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Abstract of Thesis 

 

Seismic Evaluation of Bridge Systems 

Using Novel Opensees-Integrated Graphical User Interfaces 

 

This thesis presents the development of the "Bridge Analysis Program Version 

2024" (BAP2024), a MATLAB-based tool designed to analyze the response of girder 

bridges subjected to seismic events and other external excitations, such as harmonic or 

impulse loads. BAP2024 features intuitive Graphical User Interfaces (GUIs) integrated 

with custom MATLAB functions and the Open System for Earthquake Engineering 

Simulation (OpenSees). Its primary objectives are to simplify the preprocessing of bridge 

data for OpenSees and streamline the postprocessing of analysis results, eliminating the 

need for manual scripting in Tcl or external tools like Microsoft Excel for response 

evaluation. 

In the pre-processing phase, BAP2024 allows users to input bridge data through 

GUIs, automatically calculating critical parameters, such as non-composite and composite 

section properties, confined concrete characteristics, and plastic hinge lengths. It also 

generates a finite element model of the bridge, including nodes, elements, and fiber 

sections. Elemental loads and nodal masses are determined based on self-weight and 

tributary area superimposed loads. Users can customize analysis settings directly through 

the GUIs. The program then produces Tcl files for OpenSees, containing all the necessary 

data to analyze the finite element model. 

In the post-processing phase, BAP2024 imports OpenSees results and visualizes 

them via GUI-based diagrams, such as shear force-displacement plots, force-time histories, 
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and displacement-time histories. It also provides detailed superstructure displacement 

profiles at each time step. Users can identify column yield displacements by selecting 

points on the shear force-displacement diagram. Using yield and maximum displacement 

values during seismic events, the program enables the evaluation of column ductility levels, 

aiding in repair or replacement decisions. 

As an application tool, BAP2024 was implemented in the analysis of two prototype 

bridges, referred to as Prototypes A ( a six-span bridge) and B (a two-span bridge). In these 

prototypes, circular reinforced concrete (RC) columns were designed individually using 

force-based methods and response spectrum analysis. BAP2024 facilitated the modeling 

and performance analysis of the prototypes under five scaled earthquake records, assuming 

soil classification D, to capture the seismic demands on the columns. The analytical results 

reveal that the RC circular columns in Prototype A exceed Caltrans ductility limits and 

present an unacceptable risk of collapse. In contrast, the RC circular columns in Prototype 

B exhibited lower ductility demands, indicating superior performance with minimal risk of 

severe damage or negligible failure. These results underscore a critical limitation in the 

traditional approach of designing structural components as individual members, rather than 

considering their behavior within the context of a full bridge system. While force-based 

methods and response spectrum analysis provide a robust framework for initial design, they 

may overlook complex interactions between bridge components. This can lead to 

inconsistencies in the predicted performance of individual elements and the overall 

structure. By bridging the gap between member-level and system-level design, tools like 

BAP2024 provide valuable insights for improving seismic design methodologies and 

achieving more reliable and sustainable bridge structures. 
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From an educational tool, BAP2024 is user-friendly and has potential as a teaching 

aid in the "Structural Design to Resist Natural Hazards" course at George Washington 

University. This course trains graduate students in designing bridge columns for seismic 

forces using force- and displacement-based methods. BAP2024 can supplement instruction 

by validating column designs for target ductility levels within multi-degree-of-freedom 

(MDOF) systems in three-dimensional contexts. 

Future enhancements to the program could focus on expanding its versatility in 

modeling complex bridge structures by incorporating additional bridge types, such as box 

girder bridges, and integrating pushover analysis into BAP2024. This would facilitate the 

identification of potential failure points and enable the evaluation of structural performance 

beyond the elastic range. Additionally, conducting analyses under varying bridge 

constraints, boundary conditions, and soil classifications is recommended to further 

investigate their effects at the system level. Validating component-level column designs 

using the Displacement-Based Design (DBD) method at the system level is also advised to 

provide comparative insights against results obtained from the Force-Based Design (FBD) 

method. 



1 

 

Chapter 1 - Introduction 

 

This thesis introduces the Bridge Analysis Program Version 2024 (BAP2024), a 

MATLAB-based tool designed to streamline the analysis of girder bridges subjected to 

external excitations such as earthquakes or harmonic ground motions. BAP2024 features 

intuitive graphical user interfaces (GUIs) that seamlessly integrate with customized 

MATLAB functions and OpenSees, streamlining both the preprocessing of bridge data and 

finite element models, as well as the post-processing of simulation results. This automation 

obviates the need for labor-intensive calculations of bridge component properties, the 

scripting of OpenSees commands, and the subsequent handling of results in external 

applications. 

During the pre-processing phase, BAP2024 facilitates user input of bridge data 

through graphical user interfaces (GUIs), automating the calculation of essential 

parameters such as non-composite and composite section properties, confined concrete 

characteristics, and plastic hinge lengths. The software generates a finite element model of 

the bridge, incorporating nodes, elements, and fiber sections. Elemental loads and nodal 

masses are computed based on self-weight and superimposed loads distributed according 

to tributary areas. Users can tailor analysis configurations directly within the GUIs. 

Subsequently, BAP2024 generates Tcl files for OpenSees, embedding all requisite data for 

finite element model analysis. 

In the post-processing phase, BAP2024 imports OpenSees analysis results and 

visualizes them through GUI-based diagrams, including shear force-displacement plots, 

force-time histories, and displacement-time histories. The software also provides 
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comprehensive displacement profiles of the superstructure at each time step. Users can 

determine column yield displacements by selecting points from the shear force-

displacement diagram. By utilizing yield and maximum displacement values recorded 

during seismic events, BAP2024 supports the evaluation of column ductility levels, aiding 

in decisions regarding the repair or replacement of structural elements and assessing the 

likelihood of structural failure. 

1.1 System-Level Seismic Assessment of Bridges 

The design of bridge columns as individual components, using methods such as the 

force-based approach and response spectrum analysis, provides a strong foundation for 

preliminary design. However, this approach may overlook the complex interactions 

between bridge components, potentially resulting in discrepancies between the predicted 

performance of individual elements and that of the overall structure. BAP2024 serves as a 

valuable tool for evaluating the performance of designed bridge columns at the system 

level, offering a more comprehensive assessment of structural behavior. 

In this thesis, BAP2024 is employed to analyze the performance of two prototype 

bridges subjected to five scaled earthquake records, designated as Prototypes A (a six-span 

bridge) and B (a two-span bridge). In these prototypes, circular reinforced concrete (RC) 

columns were individually designed using force-based methods and response spectrum 

analysis to withstand the base shear forces and moments induced by seismic activity. The 

target displacement ductility demand (Õæ) for the columns in both prototypes aligns with 

the ductility limits prescribed by Caltrans. Following the development of finite element 

models for the complete prototype bridges and the execution of nonlinear time-history 

analyses, the analytical results indicate that the RC circular columns in Prototype A surpass 
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Caltrans ductility limits, posing an unacceptable risk of collapse. Conversely, the RC 

circular columns in Prototype B demonstrate lower ductility demands, reflecting better 

performance with minimal risk of severe damage or negligible likelihood of failure. 

These findings highlight a fundamental limitation in traditional design methodologies 

that treat structural components as isolated elements rather than as integral parts of a 

comprehensive bridge system. By addressing this gap between component-level and 

system-level design, tools such as BAP2024 offer valuable insights into enhancing seismic 

design practices, thereby contributing to the development of more resilient and sustainable 

bridge structures. 

As an educational tool, BAP2024 is designed to be user-friendly and has potential 

applications as a teaching aid in the "Structural Design to Resist Natural Hazards" course 

at George Washington University. This course educates graduate students in designing 

bridge columns modeled as single-degree-of-freedom (SDOF) systems to resist seismic 

forces through force- and displacement-based approaches. BAP2024 can enhance the 

learning experience by validating column designs against target ductility levels within 

multi-degree-of-freedom (MDOF) systems in three-dimensional configurations.  

1.2 Organization of the Thesis  

 This thesis is organized into six chapters. Chapter 1 introduces the study, outlining 

its purpose and providing an overview of the capabilities of the Bridge Analysis Program 

2024 (BAP2024). Chapter 2 reviews relevant literature on topics associated with BAP2024, 

including non-composite and composite section properties, confined and unconfined 

concrete, plastic hinges, and the Open System for Earthquake Engineering Simulation 

(OpenSees). Chapter 3 presents BAP2024, demonstrating its graphical user interfaces 
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(GUIs) and offering a step-by-step guide on program usage. Chapter 4 details the prototype 

development, validating the non-composite and composite section properties calculated by 

BAP2024, as well as verifying load calculations and node connectivity to ensure the 

programôs intended functionality. Chapter 5 focuses on component-level column design 

using the force-based design (FBD) method and response spectrum analysis. This is 

followed by a system-level assessment of prototype performance in terms of ductility 

indices, highlighting the limitations of component-level design when evaluated at the 

system level. Finally, Chapter 6 concludes the thesis by summarizing the development of 

BAP2024, emphasizing the necessity of system-level bridge evaluations, and suggesting 

potential future enhancements. 
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Chapter 2 - Literature Review and Relevance to the BAP2024 Program 

 

This chapter introduces the key principles relevant to BAP2024, including the 

grillage model, the properties of non-composite and transformed composite sections, 

confined and unconfined concrete, the OpenSees framework and its significant 

components, the shear key model, Newmarkôs method for solving nonlinear dynamic 

analysis, iterative procedures, and convergence criteria. 

2.1 Finite Element Analysis and Grillage Model 

Finite Element Analysis (FEA) is a numerical technique that offers approximate 

solutions for complex structures in a cost-effective and time-efficient manner (Snyder et 

al., 2011). Figure 2-1 illustrates the available finite element modeling approaches for girder 

bridges, such as the spine and grillage models (Priestley et al., 1996). 

 

Figure 2-1: Comparison of Physical Bridge, Grillage Model, and Spine Model 

Jamali et al. (2017) and Snyder et al. (2011) have emphasized that the grillage model 

is widely utilized for analyzing various types of bridges and other structures. Moreover, 

Bridge Design & Assessment (2020) identified the grillage model as the most popular 

method for analyzing girder bridges. In the grillage model, the girders of bridges are 
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represented by longitudinal beam elements, while transverse beam elements characterize 

the bent caps, diaphragms, and effective parts of the slab (Jaeger & Bakht, 1982, as cited 

in Snyder et al., 2011). 

2.2 Modeling Approach in BAP2024 

While BAP2009 utilized the spine model for analyzing box girder bridges, 

BAP2024 employs the grillage model for girder bridge analysis. This model enables the 

observation of each girder's mechanisms, deformation, and displacement. Additionally, it 

is easy to organize using MATLAB and integrates well with OpenSees. These advantages 

make the grillage model particularly suitable for BAP2024 as a teaching aid in the 

classroom.  

Figures 2-2 and 2-3 illustrate a simple grillage model in BAP2024, representing a 

bridge with two spans, five girders, and four columns. In this model, the girders with 

effective slab flange width are discretized into small longitudinal elements, while the 

transverse members represent the diaphragm and bent cap elements. The shear key 

modeling pattern is depicted in Figure 2-4. The pink dashed lines indicate the width of the 

deck, which is not considered in the analysis. 
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Figure 2-2: Finite Element Model of Bridge Structure (3D View) 

 

 

 

Figure 2-3:  Finite Element Model of Bridge Structure (Plan View) 
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Figure 2-4: Detailed View of Shear Key Elements at Bridge Ends 

 

 

2.3 Non-Composite Beam Properties 

 After the users determine the girder type and dimensions, BAP2024 automatically 

calculates the non-composite section properties, including cross-sectional area, centroid, 

and gross moment of inertia, and displays them in the MATLAB GUI. The detailed 

calculation procedures for each section type are illustrated in Figures 2-5 ï 2-9.  

 

Figure 2-5: Steps for Calculating Section Properties for a Rectangular Section 

Step 1

Step 2

Step 3

Step 4

ὃ ύ Ὤ

ὅὋ
Ὤ

ς
 ȟ
ὡ

ς

Ὅ  
ρ

ρς
 ύ Ὤ Ὅ  

ρ

ρς
 Ὤ ύ

Z

y

ὐ Ὅ Ὅ



9 

 

  

Figure 2-6: Steps for Calculating Section Properties for an I Section  

 

To calculate the non-composite section properties of the AASHTO I-beam section, 

the section is divided into five sub-sections: top flange, top trapezoid, web, bottom 

trapezoid, and bottom flange (Figure 2-7). The steps to compute the centroid of trapezoids 

are referenced from Civil Engineering (2019), and the procedures to calculate the moment 

of inertia of the trapezoids are referenced from DIRECTHUB FE EXAM PREP (2020). 
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Figure 2-7: Subdivision of AASHTO I-Beam for Non-Composite Section Property Calculation 

  

Figure 2-8: Steps for Calculating Section Properties for an AASHTO I Section (1) 
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Figure 2-9: Steps for Calculating Section Properties for an AASHTO I Section (2) 
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2.4 Composite Beam Properties 

A composite section is one that is composed of two or more different materials. 

Typically, each material has its own distinct strength and properties. However, when these 

materials are combined, the section becomes a composite section, exhibiting composite 

section properties. In bridge design, the slab and girders are connected by steel shear studs, 

allowing them to function as composite beams. The composite section properties are 

primarily used to design the strength capacity and to evaluate the behavior of the 

superstructure under applied loads.  

2.4.1 Effective Flange Width 

One of the parameters that significantly influences the composite section properties 

is the effective flange width. According to the AASHTO LRFD Bridge Design 

Specifications, ninth edition (2020), the effective flange width for interior girders is defined 

as one-half the distance to the adjacent girder on each side of the section (LRFD Art. 

4.6.2.6.1). For exterior girders, AASHTO generally suggests that the effective flange width 

can be taken as one-half the distance to the interior girder plus the full overhang width.  

2.4.2 Transformed Composite Section 

In structural engineering, composite sections made up of two different materials, 

such as a concrete deck and steel girder in bridge design, are often analyzed using the 

transformed section method. This method simplifies the complex interaction between the 

materials by converting the properties of one material into equivalent properties of the base 

material. The key to this transformation is the modular ratio (n), which is defined as the 

ratio of the Youngôs Modulus of the two materials involved. The modular ratio essentially 

reflects how much stiffer one material is compared to the other, allowing engineers to adjust 
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the properties of the second material to match the stiffness of the first. In bridge design, the 

cast-in-place (CIP) slab, typically made of concrete, is transformed into an equivalent 

material that represents the stiffness of the entire composite section. This transformation 

allows the analysis of the bridge structure as if it were a single material, making it easier 

to calculate bending, shear, and stress distributions across the section. The modular ratio 

(n) is calculated by dividing the Youngôs Modulus of the stiffer material (often the concrete) 

by the Youngôs Modulus of the other material (such as steel), and it serves as a scaling 

factor to adjust the dimensions and stiffness properties for the combined section. The 

transformed section method simplifies the analysis, particularly in the preliminary design 

stages, by enabling engineers to treat composite sections as a single, equivalent material 

while still accurately accounting for the behavior of the distinct materials in the structure, 

according to the following equation: 

ὲ
Ὁ

Ὁ
 ςȢρ 

According to this equation, the transformed section properties are obtained by 

multiplying the slab thickness or effective flange width by the modular ratio, the composite 

slab-beam section is transformed into the equivalent section. 

It is important to note that the moments of inertia about both axes, Ὅ and  Ὅ, are 

necessary to create beam-column elements in OpenSees. Therefore, the composite section 

must be transformed in both directions (Quimby, 2007). In this process, the modular ratio 

is multiplied by either the slab's effective flange width (ὄ  when calculating Ὅ or by 

the slab thickness ὸ when calculating Ὅ (Figure 2-10). The steps to calculate the 

properties of the transformed composite section are illustrated in Figures 2-11 and 2-12. 
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Figure 2-10: Transforming Composite Sections for ╘◐ and ╘◑ 

 

Figure 2-11: Steps for Calculating Section Properties of Transformed Section (About Y-Axis) 
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Figure 2-12: Steps for Calculating Section Properties of Transformed Section (About Z-Axis) 

 

For exterior girders, the effective flange width may not be symmetrical on both 

sides. It is necessary to divide the effective flange width into two segments and calculate  

Ὅ for each segment separately. The total  Ὅ of the transformed section is then obtained by 

summing the contributions from these segments and the girder itself. This procedure also 

applies to interior girders with unequal spacing. The steps are illustrated in Figure 2-13. 

Note that the procedure for calculating  Ὅ   in this context remains unchanged, as shown 

in Figure 2-11, since only the centroids in the z-direction are considered. Finally, all 

properties of the transformed composite section are displayed in the provided GUI, 

presented in Chapter 3. 
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Figure 2-13: Calculating Moment of Inertia About the Z-Axis of Exterior Girder 

 

2.5 Material Models 

  Concrete is highly effective under compression but exhibits significant weakness 

in tension. To enhance both strength and ductility, most concrete structures, including 

bridge columns, are typically reinforced with steel reinforcing bars. This steel 

reinforcement not only resists tension but also aids in resisting compression, bending, and 

shear forces. 

In addition to longitudinal reinforcements, transverse reinforcement plays a crucial 

role in the seismic design of columns. Adequate transverse reinforcement enhances 

ductility and facilitates moment redistribution in the plastic hinge region, thereby 

preventing the collapse of concrete columns (Mander et al., 1988). Structures reinforced 

with steel transverse reinforcement benefit from the confinement effect (Garber, 2020). 

The concrete encased within the transverse reinforcement is termed confined concrete, 

whereas the outer layer is unconfined concrete. Mander et al. (1988) developed a 

theoretical stress-strain relationship for confined concrete, highlighting that transverse 

reinforcement significantly improves the strength and ductility of concrete. As illustrated 

in Figure 2-14, confined concrete demonstrates higher maximum compressive strength and 

strain at peak strength. The ultimate strain of confined concrete is substantially greater than 
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that of unconfined concrete. Furthermore, the strength of confined concrete gradually 

decreases until failure (ductile failure), while unconfined concrete exhibits a sharp decrease 

in strength, leading to sudden failure (brittle failure). 

 

 

Figure 2-14: Stress-Strain Relationship Comparison of Confined and Unconfined Concrete 

 

When conducting nonlinear analysis in OpenSees, it is crucial to account for the 

confined and unconfined concrete, as well as the reinforcement properties of the elements 

exhibiting plastic behavior. Typically, three types of uniaxial materials with different 

parameters (confined concrete, unconfined concrete, and steel) are created and assigned to 

fiber sections representing the core concrete, cover concrete, and steel reinforcement. 

These fiber sections are then placed in the plastic regions of elements. Further details are 

discussed later in this chapter. 
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2.5.1 Confined Concrete Model 

The significant parameters for confined concrete used in the concrete models within 

OpenSees include the maximum compressive strength Ὢ , strain at maximum 

compressive strength ‐ , ultimate strength Ὢ , and ultimate strain ‐ . Mander et 

al. (1988) identified that factors influencing the confinement effect include the diameter of 

transverse reinforcing bars (hoops or spirals), the area of concrete confined by transverse 

reinforcing bars, the longitudinal spacing of hoops (or pitch of spirals), the yield strength 

of transverse reinforcing bars, and the total area of longitudinal reinforcing bars. As a 

reinforced concrete column is loaded, the concrete expands. At a certain point, the cover 

concrete spalls off, while the core concrete is resisted by the confining reinforcement. 

Figures 2-15 and 2-16 (Mander et al., 1988) demonstrate the effectively confined area and 

volume. It is important to note that the core area is enclosed by the center lines of the 

confining reinforcements. 

 

Figure 2-15: Confinement Effect in a Circular Section 
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Figure 2-16: Confinement Effect in a Rectangular Section 

 

2.5.1.1 Maximum Compressive Strength and Strain at Maximum 

Compressive Strength  

Mander et al. (1988) proposed the following expressions to define the maximum 

compressive strength and the strain at maximum compressive strength: 

Ὢ Ὢ ρȢςυτςȢςυτρ
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‐  ‐ ρ υ
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Ὢ
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Where ‐ is generally equal to 0.002 for most concrete. 

 For circular columns: 

Ὢ πȢυὑ”Ὢ ςȢτ 



20 

 

”  
ὃ “Ὠ
“
τ
Ὠί

 
τὃ

Ὠί
ςȢυ 

For spirals: 

ὑ  
ρ

ί
ςὨ

ρ ”
ςȢφ

 

For hoops: 

ὑ  
ρ

ί
ςὨ

ρ ”
ςȢχ

 

     

”  
 

ςȢψ 

For rectangular columns: 

For principal direction: 

Ὢ ὑ”Ὢ ςȢω 

For Other direction: 

Ὢ ὑ”Ὢ ςȢρπ 

Ὢ  
Ὢ Ὢ

ς
ςȢρρ 

ὑ  

ρ В ύ
φὦὨ

ρ
ί
ςὦ

ρ
ί
ςὨ

ρ ”
 ςȢρς

 

”
ὃ 
ὦὨ

ςȢρσ 



21 

 

”  
ὃ

Ὠί
ςȢρτ 

”  
ὃ

ὦί
ςȢρυ 

 

2.5.1.2 Ultimate Concrete Strain  

The ultimate strain of unconfined concrete ‐ ȟ  is generally taken as 0.4%, which 

corresponds to the spalling of cover concrete in columns (Penelis & Kappos, 1997). Due 

to the yield strength of transverse reinforcing bars, the ultimate strain is significantly 

increased in confined concrete. This parameter defines the state at which confined concrete 

experiences failure due to the fracture of transverse reinforcing bars (Garber, 2020). Three 

options are available to calculate the ultimate strain for confined concrete, with the 

expression from Priestley & Paulay (1992) being used in BAP2024: 

A) ‐ πȢππτπȢρ”    (Qi & Moehle, 1991)                         ςȢρφ 

where ”  
  

   
               ςȢρχ 

B) ‐ πȢππσ πȢπς  ”   (Corley, 1966)                    ςȢρψ 

C) ‐ πȢππτρȢτ    (Priestley & Paulay, 1992)           ςȢρω 

where ”  ” ” for rectangular sections               ςȢςπ 
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2.5.1.3 Stress-Strain Relationship in Confined Concrete 

Mander et al. (1988) proposed an expression to describe the stress-strain 

relationship (Figure 2-15) as follows. 

Ὢ  
Ὢ ὼ ὶ

ὶ ρ ὼ
ςȢςρ 

ὼ  
‐

‐
ςȢςς 

ὶ  
Ὁ

Ὁ  
Ὢ
‐

ςȢςσ
 

By substituting ‐  ‐  into the expression for ὼ, one obtains the ultimate compressive 

strength of confined concrete, Ὢ . 

2.5.2 Unconfined Concrete Model 

Chang & Mander (1994) reviewed several earlier unconfined concrete models 

proposed by Young (1960), Mirza & Hsu (1969), Popovic (1973), Tsai (1988), among 

others, and identified the most accurate expression for describing the unconfined concrete 

mechanism, as shown in Equation 2.24. This expression is flexibly applicable for common 

and high-strength concrete up to 12 ksi and is used in BAP2024. Note that the unit of Ὢ  

in these expressions is psi:  

ώ  
ὲὼ

ρ ὲ
ὶ
ὶ ρ

ὼ
ὼ
ὶ ρ

ςȢςτ
 

ώ  
Ὢ

Ὢ
 ςȢςυ 
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ὲ  
Ὁ‐

Ὢ
ςȢςφ 

ὼ  
‐

‐
ςȢςχ 

‐  
Ὢ

τȟπππ
 ςȢςψ 

Ὁ ρψυȟπππὪ ςȢςω 

 

ὶ  
Ὢ

χυπ
ρȢω ςȢσπ 

 

2.5.3 Reinforcing Steel Model 

BAP2024 utilizes the steel model proposed by Park and Pauley (1975), as 

illustrated in Figure 2-17. The stress-strain relationship in the elastic region and at the yield 

plateau is described as follows: 

For elastic region ‐  ‐ Ḋ                         

Ὢ  ‐Ὁ ςȢσρ 

For yield plateau region ‐ ‐ ‐  :           

Ὢ Ὢ ςȢσς 

For nonlinear regions ‐ ‐ ‐ , the stress is determined according to the following 

expressions: 
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Ὢ Ὢ
ά‐ ‐ ς

φπ‐ ‐ ς

‐ ‐ φπά

ςσπὶ ρ
ςȢσσ 

Where:   

ά  ςȢστ 

ὶ  ‐ ‐ ςȢσυ 

 

Figure 2-17: Stress-Strain Relationship of Steel (Park & Pauley, 1975) 

 

2.6 Understanding and Applying OpenSees in BAP2024 

The Open System for Earthquake Engineering Simulation (OpenSees) is "a 

software framework for simulation applications in earthquake engineering using finite 

element methods" (McKenna, n.d.). OpenSees has been widely utilized in various research 

areas, including the nonlinear dynamic analysis of structures subjected to earthquakes and 

other extreme scenarios. 
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In BAP2024, the OpenSees commands are generally categorized into three main groups: 

modeling commands, analysis commands, and recorder commands. The details of each 

command group are discussed in the following sections. 

2.6.1 Modeling Commands  

2.6.1.1 Constraints Command 

In BAP2024, bridges are modeled in three spatial dimensions, with six degrees of 

freedom per node. Some nodes are constrained using the "fix" command, as illustrated in 

Figures 2-18 to 2-20. When two nodes occupy the same location, the "EqualDOF" 

command is employed to impose the same six degrees of freedom on the slave node as 

those of the master node. These constraints are applied at locations where girders and shear 

keys are connected. 

 

Figure 2-18: Constrained Nodes in Bridge Finite Element Model  
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Figure 2-19: Constrained Nodes of the Bridge with Shear Keys at the Abutments 

 

Figure 2-20: Constrained Nodes of the Bridge with Bolt Connections to the Abutment 

 

2.6.1.2 Element Command 

OpenSees offers a variety of element types, including elastic beam-column 

elements, nonlinear beam-column elements, force-based beam-column elements, trusses, 

and more. In BAP2024, the superstructure elements are modeled using elastic beam-

column elements, as these components are not considered earthquake-resisting and are 

expected to remain elastic during seismic events (Xiang & Alam, 2019). The diaphragm 
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elements, which represent the bracing provided by the slab and the bracing system, are 

assumed to be six inches in width and possess half the height of the girder. All 

superstructure elements are modeled using the elastic beam-column elements in OpenSees, 

which requires input parameters such as ὃȟὉȟὋȟὍȟὍȟ and ὐ.  The substructure 

elements can be modeled as either elastic or inelastic, depending on the user's objectives. 

In the elastic case, the column and bent cap elements are created using elastic beam-column 

elements. 

In the inelastic case, column elements are modeled using "BeamWithHinges" 

elements, where plasticity is confined to the plastic regions at the ends of the elements, 

while the interior of the element remains elastic. These plastic regions, which dissipate 

energy from earthquakes, are commonly referred to as "plastic hinges." The length of the 

plastic hinge (ὰ  can be calculated using the following formula (Paulay & Priestly, 1992), 

which takes into account the column length (l), the yield strength (Ὢ), and the diameter 

(Ὠ) of the longitudinal reinforcing steel:  

ὰ πȢπψὰ πȢρυὪὨ ςȢσφ 

It should be noted that ὰ is commonly taken as approximately half of the total 

column height in fixed-fixed columns, representing the physical distance from the base of 

the column to the point of inflection. 

The "BeamWithHinges" elements are configured with fiber sections at both ends, 

as illustrated in Figure 2-21, to capture the force-deformation relationship within the plastic 

hinge regions. 
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Figure 2-21: Fiber Sections at Both Ends of the "BeamWithHinges" Element 

For bent cap elements, using the "BeamWithHinges" command can lead to 

convergence issues, particularly when bent cap nodes are located in close proximity, 

resulting in a very short bent cap element (Figure 2-22). 

 

Figure 2-22: Potential Presence of Short Bent Cap Element 

Instead of using concentrated plasticity elements, an alternative approach for 

modeling inelastic members is to utilize distributed plasticity elements, such as force-based 

or displacement-based beam-column elements (Figure 2-23). Erochko (2023) noted that 

force-based elements provide significantly more accurate results than displacement-based 
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ones. Consequently, force-based beam-column elements are employed to model the 

nonlinear behavior of the bent cap in BAP2024.  

 

Figure 2-23: Fiber Sections in Distributed Plasticity Element 

2.6.1.3 Fiber Section Command 

A fiber section represents the cross-sectional geometry of elements. It is typically 

composed of smaller subregions known as fibers. Each fiber is associated with a uniaxial 

material model. These sections are placed at integration points (Figure 2-24), allowing the 

force-deformation response at those locations to be monitored. 
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Figure 2-24: Fiber Sections and Integration Points in Distributed Plasticity Element 

 

OpenSees users can create individual fibers using the "fiber" command or generate 

a set of fibers using the "patch" or "layer" commands. In BAP2024, circular and rectangular 

sections are used to represent the cross-sections of columns and bent caps (Figure 2-27). 

To account for the effects of confinement, the sections are divided into three parts (patches): 

the concrete within the confinement (core), the concrete outside the confinement (cover), 

and the steel reinforcement. The fibers representing concrete areas are created using the 

"circular patch" or "quadrilateral patch" commands (Figure 2-25), with different uniaxial 

materials to model the properties of confined and unconfined concrete. The fibers 

representing longitudinal reinforcement are constructed using the "circular layer" or 

"straight layer" commands (Figure 2-26), incorporating the properties of the reinforcing 

steel. 
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Figure 2-25: Example of Fiber Patch for Circular and Rectangular Sections 

 

 

Figure 2-26: Example of Fiber Layers Representing Steel Reinforcement 

 

 

Figure 2-27: Fiber Sections of Circular and Rectangular Reinforced Concrete Sections 
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2.6.1.4 Material Command  

In seismic analysis, it is crucial to account for material nonlinearity, including 

phenomena such as yielding, friction slip, damage, and the degradation of stiffness and 

strength. In OpenSees, nonlinear material properties can be defined using material models, 

which are then integrated into fiber sections. In BAP2024, only "UniaxialMaterial" models 

are employed, as they are suitable for beam-column elements (1D elements). The results 

observed from uniaxial materials are presented in x-y relationships, which can represent 

stress-strain, moment-curvature, axial force-strain, moment-rotation, or force-deformation. 

BAP2024 utilizes the Concrete01, Concrete07, and Steel02 models to represent 

concrete and reinforcement behavior. The Concrete07 model is primarily used to simulate 

the behavior of concrete under cyclic loading conditions, making it particularly useful for 

modeling reinforced concrete elements in seismic analyses. However, using Concrete07 

for large models can be computationally intensive. Therefore, users have the option to 

choose between Concrete01 and Concrete07 for modeling core concrete. 

Erochko (2023) suggests that using Concrete01 with different parameters for the 

concrete core and cover is a viable alternative to specific confined concrete models. In 

addition to Concrete01, Erochko (2023) highlights that Steel02 is more robust and reliable 

than Steel01 due to its gradual transition between initial and post-yield stiffness. Numerical 

analysis often struggles with models that exhibit abrupt stiffness changes, as these can 

make it difficult to accurately predict the results in subsequent time steps. Furthermore, 

Erochko (2023) points out that Steel02 is effective for the simple modeling of plastic hinges 

in elements, providing a reasonable moment-rotation relationship. 
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 For shear key modeling, three distinct uniaxial material models are combined into 

a single material model using the "Series Material" command. These uniaxial material 

models are "Hysteretic," "Elastic-No Tension," and "Elastic-Perfectly Plastic Gap." The 

parameters for the hysteretic uniaxial material are derived from the internal forces and 

displacements at each damage level, as calculated using the hysteretic model proposed by 

Silva et al. (2009), which is discussed in the following section of this chapter. 

2.6.1.5 Geometric Transformation Command 

OpenSees converts global coordinates into natural coordinates, and vice versa, 

using the "Geometric Transformation" commands. A crucial step is defining the local 

coordinate system for each element to ensure that OpenSees correctly transforms the 

coordinate systems. It is also important to consider the appropriate transformation type 

(e.g., Linear, P-Delta, and Corotational Transformations). The geometric transformation 

command in OpenSees is structured as follows: 

geomTransf    TransfType    $transfTag   $X  $Y  $Z 

¶ TransfType refers to the specified transformation type. 

¶ $transfTag is an integer tag that identifies the transformation. 

¶ $X, $Y, and $Z are integers (either "1" or "0") that describe the local coordinate 

system of the elements. 

In BAP2024, the geometric transformation commands for the superstructure, columns, 

bent caps, and shear key elements are defined as illustrated in Figures 2-28, 2-29, 2-30, and 

2-31. OpenSeesWiki (2020) demonstrated that the local x-axis aligns with the element's 

length, while the local y- and z-axes lie within the cross-section. The local z-axis is critical 
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for determining the values of $X, $Y, and $Z. For example, Figure 2-28 demonstrates that 

the local z-axis of the girder element aligns with the global Z-axis (same direction). 

Therefore, the values of $X $Y $Z are "0 0 1". 

 

Figure 2-28: Geometric Transformation for Girder Elements 

 

 

Figure 2-29: Geometric Transformation for Diaphragm and Bent Cap Elements 
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Figure 2-30: Geometric Transformation for Column Elements 

 

 

Figure 2-31: Geometric Transformation for Shear Key Elements 

 

In BAP2024, the "Linear" transformation is applied to girder and shear key 

elements. For column and bent cap elements, the "PDelta" transformation is used in 

nonlinear cases, while the "Linear" transformation is used in elastic cases. The "Linear" 

transformation assumes that the two nodes of an element experience only slight 

displacements, ensuring that the element's geometry and stiffness matrix remain constant 

during each time step. In contrast, the "Corotational" transformation accounts for geometric 
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nonlinearity in the transformation matrix. This method allows the two nodes of an element 

to undergo large displacements, causing variations in the element's geometry and length. 

As a result, both the stiffness and transformation matrices are updated at each time step. 

According to Erochko (2023), the "Corotational" transformation is the most accurate for 

nonlinear analysis but is also computationally intensive. The "PDelta" transformation, as 

described by Denavit and Hajjar (2013), considers only the difference in transverse 

displacements between the two nodes of the element. Erochko (2023) further asserts that 

the "PDelta" transformation provides accuracy comparable to the "Corotational" 

transformation while maintaining the computational efficiency of the "Linear" 

transformation.  

2.6.1.6 Nodal Mass  

Nodal mass is essential for dynamic analysis. In this thesis, mass is assigned 

exclusively to the translational degrees of freedom. The nodal mass at the girder nodes 

includes the mass of the girder, the slab, and the superimposed dead and live loads, 

calculated based on the tributary area (Figure 2-32). The bent cap nodes account for the 

mass of the bent cap, distributed according to the tributary lengths (Figure 2-33). The top 

column nodes include the mass corresponding to half the length of the columns (Figure 2-

34). The initial load factors for dynamic analysis are based on the "Extreme Event I" 

scenario as outlined in Table 3.4.1-1 of the AASHTO LRFD Bridge Design Specifications 

(2020). The live load factor for an earthquake ‎  is set at 0.5, reflecting the average daily 

truck traffic (AASHTO LRFD, 2020). However, users have the option to manually specify 

all these factors for gravity and dynamic analysis through the graphical user interface (GUI) 

provided in the program. 
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Figure 2-32: Mass Distribution and Tributary Areas of Girder Nodes  

 

 

Figure 2-33: Mass Distribution and Tributary Areas of Bent Cap Nodes 
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Figure 2-34: Mass Distribution and Tributary Areas of Column Nodes 

 

2.6.1.7 Elemental Load 

Elemental loads are essential for gravity analysis. In BAP2024, the loads applied 

to girder elements include the weight of the girder, slab, dead load, and live load (Figure 

2-35). In contrast, the loads on bent cap and column elements are derived solely from their 

own weights (Figure 2-36). 
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Figure 2-35: Elemental Load Distribution and Tributary Areas of Girder Elements 

 

Figure 2-36: Elemental Load Distribution for Column and Bent Cap Elements 

 

2.6.2 Analysis Commands 

The settings of analysis in BAP2024 is accomplished through several commands. 

The constraints command determines how OpenSees manages the boundary conditions of 

degrees of freedom (DOFs) within the system of equations (SOE). The numberer 
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command dictates the sequencing of DOFs in the SOE. The system command outlines the 

methodology for storing and solving the linear SOE at each time step. The test command 

specifies the type of convergence test to be applied. The algorithm command identifies the 

solution techniques employed to resolve nonlinear equations. The integrator command 

defines the approach used to compute ЎὟ  in static analysis and ЎὟȟЎὟȟ and ЎὟ in transient 

analysis during each time step. Once all these analysis parameters have been established, 

the analysis is executed using the analyze command. 

The analysis parameters in BAP2024 are largely consistent with those used in 

BAP2009, with a minor modification. Specifically, the test command in BAP2024 utilizes 

the Norm Displacement Increment method to mitigate convergence issues and enhance 

dynamic equilibrium at each time step. The complete analysis settings are detailed in Table 

2-1. 

Table 2-1: Analysis Settings for Static and Transient Simulations in BAP2024 

Analysis Type Static Transient 

Constraints Transformation Transformation 

Numberer RCM RCM 

System BandGeneral BandGeneral 

Test Norm Displacement Increment Norm Displacement Increment 

Algorithm Newton Line Search Modified Newton 

Integrator LoadControl Newmark 
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2.6.3 Recorder Commands 

Recorder commands in OpenSees facilitate the monitoring of specific structural 

component behaviors during analysis. The results are generated as text files, which can 

subsequently be utilized in software such as Microsoft Excel or MATLAB for further 

analysis. BAP2024 employs "node recorder" and "element recorder" commands to track 

the following behaviors: 

¶ Strains and curvatures at both ends of the columns 

¶ Local forces at both ends of the columns 

¶ Displacements of unrestrained column nodes 

¶ Reactions at the column bases 

¶ Reactions at both ends of the bridge 

¶ Local forces in the shear keys at both ends of the bridge 

¶ Local forces in the discretized superstructure elements at both bridge 

ends 

¶ Displacements of the discretized superstructure elements 

¶ Local forces in the discretized bent cap elements 

¶ Displacements of the bent cap nodes 

2.7 Shear Key and Abutment 

Shear keys in bridge abutments are designed to provide lateral support to the 

superstructure under lateral loads. As noted by Caltrans (1993, 2006), limited and readily 

repairable damage is expected to occur initially in the sacrificial shear keys, thereby 

protecting the abutment piles from damage. Silva et al. (2009) investigated the mechanical 

properties of sacrificial exterior shear keys in bridge abutments regarding seismic 
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performance and concluded that the capacity of the shear keys (ὠ) includes the strength 

of concrete (ὠ) and reinforcement (ὠ) across the inclined crack: 

ὠ ὠ ὠ ςȢσχ 

The strength of the concrete is the shear capacity across the failure plane, which is 

determined by (Priestley et al., 1993, as cited in Silva et al., 2009): 

ὠ ςȢτὪὦὬ   ὴίὭ ςȢσψ 

where b is the width of the abutment stem wall, h is the height of the abutment stem wall 

to the center of the horizontal tie reinforcement, and Ὢis the compressive strength of 

concrete in psi.   

Silva et al. (2009) illustrated the mechanism of reinforcement contribution across 

the inclined crack, as shown in Figure 2-37, and proposed the following equation: 

ὠ  ὝὬ Ὕ Ὠ ίὭὲ—Ὤ ὧέί—ὲὝȟ
Ὤ

ςί
ὲὝȟ

Ὠ

ςί

ρ

Ὤ ὥ
ςȢσω 

Considering the size and the yield strength of reinforcing steels, Equation 2.39 is rewritten 

as 

ὠ  ὃȟὪȟὬ ὃȟὪȟὨ ίὭὲ—Ὤ ὧέί—
ὃȟὪȟ
ςί

ὲὬ ὲὨ
ρ

Ὤ ὥ
ςȢτπ 

In this context, ὃȟ and Ὢȟ  represent the total area and yield strength of the horizontal 

tension tie, respectively. ὃȟ and Ὢȟ denote the total area and yield strength of the first-

line shear reinforcement that crosses the inclined crack. ὃȟ and Ὢȟ indicate the cross-

sectional area and yield strength of the side reinforcing bar. The terms ὲ and ὲ  refer to 

the number of side faces of the vertical and horizontal side reinforcement, respectively. 
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Figure 2-37: Mechanism of Reinforcement Contribution Across the Inclined Crack (Silva et al., 2009) 

 

Based on experimental results, Silva et al. (2009) developed a hysteretic model as 

presented in Figure 2-38. The hysteretic model consists of six damage levels as follows: 
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Figure 2-38: Hysteretic Model for Shear Key Elements (Silva et al., 2009) 

Level I  

At this stage, cracks begin to develop along the interface between the shear key and 

the abutment stem wall.  

Level II 

At point B, the shear key reinforcement starts to yield as the lateral force increases. 

The internal force and the displacement of the shear key at this level are given by:  

ὠ ὠ ὠ
Ў

Ў
ςȢτρ   

Ў  Ѝς‐ ὒ ὒ
Ὤ Ὠ

ЍὬ Ὠ
ςȢτς 

ὒ  
ὨὪ

ςυὪ
ςȢτσ 

ὒ ὦ ςȢττ 
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In this context, Ὠ, ‐ and Ὢ are the diameter, yield strain, and yield strength of the 

horizontal tension tie, respectively. 

Level III 

At point C, this level represents the maximum strength of the shear key, indicating 

that both the concrete and reinforcing steel have fully contributed to the resistance. The 

maximum internal force and the corresponding displacement at the top of the shear key are 

given by: 

ὠ ὠ ὠ ςȢτυ    

Ў  Ѝς‐ ὒ ὒ
Ὤ Ὠ

ί
ςȢτφ 

Level IV 

Following Level III, the contribution of the concrete (ὠ) gradually diminishes as 

the cracks widen. At Level IV (point D), the concrete contribution completely reduces to 

zero, leaving the shear key strength dependent solely on the steel contribution. The internal 

force and the displacement at the top of the shear key are determined by:  

ὠ ὠ    ςȢτχ 

 Ў  Ѝς‐ ὒ ὒ
Ὤ Ὠ

ί
ςȢτψ  

Experimental results indicate that the concrete contribution becomes zero when the strain 

in the reinforcement (‐) reaches 0.005.  
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Level V 

At this level (point E), the reinforcement across the failure plan starts to fracture. 

The internal force remains the same as in Level IV. Based on the test results, this level 

occurs when the reinforcement reaches the strain of roughly 0.007. The top displacement 

of the shear key is given by: 

Ў  Ѝς‐Ȣ ὒ ὒ
Ὤ Ὠ

ί
ςȢτω 

Level F 

Based on both test results and theoretical analysis, this level (point F) occurs when 

the strain of reinforcement reaches approximately 0.01. The top displacement of the shear 

key is given by 

Ў Ѝς‐Ȣ ὒ ὒ
Ὤ Ὠ

ί
ςȢυπ 

 In BAP2024, shear keys on both sides of the bridges are modeled using truss elements in 

OpenSees. The properties of the shear key elements are derived from the aforementioned 

hysteretic model (Silva et al., 2009) and implemented using the hysteretic uniaxial material 

in OpenSees. 

2.8 Nonlinear Dynamic Analysis 

In seismic analysis, the internal forces of structural components, such as shear force 

and bending moment, can be determined once the relative displacement and absolute 

accelerationðresponses to an earthquakeðare known. Various methods have been 

developed to compute the relative displacement (ό), velocity (ό, and acceleration (ό at 

each time step, including modal and numerical analysis. 
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Generally, when a Single Degree of Freedom (SDOF) system is subjected to 

earthquake-induced ground motion (ό ,  the equation of motion at each time step Ὥ can 

be expressed as: 

άό ὧό Ὧό  ὴ ςȢυρ 

where ὴ is the external force equal to ά ό .  

For a structure with Multiple Degrees of Freedom (MDOF), the mass, damping, 

and stiffness parameters are represented in matrix form, leading to multiple equations of 

motion corresponding to the degrees of freedom. In simple excitations and elastic systems, 

the relative displacement (u) can be solved using modal analysis and closed-form solutions. 

However, in nonlinear systems, the superposition principle is not applicable due to 

geometric and material nonlinearity, which causes the stiffness (k) to vary at each time 

step. Consequently, finding u in nonlinear systems via modal analysis is not feasible. As 

Hernandez (2020) suggests, numerical analysis is more suitable for solving the incremental 

displacement (Ўό. The incremental equation of motion can be represented as: 

άЎό ὧЎό  ὯЎό   Ўὴ ςȢυς 

άЎό ὧЎό ЎὪ  Ўὴ ςȢυσ 

where Ὢ denotes the restoring force.  

The concept of using the incremental equation of motion is illustrated in Figure 2-

39. While the entire Ὢ ό relationship is nonlinear, each discretized segment on the curve 

can be approximated as linear for each time step. Given that solving linear systems is well-

understood, the nonlinear system can be tackled using sequential linearization. 
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Figure 2-39: Nonlinear Relationship Represented in Sequential Linear Segments 

 

2.8.1 Newmarkôs Method 

Newmarkôs method is one of the most widely used approaches for solving both 

linear and nonlinear dynamic equations, utilizing an implicit integration technique (Chatzi, 

Abbiati, & Agathos, 2017). This method is divided into two special cases: the average 

acceleration method and the linear acceleration method. According to Chopra (2012), the 

former method is ñunconditionally stableò for any time step size, whereas the latter is 

ñconditionally stableò for 
Ў

πȢυυρ.  

The generalized equation for each time step can be expressed as: 

ὯЎό   ЎὴǶ ςȢυτ 

where ЎὴǶ is the generalized load that must be equilibrated at each time step, and Ὧ is the 

tangent stiffness, which varies in nonlinear systems. After determining ЎὴǶ and Ὧ , Ўό 
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can be solved using iterative procedures, which are detailed in the subsequent section. 

Chopra (2012) and Hernandez (2020) outline the steps of Newmarkôs method in nonlinear 

systems as follows: 

Step 1: Select values of Ўὸ , ‎ and ‍: 

π ‎  ȟ‍   for the average acceleration method 

π ‎  ȟ‍   for the linear acceleration method 

Step 2: Calculate the initial parameters: 

ό  
ὴ ὧό Ὢ

ά
 ςȢυυ 

ὥ  
ρ

‍Ўὸ
ά  

‎

‍
ὧ ςȢυφ 

ὦ
ρ

ς‍
ά Ўὸ

‎

ς‍
ρὧ ςȢυχ 

Step 3: Calculate ЎὴǶ and ЎὯ for each time step, i = 0, 1, 2, é.: 

ЎὴǶ Ўὴ ὥό ὦό ςȢυψ 

Ὧ Ὧ  
‎

‍Ўὸ
ὧ  

ρ

‍Ўὸ
ά ςȢυω 

Note that Ὧ is not constant in nonlinear systems and still contains an unknown 

(Ўό . 

Step 4: Calculate Ўό from ЎὴǶ and Ὧ using an iterative process, which is discussed 

next. 
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Step 5: Calculate Ўό and Ўό from Ўό : 

Ўό  
‎

‍Ўὸ
Ўό  

‎

‍
ό Ўὸρ

‎

ς‍
ό ςȢφπ 

Ўό  
ρ

‍Ўὸ
Ўό  

ρ

‍Ўὸ
ό  

ρ

ς‍
ό ςȢφρ 

Step 6: Calculate ό ȟό  and ό  : 

ό ό Ўό ςȢφς 

ό  ό Ўό ςȢφσ 

ό  ό Ўό ςȢφτ 

Step 7: Replace i by i +1 and repeat Step 3 to Step 6 for the next time step. 

2.8.2 Iterative Procedures 

In implicit methods, solving for Ўό from ЎὴǶ and Ὧ requires a series of iterations 

(j = 1, 2, é)  at each time step (i). Various iteration methods are available, such as Newton-

Raphson and Modified Newton-Raphson methods. Essentially, the term ὯЎό in Equation 

2.54 represents the restoring force  ЎὪ ,  which must equilibrate with ЎὴǶ .  The key 

concept is to predict  Ўό and compare ЎὪ  at Ўό with ЎὴǶ. If the residual force (ЎὙ

ȿЎὴǶ ЎὪ ȿ  is less than the specified tolerance, the estimated Ўό has converged, and 

the iterative process terminates. If not, further iterations are required until convergence is 

achieved. 
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2.8.2.1 Newton-Raphson Iteration 

The basic concept of Newton-Raphson iteration is illustrated in Figure 2-40 and 

can be described as follows: 

 

Figure 2-40: Iteration Procedure in Newton-Raphson Method 

At each time step (i), the first iteration (j=1) begins with an initial prediction of 

incremental displacement (Ўό .  At this position, the restoring force ЎὪ  and the 

tangent stiffness (Ὧ  can be determined. Next, ЎὪ  is compared to ЎὴǶ. If the residual 

force ЎὙ  is large, further iterations are needed. 

In the second iteration (j=2), (Ὧ  is extended to the level of ЎὴǶ and a vertical line 

is drawn at the intersection point. This line provides the values of Ўό, ЎὪ , and the 

updated tangent stiffness (Ὧ . If ЎὙ  still exceeds the specified tolerance, the iterative 

process continues until ЎὙ falls within the acceptable range, signifying convergence. 

Finally Ўό becomes  Ўό for the current time step i.  
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2.8.2.2 Modified Newton-Raphson Iteration 

The modified Newton-Raphson iteration (Figure 2-41) is similar to the Newton-

Raphson method, with a slight difference: the modified version uses the initial tangent 

stiffness Ὧ  for all iterations within a time step, whereas the Newton-Raphson method 

recalculates the tangent stiffness (Ὧ  for each iteration. This modification speeds up each 

iteration by avoiding the recalculation of tangent stiffness, though it typically requires more 

iterations to achieve convergence. Nonetheless, the modified method converges faster 

overall than the regular Newton-Raphson method (Pettit, 2021). 

 

Figure 2-41: Iteration Procedure in Modified Newton-Raphson Method 

2.8.3 Convergence Criteria 

Three convergence criteria - residual force, displacement, and incremental work 

convergence -are used to evaluate the accuracy and stability of the iteration results (Chopra, 
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2012). When the errors are within the specified tolerance, convergence is achieved, and the 

iterative process successfully concludes, ensuring accurate and reliable results. 

2.8.4 Analysis Strategy in BAP2024 

For the stability of nonlinear analysis, the Newmark method with average 

acceleration (‎  ȟ‍ )  is employed due to its unconditional stability for any time step 

size. Moreover, five iteration methods - modified Newton-Raphson, Secant, regular 

Newton-Raphson, Broyden, and Newton-Raphson with line search - are used sequentially 

to ensure convergence. Any of these methods may fail to achieve convergence during a 

time step if poor tangent stiffness occurs or if computing derivatives becomes challenging. 

If the first method fails, subsequent methods are utilized in sequence. 

Additionally, through various convergence tests conducted for bridge analysis in 

BAP2024, it was observed that dynamic equilibrium was attained and the unbalanced 

forces at the nodes were negligible or zero only when using the ñNorm Displacement 

Incrementò method. In contrast, the ñNorm Unbalance Testò led to convergence instability 

and failure of the dynamic analysis, while the ñEnergy Increment Testò failed to achieve 

dynamic equilibrium at the nodes, leaving significant unbalanced forces. 
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Chapter 3 - Introduction to the Bridge Analysis Program 2024 (BAP2024): 

Development, Features, Workflow, and Install Instructions  

 

This chapter provides a comprehensive introduction to the Bridge Analysis 

Program 2024 (BAP2024), outlining its development and advancements from the initial 

version of BAP. It covers the program's workflow, key features, installation instructions, 

and graphical user interfaces (GUIs), offering a step-by-step guide for inputting bridge 

data, generating Tcl files for OpenSees, performing post-processing tasks, and visualizing 

results graphically. 

3.1 Development and Evolution of the Bridge Analysis Program (BAP) 

The Bridge Analysis Program (BAP) was first developed in 2009 by Professor 

Pedro F. Silva, a civil and environmental engineering faculty member at The George 

Washington University, to assist in the analysis of bridge structures under various loading 

conditions. The primary focus of BAP is to perform gravity, dynamic, and modal analyses, 

which are crucial for understanding the behavior of entire bridge systems, particularly in 

the context of seismic excitations. BAP has proven especially useful for dynamic analysis, 

allowing engineers to simulate how bridges respond to earthquakes and other external 

forces. The original version of the program was specifically designed for bridges with box 

girders and circular columns, making it highly specialized but somewhat limited in its 

application to other bridge types. A notable limitation of the original BAP was the manual 

post-processing required to evaluate important structural responses such as shear force-

displacement relationships, force-time histories, displacement-time histories, and the 

ductility levels of columns. Users had to manually extract and analyze the results from 

OpenSees, which added time and complexity to the process. These constraints led to the 
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development of newer versions of the program, which sought to improve ease of use and 

efficiency by automating many of the post-processing tasks. 

Bridge Analysis Program Version 2024 (BAP2024) is an enhanced tool designed to 

analyze girder bridges with greater flexibility and fewer limitations than the original 

version. While the initial BAP was primarily focused on bridges with box girders and 

circular columns, BAP2024 expands its capabilities to accommodate a broader range of 

bridge configurations, offering a more comprehensive analysis framework. One of the key 

improvements in BAP2024 is its advanced result visualization features, which allow users 

to directly interpret the output from OpenSees through user-friendly graphical interfaces. 

This feature substantially minimizes the need for manual post-processing, streamlining the 

extraction and analysis of shear force-displacement relationships, force-time diagrams, and 

ductility assessmentsðprocesses that were previously labor-intensive and time-

consuming. The limitations of the initial version of BAP will be compared to the 

advancements introduced in BAP2024 in the following sections of this chapter. This 

discussion will underscore how the new version mitigates the constraints of its predecessor 

while providing more robust and efficient tools for bridge analysis. The enhancements 

implemented in BAP2024 not only optimize workflow efficiency but also improve the 

accuracy and simplicity of analyzing complex bridge structures under dynamic and seismic 

forces. 

3.2 BAP2024 Workflow and Key Features for Comprehensive Bridge Performance 

Analysis Using OpenSees 

The Bridge Analysis Program (BAP) integrates the computational power of 

MATLAB with the Open System for Earthquake Engineering Simulation (OpenSees) to 
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offer a comprehensive tool for bridge analysis and design. The programôs workflow is 

designed to guide users through a series of tasks using graphical user interfaces (GUIs) 

created with MATLABôs Graphical User Interface Development Environment (GUIDE). 

These user-friendly interfaces allow users to input bridge data systematically through 

interactive elements such as edit boxes, list boxes, radio buttons, and push buttons. Each 

of these GUI components is connected to specific MATLAB functions that execute the 

necessary calculations and processes for the analysis. The overall BAP workflow is 

organized into four key stages: preprocessing, finite element modeling, analysis, and post-

processing.  

In the preprocessing phase, users input the bridge details, including material 

properties, number of spans, span lengths, number of girders, girder details, deck details, 

column details, shear key details, reinforcement details, and concrete properties into the 

provided GUIs. The necessary structural properties are then automatically calculated using 

predefined MATLAB scripts. These properties include, for instance, the composite section 

properties of structural components, the confined concrete properties of columns, and the 

plastic hinge lengths at column ends. Additionally, nodal masses and elemental loads are 

determined by accounting for the self-weight of components, superimposed loads, and 

tributary areas. These calculated properties are essential for developing the finite element 

model of the bridge. 

In the process of preparing the finite element model for OpenSees, BAP2024 

automatically generates the nodes and elements based on the users input bridge data and 

other internally the calculated parameters. These nodes and elements form the basic 

building blocks of the model, representing various structural components of the bridge, 
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such as beams, columns, and connections. Each element is assigned material properties, 

cross-sectional dimensions, and other relevant attributes that reflect the physical 

characteristics of the bridge. Boundary conditions and multi-point constraints are then 

applied to simulate real-world interactions between the bridge and its supports or 

connections, ensuring the model behaves as expected under different loading conditions. 

Additionally, geometric transformations are considered to account for changes in the 

bridge's shape, such as rotations or translations, which may occur during loading or due to 

structural movements. Once the finite element model is fully defined, the program 

automatically generates files containing all the necessary details, such as the model's node 

and element definitions, material properties, boundary conditions, and loading 

configurations. These files are written using the OpenSees command syntax, utilizing the 

Tool Command Language (Tcl) to ensure seamless integration with the OpenSees software. 

The Tcl files also specify the configuration of recorders and the analysis settings, which 

are critical for capturing the desired results, such as displacements, forces, and stresses 

during the simulation. This automated preparation of the model and analysis configuration 

streamlines the process, making it faster and more efficient while minimizing the potential 

for human error.  

Once the Tcl files are created, users select a ground motion file and initiate the 

analysis by clicking "Run OpenSees." Both gravity and dynamic analyses are performed, 

and the results are stored in the same directory. Without the assistance of BAP, users would 

need to manually calculate all key parameters of the bridge and write the OpenSees 

commands line-by-line to conduct gravity or dynamic analysis. This process is both 

complex and time-consuming, particularly when analyzing a full bridge with a large 
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amount of data and degrees of freedom. The upgraded version of the program, with added 

features, will be significantly more efficient, flexible, and user-friendly for students and 

other users. 

3.3 Limitations of the Previous Version and Improvements in the New Version 

3.3.1 Deck Information 

The earlier version of the Bridge Analysis Program (BAP2009) was specifically 

designed to analyze concrete multi-cell box girder bridges, allowing users to define only 

the number, depth, and thickness of rectangular webs. However, there was no interface for 

specifying either the concrete compressive strength or the concrete density. Users were also 

required to manually calculate the modulus of elasticity for the entire deck and enter this 

value into the program. BAP2009 employed a spine model to represent the superstructure 

with box beam girders, using a fixed discretization of ten sections per span. 

BAP2024 has been developed to analyze girder bridges, accommodating 

rectangular girders, I-girders, and AASHTO I-girders. The superstructure is now modeled 

using a grillage model instead of the spine model. Users can define the number of 

discretized sections per span, which allows for either reducing computation time or 

increasing accuracy. In addition to specifying the number of girders, users can now input a 

variety of deck information as follows: 

3.3.1.1 Girder Locations 

After specifying the number of girders, the initial spacing between girders is 

automatically calculated, taking into account the slab width and overhang length. These 

spacings are initially set to be equal, as most bridges have uniform girder spacing. This 

feature reduces the time needed to manually specify the location of each girder. However, 
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users can manually adjust the exact locations of each girder if the girder spacings are not 

uniform, thereby adding greater flexibility to the program. 

3.3.1.2 Girder Materials  

Users can select either concrete or steel girders. For concrete girders, the 

compressive strength and density of the concrete can be specified, while the modulus of 

elasticity is automatically calculated. For steel girders, users input the density and modulus 

of elasticity directly. The program stores these parameters to define the section properties 

of the superstructure. 

3.3.1.3 Girder Dimension 

The GUI for specifying girder dimensions is user-friendly and clear. Users can 

define the dimensions for each section individually, supporting variations along the span. 

If the girder dimensions remain constant along the entire length, users can employ the 

"copy" buttons to replicate the dimensions across sections, minimizing repetitive inputs. 

After specifying the section dimensions, non-composite section properties, such as cross-

sectional area, centroid, and moments of inertia, Ὅ and Ὅ)  are automatically calculated.  

3.3.1.4 Slab Information 

In BAP2009, only the length and thickness of the slab could be defined. In 

BAP2024, users can input additional essential details, such as the slab's concrete 

compressive strength and density, with the modulus of elasticity automatically calculated. 

Users can also define the overhang length, which, along with girder spacing, helps 

determine the effective flange width of the exterior girders. The slab and girder properties, 

along with the effective flange width, are critical in calculating the properties of the 
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transformed composite sections, as the slab and girders may have different material 

properties.   

3.3.1.5 Effective Flange Width 

 In bridge structures, the slab and girders function together as a unified system. 

However, not all of the slabôs width contributes to the strength of the composite section. 

BAP2024 automatically calculates the effective flange width for both interior and exterior 

girders, taking into account factors such as girder spacing, slab thickness, overhang length, 

and span length. 

3.3.2 Bent Cap Information 

In BAP2009, the properties of bent caps were simplified to match those of the 

superstructure. In BAP2024, however, users can specify additional details for bent caps, 

including concrete compressive strength, density, and reinforcement. The program then 

automatically calculates the section properties for the finite elements. Moreover, BAP2024 

allows bent caps to be modeled as either elastic or nonlinear. For nonlinear modeling, fiber 

sections are generated based on the specified bent cap details, and force-based beam-

column elements with integration points at each end are created. 

3.3.3 Column Information  

BAP2009 was limited to analyzing bridges with uniform circular columns, 

requiring properties such as diameter, reinforcement, and spacing to be consistent across 

all columns, thus restricting the program's flexibility. In contrast, BAP2024 offers 

significantly greater flexibility by enabling users to specify the location, height, and 

diameter of each individual column within a bent, allowing columns to be either circular 
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or rectangular. The number of columns in each bent can also be varied. Additionally, users 

can define parameters such as concrete compressive strength, density, and reinforcement 

patterns for each column individually. The inclusion of copy buttons facilitate the input 

process for bridges with similar column configurations, allowing users to replicate column 

properties across the bent or the entire structure with a single click. 

3.3.4 Superimposed Loads 

In BAP2009, the superimposed dead load was fixed at 1000 lb./ft. for all bridges. 

In BAP2024, users can define both superimposed dead and live loads applied to the bridge 

deck. Users can also create load combinations by specifying the load combination factors 

for self-weight and superimposed loads, which will be used in the calculation of nodal 

masses and elemental loads for the finite element model. 

3.3.5 Rayleigh Damping  

BAP2024 introduces a GUI for specifying Rayleigh damping. Users can easily 

define target damping ratios for the structure, with the option to select natural frequencies 

for calculating Rayleigh damping coefficients. The GUI also includes a convex graph that 

illustrates the relationship between damping ratios and natural frequencies, enabling users 

to visualize how these frequencies influence the target damping ratio. 

3.3.6 Ground Motion Files 

 In OpenSees, the ground motion file must reside in the same directory as the main 

Tcl file. In BAP2009, users needed to manually place the ground motion file in the target 

directory and specify the file name in the GUI. BAP2024 streamlines this process by 

allowing users to select a ground motion file from any location on their computer, with the 



62 

 

program automatically copying the selected file to the designated directory for OpenSees. 

The complete file path and file name are then stored and indicated in the main Tcl file for 

OpenSees. 

3.3.7 Result Demonstration  

Results from OpenSees are exported as text files. BAP2009 did not offer 

postprocessing capabilities for result visualization, requiring users to manually process 

data in Microsoft Excel to generate graphs or diagrams. BAP2024 significantly improves 

this process by providing GUIs with built-in graphing capabilities that illustrate bridge 

behavior during seismic events. Key visualizations include: 

¶ Shear force-displacement diagrams of columns 

¶ Force-time diagrams for columns 

¶ Displacement-time diagrams for columns 

¶ Superstructure displacements at each time step 

Additionally, users can estimate the yield displacement of columns by directly 

clicking the yield point on the shear force-displacement diagram in the interface. Ductility-

displacement diagrams can also be visualized, allowing examination of column ductility 

levels. These features enable users to easily visualize, interpret, and compare the bridge's 

response with minimal effort, using simple mouse clicks. 

3.3.8 Export & Import Data 

  BAP2024 offers the ability to export data for future use after closing the program. 

The exported data includes all bridge information and visualized results from previous 
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analyses. When importing these data files, users can avoid re-entering bridge information, 

allowing them to re-perform analyses or review result graphs without repeating the entire 

process. 

3.4 Installation Instructions 

It is important to note that BAP2024 relies on OpenSees for analysis. Therefore, 

users must register on the OpenSees website, download the software, and install it on their 

computers. 

Step 1: Copy the BAP2024 zip file to the desired directory on your computer and 

extract its contents. This zip file contains all the necessary MATLAB functions, ground 

motion samples, and figures required for the GUIs. 

Step 2: Download and install OpenSees on your computer. Detailed installation 

instructions can be found at Getting Started - OpenSeesWiki (berkeley.edu). 

3.5 Launching BAP2024 

Step 1: Open the BAP2024 directory. 

Step 2: Run the main MATLAB script by clicking on ñmenubuttons.m,ò which will 

launch the primary GUI of BAP2024. 

Step 3: The main menu of BAP2024 is displayed in Figure 3-1. Although the 

interface contains numerous buttons, the workflow in BAP2024 can be categorized into 

three primary stages: input of bridge information, analysis settings, and post-processing. 

 

https://opensees.berkeley.edu/wiki/index.php?title=Getting_Started
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Figure 3-1: Main Screen of BAP2024 

 

3.6 Input of Bridge Information 

Users begin by inputting all the required bridge information as follows: 

3.6.1 Number of Spans Screen  

The first step is to click on the "Number of Spans" button. The "Number of Spans" 

screen is displayed as shown in Figure 3-2. 
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Figure 3-2: Number of Spans Screen 

On this screen, users input the number of spans and their lengths, the number of 

discretized longitudinal elements per span, the bridge radius, and the type of connection to 

the abutments. It should be noted that the number of diaphragms will correspond to the 

number of longitudinal elements. The diaphragms, which are transverse superstructure 

elements in the finite element model (as depicted in Figure 2-1 of Chapter 2), are assumed 

to brace the girders through the bracing system and the slab. In BAP2024, the diaphragm 

elements are modeled using elastic beam-column elements. The width and depth of each 

diaphragm are assumed to be six inches and half of the girder height, respectively.   

3.6.2 Superimposed Loads and Load Combination Input  

Upon clicking the "Load Combination" button, the "Superimposed Load" screen is 

displayed (Figure 3-3). In this interface, users can define the magnitude of the 

superimposed dead and live loads. Additionally, users can specify the load factors for each 

load component based on the type of analysis and according to their discretion. 
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Figure 3-3: Superimposed Load Screen 

3.6.3 Deck Information Screen  

The ñBridge Deck Geometryò button directs users to the screen displaying deck 

details, as shown in Figure 3-4. 

 

Figure 3-4: Deck Information Screen 
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On this screen, users can provide all necessary information about the deck, 

including slab and girder specifications. Once the concrete density (ύ) and compressive 

strength (Ὢ) are entered, BAP2024 automatically calculates the corresponding Youngôs 

modulus. Additionally, BAP2024 generates an initial girder spacing based on the slab 

length, overhang, and the number of girders, reducing the need for manual input since 

girders are typically spaced equally. Users retain the option to modify these values as 

needed. 

Currently, soffit input is not supported in BAP2024, as the program is designed to 

analyze only rectangular, I, and AASHTO I girders, not box girders. Once all necessary 

information has been entered, users select one of the three girder types to proceed to the 

next screen. 

3.6.3.1 Non-Composite Section Screen  

One of three different screens for the non-composite section will appear depending 

on the girder type selected, as illustrated in Figures 3-5, 3-6, and 3-7. 

 

Figure 3-5: Rectangular Section Screen 
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Figure 3-6: I-Section Screen 

 

Figure 3-7: AASHTO Section Screen 

 

Users can define the dimensions of each section (corresponding to each longitudinal 

element), allowing for the analysis of girders with varying depth and width. If the bridge 

has constant width and depth, users can click one of the copy buttons, which facilitates the 

easy transfer of section dimensions from one element to another. The section to be copied 

is the one currently selected in the blue area. The functionality of each copy button is 

illustrated in Figure 3-8. 
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Figure 3-8: Functionality of Copy Buttons 

 

After the dimensions for each section are entered, the non-composite section 

properties are automatically calculated and displayed in the designated red area on the 

screen. These properties include the cross-sectional area, moments of inertia, and centroid 

location. The MATLAB code developed for this procedure has undergone rigorous 

accuracy testing and has been validated against reliable tools and datasets, as detailed in 

Appendix A. To proceed, users can navigate to the next screen by clicking the 'Next' button. 

3.6.3.2 Effective Flange Width Screen 

This screen (Figure 3-9) displays the effective flange width values of the composite 

sections (slab and girder), which are automatically calculated based on the bridge deck 

information previously input. All values for each criterion, as specified by AASHTO LRFD 

Art. 4.6.2.6.1, are shown separately for interior and exterior girders. Users can advance to 

the next screen by clicking the ñPlot Deckò button. 



70 

 

 

Figure 3- 9: Effective Flange Width Screen 

 

3.6.3.3 Composite Section Property Screen 

This screen (Figure 3-10) allows users to visualize the deck cross-section by 

clicking the ñPlot Deckò button. The composite section properties are automatically 

calculated based on the non-composite properties of the girder and slab, considering the 

effective flange width. These parameters are critical for constructing finite elements of the 

superstructure using elastic beam-column elements. Additionally, users have the flexibility 

to directly modify the composite section properties, allowing adjustments to the 

superstructureôs stiffness or flexibility. The four available copy buttons enable users to 

transfer the modified properties to other sections efficiently, making it easy to explore 

different structural behaviors of the bridge. 
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Figure 3-10: Composite Section Property Screen 

3.6.4 Bridge Profile Details Screen 

By selecting the ñBridge Profileò button on the main screen of BAP2024, users can 

access the Bridge Profile screen (Figure 3-11). On this screen, users are required to input 

the following information related to the bent caps: 

¶ Bent cap length 

¶ Bent cap depth 

¶ Bent cap width 

¶ Concrete strength of the bent caps 

¶ Concrete density of the bent caps 

¶ Number of columns at the bent caps 

Additionally, users must input information regarding the columns, including: 

¶ Location of columns 

¶ Column height 



72 

 

If the checkbox next to the column height field is selected, the specified column 

height will be uniformly applied to all columns within the selected bent. Additionally, users 

have the flexibility to enter data for each bent cap or column individually, allowing for 

variations across the bridge. Alternatively, users can input data for a single bent and use the 

"Apply to All Bents" button to replicate the entered information across all other bents, 

streamlining the process for bridges with consistent bent configurations. 

Once all substructure data has been entered, users can click the ñPlotò button to 

generate the finite element model of the bridge (Figure 3-12). It is recommended that users 

click this button after each adjustment to the substructure to ensure the model accurately 

reflects the intended design. 

 

Figure 3-11: Bridge Profile Details Screen 
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Figure 3-12: Example of a Finite Element Model of a Bridge 

 

3.6.5 Superstructure Properties Screen 

The ñSuperstructure Propertiesò button on the main screen of BAP2024 provides 

users with direct access to the composite section property screen, allowing for adjustments 

to the superstructure properties without the need to navigate through multiple GUIs. 

3.6.6 Bent Properties Screen 

 By selecting the ñBent Propertiesò button on the main screen of BAP2024, users 

can modify the configuration of the columns and bent caps, as well as adjust the effective 

stiffness factors and fiber details of the columns. For nonlinear modeling, two concrete 

models are available: concrete01 and concrete07. The terminology used, such as óringsô 

and ówedgesô for the circular section and óhorizontalô and óverticalô for the rectangular 

section, is explained through an example provided in Figure 3-13. For the rectangular 

section, users are only required to define the core fibers. The fibers in the cover are 

automatically adjusted to form a single layer across the cover thickness. 
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Figure 3-13: Explanation of Defining Fiber Sections 

 

3.6.6.1. Column Geometry Screen 

As shown in Figure 3-14, users can specify various details for each column, 

including shape, dimensions, concrete properties, and reinforcement. The reinforcement 

ratio is automatically calculated and displayed based on the input values. Similar to 

previous screens, users may input details for each column individually or enter the 

information for a single column and replicate it across other columns using one of the two 

copy buttons. In the Section Type field, located at the top right corner, users can select 

either "Nonlinear" or "Elastic." In the nonlinear mode, column elements are modeled using 

"BeamWithHinge" elements, whereas in the elastic mode, they are modeled using "Elastic 

Beam-Column" elements. For the rectangular column, it is essential to note that the height 

of the rectangular section (H) is the side parallel to the global Y-direction. 
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Figure 3-14: Column Geometry Screen 

 

3.6.6.2 Bent Cap Reinforcement Screen 

The Bent Reinforcement GUI, illustrated in Figure 3-15, allows users to define the 

reinforcement properties of the bent cap. Similar to the column configuration, users can 

choose to model the bent cap either as nonlinear or elastic. In the nonlinear case, the bent 

cap elements are modeled using ñForceBeamColumnò elements, whereas in the elastic 

case, they are modeled using ñElastic Beam-Columnò elements. 

If users prefer to model the bent cap as elastic, they can simply select "Elastic" in 

the Section Type field at the top right corner. In this case, the remaining fields in this GUI 

can be skipped, as the reinforcement details are only applicable for nonlinear modeling. 
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Figure 3-15: Bent Cap Reinforcement Screen 

 

3.6.6.3 Reinforcement Properties Screen 

The Steel02 model is utilized in the finite element modeling within BAP2024. As 

illustrated in Figure 3-16, users are able to define the properties of both the longitudinal 

and transverse reinforcing steel. The stress-strain relationship curve is based on the Park 

model (Park and Pauley, 1975), as discussed in Chapter 2. Additionally, users can modify 

other parameters of the Steel02 model, such as the strain-hardening ratio (b), the initial 

curvature parameter in the transition region of the stress-strain curve during loading 

reversal (R0), and the cyclic hardening parameters (CR1 and CR2), as deemed appropriate. 
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Figure 3-16: Reinforcement Properties Screen 

 

3.6.6.4 Concrete Properties Screen 

Upon clicking the ñConcrete Propertiesò button, a screen displaying the stress-

strain relationships for confined and unconfined concrete appears (Figure 3-17). The curve 

for confined concrete is generated based on the model by Mander et al. (1988), while the 

unconfined concrete curve is derived from the work of Chang & Mander (1994), as 

discussed in Chapter 2.  
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Figure 3-17: Concrete Properties Screen 

  

3.6.7 Shear Key Properties Screen 

Upon selecting the "Shear Key Properties" button, the Shear Key Menu screen will 

appear (Figure 3-18), allowing users to specify the geometry and reinforcement layout of 

shear keys. All relevant terminology and the calculations associated with shear key strength 

are provided in Chapter 2.  

Users have the option to model the shear key as either nonlinear or elastic. For 

elastic modeling, the shear key properties are assumed to exhibit high stiffness. It is 

important to note that the components related to shear key modeling were developed by 

Professor Silva and have been in use since BAP2009. In BAP2024, these functions remain 

in use with only minor modifications. 
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Figure 3-18: Shear Key Properties Screen 

 

3.7 Analysis Settings and Running OpenSees 

After completing the bridge information input stage, the next phase involves 

configuring the analysis settings. In this phase, users select the ground motion file, define 

Rayleigh damping, set miscellaneous parameters, and create Tcl files. This stage is initiated 

by clicking the ñOpenSees Data Managerò button. 
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3.7.1 OpenSees Data Manager Screen 

Once clicking on the ñOpenSees Data Managerò button, the GUI as shown in Figure 

3-19 appears. Users are required to do the following steps: 

 

Figure 3-19:  OpenSees Data Manager Screen 

 

 

3.7.1.1 Create the target directory and file name 

Users click on the ñOutput File Nameò button, then choose or create the target 

directory and create a file name.  
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3.7.1.2 Create Recorder Tag Name 

Upon clicking the "Recorder Tag Name" button, users are directed to the screen 

shown in Figure 3-20a, where they can specify the tag name for the output result files. This 

tag name serves as the prefix for all generated result file names. By default, the tag name 

is a combination of the terms ñBridge,ò the number of spans, the number of columns in 

each bent, and the number of discretized shear key elements, respectively. Figure 3-20b 

illustrates an example of such a tag name. Nevertheless, users have the flexibility to modify 

this tag name as necessary.  

 

Figure 3-20: Explanation of Recorder Tag Name with Example 

 

3.7.1.3 Selection of Ground Motion 

For each dynamic analysis, a ground motion record is required. Upon clicking the 

"Ground Motion File" button, users can select a ground motion file from any directory on 

their computer. BAP2024 will automatically copy the selected file into the main OpenSees 

directory for analysis. It is crucial that the ground motion file adheres to the following 

format: the first column should contain the step numbers, the second column the time 
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values, and the third column the corresponding accelerations. Additionally, the file must 

consist solely of numerical data, without any additional text or non-numeric characters. An 

example of a ground motion file is provided in Appendix B. 

3.7.1.4 Rayleigh Damping Screen 

When users click the "Rayleigh Damping" button, the Rayleigh Damping screen 

appears, as shown in Figure 3-21. On this screen, users can define the structure's modal 

damping ratio and specify two natural frequencies to compute the Rayleigh coefficients 

(Alpha and Beta). Additionally, users can input the number of modal frequencies and 

periods they wish to view. Once the "Plot" button is clicked, a graph displaying the 

relationship between the Rayleigh damping ratio and the natural frequencies is generated. 

Furthermore, the corresponding modal frequencies, periods, and damping values, based on 

the user-defined inputs, are displayed numerically in the MATLAB command window. 

In the example shown in Figure 3-21, the modal damping ratio is set at 2%, with 

the Rayleigh damping coefficients calculated based on the first and third natural 

frequencies. Users have chosen to display the first 20 natural frequencies and periods of 

the structure. The "Xmax" and "Ymax" fields allow users to define the limits of the x and 

y axes, respectively. Adjusting these limits enables users to zoom in for more detailed 

analysis or zoom out to view the entire graph. 
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Figure 3-21: Rayleigh Damping Screen 

 

3.7.1.5 Create Tcl File 

Upon clicking the "Create Tcl File" button, Tcl files will be generated, containing 

all finite-element information related to the bridge, such as nodes, uniaxial material 

definitions, fiber sections, element properties, nodal masses, elemental loads, and other 

relevant data. Additionally, the analysis settings required for OpenSees will be included in 

these files. 

3.7.1.6 Checking Total Load for Each Bent 

When users click the "Check Total Load for Each Bent" button, the screen shown 

in Figure 3-22 will appear, displaying the total load on each tributary area of the selected 

bent. The loads are calculated based on load factors, the self-weight of the bridge 

superstructure and bent cap components, as well as the imposed dead and live loads. The 
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total loads are presented separately for gravity and dynamic analyses, as the load factors 

for each case may vary (refer to Section 3.3.2: Superimposed Loads and Load Combination 

Input). Figure 3-22 illustrates an example of a bridge with six spans, showing the total 

loads for five bents. The total inertia load for the dynamic analysis is lower because the 

load factor for dynamic analysis is defined to be lower compared to that of gravity analysis. 

 

Figure 3-22: Tributary Loads for Each Bent 

3.7.2 Running OpenSees 

Once the Tcl files have been created, users can proceed by clicking the "Run 

OpenSees" button on the main screen of BAP2024. A screen, as shown in Figure 3-23, will 

then appear. 

In the "Enter Data Directory" field at the top of the screen, users can specify the 

directory name for storing the analysis results. Initially, this directory name defaults to the 

name of the most recently created main Tcl file. However, users have the option to modify 

the directory name as needed. This feature is particularly useful when running OpenSees 

multiple times with different analysis settings, allowing users to compare results efficiently. 

The results of each analysis will be saved in the respective directories defined by the user. 
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Figure 3-23: Analysis Settings Screen 

 

In the "Enter PGA Multipliers" field, users can scale the ground motion in each 

direction. Figure 3-23 provides an example where ground acceleration is applied only in 

the y-direction with a scale factor of 1. There is no ground acceleration in the x- and z-

directions, as the scale factors for these directions are set to zero. 

In the "Analysis Type" field, users can define the analysis as either elastic or 

nonlinear. In the elastic case, all uniaxial materials, such as concrete and reinforcement for 

the column elements, are modeled as elastic. In the nonlinear case, the concrete in the 

column elements is modeled using either the concrete01 or concrete07 material model, 
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depending on the user's selection (refer to Section 3.3.6: Bent Properties Screen), while the 

reinforcement is modeled using the steel02 material model. 

In the "Ground Motion" section of the screen, information related to the selected 

ground motion is displayed, including the time interval (dt) of the recorded ground 

acceleration and the total duration of the record. 

In the "Analysis" section, users can specify the time interval (DT) and the duration 

of the analysis. It is important to note that DT cannot exceed the value of dt. 

In the "Convergence" section, users can define the tolerance and the number of 

iterations, both of which significantly impact the accuracy and computational efficiency of 

the nonlinear analysis. 

The checkbox below the "RUN OpenSees" button must be selected to ensure that 

the Tcl files are updated with the current analysis settings. If users prefer to manually 

modify the Tcl files and avoid overwriting them, they can leave this checkbox unchecked. 

Once users have finalized the analysis settings, they can initiate the analysis by 

clicking the "RUN OpenSees" button. During the analysis, a real-time display, as shown 

in Figure 3-24, will appear, illustrating the bridge's response to the selected ground motion. 
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Figure 3-24: Real-time Display During Analysis 

 

3.8 Post-Processing Work 

Upon completion of the analysis, all analysis and result files are stored in the user-

defined directory. The terms for the analysis file names and the identifier tags are explained 

in Appendices C and D. The post-processing functions of BAP2024 are designed to assist 

users in efficiently organizing and visualizing the results. These functions include output 

file combination, exporting and importing bridge information inputs and results, as well as 

the graphical demonstration of the results. 

3.8.1 Output File Combination 

When users click the "Create Output Files" button on the main screen of BAP2024, 

a screen similar to Figure 3-25 appears. This interface enables users to manually combine 

selected results from the analysis files and assign a name to the output file. The combined 

output file is stored in the main directory containing the Tcl files. The "Number Lines" field 

indicates the total number of lines in each result file. Users can select one or more of the 

six Degrees of Freedom (DOFs) to include in a single output file. 
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Figure 3-25: Output File Combination Screen 

To combine files, users first specify the output file name and select the desired 

DOFs. They then choose the target files from which BAP2024 will extract the results and 

proceed by clicking the "Create Output Files" button to merge the selected data into a single 

output file. For example, as shown in Figure 3-25, users may opt to combine the reaction 

forces in the Y-direction for all nodes at the left abutment. 

If users wish to create additional output files, they can click the "Reset" button and 

repeat the process. 

3.8.2 Creating Bridge Profiles 

Upon selecting the ñCreate Profilesò button on the main screen of BAP2024, a 

screen similar to Figure 3-26 is displayed. This feature enables users to visualize a plot of 
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the superstructure at its maximum displacement (absolute value) in the Y-direction during 

the selected ground motion event. Originally developed by Professor Pedro Silva, this 

feature has been implemented since BAP2009. The MATLAB code for this function has 

been slightly modified in BAP2024 to facilitate easier and more straightforward post-

processing. To ensure clarity in its use, the following steps should be followed: 

 

Figure 3-26: Create Bridge Profile Screen 

Step 1: Users begin by entering the desired file name in the ñEnter Output Profiles 

File Nameò field. 

Step 2: Users must select ñdof 2,ò which corresponds to the Y-direction in the 

global coordinate system. 
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Step 3: Users then select the files from which BAP2024 will extract data. It is 

important to note that only the files containing the displacement data of the superstructure 

nodes along a single girder should be selected. 

Step 4: Users click on the ñFind Maximumò button. The maximum displacement 

in the Y-direction of the superstructure at a specific time is displayed in the ñMax at timeò 

and ñMax valueò fields. The ñMax at Lineò field indicates the line number in the selected 

files where the maximum displacement occurs, while the ñNumber Linesò field at the 

bottom left of the screen reveals the total number of lines in the result files. 

Step 5: Users then click on the ñCreate Profiles Files and Plotò button. BAP2024 

will generate a file containing the Y-direction displacement data of the superstructure and 

display a plot of the superstructure in a plan view. The created file will be saved in the 

directory where the Tcl files are located. If users wish to create a new profile file, they can 

click the ñResetò button and repeat all the steps. 

Figures 3-26 illustrates an example where the profile file for Girder 1 is created 

under the name ñProfileGirder1.dat.ò The maximum displacement of Girder 1 is recorded 

as 0.139978 inches at 1.14 seconds. This data is extracted from line 124 out of a total of 

509 lines in the dataset. The profile of Girder 1 is subsequently depicted in Figure 3-27. 
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Figure 3-27: Display of Superstucture in Plan View 

3.8.3 Post-Processing Screen  

Upon clicking the ñGo to Post-Processingò button, a screen similar to that shown in 

Figure 3-28 will appear. 

 

Figure 3-28: Post-Processing Screen 
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3.8.3.1 Exporting and Importing Bridge Information 

After performing an analysis and obtaining results, users can save the bridge 

information and all plotted results for future reference or use. This functionality allows 

users to avoid re-entering all data each time they wish to review the results after closing 

the program. The saved file is in the ñ.matò format. To open a saved file, users simply need 

to click the ñImport Bridge Informationò button and select the file from the user-defined 

directory. It is important to note that if users wish to perform an analysis based on a saved 

file, they must re-create a new Tcl file in the desired directory and re-select a ground 

motion. 

3.8.3.2 Column Results  

Upon clicking the "Column Results" button, a screen similar to that shown in Figure 

3-29 will appear. On this screen, users can view the plot of the shear forceïdisplacement 

relationship for selected columns during the analysis. To generate the plot using this GUI, 

users should follow these steps: 
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Figure 3-29: Cyclic Hysteresis Screen 

Step 1: Select the bent number, column number, direction of the results, and the 

plot color. Users may check the "Show Peaks" checkbox to display the location of peak 

values on the plot. 

Step 2: Click on the "Plot" button. The shear forceïdisplacement relationship for 

the selected columns will be visualized in the plot area. Users can click on the plot to zoom 

in. Significant values, such as the maximum displacement and shear force for the selected 

column (both negative and positive) and the maximum displacement and shear force for 

each bent (absolute), will also be displayed. Additionally, users can view each peak 

displacement value and its corresponding time in the "Peak Disp." and "Peak Time" fields. 

Step 3: Users may repeat Step 1 and Step 2 to view the results of other columns 

and make comparisons. The "Clear" button can be used to reset the plot if users need to 

view the results for a single column. 
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Step 4 (optional): To plot results for specific time steps, users should define the 

number of steps (n) in the field below the "Clear" button and click the "Plot n steps" button. 

It is important to note that users should clear the plot before performing Step 4. 

To obtain the yield displacement of the columns, users should complete Step 1 and 

Step 2 to plot the shear force versus displacement relationship and follow these steps: 

Option 1: Manual Yield Displacement Extraction: 

¶ Click on the ñObtain Yield Disp.ò button, then select the plot at the 

positive yield point. 

¶ Click the ñObtain Yield Disp.ò button again and select the plot at the 

negative yield point. 

¶ If the column dimensions vary, repeat this process for each column 

individually. 

¶ If the column dimensions are consistent, perform the procedure for one 

column and then click the ñCopyò button to apply the positive and 

negative yield displacements to all other columns. 

Option 2: Direct Input:  

¶ If the yield displacements are known from another source, users can 

directly input the positive and negative values into the respective fields. 

¶ The ñCopyò button can also be utilized in this case to apply the values 

across multiple columns. 
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After completing either Option 1 or Option 2, users click the ñclearò button and the 

ñPlot Ductilityò button to view the shear force versus ductility ratio relationship. 

Additionally, users can click the ñCompare Ductilityò button to display the ductility ratios 

of all columns on a single screen, as illustrated in Figure 3-30. 

 

 

Figure 3-30: Column Ductility Screen 

 

In addition to the shear forceïdisplacement relationship and the shear forceï

ductility ratio relationship, users can view the result versus time by clicking on the ñPlot 

Additional Resultsò button, as shown on the screen in Figure 3-29. A new screen will 

appear, as demonstrated in Figure 3-31. 
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Figure 3-31: Results vs Time Screen 

The plot on the left allows users to observe the column results over time, while the 

plot on the right enables users to examine specific results by selecting desired parameters 

from the list boxes for the X and Y axes. The available options for both plots include: 

¶ Shear force in the x direction 

¶ Shear force in the y direction 

¶ Shear force in the xy direction 

¶ Displacement in the x direction 

¶ Displacement in the y direction 

¶ Displacement in the xy direction 

¶ Axial force 

¶ Torsion 
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To observe the deformed shape of the bridge profile at the specific time 

corresponding to peak displacement, users should follow these steps after completing Step 

1 and Step 2: 

¶ Select one of the peak displacement values from the ñPeak Disp.ò field. The 

corresponding time of peak displacement will be displayed in the ñPeak 

Timeò field. 

¶ Click the ñPlot Bridge Profileò button. This action will generate a screen, as 

illustrated in Figure 3-32, showing the deformed shape of the superstructure 

at the specified time. Users have the option to view results for different time 

steps or other girders if needed. 

 

 

Figure 3-32: Girder Displacement Screen 

To visualize the deformed shape of all girders simultaneously, users should click 

the ñSee Superstructure Deviationò button. This will display a screen, as depicted in Figure 

3-33. 
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Figure 3-33: Superstructure Deviation Screen 
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Chapter 4 - Prototype Development and Validation of Automatic Preprocessing  

in BAP2024 

 

BAP2024 streamlines preprocessing by facilitating the collection of bridge-related 

data, which users input through the programôs graphical user interfaces (GUIs). The 

program automates the calculation of section properties for bridge components and 

organizes numerous nodes and elements within finite element models. Prior to conducting 

the seismic evaluation of bridge response at the system level in Chapter 5, it is essential to 

verify that the program accurately performs pre-calculations and functions as intended. 

This chapter validates the programôs capability to compute both non-composite and 

composite section properties for two prototypes. Furthermore, a gravity analysis is 

conducted to verify the total gravity load and assess the bending moments, ensuring proper 

node connectivity and accurate load assignment to the corresponding finite elements. 

4.1 Prototype Development Procedures 

Two bridge prototypes were developed by modifying two existing bridges in 

Virginia. Both are assumed to be ñordinary standard bridges.ò Prototype A was adapted 

from Bridge No. 187-20 (Figure 4-1), and Prototype B from Bridge No. 243-21 (Figure 4-

2). While the superstructure and bent cap remained unchanged, the columns were 

specifically re-designed using Force-Based Design (FBD), taking into account the loads in 

the column tributary area and the seismic response spectrum corresponding to the location 

of each prototype. The response reduction factor (R) was set to five, aligning with the 

displacement ductility demand value (ÕD) for columns in a multi-column bent (Caltrans 

Seismic Design Criteria, 2019). The assumed locations of Prototypes A and B are in the 

highest seismic hazard zones, specifically in California and Minnesota, as depicted in 
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Figure 4-3. The soil conditions at these sites were assumed to be classified as Soil Class D, 

representing stiff soil.  

The performance of a single column was evaluated using the "Moment-Curvature 

Analysis" Program developed by Silva (n.d.), a tool used in the "Structural Design to Resist 

Natural Hazards" course at George Washington University. This evaluation ensured that 

the redesigned columns could resist the design base shear and moment. Detailed procedures 

for designing the columns of both prototypes are provided in Appendices E and F. The 

specifications of the span, deck, bent caps, and columns are illustrated in Figures 4-4 to 4-

10. The process for inputting information for both prototypes into BAP2024 is detailed in 

Appendices I and J. 

 

Figure 4-1: Bridge 187-20 in Virginia 
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Figure 4-2: Bridge 243-21 in Virginia 

 

 

Figure 4-3: Locations of Prototypes A and B 
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Figure 4-4: Span and Deck Details for Prototype A 

 

 

Figure 4-5: Girder and Barrier Details for Prototype A 
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Figure 4-6: Column and Bent Cap Details for Prototype A 

 

 

Figure 4-7: Span and Deck Details for Prototype B 
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Figure 4-8:  Barrier Details for Prototype B 

 

 

Figure 4-9: Column and Bent Cap Details for Prototype B 

 




















































































































































































































































































