2  

Min 1.0  0.9  Min 5.3  5.8  

Multi 1.1  0.9  Multi 8.1  7.4  
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Table. B.6 Peak Displacements of Bearings under Uniform/Multisupport Excitations 

– SIM23 (unit: cm) 

Bearing Case 
Displacement 

Bearing Case 
Displacement 

L T L T 

P1 Max 5.5  2.0  P6 Max 3.1  5.6  

Min 4.8  3.2  Min 2.3  5.7  

Multi 4.7  1.4  Multi 2.6  4.1  

P2 Max 1.6  3.3  P7 Max 5.8  3.8  

Min 1.6  3.2  Min 3.6  3.7  

Multi 1.4  3.2  Multi 3.3  2.7  

P3 Max 2.5  3.6  P8 Max 7.5  3.2  

Min 1.8  3.9  Min 7.1  2.5  

Multi 1.5  3.6  Multi 8.2  2.4  

P4 Max 2.7  5.0  P9 Max 7.1  2.6  

Min 1.8  4.9  Min 4.0  1.8  

Multi 1.7  3.8  Multi 4.2  2.6  

P5 Max 3.0  5.9  P10 Max 7.6  1.5  

Min 2.1  5.9  Min 4.2  1.1  

Multi 2.3  3.9  Multi 4.9  1.9  
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Table.B.7 Peak Displacements of Bearings under Uniform/Multisupport Excitations - 

SIM25 (unit: cm) 

Bearing Case 
Displacement 

Bearing Case 
Displacement 

L T L T 

P1 Max 10.2  4.4  P6 Max 8.5  21.6  

Min 7.8  3.1  Min 7.9  20.8  

Multi 9.5  3.0  Multi 8.5  18.0  

P2 Max 4.0  14.7  P7 Max 12.3  8.0  

Min 3.7  13.6  Min 10.4  7.8  

Multi 3.5  11.4  Multi 8.5  8.3  

P3 Max 5.5  15.6  P8 Max 11.6  8.3  

Min 5.0  14.2  Min 10.6  8.2  

Multi 4.5  14.7  Multi 13.1  7.2  

P4 Max 6.2  11.7  P9 Max 13.3  8.5  

Min 5.9  10.9  Min 10.5  5.1  

Multi 5.7  11.4  Multi 11.9  6.3  

P5 Max 7.6  18.0  P10 Max 12.9  6.3  

Min 7.4  17.5  Min 10.4  4.7  

Multi 7.4  15.5  Multi 13.8  6.4  
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Table. B.8 Peak Displacements of Bearings under Uniform/Multisupport Excitations -

SIM26 (unit: cm) 

Bearing Case 
Displacement 

Bearing Case 
Displacement 

L T L T 

P1 Max 5.9  2.2  P6 Max 2.5  5.4  

Min 3.5  1.8  Min 1.8  5.0  

Multi 4.3  3.0  Multi 2.0  3.5  

P2 Max 1.7  3.3  P7 Max 3.2  3.4  

Min 1.2  2.7  Min 2.4  4.7  

Multi 1.3  2.9  Multi 2.8  3.4  

P3 Max 1.8  2.9  P8 Max 8.4  2.8  

Min 1.4  2.6  Min 5.9  3.1  

Multi 1.4  2.9  Multi 6.3  2.4  

P4 Max 2.1  4.8  P9 Max 6.9  2.7  

Min 1.5  3.8  Min 4.9  2.2  

Multi 1.5  3.5  Multi 5.7  2.3  

P5 Max 2.5  5.6  P10 Max 6.0  2.1  

Min 1.8  4.8  Min 4.6  2.0  

Multi 1.9  3.4  Multi 5.8  2.3  
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Table. B.9 Peak Displacements of Bearings under Uniform/Multisupport Excitations - 

SIM27 (unit: cm) 

Bearing Case 
Displacement 

Bearing Case 
Displacement 

L T L T 

P1 Max 14.7  13.5  P6 Max 12.4  14.5  

Min 11.4  6.5  Min 8.6  14.0  

Multi 16.1  6.5  Multi 10.4  13.1  

P2 Max 6.2  12.3  P7 Max 14.2  19.0  

Min 4.2  8.9  Min 9.9  10.9  

Multi 5.2  9.0  Multi 8.6  11.3  

P3 Max 6.4  15.5  P8 Max 15.3  7.5  

Min 4.3  12.1  Min 20.1  6.0  

Multi 5.5  13.0  Multi 15.8  6.4  

P4 Max 8.2  13.4  P9 Max 26.4  7.9  

Min 5.4  12.5  Min 27.0  6.2  

Multi 7.0  12.6  Multi 30.6  7.9  

P5 Max 11.5  13.7  P10 Max 22.9  7.5  

Min 7.8  13.1  Min 25.1  4.9  

Multi 9.3  11.3  Multi 28.2  5.8  
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Table. B.10 Peak Displacements of Bearings under Uniform/Multisupport Excitations 

- SIM28 (unit: cm) 

Bearing Case 
Displacement 

Bearing Case 
Displacement 

L T L T 

P1 Max 11.7  5.0  P6 Max 10.1  17.7  

Min 6.7  4.0  Min 8.0  18.9  

Multi 7.2  2.2  Multi 7.4  17.4  

P2 Max 4.7  13.8  P7 Max 13.1  8.0  

Min 4.1  11.8  Min 10.6  7.5  

Multi 3.8  10.0  Multi 9.2  7.5  

P3 Max 6.6  16.1  P8 Max 14.6  7.7  

Min 5.3  13.2  Min 10.2  7.3  

Multi 4.4  12.4  Multi 11.1  7.3  

P4 Max 7.7  13.7  P9 Max 9.9  6.7  

Min 5.8  13.1  Min 9.7  4.7  

Multi 5.2  11.3  Multi 9.0  4.8  

P5 Max 9.5  15.3  P10 Max 10.3  7.0  

Min 7.6  16.8  Min 9.5  4.6  

Multi 7.0  14.9  Multi 11.1  6.5  

 

  

 


