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Abstract 

This master's thesis thoroughly examines the application of the Finite Element Method (FEM) 

to the numerical modal analysis of the Herøysund Bridge, focusing on the theoretical backdrop, 

construction process, FEM techniques, and Eurocode recommendations for concrete structures. 

This study aims to demonstrate the utility of FEM in bridge analysis by utilizing ANSYS 2023 

R1 to conduct a full numerical investigation of the bridge's technical specifications and design 

features. The thesis discusses the theoretical background, including the context of applying 

FEM for bridge design and main bridge construction techniques. It then examines the specific 

FEM approaches applied and their advantages and disadvantages. The Herøysund Bridge 

analysis employs a two-pronged strategy consisting of a 3D-Solid Model and a Shell Model. 

To forecast the physical behavior of a structure, assumptions, modeling methodologies, and the 

incorporation of specific components such as pillars are applied to both approaches. The 

document describes the complexity of bridge design from the selection of units and materials 

through the development of connections and meshes. 

The full report also emphasizes the importance of boundary conditions, examining the structural 

effects of standard earth gravity, post-tensioned load, and railing and asphalt load. The results 

section thoroughly explores the mode shapes and frequencies for the 3D-Solid and Shell 

models. The Modal Assurance Criteria analysis compares modal frequencies across several 

modes, including flexural, transverse bending, and twist modes. The conclusion of the thesis 

includes findings obtained from the study, implications for the Herøysund Bridge, detailed 

resonant frequencies of the structure, and a comparison of both modeling strategies. It also 

incorporates ideas for future research. It also guides employing FEM 3D-Solid and Shell 

methods to design and construct more efficient, resilient, and durable bridge structures.
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1 Introduction 

1.1 Background 

The research concerning the Herøysund Bridge in Herøy municipality, Nordland County, has 

resulted in the thesis project titled "Shell-based Finite Element Modelling of Herøysund 

Bridge." The research project is financed by Nordland fylkeskommune(NFK) and Statens 

Vegvesen. The research on this project is being conducted in partnership with NFK, Statens 

Vegvesen (SV), UiT Narvik, NTNU, and SINTEF (Project partners). The Herøysund Bridge is 

a self-supporting post-tensioned casted girder bridge built-in 1966. It has been extensively 

studied by various organizations, including AAS-Jakobsen, Multi-Consult, and NTNU, to 

monitor its condition and maintenance needs [1]. 

During the 2017 inspection by Multi-consult, the presence of corrosive chlorides in the concrete 

structure was detected, and subsequent restoration efforts revealed additional deterioration, 

leading to the decision to construct a new bridge [2]. AAS-Jakobsen later conducted capacity 

calculation and maintenance work in 2020 [3]. Highlighting the need for ongoing monitoring 

of the bridge's condition, while HBK Norge AS built a monitoring system for the Herøysund 

Bridge in 2021 [4]. The old bridge will remain accessible for light traffic until the new bridge's 

completion in 2024, with a weight restriction of fifty tons. NTNU researched the bridge's post-

tensioned reinforcement corrosion in 2022 as part of the Better Bridge Maintenance DP2 project 

[5]. The Herøy FoU project uses probabilistic approaches to obtain information on the bridge's 

structure and post-tensioned system, along with detailed superstructure modeling. The primary 

objectives are to acquire comprehensive data on the bridge's current structural condition and 

conduct structural health monitoring (SHM). Additionally, assessments will be carried out on 

the bridge's post-tensioning system to comprehend the corrosion process and examine optimal 

repair strategies. Structural appraisals are to be performed to analyze various damage scenarios, 

and probabilistic approaches are employed to assess the dependability of the findings. These 

aims ensure the continued safety and reliability of the bridge. R & D activities are planned to 

be executed in the following four work packages: 

1. WP1: Structural health monitoring 

2. WP2: Corrosion inspection, assessment, and repair 

3. WP3: Structural assessment with damaged post-tension 

4. WP4: Reliability and uncertainty quantification 
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This thesis study focuses on WP1 SHM, where modal analysis will be done through Solid and 

Shell structural techniques in the Finite element method (FEM).  In the second phase of the 

Herøy FoU project under WP1, one of the objectives is to conduct operational modal analysis 

(OMA) using accelerometers on Herøysund Bridge. The goal is to improve our understanding 

of the Herøysund Bridge's structural condition and develop effective strategies for automating 

bridge health monitoring to streamline maintenance and operational activities while enhancing 

safety. 

1.2 Aim and objectives of master’s thesis 

The primary objective of this thesis is to develop parametric 3D-Solid and Shell models for a 

numerical modal analysis using FEM. In this study, the numerical structural analysis using 

appropriate boundary conditions and loads will serve as a pre-stress condition for the study’s 

primary aim, which is to calculate the mode shapes and resonant frequencies of Herøysund 

concrete bridge via ANSYS 2023 R1 modal analysis module numerically. This thesis also aims 

to equip the researcher with crucial data and knowledge related to the FEM of this bridge for 

structural health monitoring (SHM) under self-weight and asphalt load conditions providing 

valuable insights concerning bridge construction back in 1966. As part of the continuing Herøy 

FoU project under WP1- SHM, This study also aims to provide a comprehensive numerical 

modal investigation of the Herøysund concrete bridge to make a significant contribution to the 

second phase of Herøy FoU WP1 along with an enhanced understanding of vibration responses, 

performance, and suitable FEM modeling strategy for the post-tensioned concrete bridge. The 

findings of this study will assist in critical decisions concerning the future construction of 

similar constructions, preventive maintenance techniques, and the necessity for repair or 

rehabilitation. 

1.3 Impact of this study 

In Norway, bridges lack adequate inspection and maintenance, leading to severe damage in 

over a thousand structures. This issue is especially concerning in northern Norway and coastal 

areas where bridges serve as critical infrastructural components, such as the Herøysund Bridge, 

crucial to local fishing industries [5]. This thesis study intends to improve the future of bridge 

construction by developing better techniques and methods for autonomous monitoring of 

structural health, addressing the considerable resources currently dedicated to bridge 

maintenance until now. 
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The initiative involves creating a 3D finite element model to contribute to the experimental 

results comparison in the second half of 2023. The Herøysund Bridge, currently with limited 

structural health and maintenance documentation, will be the centerpiece of this study. Since 

no 3D Solid and Shell-based finite element model exists for the Herøysund Bridge, this thesis 

study adds novelty. These insights could transform the approach to monitoring structural 

integrity, streamlining the process, reducing costs, and facilitating quicker responses to other 

complex bridges. 

1.4 Thesis description 

The thesis study includes developing reliable models representing the Herøysund Bridge's 

physical behavior. As the bridge will undergo in-situ testing shortly, the model should be 

accurate enough to replicate the actual bridge's behavior, enabling the design and interpretation 

of experimental test outcomes with the numerical results obtained in this study. Therefore, a 

detailed 3D-Solid element model and a 3D Shell element model will be created using 

Solidworks and ANSYS Space-claim. Both models will undergo structural and modal analysis 

to determine their natural frequencies and mode shapes under realistic boundary conditions. 

The last step is a comparison of both models in terms of vibration using the Modal assurance 

criterion(MAC) to identify the similarity of mode shapes in the models. That would validate 

FEM for the Shell-based model identifying the resonant frequencies. The results in terms of 

mode shapes, total deformation, and natural frequencies of the system would be obtained. 

1.5 Scope 

The scope of this thesis is to comprehensively model a FEM for the Herøysund Bridge, which 

includes analysis of the documentation available from NFK and SV, a detailed CAD model of 

the bridge, followed by an in-depth FEM using Solid and Shell elements in ANSYS. The 

complete focus of this study shall include the following: 

i. Developing a detailed 3D-Solid CAD bridge model with sections, subsections, joints, 

and contact regions. 

ii. Developing a mass-controlled Shell model using an appropriate methodology for 

coherence with a 3D-Solid model. 

iii. Assessment of material models, specifications, and boundary conditions for a relatable 

numerical structural and modal analysis.  

iv. Analytical reference of the super-structure with necessary simplifications from previous 

calculations and numerical simulation. 
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v. Structural & Modal analysis of the detailed model using ANSYS 2023 R1. 

vi. Discussion on results and proposition for future work. 

1.6 Regulations 

The regulations reference for this study would be based upon the following. 

▪ Standard Norway, NS: 3473 Design of concrete structures - Calculation and 

construction rules, second edition, 1975. 

▪ Norwegian Public Roads Administration: Handbook 239 Use classification, Load 

regulations 1920-1973 and bridge standards 1912-1958, 2003. 

▪ Norwegian Public Road Administration: Handbook R-412 Classification of use, 2014, 

with NA circular 2017. 

▪ EN 1992-1-1 (2004) (English): Eurocode 2: Design of concrete structures, (4)P, 

Eurocode 2 Part 2, Reinforced and prestressed concrete bridges, EN 1991-1.1 Densities, 

body mass and external loads. 

1.7 Thesis Schedule 

This study has been classified into three phases, Q1, Q2, and Q3, respectively, defining the 

complete workflow timeline for this thesis study. 

 

Figure 1. Thesis timeline 

1.8 Herøysund Bridge specifications 

The Herøysund Bridge (Construction no. 18-1069) is a post-tensioned cast-concrete bridge with 

variable heights, a bridge slab, underlying load-bearing beams, and pillars in Herøy, Helgeland-

Nordland County that spans from south to north Herøy. It features seven axes, five columns, 

and two land vessels. It has a length of 154 m and an overall width of 5.30 m, with rock 

foundations. The categorization of the bridge's design is B-250 to B400, and its concrete density 
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is 2300 kilograms per cubic meter. The ratio of the weight of concrete to the importance of 

cement is 6.57. The load restrictions for the bridge are load class 2/1958, and the bridge was 

designed using the tension control method under the traffic load BK-10/50 [5]. 

Furthermore, the bridge has a cast-in-place pressure plate facing piers 4 and 5. The bridge 

between axes 3 and 6 is tension-reinforced, while the remainder is slack-reinforced. The bridge 

is constructed utilizing the stress control method [3], contrary to modern techniques, such as 

the partial factor method, which incorporates material and load factors;  

 

Figure 2. Herøysund Bridge layout [5] 

 

Figure 3. Section profiles variation from bridge span 1-7 [6] 

  

Main span 

Herøyholmen  Nord Herøy 
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2 Literature Review 

2.1 Theoretical background 

There are three primary types of contemporary concrete bridges: plain or unreinforced concrete, 

reinforced concrete, and prestressed concrete, as shown in Figure 4. The prestressing process 

is popular for a variety of reasons. For instance, precast beam bridges with straight tendons and 

single spans can reach up to 20 meters. The post-tensioning is frequently used for girders and 

decks that require longer spans, typically more than thirty meters, such as Herøysund Bridge. 

Concrete has high compressive but low tensile strength, so it involves reinforcement with high-

tensile materials like steel to withstand tensile stresses. Steel is preferred due to its strength, 

thermal behavior, availability, and cost-effectiveness, but it rusts, reducing load capacity. Due 

to creep stresses, it also induces cracks as the bridge ages [7]. 

Prestressing enhances the flexural and tensile strength of concrete members beyond 

conventional concrete by tensioning the reinforcement within the concrete, generating 

compressive stress to counteract tensile stresses. It reduces materials usage and embodied 

energy and significantly reduces deflection. Members of prestressed concrete may include pre-

tensioned or post-tensioned. Pre-tensioning is done during casting and transfers compressive 

stress through friction with the reinforcement [8]. 

 

Figure 4. Prestressed concrete structure categories [9]. 

Post-tensioning involves developing After the concrete has hardened, the reinforcement 

experiences tension. It can be implemented in a bonded or unbonded system, with the unbonded 

system allowing for retightening of strands and the bonded system creating a connection 

between the strand and duct. Hydraulic jacks are used to stress the tendons, which are anchored 

to the surface of the concrete using mechanical anchorage devices. 
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The Herøysund Bridge is an unbonded post-tensioned structure with grouted anchors. It reduces 

the size and number of reinforcing bars in concrete members, resulting in material cost savings 

and lower maintenance and life-cycle costs. Additionally, the link formed between the strand 

and concrete in tension and compression and The interplay between tensional steel and 

compressional concrete contribute to a higher ultimate strength. Finally, post-tensioning 

permits complete section utilization, which aids in crack control [10]. 

2.2 Construction methodology 

Concrete bridge-building techniques in Norway have been around since the early 20th century 

[11]. The most used bridge types are reinforced concrete bridges [12], [13], incremental 

launching method bridges [14], [15], precast concrete bridges [16], [17], and post-tensioned 

cast concrete bridges. The classification and construction methods for four general construction 

classes are in Appendix I and II. The main section discusses the appropriate construction 

method for a post-tensioned cast concrete girder bridge. 

Cast concrete girder bridges evolved due to the limitations of older bridge designs [18]. They 

consist of concrete girders, horizontal beams that sustain the bridge's weight, and passing 

traffic. They are strengthened with steel bars to increase strength and longevity and are 

commonly precast or cast-in-place. The pillars and abutments are the vertical columns and 

supports that secure the girders and convey the bridge's weight to the ground. Decking is the 

surface of the bridge that traffic travels on, and bearings are the components that allow the 

bridge to move and expand or contract as the temperature changes [19]. A typical example of 

a post-tensioned girder bridge is demonstrated in Figure 5. 

 

Figure 5. Post-tensioned cast box girder bridge [19] 
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2.3 Concrete bridges design in FEM 

The following section signifies the importance of structural design methods for moments and 

forces distribution in bridges. It also reflects the theoretical background of FEM and its 

application in the concrete bridge industry. It is essential to mention that the base of numerical 

simulations heavily relies on the background aspects discussed in this section. 

2.3.1 Background 

FEM has revolutionized the analysis of concrete bridges, enabling engineers to develop models 

and assess their behavior under dead loads, live loads, wind, seismic loads, and varying 

boundary conditions. It provides vital information regarding the strength and stability of 

bridges, resulting in greater design precision, decreased dependency on physical testing, cost-

effectiveness, and safety optimization. Case studies have shown the beneficial influence of 

numerical research on concrete bridges, leading to safer, more resilient, and long-lasting 

structures [20]. 

Researchers have conducted numerous case studies to solve a wide range of problems, such as 

a novel nonlinear analysis model created to examine the effects of creep and shrinkage on long-

span prestressed concrete box girder bridges [21], construction of a prestressed concrete cable-

stayed bridge by employing the progressive cantilever method in FEM [22], Shell model for 

the load-carrying capacity of prestressed concrete bridges under shear and torsion [23], and a 

new finite element model for analyzing the structural behavior of fiber-reinforced polymer 

(FRP)-strengthened steel-reinforced concrete (RC) beams under cyclic loading using FEM 

[24]. These case studies can be found in Appendix K for summarised for better correlation. 

Using various FEM approaches, extensive research has examined concrete bridges' 

construction adaptability, serviceability, and reliability. The significance of the finite element 

approach for assessing concrete bridges is increasing with numerous advanced FEM models 

validated against the experimental results. It also indicates that FEM is one of the most reliable 

techniques for investigating superstructures. 

2.3.2 Design methods 

The choice of the FEM method for concrete bridge analysis depends on the complexity of the 

bridge geometry, accuracy, and loading conditions. 3D-Solid and Shell elements can be used 

to model long, slender structures with a low aspect ratio. Bridges with more complex geometry 

or slabs, walls, or other components with significant thickness, then 3D-Solid elements or 3D 
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Shell elements can be used in certain conditions. 3D-Solid element types are best suited for 

simulating thick components in bridges. In contrast, 3D Shell elements are best suited for 

simulating thin features, such as bridge decks and shear walls. The Herøysund Bridge has both 

types of components. Therefore, it is numerically evaluated using Solid and Shell element 

models in this study.  

2.4 FEM Techniques 

2.4.1.1 In Scope 

The choice of analysis technique in FEM is of critical importance, as it directly affects the 

accuracy of results. This study involves structural and modal analysis of the bridge, and the 

methods that are used for FEM in such cases are: 

• Static linear analyses: This method analyzes the structure under static loads and assumes 

linear behavior. The equations used are linear equations of equilibrium, which relate the 

applied loads to the corresponding stresses and strains. 

• Modal analysis: Modal analysis examines the inherent frequencies and mode forms of a 

structure using FEM. At the system level, stiffness and mass matrices are formed after 

discretizing the structure into components. Solving the eigenvalue problem shows natural 

frequencies and mode shapes, aiding in the identification of resonance difficulties and high-

stress vibrational zones [25]. 

Additionally, the design of concrete bridges inculcates approaches such as sensitivity analysis 

[26], optimization techniques [27], parametric modeling [28], probabilistic analysis [29], multi-

objective optimization [30], and advanced material modeling [31] in FEM. These approaches 

are used to optimize the design of concrete bridges, assuring their safety, longevity, and 

efficiency, and FEM analysis provides significant insights into the bridge's behavior under 

varied loading circumstances. These relevant case studies are further explained for a deeper 

understanding in Appendix III Section A. 

However, the scope of this study is required to comprehend the numerical vibrational behavior 

of the bridge. Therefore, proactive engineering design and optimization techniques using FEM 

are briefly introduced. 
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3 FEM Methodology 

The following Section outlines six fundamental steps in the FEM analysis process for concrete 

structures. The section also details the accuracy and limitations of each step along-with the 

element orders, shapes, and degrees of freedom are also included for a deeper understanding of 

FEM.The computational implementation of FEM subsection provides the basis for fundamental 

equations, brief overview of linear and non-linear cases considerations and convergence 

differences [32]. A detailed explanation of these cases alongwith FEM process could be found 

in Appendix III section C. 

3.1 FEM Process 

The FEM Process generally includes idealization, discretization, element analysis, structural 

analysis, post-processing, and results phase, while numerous aspects concern the accuracy and 

limitations of each step. Therefore a brief layout of the process is shown in Figure 6 [33]. 

 

Figure 6. FEM methodology for concrete structures [33] 

The detailed process of idealization, discretization, element analysis, structural analysis, post-

processing, and results in concrete structures can be found in Appendix III Section C and for a 

deeper understanding of these topics (see, e.g. [34], [35], [36]). 

3.1.1 Advantages and limitations of FEM  

Each approach in FEM is unique depending on geometry, materials, configuration, and 

simplification. However, there could be circumstances where linear and non-linear analyses are 
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well suited. Some of the key advantages and disadvantages of both analysis types are discussed 

below (see e.g. [37]): 

Table 1. Benefits and drawbacks of linear static analysis [37] 

Advantages Drawbacks 

Simple linear equations Only for linear elastic materials 

Less computational time Cannot account for transient conditions 

Allows approximations to a certain extent Inapplicable to large deformations/loads  

Better for initial studies Inaccurate approximations 

 

Table 2. Advantages and drawbacks of non-linear static analysis [37] 

Advantages Drawbacks 

Applicable to a vast range of materials Complex and resource-intensive 

Considers extreme deformations & loads Requires specialized knowledge 

Realistic boundary conditions Convergence difficulties 

Accurate results High assumptions sensitivity 

3.2 Eurocode recommendations for concrete structures 

The standardization specifically for structural analysis of concrete structures sets a sound base 

in choosing an analysis type, such as linear or non-linear analysis. Moreover, it recommends 

methods for using 3D- Solid, beam, or Shell elements in FEM that provide valuable insight into 

problem definition and the correct approach toward understanding the behavior of concrete 

structures in experimental and numerical analysis. The guidelines in  Eurocode 2, CEN (2001), 

recommend using linear or non-linear analysis methods for force distribution determination. 

Furthermore, EN 1992-1-1 Annex B refers to the scenarios for using 3D- Solid and Shell 

elements. The details and specifics of these regulations can be found in Appendix V [38]. 

3.3 Method selection for Herøysund Bridge 

3.3.1 Type of analysis 

The current study abides by the ULS in which the bridge is modeled in an uncracked and ideal 

state. As per the Eurocode recommendations, this study is focused on loading conditions such 

as self-weight and load from asphalt, while the joints are assumed to be frictionless. At the same 

time, the modal analysis would be performed for undamped conditions [38]. Considering the 

parameters of this study, Eurocode recommendations, and the absence of any non-linearity-
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inducing parameters, the FEM for Solid and Shell models would be conducted in a linear elastic 

analysis using ANSYS 2023 R1. 

3.3.2 Type of Elements 

Furthermore, it is evident from the recommendations that specific parameters are best suited 

for a 3D- Solid and Shell element, respectively, for concrete structures. The scope of this study 

would cover both the element types and the comparison of models with Eurocode 

recommendations as a reference. Understanding the correct approach towards using elements 

for post-tensioned structures such as Herøysund Bridge would be beneficial. 

4 Governing equations 

The general governing equations for solid, shell models and modal analysis are discussed in 

this Section. The focus of this study is to perform a numerical simulation for Solid and Shell 

models, instead of development of new FE method for the structure. Therefore, for a general 

overview of governing equations will be discussed.  

4.1 FEA Equations for solid body 

In FEA, the governing differential equation is the equation of motion, based on Newton’s law 

for the balance of forces acting on a Solid body, 

∇ . 𝜎 + 𝐹 =  𝜌𝑢̈ (4.1) 

𝛻 . 𝜎 represents the divergence of stress tensor 𝜎, i.e., the distribution of internal forces within 

the continuum, 𝐹 represents external forces acting on the body, 𝜌 is the density of the material, 

and the symbol 𝑢 represents the displacement vector of the continuum, where 𝑢̈ Represents the 

acceleration of the material. 

In the case of static analysis, the equation takes the form.  

∇ . 𝜎 + 𝐹 =  0 (4.2) 

 ∂𝜎𝑥 

∂x
+ 

 ∂𝜎𝑥𝑦 

∂y
+  

 ∂𝜎𝑥𝑧 

∂z
+ 𝐹𝑥 = 0 

 

 ∂𝜎𝑥𝑦 

∂x
+ 

 ∂𝜎𝑦 

∂y
+ 

 ∂𝜎𝑦𝑧 

∂z
+ 𝐹𝑦 = 0 

 

 ∂𝜎𝑥𝑧 

∂x
+  

 ∂𝜎𝑦𝑧 

∂y
+  

 ∂𝜎𝑧 

∂z
+ 𝐹𝑧 = 0 

 

The weak form of the governing equation is obtained using Galerkin's method [39]. That 

involves the multiplication of equation (4.2 by test functions, integration, and introducing 
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boundary conditions. From the weak form, we obtain the element formulation, which gives the 

stiffness matrix and force vector used in the FEM shown in the equation below: 

[𝐾]{𝑢}  =  {𝐹}. (4.3) 

where,  𝐾  is the stiffness matrix, 𝑢 is the displacement vector and 𝐹 is the forces vector acting 

on the system. The FEM equation is then used for static analysis. The software initially 

calculates the displacements, and then the strains are determined. Finally, the stresses are 

computed from the strains, utilizing a constitutive equation below, Hooke's law for linear elastic 

materials. 

{𝜎} = [𝐷]{𝜀}. (4.4) 

where, {𝜎} is the stress vector, [𝐷] is the elasticity matrix and {𝜀} represents strain vector or 

matrix. Considering the primary focus of this study, i.e., Numerical prestressed modal analysis 

and governing equations provide insight into how the software computes the structure's 

displacements, stresses, and strains (see, e.g.  [32] [40]). 

4.2 Equations for Shell body 

The Shell model in FEM is based on Kirchhoff–Love plate theory [41]. In this formulation, a 

position vector is defined on a mid-surface. A point in coordinates system is assumed and 

displacement corelation for point undergoes vector sum of mid-surface displacements, resulting 

into inplane deformation equations.  

 

Figure 7. Kirchhof-Love plate theory for mid-surface shell elements 

The position vector and point in cartesian coordinates in equations below.   

𝑥 = 𝑥1𝑒1 + 𝑥2𝑒2 + 𝑥3𝑒3 =  𝑥𝑖𝑒𝑖. (4.5) 

 where, 𝑒𝑖 is the cartesian basis, 𝑥1, 𝑥2 are cartesian coordinates of undeformed plate and 𝑥3 is 

the coordinare in thickness direction and the displacement point of plate 𝑢(𝑥), 

𝑢(𝑥) = 𝑢1𝑒1 + 𝑢2𝑒2 + 𝑢3𝑒3 =  𝑢𝑖𝑒𝑖, (4.6) 
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 where, using vector sum of mid-surface displacements 𝑢𝛼
0 , and out of plane displacement 𝜔0 

in 𝑥3 direction we can use in plane displacement of the mid surface of the following form, 

where 𝛼 = 1,2, 

𝑢0 = 𝑢 1
0𝑒1 + 𝑢2

0𝑒2 = 𝑢𝛼
0 𝑒𝛼. (4.7) 

The Kirchhoff hypothesis takes the form for displacement field, as in equation below. 

𝜕𝜔0

𝜕𝑥𝛼
= 𝑢𝛼

0 − 𝜔𝛼
0𝑥3 ;  𝛼 = 1,2 (4.8) 

The equilibrium equations of a thin plate under transverse load 𝑞 , in 𝑥3  direction can be 

observed in equations below, 

𝜕𝑁11

𝜕𝑥1

+
𝜕𝑁21

𝜕𝑥2

= 0 
(4.9) 

𝜕𝑁12

𝜕𝑥1

+
𝜕𝑁22

𝜕𝑥2

= 0 
(4.10) 

𝜕2𝑀11

𝜕2𝑥1

+ 2
𝜕2𝑀22

𝜕𝑥1𝜕𝑥2

+
𝜕2𝑀22

𝜕2𝑥 2
2

= −𝑞 
(4.11) 

𝑁αβ =  ∫ 𝜎αβ
h

−h
𝑑𝑥3 and  Mαβ = ∫ 𝑥3𝜎αβ

h

−h
𝑑𝑥3 

where, 𝜎αβ are the stresses. 

4.3 Equations FE Modal analysis 

The modal analysis constitites of the following governing equations for free and forced 

vibration system. The free vibration equation for a structure can be expressed as: 

[𝐾]{𝑈}  +  [𝑀]{𝐴} 𝜔2{𝑈}  =  {0} (4.12) 

 where [𝐾] is the stiffness matrix, [𝑀] is the mass matrix, {𝑈} is the displacement vector, {𝐴} 

is the damping matrix, and 𝜔 is the angular frequency. The forced vibration equation for a 

system subjected to a dynamic load can be expressed as: 

[𝐾]{𝑈} + [𝑀]{𝐴}𝜔2{𝑈}  =  {𝐹(𝑡)} (4.13) 

 where {𝐹(𝑡)} is the time-dependent external force vector. The motion of a bridge can be 

described using the equation: 

𝑚𝑥′′ +  𝑐𝑥′ +  𝑘𝑥 =  𝐹(𝑡) (4.14) 

𝑚 is the mass matrix, 𝑐 is the damping matrix, 𝑘 is the stiffness matrix, 𝑥 is the vector of nodal 

displacements, 𝐹(𝑡) is the vector of external forces applied to the bridge at time 𝑡. To find the 

natural frequencies and mode shapes of the bridge, we can solve the eigenvalue problem: 
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(𝐾 − 𝜔2 𝑀) 𝜑 =  −𝐶𝜔𝜑 (4.15) 

 𝐾  is the stiffness matrix, 𝑀  is the mass matrix, 𝐶  is the damping matrix, 𝜔 is the angular 

frequency (related to the natural frequency), 𝜑 is the eigenvector or mode shape of the bridge. 

The eigenvalues of this problem correspond to the natural frequencies squared, and the 

eigenvectors represent the mode shapes of the bridge [42]. 

4.4 Equation Modal assurance criteria(MAC)  

The MAC analysis is used to determine the similarity between two mode shapes. These mode 

shapes can be obtained from two numerical simulations or between numerical and experimental 

data mode shapes. The similarity is based on percentage, if the two modes are ideally identical 

the of MAC is “one” and it has a value of “zero” if they have huge mode shape difference. 

Mathematically, the MAC value between two modes is the normalized dot product of the 

complex modal vector at each shared node (see e.g. [43] [44]). 

Two modal vectors for mode shape I (𝜑𝑖) and mode shape J (𝜑𝑗) takes the following form to 

achieve similarity index for two modes. 

MAC({𝜑i})({𝜑j}) =
|{𝜑i}

∗t{𝜑j}|
2

({𝜑i}∗t{𝜑i})({𝜑j}∗t{𝜑j})
 (4.16) 

 The Equation (4.16 shows that the It is important to note that the the equation is normalizing 

the two mode shape vectors, makes the mode shapes insensitive to scaling, i.e.,  if modes are 

multiplied by a common factor the MAC will not change. Also, if the there exists a linear 

correlation of both vectors, higher MAC value is achieved. The percentage match depends on 

the nodes allignment throughout the structure. Also, the participation factor and effective mass 

are two criterias to critically analyze the mass movement in x, y and z direction for each mode. 

A higher value indicates that the mode exites by any oscillations in that direction.  

𝛾𝑖 =  {𝜑}𝑖
𝑇[𝑀] {𝐷} (4.17) 

 where, {𝜑}𝑖
𝑇 represents the mode shape, [𝑀] is the mass matrix and {𝐷} is the excitation 

direction vector. The effective mass can simply be written as 

𝑀𝑒𝑓𝑓,𝑖 =  𝛾𝑖
2 (4.18) 
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5 CAD Model Methodology 

The study models Herøysund Bridge using 3D- Solid and Shell finite elements based on 1966 

technical drawings. A 3D CAD model is created in Solidworks, and FEA is conducted in 

ANSYS, following a specific workflow.  

 

The Herøysund Bridge's parametric CAD model features complex geometry, including 

horizontal and vertical curvatures, as illustrated in Figure 2. To geometrically recreate the 

bridge using a FEM, certain low-sensitivity simplifications must be implemented without 

affecting the study's objectives. Specifically, bridge section 1-3 possesses both vertical and 

horizontal curvature, while section 6-7 exhibit slight horizontal curvature. The main span has 

minimal horizontal curvature, varying primarily in the vertical direction. As indicated by the 

original 1971 drawing, the top deck incorporates banking, with elevations in point data form at 

each pillar, i.e., alphabetical elevation points in Figure 9. 

 

Figure 9. Herøysund Bridge transverse curvature [2] 

Figure 8. Methodology for bridge study 
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A notable characteristic of the structure is the varying cross-section across spans, as shown in 

section view D of Figure 3. It features a 16 mm pressure plate at the bottom, depicted as a single 

body but independent. 

5.1 Methodology of 3D-Solid Model 

5.1.1 Assumptions 

The Solid model is created in Solidworks and has been simplified as per the needs of this 

project. The simplifications are as follows: 

1. The transverse curvature in bridge spans 1-3 and 6-7, as shown in Figure 9, has been 

assumed without curvature since it would add complexity to the geometry. Also, this 

assumption would not affect the mid-span 3-6, i.e., the primary area of concern. 

2. The elevation of the top deck adds complexity to FEM geometry, as shown in Figure 9, 

it is assumed to be perfectly in-plane. 

3. Post-tensioning in the bridge involves tendons embedded within the structure, making 

them difficult to track physically. Due to limited geometrical information in the 

drawings, an inward compressive force of 12,083,400𝑁 is assumed on either side of 

the main span 3-6. 

4. The top deck features a 60 mm asphalt layer, according to the SV handbook V-412 [6], 

that exerts additional load. To avoid FEM contact region errors, a uniform pressure of 

7 kN/m is applied to the entire top deck from pillars 1-7 instead of modeling a layered 

geometry. 

5. This study does not consider reinforcements or rebars in pillars and other spans. 

5.1.2 Modeling procedure 

AutoCAD 2D- drawings of the bridge were requested from AAS-Jakobsen. The AAS-Jakobsen 

report identified the bridge's cross-section variations across bridge spans [3]. Original hand 

drawings from the multi-consult were analyzed to understand main span dimensions [2]. Using 

the section profile obtained from the archive data provided by NFK, the model was dimensioned 

using Autodesk Civil 3D student version annotation tool. The details on pillars, bridge spans, 

pressure plates, and beam curvatures were also extracted from the drawing in Figure 10 below.  
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Figure 10. Herøysund Bridge layout drawing [45] 

5.1.3 Method and Considerations 

This sub-section depicts all the necessary considerations for drawing the bridge structure as 

close to the actual structure as possible. Therefore, it includes steps where no further 

assumptions were made to capture the behavior realistically.  

1. Top deck cross-sections for each section were drawn across the curved path from the 

.dwg file as in Figure 10 and swept across the drawn path to create the top deck for 

spans 1-3, 3-6, and 6-7, respectively. 

2. Individual spans 1-3, 3-6, and 6-7 were assembled using coincident planes with the top 

deck. 

3. The pressure plate profile in Figure 11(c) was dimensioned as per the original drawing 

to capture the behavior of the bridge. 

4. Support beams and the top deck’s vertical gradients were identified using a spline tool 

in Civil 3D. These points were drawn in Solidworks and extruded to predefined 

thicknesses from the drawings. Using the drawing shown in Figure 10 ensured exact 

curve matching. 

5. Bridge span 1-3 and 6-7 rest on a 16 mm structural steel plate at the top of the pillars, 

where beams are simply-supported. 

6. Identical beams on either side of the bridge were mirrored across the mid-plane. Beams 

for sections 1-3 and 3-6 are 200 mm thicker than those in mid-span 3-6. 

7. Pillar dimensions were extracted from archive drawings obtained from the bridge 

archive in the database of SV known as Brutus. 

8. The slope at the top of pillar two strictly followed the drawing, as shown in Figure 11(a). 

It replicates the exact profile of pillar 2. 



 

Page 19 of 88 

9. The bases of the pillars were also drawn as per the drawings shown in Figure 11(b) 

without any assumptions. 

10. All pillars' protrusions extend 50 mm on either side of the beams shown in Figure 11(b). 

11. The assembly view of the bridge can be seen in Figure 12. 

 

Figure 11. Pillar 2, 4 and pressure plates in 1971 drawings [2] 

5.1.4 SolidWorks Assembly 

Drawings from the Brutus document directory, provided by SV and NFK, served as a 

foundation for understanding the bridge structure. The technical drawings extracted key 

information on support mechanisms, pillars, superstructure section connectivity, and curvature 

dimensions. Given the hand-drawn nature of these drawings, details appeared blurred. A cross-

reference approach was adopted by consulting recreated drawings using Autodesk Civil 3D. 

The superstructure deck, piers, and curvatures were cross-referenced and dimensioned to 

minimize anomalies in interpreting the original base drawings. 
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Figure 12. Solidworks Assembly exploded view for bridge components. 

5.1.5 Pillars Integration 

The model is an assembly with each pillar connected to the deck and beams, as shown in Figure 

13 below. The configuration shown for pillar 3 is followed for all other pillars having load-

bearing structural steel plates. The pressure plates discussed above are also visible in pillar 4 

and 5 configurations.  

 

Figure 13. Solidworks Assembly for bridge components 

 
Pillar 1 

Span 1-3 

Pillar 2 Pillar 3 Pillar 4 

Pillar 5 

Pillar 6 
Pillar 7 

Span 3-6 Span 6-7 
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5.2 Methodology of Shell Model 

5.2.1 Assumptions 

The Shell model is created in ANSYS Space-claim using the 3D-Solid model. As discussed in 

theory, the Shell model needs several considerations as it is based on a mid-surface method 

where each Solid body is represented as a single mid-surface. Therefore, it has been simplified 

as per the needs of the required model. The simplifications are as follows: 

• Since the surfaces are to be extracted from a 3D-Solid model, it automatically induces 

the assumption of transverse curvature in Figure 9. The same is applied to spans 1-3 and 

6-7 and is considered perfectly straight. 

• As done for the Solid model, the banking or elevation of top deck asphalt is small in 

magnitude and has been assumed to be completely planar. 

• The post-tensioning CAD integration is not possible for a Shell model since it is a planar 

representation of all Solid features. Therefore, compressive inward forces on the main 

span replicate the effect of tendons. 

• The top deck has an asphalt layer of 60 mm, like the Solid model described in the 

handbook V-412 [6]. Modeling two coincident surfaces cause mesh errors as it 

duplicates surfaces in the Shell model. Therefore, instead of modeling mid-surface for 

asphalt, a uniform pressure of 7 kN/m has been applied to the top deck from pillars 1-

7. 

• The reinforcements or rebars in pillars and other spans are neglected for the Shell model. 

• The top deck step profile is considered flat as a mid-surface to simplify the pedestrian 

walkways. If drawn as a separate surface, the pedestrian walkways cause surface 

disconnectivity. 

• The pressure plates have varying profiles, as shown in Figure 11(c). For a Shell model, 

exceedingly small curvatures at the end of the profile make them highly undesirable due 

to the large deflection and stress concentration possibility. Also, these singularities 

disrupt the meshing. Therefore, the pressure plates are not included in the Shell model. 

5.2.2 Modeling procedure 

The Shell model is extracted from the Solid model with afore mentioned assumptions. The 

following steps are adopted to model the geometry. 
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• The Solid model assembly of the bridge was first imported to Ansys space-claim as a 

.iges file. 

• The space-claim geometry was then renamed into the sub-assemblies, such as the deck, 

beams, and pillars for each section. 

• Space-claim allows the Solid models to be mid-surfaced from a Solid body. The mid-

surface represents the geometry's cross-section(Shell), given a section thickness 

representing a Solid body. Using the mid-surface command, the features of the bridge, 

such as the top deck, beams in +z and -z directions, transverse beams, and pillars, were 

transformed into individual mid-surfaces. 

• The control of surfaces was conducted by stitching each surface with the adjacent to 

avoid connectivity issues. If there is disconnectivity in the mid-surfaces, the internal 

forces and stresses are not appropriately translated, affecting the results. 

•  The longitudinal and transverse beams on either side of the bridge were drawn on 

independent surfaces to be given a thickness equal to the top deck width since the main 

span rests on these beams. 

• Once the mid-surfaces were connected, the topology was shared individually for each 

span to define the contact edges in surfaces. It again is an important step, as the 

distribution of loads between members during analysis plays a significant role. 

• The Shell model was also drawn section by section for each span and pillar. The load-

bearing plates were also mid-surfaced. 

• Space-claim built-in geometry checks were conducted to investigate extra edges, dis-

continuities in surface, tangencies, gaps, and duplicates. The model was then imported 

to ANSYS for further analysis. 

5.2.3 Shell model Assembly 

The Shell model components transformation can be seen in the figure below. The shared 

topology in space-claim was done for each component individually. The definition of individual 

topologies dis-associate these components as an assembly; therefore, the joints between bridge 

spans were analyzed in detail to represent the real bridge connections correctly. 



 

Page 23 of 88 

 

Figure 14. Shell and Solid model transformation 

The Shell model from spans 1-3, 3-6, and 6-7 share the topology between respective span 

surfaces. Each surface in the Shell, as shown in Figure 16 has been assigned thickness per the 

technical drawings. The thickness parameter plays a vital role in mass control for the bridge 

geometry. Since the model is to be compared to the Solid model the mass distribution across 

its span should be as close to the Solid model as possible. The components of spans 1-3 are 

shown in Figure 15; the same terminology follows in other bridge spans. 

 

Figure 15. Shell model pillars configuration 
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5.2.4 Section thicknesses 

Each bridge section has longitudinal beams, transverse beams at pillars, top deck, and pillar 

surfaces. 

 

Figure 16. Surface identification for thickness assignment 

These surfaces are placed in the middle of the bridge and have a thickness, as shown in Table 

3. Section thickness for surfaces in the Shell modelTable 3 below. Once the thicknesses are 

defined in the Shell model in ANSYS, the geometry takes the form, as shown in Figure 17. 

Overlapping 3D-Solid and Shell model, where Shell appears like a Solid model. 

Table 3. Section thickness for surfaces in the Shell model 

Section Nordherøy, (mm) Main Span, (mm) Herøyholmen, (mm) 

Plane Midsurfaces Midsurfaces Midsurfaces 

Longitudinal beams 600 400 600 

Transverse beams 2200 2600 2200 

Top Deck 250 250 250 

Pillar 1(Land vessel) 4000 - - 

Pillar 2 450 - - 

Pillar 3 - 200 - 

Pillar 4 - 550 - 

Pillar 5 - 550 - 

Pillar 6 - - 200 

Pillar 7(Land vessel) - - 4000 

5.2.5 CAD Models coherence 

The overlapping models can be seen in Figure 17, where the 3D-Solid model overlaps the Shell 

model. The coherence in these models plays a vital role in results comparison. The primary 

control parameters are mass control and geometric constraints similarity. As discussed in the 

FEM section, the Shell model allows faster computation than a Solid model with fewer 
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elements. However, due to mid-surfacing limitations and the bridge's complex geometry, it 

would be interesting to compare the structural and modal deformations. 

 

Figure 17. Overlapping 3D-Solid and Shell model 

Furthermore, the mass and volume control for constrained prestressed structures shall be as 

close as possible for 3D-Solid and Shell models. To compare the vibration modes effectively 

controlling these parameters is significantly important. These parameters can be seen listed in 

Table 4. Mass and volume control for models 

Table 4. Mass and volume control for models 

Properties 3D-Solid Model Shell model Abs. Percentage 

error 

Mass, 𝑘𝑔 1.3848𝑒 + 006 1,3512𝑒 + 006 1.0248% 

Volume, 

𝑚𝑚³ 

5.7891𝑒 + 011 5,6478𝑒 + 011 1.0248% 

 

  



 

Page 26 of 88 

6 Numerical Simulations 

This Section includes workflow of ANSYS static structural and modal analysis with all the 

cosiderations for materials, coneections, mesh attributes and sulotion metrics.   

6.1 Units 

The numerical analysis has been performed using SI units, the governing parameters to be 

studied in the structural and modal analysis are total deformations (𝑚𝑚), normal stresses 

(𝑀𝑃𝑎), modal frequencies (𝐻𝑧), mass (𝑘𝑔), and volume (𝑚3). 

6.2 Geometry 

 

Figure 18. 3D-Solid and 3D Shell bridge geometry 

6.3 Materials 

Concrete is used for pillars and span 1-7, while structural steel is used for the load-bearing 

plates on pillar 1, 2, 3, 6 & 7. The material properties are based on the Granta materials library 

in ANSYS 2023 R1 are shown in Table 5. 

Table 5. Material properties for models in numerical simulations[46] 

Properties Concrete Structural Steel 

Density, 𝐾𝑔/𝑚𝑚3 2.39e-06 7.85e-06 

Young's Modulus, 𝑀𝑃𝑎 19360 2.00e+05 

Poisson's Ratio 0.1414 0.3 

Bulk Modulus, 𝑀𝑃𝑎 8998 1.67e+05 

Shear Modulus, 𝑀𝑃𝑎 8480.8 76923 

Tensile Ultimate Strength, 𝑀𝑃𝑎 1.1960 460 

Tensile Yield Strength, 𝑀𝑃𝑎 1.0950 250 

Isotropic Thermal Conductivity, 𝑊/𝑚𝑚°𝐶 0.002071 0.06050 

Specific heat constant pressure, 𝑚𝐽/𝐾𝑔°𝐶 9.36e+05 4.34e+05 

Isotropic Resistivity, 𝑜ℎ𝑚 − 𝑚𝑚 5.85e+07 - 

Secant Thermal Expansion Coeff. - 1.20e-05 
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6.4 Connections 

6.4.1 3D-Solid model Connections 

 

Figure 19. 3D-Solid model joints across all pillars 

6.4.2 Shell model Connections 

 

Figure 20. Shell model joints across all pillars 
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6.5 Mesh 

Solid 186 and 187 elements are used in the FEM for the Solid model. Solid 186 has reduced 

integration and is suitable for linear analyses of structures with moderate to low aspect 

ratios[47]. However, the element best suited for each geometry section, solid 187, is an 

improved version of solid 186 with full integration and is suitable for modeling thin-walled 

structures with high aspect ratios, accurately capturing bending and shear stresses[48]. 

Therefore, both element types are program controlled by ANSYS in areas where needed in the 

Solid model. For the Shell model, Shell 281 has been used. Shell 281 is a 6-node FE type used 

in ANSYS for the structural analysis of thin to moderately thick Shell structures. It accurately 

captures shear deformation effects and has three degrees of freedom per node[48]. Its ability to 

capture shear deformation effects makes it a preferred choice for accurately analyzing and 

designing structures such as Herøysund Bridge under investigation. The choice of element type 

for quad mesh is also program controlled. The mesh attributes can be seen in Figure 21. 

 

Figure 21. Mesh illustration for Solid and Shell models 

6.5.1 Mesh Convergence 

The optimum agreement between mesh size, computational time, and accuracy of results is 

achieved by selecting the best suitable number of elements; it is a well-known approach to 

studying mesh convergence for more reliable, accurate, and consistent results. As discussed in 

the Methodology Section, the 3D-Solid and Shell models differ in stiffness, geometry creation, 
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and element types. Therefore, to compare the mesh sizes concerning normal stress and total 

deformation, two nodes were selected at the bridge midspan 3-6, where section planes were 

drawn along the x and z-axis. 

 

Figure 22. Mesh convergence check locations 

Using the maximum normal stress (𝜎𝑛𝑚𝑎𝑥
) and total deformation method for mesh convergence, 

the points were selected based on the region of maximum vulnerability (center of midspan 3-

6), restricted the element location by section planes. In contrast, the mesh resolution changes 

the location of the top deck (point A) and bottom at (point B) in global coordinates, which can 

be seen in Figure 22. The maximum stress (MPa) and total deformations(mm) were obtained at 

the specified points for mesh sizes of 800, 600, 400, 250, 150, and 80 mm for both 4-node 

quadratic and 8-node quadratic mesh element types. The mesh size was then plotted against the 

relative error for max. Normal stress and total deformation were used to observe the order of 

convergence for both locations with additional parameters of mesh element types. Using the 

absolute values for normal stress (𝜎𝑛) and total deformation the percentage error was calculated. 

For instance, the percentage error can be computed as in the equation below for a mesh size of 

800 mm in a Solid model 8-node quadratic mesh having 22,381 elements. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟𝜎𝑛 
 =  

|𝜎𝑛80
− 𝜎𝑛800|

|𝜎𝑚𝑎𝑥 𝑛 80
|

=  18.79% 
(6.1) 

Identifying the optimum condition for the percentage error, it reduces to 0.01% at a mesh size 

of 150 mm, with 150,6931 elements. Moreover, the error percentage reduces to 0.0% for a mesh 

size of 80 mm, however, at 98,000,895 elements. The increase in the number of elements with 

respect to the effect on error reduction is negligible as shown in Figure 23. 
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Figure 23. Mesh convergence with increasing mesh resolution 

The percentage errors were plotted against decreasing mesh resolution, as shown in Figure 24 

below for both 3D-Solid and Shell models. Figure 24(a) and (b) represent normal stress at the 

top deck and bottom location, while (c) and (d) represent total deformation for both locations. 

The relative error can be seen decreasing with an increase in mesh resolution. The solution for 

both parameters appears to converge from a mesh size of 200 mm. 

 

Figure 24. Convergence plots for 3D Shell at the top deck and bottom 

Similarly, for the 3D-Solid model, Figure 25(a) and (b) represent normal stress at the top deck 

and bottom location, while (c) and (d) represent total deformation for both locations. As 

compared to the Solid model similar pattern for both parameters appears to converge from a 

mesh size of 200 mm in the Shell model. 
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Figure 25.Convergence plots for 3D-Solid at the top deck and bottom 

It is important to note that the mesh convergence for a 4-Node quadratic mesh type convergence 

rate is of the first order, while for an 8-Node quad mesh is of the second order. Therefore an 8-

Node Quad method, i.e., second-order convergence, was preferred based on the accuracy and 

stability of the solution. The quadratic shape function was chosen because it considers linear 

stress variation, accurately represents curved surfaces, and is less distortion-sensitive. The 

computational time for both cases was 1 minute 34 seconds for the Shell model and 5 minutes 

54 seconds for the Solid model. The mesh convergence check, accuracy of the result, and 

computational time were in good agreement for a mesh size of 150 mm. 

7 Boundary Conditions  

Proper boundary conditions, including supports, loads, temperature, and soil, are essential for 

safe and reliable bridge analysis. This study considers self-weight, ambient temperature, and 

foundation supports for prestressed modal analysis from structural to modal analysis. 

7.1 Standard earth gravity 

The whole bridge structure is under the action of 9880 𝑔/𝑚𝑚2 along −ve (𝑌-axis). Standard 

earth gravity is used to calculate internal forces and stresses caused by the weight of the bridge 

structure and loads, and its constant value is used to calculate the self-weight of the bridge 

structure. 
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7.2 Post Tensioned Load 

The post-tensioning in the Herøysund Bridge consists of tendons along the longitudinal beams, 

as shown in Figure 26. The tendons in the bridge structure are tensioned while exerting a 

compressive force on the bridge structure. Due to the unavailability of tendons' exact locations 

across the geometry, as an approximation, a compressive load is applied at the front face on 

either side of span 3-6. 

  

Figure 26. Post-tensioned system across axis 3 to 6(DEKRA 584522) 

Each cable per the SV document is tensioned with a load of 137 tonnes along the x-axis, i.e., 

Span 3-6 in the longitudinal direction. There are 18 tendons providing post-tensioning force 

𝐹𝑃𝑇 (see, Equation (7.1). Therefore, on each end of the main span, a compressive force 𝐶𝑃𝑇 acts 

at the pillars 3 and 6 directing towards the center. The force can be seen in the equation below. 

𝐹𝑃𝑇 =  𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑝𝑒𝑟 𝑐𝑎𝑏𝑙𝑒 ×  𝑛𝑜. 𝑜𝑓 𝑐𝑎𝑏𝑙𝑒𝑠 ×  𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑖𝑜𝑛𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (7.1) 

𝐹𝑃𝑇 = 137 × 1000 × 18 ×  9806.6 =  24,166,800 𝑁,  

𝐶𝑃𝑇 =  12,083,400 𝑁 

 

7.3 Railing and asphalt load 

The bridge under study has 200𝑚𝑚 railing, i.e., 0.5𝑘𝑁/𝑚 along with asphalt at the top with a 

thickness of 60𝑚𝑚 throughout the span with a load of 25𝑘𝑁/𝑚3 as per the SV V412 Load 

capacity classification of bridges, loads[6]. Based on the classification, the loads across the 

bridge in accumulated form can be calculated as a resultant load at the top deck. For 4𝑚 

transverse span, asphalt load exerted by asphalt is 6𝑘𝑁/𝑚 while the side rails on both sides 

exert a load of 1𝑘𝑁/𝑚. Therefore, the accumulated load becomes 7 𝑘𝑁/𝑚. For the whole span 

this load could be transformed to a result force of 1078000 N for bridge length of 154 m. 
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7.4 Applied Boundary Conditions 

The illustrations of 3D-Solid and Shell model boundary conditions are presented in and Figure 

28, respectively. The base of all seven pillars is fixed to the ground, and a force of 1078𝑘𝑁 

exerted at the top deck. A compressive force of 12,083,400𝑁 is applied as a compressive load 

across pillar 3-6. The body in global coordinate system in under the action of standard earth 

gravity, i.e., 9806.6 𝑚𝑚/𝑠2. 

 

Figure 27. Boundary conditions for 3D Solid model 

 

 

7.5 Solution metrics 

Numerical simulations can accurately predict the behavior of a structure, but it requires a careful 

approach to selecting the right parameters and finding a balance between reliable results, 

efficient simulation time, and level of detail. The following Table 6 shows the computational 

resources used to achieve reliable results in Solid and Shell models. 

  

Figure 28. 3D Shell model boundary conditions 



 

Page 34 of 88 

 

Table 6. Numerical simulation resources used in ANSYS 2023 R1 

Parameters 3D- Solid Shell 

Unit system metric metric 

RAM available, GB 128  128 

I/O to disk, GB 19.5  9.43 

No. of Nodes 1,086,945 118,903 

DOFs 3198967 643243 

Solver type Direct Direct 

Time to solve 5m 54s 1m 34s 

The resource utilization in Solid and Shell numerical models in Table 6 shows that the Shell 

based model requires significantly fewer resources than the 3D- Solid model. The simulation 

for the Shell model takes 4.13 times less time to solve as the number of nodes and DOFs are 

significantly lower; however, the model needs more assumptions than solid. It can also be 

validated that the general element formulation theory of resource utilization is prominently 

visible in the metrics. 
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8 Results & discussion 

This Section presents the structural and modal analysis results that were carried out using 

ANSYS 2023 R1. The numerical modal analysis was carried out for twenty modes, most 

relevant data for structural deformation, mode shapes and modal frequencies are discussed in 

detail for first six modes. It also, incorporates a widely used modal assurance criterion (MAC) 

based comparison of Solid and Shell models. This section will also identify the numerical 

suitability of both modeling strategies for structures of the scale of Herøysund Bridge. 

Reiterating that the study aimed to develop a Shell-based FEM of a post-tensioned Herøysund 

concrete bridge. As part of the ongoing WP1- Structural health monitoring of research project, 

Herøy FoU, the objective was to equip the researchers with numerical modal analysis data to 

compare with on-site experimental vibration data. Therefore, a 3D- Solid and a Shell model 

were created for numerical modal analysis. The investigative parameters under evaluation were 

total deformation, resonant frequencies, and corresponding mode shapes of the Herøysund 

concrete bridge. Deformation analysis 

Under the action of loads, as specified in the boundary conditions Section, the maximum 

deformation occurred in the middle of both 3D- Solid and Shell models. The loads deform the 

top deck where there is the maximum distance from the fixed supports; therefore, the general 

location of deformation is as anticipated. The maximum total deformation obtained in linear 

static structural analysis of the Solid model was 39.978 mm, while in the Shell model, it was 

61.724 mm at the center of the mid-span 3-6 of the bridge shown in Figure 29.  Since the mid-

span 3-6 was 60 m long, i.e., more than any other pillar-to-pillar length. 

As the post-tensioned tendons in the mid-span 3-6 of the bridge are in tension, they exert a 

compressive force on the concrete, allowing resistance to deformation due to self-weight. 

Furthermore, geometrically positive curvature along +y-axis assists in resisting deformation as 

well. The deformation pattern for Solid and Shell models was tested by applying significantly 

low post-tension force. It was observed that the deformation tends to rise from 132.5 mm to 

146 mm, respectively, at 18 times lower post-tension force of 671,253 N than the actual. 

Therefore, it can be deduced that the post-tensioning in the bridge induces more stiffness to the 

structure hence more resistance towards deformation. 

However, it is important to note that the Shell model's maximum deformation is 35.23% more 

than the Solid model's. Numerous aspects, such as geometry, DOFs, stiffness, load distribution, 
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and mesh density, can influence the total deformation in both models. A comparison of models 

for the Herøysund Bridge can be seen in Table 7. 

Table 7. Factors influencing the deformation in Solid and Shell models 

Factors 3D- Solid model Shell model 

Simplified geometry Volume based elements Thin surface elements 

DOFs 3198967 DOFs 643243 DOFs 

Stiffness Distribution Higher Lower 

Boundary conditions Applied to surfaces Applied to edges 

Load distribution Higher loads on surfaces Higher loads on edges 

The 3D- Solid model is 4.97 times stiffer than the Shell model based on DOFs. Therefore Shell 

model has lower overall deformation as compared to the Solid model. Also, the load 

distribution, joints, and constraints across both model types differ in their application to surfaces 

and edges for Solid and Shell models, which is another reason for the deformation magnitude 

difference. 

 

Figure 29. Maximum total deformation for 3D- Solid and Shell model 
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8.1 Modal Analysis 

The numerical modal analysis generates mode shapes and natural frequencies. The lowest 

energy modes, i.e.,  mode one to six, are discussed in this section, the mode shapes for mode 7 

to mode 20 for solid and shell models could be found in Appendix IV.  In numerical modal 

analysis, mode shapes characterize the displacement pattern, whereas natural frequencies 

represent the oscillation frequency at each mode. For complicated constructions like the 

Herøysund Bridge, FEM calculates the natural frequency and identifies mode shapes. There are 

three primary mode shapes; flexural (bending), transverse, and torsional, also known as the 

twist. The significance of each mode type can vary substantially based on the bridge's design, 

materials, location, and load types. For the Herøysund Bridge, a severity matrix can be seen in 

Table 8 based on the importance of each mode in the design criteria. A brief overview of all 

three mode shapes for Solid and Shell models can be seen listed in Table 9. 

Table 8. Severity mode shape matrix against design parameters 

Design factor / Mode shape Flexural (bending) Transverse Torsional (twist) 

The integrity of the structure High High Medium 

Pedestrian comfortability  High High Medium 

Complexity of design High Medium Medium 

Monitoring and maintenance High High High 

Table 9. Mode types and affected characteristics 

Characteristics \ Mode Type Flexural (Bending) Transverse Torsional (Twist) 

Nature of Motion Up and down Side to side Twisting 

Primary Causes Self-weight and load Self-weight and load Uneven weight distribution 

Impact on Structure Deflection, cracking Lateral instability Twisting, warping 

Frequency Lowest Higher than flexural Higher than flexural and transverse 

Design Considerations Material selection, geometry Wind barriers, damping Symmetry, torsional stiffness 

8.1.1 Mode shapes and frequencies of 3D- Solid model 

The Herøysund Bridge also shows the primary mode shapes for the 3D- Solid model in Figure 

30. The nature of modes shows a similar general pattern of modes for structures. The first mode 

of Herøysund Bridge is also the flexural mode (first fundamental mode). The reason is that the 

flexural mode is a primary vibrational mode that requires the least energy for excitation with 

equal mass distribution, resulting in the whole structure exciting cohesively. Since the natural 

frequency is inversely proportional to the square root of mass, as described by the equation 

below; 

𝜔𝑛 =  
1

2𝜋
√

𝑘

𝑚
, 

(8.1) 
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where, 𝜔𝑛  represents the natural frequency of the system, 𝑘  is the spring constant, and 

𝑚 represents the mass of the system. The overall frequency magnitude required to cause 

longitudinal bending or flexure is low. The first flexural mode shown in Figure 30a is the first 

fundamental mode with the least resonant frequency magnitude of 1.3486 Hz, i.e., with the 

highest wavelength. The high wavelength means a slight variation in modal displacements 

across the structure. Therefore, the first flexural mode shape also depicts deformation in one 

section only, i.e., mid-span. Similarly, the second and third flexural modes represent two and 

three crests oscillating in opposite directions. 

The lowest energy state is the energy required to oscillate a structure [25]. In the bridge structure 

under investigation, the second lowest excitation energy state occurred for transverse bending 

mode at 1.6808 Hz in Figure 30b. The third and fourth lowest energy states were found for the 

second flexure at (2.5177 Hz) and the first twist mode at (3.3022 Hz) in Figure 30(c &d). 

Moreover, the fifth and sixth lowest energy states occur for the second twist at (3.4874 Hz) and 

the third flexural mode at (3.6568 Hz) in Figure 30(e & f). In general, the excitation frequency 

for each mode shape increases while the wavelength decreases. Thus, it was deduced that the 

displacement variation is multiplying, i.e., more upward (crests) and downward (troughs) 

oscillations with increasing frequency. Another significant finding was that the mode shapes at 

higher frequencies showed flexure, transverse, and torsional modes combinations.  
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Figure 30. 3D- Solid model first six mode shapes 

However, the most vulnerable frequencies for a structure are the lowest achievable frequencies, 

so the first six mode shapes are shown in Figure 30. The resonant frequencies for the first twenty 

modes can be seen in Table 10. 

Table 10. 3D- Solid model first twenty modes with corresponding resonant frequencies 

Modes and Frequencies 

Modes 1 2 3 4 5 

Frequency (Hz) 1.3486 1.6808 2.5177 3.3022 3.4874 

Modes 6 7 8 9 10 

Frequency (Hz) 3.6568 4.4578 4.7402 6.1745 6.7829 

Modes 11 12 13 14 15 

Frequency (Hz) 7.0255 7.3416 7.3879 7.6387 9.6832 

Modes 16 17 18 19 20 

Frequency (Hz) 9.6869 10.143 10.612 12.005 13.08 

(a) (b) 

(c) (d) 

(e) (f) 
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8.1.2 Mode shapes and frequencies for the Shell model 

Similar to the Solid model, the excitation frequency for each mode shape increases while the 

wavelength decreases. In the bridge Shell model under investigation, the first flexural mode 

shown in Figure 32 is also the first fundamental mode with the lowest resonant frequency 

magnitude of 1.2773 Hz in Figure 31a, i.e., with the highest wavelength. The second lowest 

excitation energy state was also found to occur for transverse bending mode at a frequency of 

1.5415 Hz in Figure 31b. The third and fourth lowest energy states for the first twist mode 

(2.5447 Hz) and second flexure (2.5613 Hz) are in Figure 31(c&d). Moreover, the fifth and 

sixth lowest energy states for the second twist (3.0333 Hz) and third flexural mode (3.7280 Hz) 

are in Figure 31 (e&f), respectively. 

 

Figure 31. Shell model first six mode shapes 

The mode shapes at higher frequencies again show a combination of flexure, transverse and 

torsional modes in the Shell model. However, the sequence of mode shapes in the Shell model 

(a) (b) 

(c) (d) 

(e) (f) 
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does not undergo exact modal excitation as in the Solid model. It was found that the first twist 

mode in the Shell model occurs at a frequency of 2.5447 Hz, and it has the third lowest 

frequency, followed by the second flexure at 2.5613 Hz and then the second twist at 3.0333 Hz. 

Since a structure needs much more energy to twist than it needs for bending, it is deduced that 

the lower stiffness of the Shell model has a primary contribution to this variation. The frequency 

at which the Solid model undergoes the second flexure and the Shell model undergoes the first 

twist. The differences will be further analyzed in the modal assurance criteria comparison 

Section. Moreover, the first twenty resonant frequencies for the Shell model can be seen in 

Table 11. 

Table 11. Shell model first twenty modes with corresponding resonant frequencies 

Modes and Frequencies 

Modes 1 2 3 4 5 

Frequency (Hz) 1.2773 1.5415 2.5447 2.5613 3.0333 

Modes 6 7 8 9 10 

Frequency (Hz) 3.728 3.9371 4.2565 4.5244 4.9784 

Modes 11 12 13 14 15 

Frequency (Hz) 5.502 6.584 6.9045 7.4243 7.5512 

Modes 16 17 18 1 20 

Frequency (Hz) 7.6499 8.5219 8.7959 9.8551 9.9871 

9 Modal assurance criteria analysis 

The Modal Assurance Criterion (MAC) is a quantitative/statistical method of comparing mode 

shapes. It produces a similarity matrix that compares mode shapes for different numerical 

models or quantifies the similarity between numerical and experimental data. Its ability to 

normalize the mode shapes to a common scale provides a sound base for a reliable comparison 

of two models using FEM [43]. 

This study implemented the MAC to compare the mode shapes for 3D-Solid and Shell models. 

The MAC value of “one” represents a perfect match between modes, meaning the modes have 

identical shapes and phases, while “zero” represents no correlation between mode shapes. The 

scalar comparison depicts the similarity percentage between modes establishing “one” & “zero” 

as match percentage maxima and minima, respectively. The MAC matric for the Solid vs. Shell 

model is generated using ANSYS 2023 R1 NVH MAC Toolkit. That is plotted against their 

corresponding modal frequencies, as in Figure 32. MAC Index matrix for Solid and Shell model 

matched modes. In the matrix, each modal frequency of the Solid model (along the y-axis) 

corresponds to the Shell model (along the x-axis) with similarily index ranging from 0 to 1. 
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Figure 32. MAC Index matrix for Solid and Shell model matched modes 

The similarity percentages for each mode can be seen listed in Table 12 for a better 

understanding of the MAC matrix. The similarity percentage in MAC between 0.8 - 1 is 

considered a good agreement between the two numerical models in the MAC analysis. 

Table 12. MAC Index of Solid and Shell mode shapes 

Freq. 

Solid model 

(Hz) 

Mode 

No. 

Freq. 

Shell model 

(Hz) 

Mode 

No. 

Abs. Freq. error 

(Hz) 

Rel. Freq. error 

(%) 
MAC 

Relative 

Similarity 

1.35 1 1.28 1 0.07 5.58 0.99 High 

1.68 2 1.54 2 0.14 9.04 1 Max. 

3.49 5 2.54 3 0.94 37.05 0.84 Lower 

2.52 3 2.56 4 -0.04 -1.7 0.99 High 

3.3 4 3.03 5 0.27 8.86 0.95 High 

3.66 6 3.73 6 -0.07 -1.91 0.97 High 

4.46 7 4.52 9 -0.07 -1.47 0.98 High 

7.03 11 4.98 10 2.05 41.12 0.83 Lower 

7.34 12 7.42 14 -0.08 -1.11 0.95 High 

The MAC values are highly sensitive to large differences in shapes. The comparison shows 

very low discrepancies in the mode shapes for the models being compared. Similar to the 

finding in the total deformation, the mode shapes for the Shell model show a difference in mode 

shape sequence for the 3rd, 4th, and 5th modes. However, it is found that despite having a 
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difference in the sequence of mode shape occurrence, the modal frequencies are in good 

agreement for both the models, with a maximum similarity of 100% for mode 2 (Solid and 

Shell) and minimum similarity of 83% for mode 11 & 10 in Solid and Shell models respectively. 

A decent agreement was found for nine mode shapes in total among the first twenty modes.  

It is important to note that for structures such as Herøysund Bridge, the lowest frequencies are 

of the highest importance. The reason is that the energy of excitation required for these modes 

is low, which can primarily cause the induced frequencies by external loads and environmental 

conditions to coincide with the system's natural frequencies [43]. It can result in resonance or 

even structural failure; however, a detailed study is required to identify the system's 

experimental frequencies to interpret the possibility of resonance. 

The comparison of mode shapes shows that despite having approximations and assumptions in 

the Shell model, the MAC for both models shows good agreement for the concerned mode 

shapes and corresponding modal frequencies. The built-in property of normalizing the 

deformation vectors at each node of models in MAC allows reaching this conclusion. 

Normalization means the sum of squares of element deformation values equals 1 [43]. This 

characteristic makes MAC independent of mode magnitudes and compares mode shapes. A 3-

D representation of mode shapes similarity can be seen in Figure 33. 

 

Figure 33. 3D MAC representation for Solid and Shell models 
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9.1 Comparison of modal frequencies 

This sub-section discusses the MAC comparison of 3D-Solid and Shell models. The mode 

shapes listed in Table 8. Severity mode shape matrix against design parameters will be 

compared for models, to identify the similarity index. 

9.1.1 First Flexural mode 

The first flexural mode for Solid and Shell models occurs at 1.3486 Hz and 1.2773 Hz, 

respectively, shown in Figure 34 below. The fundamental or first bending mode frequencies 

depict the deformation at the lowest excitation energy, with a match percentage of 99% and an 

absolute frequency error of 0.07 Hz. The first mode for Solid and Shell models is almost 

identical and has a high degree of similarity. 

 

Figure 34. Flexure mode comparison for Solid and Shell model 

9.1.2 First transverse bending mode 

For Solid and Shell models, the transverse mode (bending perpendicularly to the longitudinal 

axis) occurs at frequencies of 1.6808 Hz and 1.5415 Hz, respectively, as shown in Figure 35 

below. The frequencies depict the deformation at the second lowest excitation energy, with a 

match percentage of 100% and an absolute frequency error of 0.14 Hz. It means the second 

mode for the Solid and Shell models is identical and has maximum similarity. 
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Figure 35. Transverse mode comparison for Solid and Shell model 

9.1.3 Twist mode 

The twist mode for both models occurs at frequencies of 3.4874 Hz (mode 5) and 2.5447 Hz  

(mode 3), respectively, as sown in Figure 36, with a match percentage of 84% and an absolute 

frequency error of 0.94 Hz. It is important to mention that the order of mode shape sequence is 

affected by modeling differences, numerical precision, and complexity of modes(cite). It 

implies that the twist mode for Solid and Shell models has significant similarity but is lower 

than other mode shapes. 

 

Figure 36. Twist mode comparison for Solid and Shell model 

9.1.4 Second flexural mode 

The second flexure mode for both models occurs at 2.5177 Hz (mode 3) and 2.5447 Hz  (mode 

4), respectively, as shown in Figure 37, with a match percentage of 84% and an absolute 

frequency error 0.94 Hz. It means that the second flexure mode for Solid and Shell models is 

almost identical and has a high degree of similarity in the behavior of the physical structure. A 

similar sequential mode shape difference exists for the second flexure mode. 
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Figure 37. Second Flexure mode comparison for Solid and Shell model 

9.1.5 Second twist mode 

The second twist mode for both models occurs at 3.3022 Hz (mode 4) and 3.3033 Hz (mode 5), 

respectively, as shown in Figure 38, with a match percentage of 95% and an absolute frequency 

error 0.27 Hz. The second flexure mode for Solid and Shell models is also almost identical. A 

similar sequential mode shape difference exists for the second twist mode. 

 

Figure 38. Second twist mode comparison for Solid and Shell model 

9.1.6 Third flexural mode 

The third flexure mode for both models occurs at 3.6568 Hz (mode 6) and 3.7280 Hz  (mode 

6), respectively, as shown in Figure 39, with a match percentage of 97% and an absolute 

frequency error 0.94 Hz. That implies that the second flexure mode for Solid and Shell models 

is almost identical and highly similar. 
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Figure 39. Third flexure mode comparison for Solid and Shell model 

Further results with normal stress, modes seven to twenty and MAC comparison for other mode 

shapes can be seen attched in Appendix IV. 

9.2 Conrtibution of modes in Solid and Shell model  

The participation factor and effective mass are two metrics for assessing the mass movement 

of each mode along the x, y, and z axes. A bigger number indicates that oscillations in that 

direction may be able to leave the mode. Both the parameters actually identify the same mode 

that has maximum contribution in modal analysis.  

9.2.1 3D Solid model excitation participation modes 

The modes identifed in the numerical simulations for solid 3D model can be seen in the Table 

13. 

Table 13. Participartion modes for translational and rotatonal participation of modes 

Excitation Participating modes Effective mass ratio 

X-Direction 1, 3, 4, 7, 8, 9, 14, 15, 17, 19 84.11% 

Y-Direction 1, 3, 4, 7, 8, 9, 14, 15, 17, 19 40.67% 

Z-Direction 2, 6, 8, 9, 10, 11, 12, 13, 16, 18, 20 65.41% 

X-Direction 2, 7 56.02% 

Y-Direction 2, 8 56.38% 

Z-Direction 2, 5, 6, 10, 11, 12, 18, 20 37.92% 

Overall, the combined modal mass, kinetic energies and translational effective masses show 

significant contribution from mode 2 and mode 8, followed by mode 9, 16, 18 and 20 

respectively, and can be seen in Figure 41. 
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Figure 40. Effective masses summary for extracted modes 

9.2.2 Shell model excitation participation modes 

The modes identifed in the numerical simulations for solid Shell model can be seen in the table 

Table 14. Shell model participartion of modes 

Excitation Participating modes Effective mass ratio 

X-Direction 1, 4, 6, 9, 13, 14, 16, 17, 19, 20 72.79% 

Y-Direction 1, 4, 6, 9, 13, 14, 16, 17, 19, 20 43.23% 

Z-Direction 2, 3, 5, 7, 8, , 10, 11, 12, 13, 16, 15, 18 70.30% 

X-Direction 2, 6  58.33% 

Y-Direction 2, 8 60.76% 

Z-Direction 2, 10, 11, 12, 15 36.05% 

Overall for shell model as well, the combined modal mass, kinetic energies and translational 

effective masses show significant contribution from mode 2 and mode 8, followed by mode 10, 

12, 17 respectively. 
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Figure 41. Effective masses summary for extracted modes 

The detailed participation factors extracted from ANSYS for both models can be seen in 

Appendix VII. 

 

 

 

10 Conclusion  

The primary aim of this thesis was to provide an in-depth numerical prestressed modal analysis 

of 3D Solid and Shell models utilizing finite element modeling for Herøysund Bridge design. 

FEM was used to accurately predict structural deformations, modes, shapes, and modal 

frequencies in a post-tensioned concrete bridge structure. Developing a 3D solid model and 

extracting the Shell model through mid-surfacing yielded high similarity between models. 

Developing a 3D solid model and extracting the Shell model through mid-surfacing yielded 

high similarity between models. The Shell model requires geometrical simplifications due to 

the different element types used in numerical simulation. The mass and volume control for 

models resulted in a percentage difference of 1.028% which was negligible; however, the Shell 

model resulted in a mass distribution difference across the structure. 
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Structural analysis revealed distinct deformations for 3D Solid and Shell models, with Shell 

models allowing more deformation than the solid model. Another significant finding was that 

the defined joints, instead of default bonded joints, allowed the bridge connections to deform 

realistically. The total deformation for the Solid model was in good agreement with the 

structural calculations from AAS Jacobsen validating the Solid model. The total deformation 

of the 3D Solid model yielded a better representation of the physical structure. The prestressed 

modal analysis revealed distinct mode shapes and modal frequencies for 3D Solid and Shell 

models. The study also explored differences in the modal frequencies across various modes, 

including flexural, transverse bending, and twist modes. The MAC correlation for Shell vs. 

Solid found that the MAC correlation for nine modes out of twenty was in good agreement. 80-

100%. Although the mode shapes were identical, it was also revealed that they appeared in 

different sequences for the shell model because of the mass distribution difference across 

different spans. Despite the comprehensive analysis, the study had limitations such as limited 

post-tensioned tendons details leading to assumption, shell model geometrical limitations 

leading to mass distribution difference, time constraints to dive deeper, and approximations in 

applying boundary conditions in ANSYS. The findings are significant for Herøysund Bridge 

since the data obtained for both models will significantly contribute to comparing experimental 

vibration data with numerical results. This study also signifies the credibility of the 3D Solid 

model strategy for complex concrete structures such as the Herøysund Bridge. Finally, the 

insights derived in this study underscore the importance of FEM in revolutionizing bridge 

design, leading to efficient and more reliable structures. 

11 Future work  

Future work could extend the current research by incorporating different load scenarios, 

exploring other types of FEM modeling, or applying the methods to other bridge structures. A 

few suggestions are as follows:  

1. The numerical results obtained in the thesis study could be compared OMA activity to 

validate the resonant frequencies of the physical structure. 

2. The numerical analysis of Herøysund Bridge could be conducted incorporating the 

dynamic loading conditions such as wind, siesmic, traffic loads. 

3. The geometric methodology used in this study could be used for other concrete bridges 

to identify the best methodology for comparable bridge constructions. 
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4. A parametric study for Herøysund Bridge could be carried out to identify the sentivity 

of parameters affecting mode shapes, deformation and modal frequencies of post-

tensioned tendons. 

5. An in-depth numerical model of the bridge could be developed with consideration of 

non-linear affects caused by friction, post-tensioned tendons and dynamic loads. 

6. A dynamic simulation of bridge could be performed with induced cracks currently 

present  
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Site Visit 

A Master's thesis is an important step in a student's career as it highlights their expertise and 

ability to conduct independent research. I was given the opportunity to collaborate with 

Nordland fylkeskommune and Statens Vegvesen on the Shell type Finite Element Modelling 

of Herøysund Bridge, and to visit Nordland fylkeskommune in Vefsn Municipality, Mosjøen. 

During their two-day visit, they met with an exceptional team of experts dedicated to improving 

the structural health monitoring of bridges in Norway. I was motivated by the zeal and vigor of 

the Nordland fylkeskommune team as a whole, and is confident that with a strong relationship 

between university and industry and sufficient funding, we can develop safe, reliable, and 

innovative bridges across Norway. 

The visit helped me gain a thorough look at the Herøysund Bridge. It helped understanding the 

structure better in terms of joints, configuration, design understanding and overall structural 

repair zones. The visit also, contributed in the development of a comprehensive CAD model, 

that was one of the core requirements of this study. 
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BADagen Presentation 

At UiT Norway The Arctic University's Building and Architecture (BA) Day, Patrick and I 

presented our master's thesis to the industry leaders, including Multi-Consult and SINTEF. The 

event, aimed at fostering sustainability in the construction sector, provided an opportunity for 

me to emphasize on the importance of bridge health monitoring. The presentation emphasized 

the need for formal investigations and specialized skills in the numerical analysis of bridges, 

resonating with the EU's mandate for 70% recyclability or reusability of construction waste. 

Feedback from these industrial leaders was constructive and instrumental in fostering dialogue 

around efficient and sustainable solutions in construction. 
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Appendix I 

Construction classification and methods 

Construction in Sections 

The Balanced Cantilever Method It entails erecting box girder segments on each side of the 

pier table in order to balance them. During construction, the segments act as a cantilever 

supported at the site of the pier table. This is a frequent way for constructing bridges with large 

spans that are difficult to reach. It is appropriate for usage in regions with limited access and 

offers superior segment alignment control. 

The Incremental Launching Method enables the longitudinal construction of box girder 

bridges by casting parts on the ground and launching them into place using a launching nose. 

This approach is ideal for the building of straight bridges, since the mechanism used to move 

the bridge segments needs a clean, straight surface. In addition, the approach can only be 

employed in places where the launching nose has adequate clearance. It entails constructing 

each bridge span sequentially, beginning with one abutment and progressing to the next. 

Construction in spans 

Full Staging Method, Until the concrete has adequate strength, the whole dead weight of 

concrete, formwork, and falsework is supported throughout the complete spans of the bridge. 

This approach is often used for bridges with intermediate spans and restricted clearance, while 

the usage of continuous tendon is restricted for bridges with lengthy spans. 

The Movable Scaffolding Method is a variation of the Span-by-Span Method in which the 

scaffold moves as each span is constructed. This approach is well suited for the construction of 

long-span bridges that need continuous support. The approach offers excellent segment 

alignment control and is especially beneficial in regions with restricted clearance. On the basis 

of building phases defined by construction joints, structural analysis is performed. 
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Appendix II 

Construction methods 

Reinforced concrete bridges: 

The use of reinforced concrete was another significant advance in the history of concrete bridge 

construction in Norway. The addition of steel reinforcing to the concrete boosted the strength 

and durability of the bridge construction dramatically. During the 1920s and 1930s, reinforced 

concrete became increasingly popular in Norway, and it was used to build many significant 

bridges[12]. 

 

Figure 42. Reinforced concrete bridge [13] 

Incremental launching method bridges 

The incremental launching method of concrete bridge construction was developed in Norway 

in the 1960s and 1970s. This method entailed building the bridge in parts on one side of the 

river and then lifting each component out over the water with hydraulic jacks. This resulted in 

speedier and more efficient construction and less traffic disturbance during the development 

period.  
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Figure 43. Incremental launching method [14] 

Norway now employs a variety of sophisticated concrete bridge construction methods, 

including cable-stayed bridges, segmental construction, and innovative formwork systems. 

These approaches enable the building of longer, more complicated, and aesthetically beautiful 

bridge constructions while keeping the strength and durability demanded by the severe 

Norwegian climate[15]. 

Precast concrete bridges 

The use of precast concrete parts was one of the early technologies of concrete bridge 

construction in Norway. Off-site precast materials, such as beams and slabs, were built and 

delivered to the construction site, where they were combined to form the bridge framework. 

This technology facilitated faster construction and minimized on-site labor[16]. Cast concrete 

girder bridges emerged in the early 20th century as a response to the limitations of earlier bridge 

designs. The first known example was built in San Francisco in 1907. They became increasingly 

popular during the mid-20th century due to demand for infrastructure and advancements in 

construction technology. Today, they are a common type of bridge used in a wide range of 

applications due to their durability, strength, and ease of construction. 

 

Figure 44. Precast concrete bridge schematics [17] 
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Appendix III 

Section A 

FEM case studies in bridge industry 

FEM techniques play a vital role in the precise analysis of concrete bridges by accurately 

modeling their complex structure and predicting their behavior under various loading scenarios. 

In addition, FEM can assess the effects of deterioration due to environmental factors, including 

corrosion and loss of material strength, to ensure the longevity and safety of these critical 

infrastructure assets. 

Researchers at Southwest Jiaotong University developed a novel nonlinear analysis model that 

was created to examine the effects of creep and shrinkage on long-span prestressed concrete 

box girder bridges in a comprehensive manner. This model incorporated the three-dimensional 

(3D) features of the structure and the progression of girder degradation. To test the accuracy of 

the model, a user defined ABAQUS model was used to create a corresponding numerical 

analysis approach, which was then compared to conventional experimental data. As an 

engineering example, the concept was applied to a continuous rigid frame bridge with a primary 

span of 220 meters. The analytical results were compared to long-term deflection data acquired 

on site. The investigation determined that the 3D characteristic and nonlinear property of creep 

had a substantial effect on the prediction of long-term deflection[21]. 

Federal University of Rio Grande do Sul, Brazil researchers studied the simulation of the 

various phases of the construction of a prestressed concrete cable-stayed bridge by employing 

the progressive cantilever method, the Finite Element Method (FEM), and ANSYS with a 

modified USERMAT3D subroutine to introduce viscoelastic models that account for creep and 

shrinkage, and concrete cracking. The FEM model accurately reflects the pylon, deck, and stay-

cables of the bridge. The findings of the vertical displacements of the deck and the history of 

forces in the stay-cables were compared to measurements taken during the actual building of a 

bridge, revealing a high degree of consistency. In addition, the analysis revealed the horizontal 

displacements of the pylon and the stress-strain history in the concrete during the building 

sequence, which, despite the addition of viscous effects, exhibiting good agreement[22]. 

The researchers at Chalmers University of Technology developed a method for analyzing the 

load-carrying capacity of prestressed concrete bridges under shear and torsion. The method 

used Shell elements with embedded reinforcement and nonlinear material models, and its ability 
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to predict shear-type cracking and failure were verified. The evaluation of a box-girder bridge 

demonstrated accurate estimates of shear response and capacity. The proposed method 

outperformed conventional evaluation techniques, and semi-probabilistic forms were 

recommended for non-linear finite-element analysis. This study provides evidence for the 

reliability of the proposed method in assessing the load-carrying capacity of prestressed 

concrete bridges under shear and torsion.[23]. 

University of New South Wales Canberra researchers proposed a new finite element model for 

analyzing the structural behavior of fiber-reinforced polymer (FRP)-strengthened steel-

reinforced concrete (RC) beams under cyclic loading. The model considered all beam 

components and accounted for the nonlinear material properties of concrete and steel rebars. 

The developed model was validated against experimental results and was found to be effective 

for analyzing FRP-strengthened RC beams under cyclic loading. Parametric studies were 

conducted to investigate the effects of FRP types, thicknesses, and lengths on the structural 

behavior of beams using the new model. The research findings were summarized, and the 

proposed finite element model provided a reliable tool for analyzing the structural behavior, 

supporting the development of design guidelines for FRP strengthening applications in 

practice[24]. 

Section B 

FEM Process 

Idealization  

In FE analysis, a structural model is created by simplifying the actual structure, including 

geometry, boundary conditions, and loads. Concrete structures often assume linear elasticity 

and simplified supports, but considering support stiffness is crucial for realism. The engineer 

must make accurate modeling assumptions to avoid significant impact on results[34]. 

Discretization 

is a variant of the Span-by-Span Method in which the scaffold moves as it constructs each span. 

This approach is ideal for constructing long-span bridges that need constant support during 

construction. The approach offers precise control over segment alignment and is especially 

beneficial in places with restricted clearance. On the basis of construction joints, structural 

analysis is performed depending on building phases [35]. 
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Element analysis  

In the third phase, element approximation and element stiffness are calculated using a base 

function and numerical integration to achieve accurate integration across the specified 

integration points. Even with sufficient integration points, the integration is an approximation 

since the integration of rational functions does not produce accurate answers [34]. 

Structural analysis 

A stiffness matrix is computed in the fourth phase by integrating the stiffness matrices of 

individual components with equilibrium conditions and geometry criteria. The equation system 

is solved for the full structure, however rounding mistakes may arise due to the limited amount 

of significant digits that computers can use. 

Post-processing 

In the fifth phase, stress components are estimated for all elements in the integration points, 

which are often not positioned at the element nodes but rather at a distance within the element 

using techniques such as Gauss integration. The most accurate results may be obtained at the 

integration points, however they are often shown at the element nodes. Using the element base 

functions, integration point outcomes are extended to nodes. An element with a higher order 

approximates a linear elastic analysis more accurately. Typically, each node is linked to many 

elements, and the node result is determined as the mean of each element's contribution. 

Consequently, the aforementioned post-processing findings are imprecise and include rounding 

mistakes [35]. 

Results 

In the last phase, the FE analysis findings are submitted to further scrutiny. Due to the 

consideration of the actual behavior of the structure, this may result in substantial uncertainty. 

Generally, the output data from 2-D frame analysis is manageable for big models, however it 

is commonly challenging and occasionally impossible to examine the output data from 3D Shell 

analysis. A mix of words, numbers, and iso color charts may offer a more accurate description 

of the data [36]. 
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Section C 

Finite element model formulations 

Link elements are 1-D elements with two or three nodes, while Shells are 2-D elements with 

triangular or quadrilateral forms and three or four nodes. If the element has mid nodes, 

triangular elements may include up to six nodes and quadrilateral elements may contain up to 

eight nodes. The maximum number of nodes for tetrahedrons, hexahedrons, and pentahedrons 

are ten, twenty, and fifteen, respectively. Although engineering structures are generally 

classified as 1-D, 2-D, or 3-D, the majority of structures have a finite value in all three 

dimensions. For example, a string is a 1-D structure, but it has a finite cross-sectional area, and 

paper is a 2-D structure, but it has a limited thickness. Specific physical measures, like strength, 

may not have meaningful values in certain dimensions. For example, a string may be strong 

when tugged, yet it provides little support in other directions [49]. 

 

Figure 45. Elements and nodes representation in terms of dimensions [49] 

The premise behind the finite element approach is that a complex structure may be broken down 

into a limited number of smaller "elements." These components have predictable or 

conceptually predictable behaviour and may be used to replicate the behavior of the structure. 

This notion is intuitively plausible, yet it poses important questions that need a certain degree 

of mathematical accuracy to answer. Consequently, the development of finite element 

approaches requires a rigorous mathematical strategy. 

 

Figure 46. Finite element formulation basis in a mesh space[49] 
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The finite element approach divides the physical world into discrete elements, as seen in Figure 

8's bold line. The location and connection of nodes establish the form of the elements, and for 

basic triangle elements, three nodes are needed to specify the shape and position. The 

placements of the four corner nodes form quadrilateral items, while additional nodes may be 

used to construct components with more complexity. Each node has six degrees of freedom in 

three dimensions, including translation and rotation along each of the three global axes, when 

the structure is loaded. The amount of active degrees of freedom at each node is dependent on 

the formulation of the connecting components; for the membrane depicted in the x-y plane, 

each node has two active degrees of freedom: translation in the x and y directions. Therefore, 

the exhibited finite element model has 30 degrees of freedom, which is equivalent to 15 nodes 

with two degrees of freedom apiece, or 30 DOFs [50]. 

Computational implementation of FEM 

Linear static analysis  

The fundamental equation to be solved by the finite element method for structures under static 

loads is expressed as follows. 

[𝐾] [𝑢] = [𝑓] 

Here, K denotes the stiffness matrix of the structure, which is a combination of the stiffness 

matrices of the constituent elements. The vector u represents the displacement vector, whereas 

the vector f represents the vector of loads applied to the structure. This equation represents the 

balance between external and internal forces. For instance, in case of a 3 DOF the matrix 

notation could be written in the form of a 6×6 stiffness matrix representing horizontal, vertical, 

and in-plane rotation. 

 

If displacement boundary conditions are not used to fix the rigid body degrees of freedom of 

the model, the stiffness matrix is singular. Direct or iterative solvers are commonly used to 

solve the equilibrium equation. By default, the direct solver concurrently solves the unknown 
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displacements using a Gauss elimination approach that optimizes computing performance by 

using the sparsity and symmetry of the stiffness matrix, K. Alternately, a preconditioning 

conjugate gradient iterative solver may be used. In terms of speed, the iterative solver may 

outperform the direct solution, particularly for thick-walled structures. Solid structures [51]. 

Once the unknown displacements at the nodal locations of the elements are identified, the 

constitutive relations of the material may be used to compute the stresses. For linear static 

analysis, when deformations lie within the elastic range, it is assumed that stresses,, are linear 

functions of strains,, according to Hooke's law. 

 

Figure 47. Hooke's law for linear behaviour 

Hooke's law can be stated as 

𝜎 = 𝐶 𝜀  

where 𝐶 represents the elasticity matrix of the material. The strains, ε, are a function of the 

displacements. 

 

It is convenient to represent the computational algorithm for a linear static case however, the 

nonlinear static case involves higher order equations and mathematical notations. The scope of 

this study is to numerically analyse the linear and nonlinear cases for Solid and Shell models 

of concrete bridge. Therefore, the brief mathematical model is summarised below. 
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Non-Linear Static analysis 

Nonlinear analysis in the context of finite element methods involves solving structural problems 

that exhibit nonlinear behavior. Nonlinear behavior refers to the situation where the response 

of a structure is not proportional to the applied load, and may include large deformations, 

material nonlinearity, geometric nonlinearity, or contact nonlinearity. Hooke’s law illustration 

in the following figure represents the non-linear behavior. 

 

Figure 48. Hooke's law illustration for non-linear behavior 

To obtain an accurate solution for a nonlinear problem, the analysis is typically performed in 

small increments. At each increment, the equilibrium equation is solved using a suitable 

numerical method, such as Newton's method, and a corresponding increment size is selected. 

The incremental approach allows for the nonlinearity of the problem to be captured and for a 

more accurate solution to be obtained. An important consideration in nonlinear analysis is the 

choice of time increment. Many finite element software systems, including ANSYS, have an 

automated time increment control that assesses the difficulty of convergence at the current 

increment. If the determined number of iterations matches the ideal number of iterations for 

convergence, the following increment uses the same increment size. If fewer iterations are 

necessary, the increment size is raised; if too many iterations are necessary, the current 

increment is tried again with a lower increment size. ANSYS can do nonlinear analysis using 

either small displacement or large displacement analysis. Commonly employed to solve 

nonlinear equilibrium equations, the Newton technique permits a quadratic rate of convergence 

for smooth solutions. Additionally, ANSYS gives extra user control choices for configuring 

automated time increments, providing for greater analysis process flexibility. 
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Appendix IV 

3D Solid model results 

Normal Stress 

 

Modal Analysis remaining modes 

Mode 7 
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Mode 8 

 

Mode 9 

 

Mode 10 
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Mode 11 

 

Mode 12 

 

Mode 13 
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Mode 14 

 

Mode 15 

 



 

Page 72 of 88 

Mode 16 

 

Mode 17 

 

Mode 18 

 

Mode 19 
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Shell model results 

Normal stress 

 

Shell model modes 

Mode 7 

 

Mode 8 
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Mode 9 

 

 

Mode 10 

 

Mode 11 
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Mode 12 

 

Mode 13 
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Mode 15 
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Mode 18 

 

 

 

Mode 19 

 

Mode 20 
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MAC for remaining modes solid vs shell model 
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MAC chart  for all twenty modes 

 



 

Page 82 of 88 

 

  



 

Page 83 of 88 

Appendix V 

Eurocode regulations 

Linear and non-linear FE analysis 

Eurocode 2, CEN (2001) recommends approaches for determining the force distribution in a 

structure, which include linear elastic analysis, and non-linear analysis for concrete structures. 

When designing concrete structures in the serviceability limit state (SLS), it is recommended 

to use either linear elastic or non-linear analysis while considering the geometry and properties 

of each component [38]. Non-linear analysis accurately assesses the effects of cracking on 

concrete structures in the service state, while linear elastic analysis is applicable only to 

uncracked structures or those in the ultimate limit state(ULS) [52]. 

EN 1992-1-1 provide guidelines for both linear and non-linear analysis of concrete structures. 

In Eurocode 2, Section 5.2.1 offers guidance on using linear analysis to assess overall behavior, 

while Section 5.2.2 outlines requirements for non-linear analysis in extreme loading or non-

linear behavior. Furthermore, Eurocode 2, Section 7.4 provides requirements for non-linear 

analysis of ULS, and Section 7.5 provides requirements for both linear and non-linear analysis 

of SLS [38]. 

3D-Solid and Shell elements 

EN 1992-1-1 recommends 3D-Solid elements for FEM analysis of concrete structures, 

including bridges. This method accurately accounts for complex geometries, stress 

distributions, and non-linear material behavior such as cracking and crushing. However, 3D-

Solid elements can be computationally expensive for large and complex structures. Therefore, 

the FEM method choice should balance accuracy and computational efficiency according to 

project requirements. 

EN 1992-1-1 Annex B permits the use of 3D-Solid elements for FEM analysis of concrete 

structures. However, 3D Shell elements may be suitable for structures with thin or curved 

elements that require high-resolution modeling to reduce computational time and resources. 3D 

Shell elements offer accurate results but may not be suitable for complex geometries or highly 

non-linear structures [38]. 

  



 

Page 84 of 88 

Appendix VI 

Modal analysis in concrete bridges 

Modal analysis techniques 

The vibration analysis of concrete girder bridges can be performed using various techniques, 

including analytical, numerical, and experimental methods. Here are some general methods that 

are commonly used in vibration analysis of concrete girder bridges. 

Mode shapes and natural frequencies: The vibration of a concrete box girder bridge can be 

decomposed into a sum of sinusoidal waves, each with a different amplitude, frequency, and 

phase. These sinusoidal waves are called modes, and the frequency at which they vibrate 

naturally is called the natural frequency. The mode shapes and natural frequencies can be 

calculated analytically or numerically. 

Modal superposition: Modal superposition is a technique used to calculate the response of a 

concrete box girder bridge to a complex input signal. It involves calculating the response of 

each mode individually and then adding them together to obtain the total response. 

Response spectrum analysis: Response spectrum analysis is a method of analyzing the 

response of a concrete box girder bridge to an earthquake. It involves calculating the response 

of the bridge to a set of predefined ground motion records, known as the design spectra. 

Finite element method (FEM): FEM is a numerical method used to solve the equations of 

motion for a concrete box girder bridge. It involves dividing the bridge into a finite number of 

small elements, each with its own stiffness and mass properties. The equations of motion are 

then solved for each element, and the results are combined to obtain the overall response of the 

bridge. 

Linearity and non-linear case consideration 

Modal analysis is a linear technique. This means that it assumes the behavior of the structure 

or system is linear, which is the case for small to moderate levels of displacement and 

deformation. In modal analysis, the dynamic characteristics of a structure or system are 

determined by solving linear equations of motion, and the response of the structure or system 

is assumed to be a linear combination of its mode shapes. 
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The linearity assumption makes modal analysis a powerful tool for analyzing and predicting 

the behavior of structures or systems under different loading conditions. It allows engineers to 

use the superposition principle to combine the effects of different loads and boundary 

conditions to obtain the total response of the system. 

However, if the deformation and displacement levels become large, the linear assumptions may 

no longer hold, and the response of the structure or system may become nonlinear. In this case, 

more advanced techniques such as nonlinear modal analysis or finite element analysis may be 

required to predict the response of the structure or system accurately. 

Mode shapes 

In a box girder bridge, the modes of vibration can be classified into several types based on their 

mode shape and frequency. Some of the common modes of vibration in a box girder bridge 

include: 

1. Longitudinal modes: These modes involve vibrations that occur along the length of the 

bridge, such as flexural vibrations in the box girder or the diaphragms that connect the 

girders. 

2. Transverse modes: These modes involve vibrations that occur perpendicular to the 

longitudinal direction of the bridge, such as lateral vibrations in the box girder or the 

supports. 

3. Torsional modes: These modes involve twisting deformations of the box girder or 

supports, which can occur due to torsional loads such as wind or earthquakes. 

4. Vertical modes: These modes involve vibrations that occur in the bridge's vertical 

direction, such as in the box girder or supports. 

5. Higher order modes: These are modes with higher frequencies and more complex mode 

shapes, which can involve multiple types of vibrations in the box girder. 

Each type of mode can have multiple sub-modes or higher order modes with different 

frequencies and mode shapes. The natural frequencies and mode shapes of each mode can be 

determined using modal analysis techniques and can be used to evaluate the structural integrity 

and performance of the box girder bridge under different loading conditions. 

Understanding the modes of vibration in a box girder bridge is important for ensuring its safety 

and structural integrity under dynamic loading conditions such as wind, earthquakes, and 

traffic. The results of modal analysis can be used to optimize the design of the bridge, mitigate 
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vibrations and resonance, and develop effective control strategies for improving its 

performance. 

Appendix VII 

Modal masses and Participation factors for Solid model 

 

 



 

Page 87 of 88 

 

 

Modal masses and Participation factors for Shell model 
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