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Abstract 

This thesis examines two methods of seismic design of structures. The methods are Force-

Based design (FBD) according to Eurocode 8, and Direct Displacement-Based design 

(DDBD). These methods approach seismic design of structures from different directions. In 

FBD, the design is based on estimated strength of structures, while DDBD relies more on 

the target displacement of the structure. 

The aim of this work is to apply these procedures to better understand their finer details. A 

simple structural model of a bridge is chosen to compare these methods. 

The DDBD method is much faster to use than the FBD method. No iterations are required 

in the DDBD for the simple structure selected here, while few iterations are required in the 

FBD. According to Eurocode 8, the behaviour factor used in FBD was chosen as 3.5 which 

is used to reduce the elastic response spectra. A similar effect is achieved in the DDBD by 

using the displacement ductility factor. This factor is used to calculate the additional 

damping provided by hysteretic energy dissipation. The numerical results highly depend on 

the value of the behaviour factor q and the displacement ductility factor. Since DDBD uses 

the estimated effective stiffness of the cross-section while FBD uses the elastic stiffness of 

the cross-section, for the same target displacement, the base moment, base shear and amount 

of reinforcement is higher evaluated with FBD than DDBD. 

Útdráttur 

Í þessari ritgerð eru tvær aðferðir skoðaðar við jarðskjálftahönnun mannvirkja. Þær aðferðir 

sem verða skoðaðar eru Kraftaaðferðin (FBD) samkvæmt Eurocode 8 og Færsluaðferðin 

(DDBD). Þessar aðferðir nálgast jarðskjálftahönnun mannvirkja frá ólíkum áttum. Í FBD 

byggist hönnunin á áætlaðri stífni mannvirkisins, á meðan í DDBD er færslum og 

formbreytingum mannvirkisins settar skorður. 

Markmið þessarar vinnu er að beita þessum aðferðum til að skilja betur megin undirstöðu 

þeirra og í hverju munurinn á þeim er fólginn. Einfalt brúar mannvirki er valið til að bera 

saman þessar aðferðir.  

DDBD er mun beinskeyttari en FBD. Engar ítranir eru þarfar í DDBD fyrir þetta einfalda 

líkan sem hér er valið, á meðan nokkrar ítranir eru þarfar í FBD. Samkvæmt Eurocode 8, er 

hegðunarstuðullinn sem notast er við í FBD valinn sem 3.5 sem er notaður til þess að lækka 

elastíska hönnunar svörunarrófið. Svipuð áhrif nást í DDBD með því að vinna með 

seiglustuðul mannvirkisins. Þessi stuðull er notaður til útreikninga á viðbótar dempun sem á 

sér stað í mannvirki vegna endurtekinna sveifluáhrifa (e. „hysteretic damping“). Þar sem 

DDBD reiknar með plastískum eiginleikum rifins steypuþversniðs á meðan FBD reiknar 

með elastískum eiginleikum rifins steypuþversniðs, verða sniðkraftarnir og magn 

járnbendingar meiri þegar FBD aðferðinni er beitt.
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1 Introduction 

1.1 General introduction 

The main reason for the seismic activity in Iceland is the Mid-Atlantic plate boundary that 

crosses Iceland from the southwest along the Reykjanes Peninsula ridge to the north along 

the Kolbeinsey Ridge. The plate boundary is displaced to the east about 2 cm every year by 

two major fracture zones, the South Iceland Seismic Zone (SISZ) in the south, and the 

Tjörnes Fracture Zone (NISZ) in the north. The largest earthquakes in Iceland occur at theses 

fracture zones, that are associated with strike-slip faults. Through the historical time, seismic 

activity has been recorded and checked in all seismic zones, but most damaging earthquakes 

have occurred within the South Iceland Lowlands (Figure 1) which have exceeded 

magnitude of 7. Major earthquakes have affected the area with recurrence intervals between 

45 to 112 years (Páll Einarsson & Sveinbjörn Björnsson, 1979; Julius Solnes et al., 2004). 

 

Figure 1. Map of Iceland. The black lines in the south-west part of the island show the 

fractures of South Icelandic Seisimic Zone. The most destructive earthquakes in Iceland 

have occurred within this zone, in the South Iceland Lowlands. Retrieved from: 

https://jardfraedikort.ni.is/ 

The Reykjanes Peninsula forms a transition zone from the Reykjanes Ridge to west, across 

the western volcanic branch to the SISZ in the east. This region is important because the 

capital of Iceland, Reykjavik, and other towns in the capital area are located close to the 

seismic lay out of the Reykjanes Peninsula (Julius Solnes et al., 2004). 

Earthquakes can cause a structural and non-structural damage in many ways, and some 

factors that influence the ground motion and its amplification are e.g. earthquake magnitude, 

distance from the epicentre, soil conditions, and duration of the ground motion (Gosh, 2003). 
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Due to the fact, that most populated areas in Iceland are in an area of high seismic activity, 

it is important that structures should be designed to be earthquake resistant. 

Designing earthquake-resistant structures is a challenging task and there are many 

uncertainties that need to be considered. Structural response to strong ground motion is 

dynamic, nonlinear, and random. It is very difficult to predict earthquake occurrence, 

magnitudes, and the resulting ground motion from future earthquakes. Furthermore, the 

inelastic and hysteretic behaviour of building materials varies greatly (Fajfar, 2018; Priestley 

et al., 2007) As a result, many factors must be considered when earthquake-resistant 

structures are designed. 

Earthquake engineering is a rather new subject and the period up to 1978 was dominated by 

the equivalent static procedure. It was first used by some engineers, and later implemented 

in some building codes. Dynamic considerations were first introduced by relating the seismic 

coefficient to the period of the building. The seismic coefficient is used to multiply the 

weight of the building to obtain the total seismic force (base shear force). The base shear is 

distributed along the height of the structure and a static analysis is carried out to calculate 

structural response (Fajfar, 2018) 

A slightly more advanced method of seismic analysis, which makes use of a modal properties 

of a structure and combines contributions of different modes of vibration through a response 

spectrum appeared in 1957. This method is called the modal response spectrum analysis. 

Modern codes can be considered to have begun with the ATC 3-06 document which was 

released in 1978. An empirical force reduction factor was introduced that reduces the seismic 

force due to the beneficial effects of energy dissipation and inherent overstrength. (Fajfar, 

2018).  

The current method used in Iceland is force-based (FB), which is based on Eurocode 8 

(EC8). As stated in the Icelandic National Annexes to the Eurocodes, for construction design 

in Iceland, only the European standards, that specify how structural design should be 

conducted within the European Union, should be used together with the Icelandic National 

Annexes. Adhering to these standards will therefore meet the requirements of the Icelandic 

Building Regulations (INA, 2011). In Eurocode 8, the earthquake ground motion is 

represented by a response spectrum, and structural analysis is typically carried out using the 

modal analysis procedure. 

1.2 Force- and displacement-based design 

It can be unrealistic and economically difficult to design a building to remain elastic during 

rare earthquakes with very strong ground motion. The seismic provisions in EC8 allows 

some inelastic deformation in the structure, provided enough ductility is available to 

maintain its strength, stiffness, and stability. In other words, it allows the structure to have 

yield capacity lower than that corresponding to the base shear coming from the elastic 

response spectra. This is achieved by defining a design spectrum which is a reduced form of 

the elastic spectra. The reduction is achieved through the so-called structural behaviour 

factor, q. Apart from inelastic deformation, this factor is also intended to represent structural 

overstrength and energy dissipation. The behaviour factor represents a very simple and 

practical tool for seismic design but should be carefully used in seismic analysis and design. 
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A single number representing different inelastic and energy dissipation mechanisms in 

various elements of a structure can be misleading, and the factor only provides a very rough 

answer to the problems. (Fardis et al., 2005; Fajfar, 2018). 

The reduction of elastic spectra to design spectra is permitted provided the structure has 

sufficient deformation capacity, which is measured in terms of its ductility capacity. 

Ductility is defined as the ultimate displacement a structure can undergo, divided by the 

yield displacement. Ductility depends on the construction type and materials, but more 

importantly on design details. Ductility class of a structure is selected in advance. Apart from 

ductility class, which is needed to select an appropriate value of q, stiffness of the structural 

elements needs to be known in advance. Then a static analysis is carried out using the design 

base shear force. The structural elements are then checked for their strength and deformation 

capacity against the conformity conditions specified in the code. Initial design often needs 

to be modified based on such checks and the process can be highly iterative. Priestley et al. 

(2007) argues that such a method, which relies on the base shear force to design the structure 

and displacement capacities, are only useful for verification and might lead to stiffer 

structures than necessary. Some uncertainty in the design might be introduced by how the 

vibration periods of the structures are estimated. For example, if they are under-estimated, 

the base shear demand is usually higher, leading to oversized elements and underestimation 

of the true displacement demand. This can be partially circumvented if the periods are 

estimated from a detailed finite element model of the structure being designed. 

Seismic design has mostly been based on forces, and hence acceleration and mass, through 

the years, which is largely based on historical considerations. Performance-based design 

methods have been partially implemented in various forms in the past design standards and 

building codes in a way that they attempt to fulfil specific performance goals (Pecker, 2007). 

Performance-based design methods have been partially implemented in various forms in the 

past design standards and building codes in a way that they attempt to fulfil specific 

performance goals (Bozorgnia & Bertero, 2004). 

With greater knowledge about earthquake occurrences, ground motions, structural response 

characteristics, and the major damage affecting life safety and economy, methods have been 

introduced and used to design structures under seismic action that are performance-based, 

where the performance goals have become the primary variable for the design. These 

methods are therefore not over-reliant on strength as the Force-based design (FBD) method, 

but on overall performance of the structure (Fardis, 2007; Priestley et al., 2007). In recent 

years, interest in displacements and deformations, and using them as the primary variable 

for structural design has increased. The main reason for this is the observation that 

displacement- and deformation capacities determine the seismic performance and safety, not 

some specific forces (Fardis, 2007).  

There are many methods/procedures that have been studied through the years, and one of 

them is the Direct-Displacement based design (DDBD) method, where the word ‘direct’ 

means that the final design is obtained with little or no iteration. DDBD is based on designing 

the structure from the overall performance at peak displacement response of the structural 

and non-structural elements, instead of strength, which is based on the initial elastic material 

characteristics, as in FBD. So, the main difference between FBD and DDBD is that in FBD 

the forces must be known in order to complete the calculations, but in DDBD the 

displacements must be known (Pecker, 2007). The easiest way to understand the difference 

between these two methods is to study the following equations. In FBD, an estimate of the 
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structural stiffness (K) must be made at the beginning of the design in order to calculate the 

natural period (T) of the structure. With an assumed ground acceleration (ag), the force (F) 

and displacement (Δ) can be calculated as follows: 

 𝐹 = 𝑚𝑎𝑔 1.2.1 

 ∆=
𝐹

𝐾
 1.2.2 

In this case, the acceleration ag is in fact dependent of the choice of ductility, which is related 

to the q-factor in EC8. Unfortunately, the choice of the q-factor in EC8 and hence the 

ductility, is very opaque. 

In DDBD, a calculated value of the design displacement limit (Δd) gives the values of the 

ductility and damping of the structure. The effective period (Teff) is based on the 

displacement spectra which gives the damped displacement (Δc,ξ). With the known effective 

period (Teff), the effective stiffness (Keff) can be calculated and the design base shear will be:  

 𝐹 = 𝑉𝑏𝑎𝑠𝑒 = 𝐾𝑒𝑓𝑓 ⨯ ∆𝑑 1.2.3 

In FBD the effective stiffness (inelastic stiffness) of the structural member is not known at 

the beginning of the design since the design moment and resultant displacement is not 

known. This requires some iterations. In DDBD, on the other hand, the design displacement 

is known at the beginning, and therefore the effective stiffness can be estimated (Priestley et 

al., 2007) 

1.3 Literature survey 

Many researchers have discussed displacement-base design through the years, but the 

process that is described is still strength-based as FBD (Priestley, 1993). Some 

Displacement-Based Design (DBD) methods that have been proposed through the years 

according to Sullivan et al. (2003) are; 

• ISDC method – Initial Stiffness Deformation Control 

• ISIP method – Initial Stiffness Iterative Proportioning 

• YPS method – Yield Point Spectra 

• INSPEC method – Inelastic Spectra 

• CASPEC method – Capacity Spectrum 

• SEAOC method – DDBD method from the SEAOC 

• DDBD method – Direct Displacement Based Design 

• T-HIST method – Advanced Analytical Techniques method that utilises Time-

history analysis 

Sullivan et al. (2003) applied these eight methods to five different buildings to explore, 

among other things, how easily these methods could be applied, and what their limitations 

were. Their investigation concluded that prospects of performance-based methods in the 

future were bright, where a range of displacement-based design methods have been showed 

to perform well in real-life design examples. Among other results of their study, they 



 19 

suggested that the designer can confidently use the DDBD method that obtained a good 

performance.  

Muljati et al. (2015) applied DDBD on a regular concrete moment resisting frame and 

compared the result with two variants of FBD, equivalent lateral force procedure and 

response spectrum analysis, in terms of story drift, damage indices, and structural failure 

mechanism. The results were that DDBD performed better than FBD in predicting story 

drift, both methods experienced excellent damage indices level, and for DDBD the structures 

fulfilled the targeted performance while FBD needed some extra effort to improve the 

structural performance due to iterations of the design procedure. Their conclusion was 

therefore that DDBD procedure is more effective compared to FBD. Similar conclusions 

were made by Fox et al. (2014). Their case study was a coupled wall building that was 

designed using DDBD and FBD in accordance to the New Zealand design codes. While the 

DDBD can accurately estimate the displacements and deformations of coupled wall 

structures subjected to seismic excitation, the FBD approach is iterative, making it rather 

time consuming.  

Vivinkumar et al. (2015) and ElAttar et al. (2014) both studied a reinforced concrete frame 

buildings. They both considered FBD and DDBD and compared their results in terms of base 

shear by using finite element models (FEM) to compare their results. In both studies, the 

base shear values of DDBD structures were less compared to FBD structures. Vivinkumar 

et al. (2015) also compared the drift values, where their study emphasised on a 4, 8 and 12 

story frames, and in all cases the drift values for FBD were less than that of DDBD. The 

decrease in displacement signifies that the structure is more rigid, and the flexibility is less. 

Their overall results were that DDBD structures showed good performance over the 

structural parameters and they conclude that achieved design was better and safer compared 

to FBD structures. 

Comparative studies of these methods have also been applied to bridge structures. When 

applying DDBD to bridges, the target displacement profile must be properly defined, which 

is not always evident. Therefore, the design of the bridge in the transverse direction of 

loading will in many cases require an iterative design procedure (Calvi & Kowalsky, 2013). 

Restrepo (2006) compared DDBD and FBD for 18 different series of bridge configurations. 

He found that the design procedure of DDBD was efficient and easy to implement, and few 

iterations were required. His results were that satisfactory results were in general obtained 

from the assessment of the procedure using inelastic time-history analysis (ITHA), but he 

pointed out some problems associated to the displacement pattern of very stiff 

configurations. To revise this problem, some redistribution of strength can improve the 

performance of the bridge. The design procedure of FBD for regular bridge configurations 

provided good agreement between the design displacement patterns and the average ITHA 

displacement envelops, but it was not the case for the irregular bridge configurations, where 

the results were generally poor and bad for the stiffer structures.  

One of the bridge series that Restrepo (2006) investigated is a bridge containing 4 spans, 

having 3 piers where those two closest to the ends are two times higher than those in the 

centre. He investigated 4 cases with the central columns having heights of 7.5m, 10m, 12.5m, 

and 15m. He compared the results of the reinforcement ratio and moment of the columns 

and the results showed that in all the cases the base moments, and hence the pier flexural 

strengths, were significantly higher for DDBD than for FBD, and consequently the 

reinforcement ratios were higher. He applied 5 ITHA to the bridges and two results obtained 
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for FBD were that in general FBD had troubles reaching the displacement profile, and the 

deck moments were extremely poorly predicted. The design moments of the two larger 

columns were nearly twice that obtained from ITHA.  

In these published studies, differences between FBD and DDBD are mostly revealed via 

comparison of results, where details of differences in calculations are sometimes difficult to 

follow. The aim of this work is to apply these procedures to better understand their finer 

details. A simple structural model is best suited for that purpose, and the choice was to work 

with a simple bridge column, and simple 4-span bridge, to clearly demonstrate the 

differences between these two methods.  

1.4 Objectives 

The main objective of this thesis is to compare Force-based design and Direct displacement-

based design methods for earthquake design of structures. 

Both methods are used to calculate response of a single column and a bridge with multiple 

columns. Resulting stiffness, periods, base shear, moments, ratios of reinforcement, and 

displacements will be compared. 

Computational difference between those two methods are compared to evaluate whether the 

current method used in Iceland, FBD according to Eurocode 8, is in fact as time-consuming 

compared to DDBD as claimed in the literature. 

DDBD assumes a displacement limit, and it is interesting to explore what needs to be done 

in the FBD method to achieve the same displacement limit.  

1.5 Introduction to the case study 

Difference in the calculation between FBD and DDBD will be shown in detail, not only 

expressed in results and words as is often done when reviewing other articles and thesis. 

To begin with, a simple bridge column is used to show the difference between FBD and 

DDBD. Thereafter, a 4-span bridge is used to show again the difference between the 

methods, using a MDOF (multi degree of freedom) system instead of a SDOF (single degree 

of freedom) system as in the previous example. 

The column and the bridge are hypothetically located in south of Iceland near Selfoss, where 

the expected peak ground acceleration, according to the horizontal design acceleration map 

for Iceland (Figure 2), is 0.5g. 
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Figure 2. “Hazard map for Iceland showing reference acceleration on type A ground with 

10% probability of being exceeded in 50 years, i.e. with a mean return period of 475 

years.” (EN 1998-1-1:2004) 

The bridge column (Figure 3) has a total length of 10m, and the load on the column is 

5000kN.  

 

Figure 3. Case study: Bridge column 

The 4-span bridge (Figure 4) has a total length of 180m and consists of 4 spans, 40m between 

the abutments and the piers, and 50m between each pier.  

 

Figure 4. Case study: 4-span bridge 

For valid comparison, it is important that same prerequisites are used such as performance 

goal, cross-section of the piers, cross-section of the superstructure and material properties. 



22 

The same elastic response spectra, given in Eurocode 8, will be used but with some 

modifications according to the DDBD method. 

In this thesis, the purpose is not to see how the structure or structural elements behave under 

earthquake loading, but the main purpose is to look at the computational difference between 

those two methods (FBD and DDBD) and see how effective those methods are. The results 

obtained from the calculations will be compared regarding the stiffness of the cross-section, 

period of the structure, base shear, moments, ratios of reinforcement, and displacements. 

1.6 Organization of the thesis 

After an introduction to the topic of this study and motivation to review these methods in 

Chapter 1, each method is described further in the next two Chapters. In Chapter 2 the FBD 

method is introduced, and in Chapter 3 the DDBD method is introduced. There are various 

equations and approaches, such as material strengths and strains recommended for use in the 

calculations, that are not the same in each method, but for comparability reasons, it is 

important that all assumptions used in the calculations are the same. In addition, to explain 

the differences between these methods, capture advantages and disadvantages of each 

method, a relatively simple structural model is chosen. For this purpose, a simple bridge 

column will be used to go through the calculations in Chapter 4.2 and a 4-span bridge will 

be used in Chapter 4.3. 
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2 Force-based design according to 

Eurocode 8 

The FBD uses an estimate of the initial stiffness and elastic damping to estimate the required 

strength and final inelastic displacement. Eurocode 8: Design of structures for earthquake 

resistance, is a European standard which applies to the design and construction of buildings 

and civil engineering works in seismic regions. The basic design steps in Eurocode 8 are; 

1. Conceptual design 

2. Determination of the behaviour factor q 

3. Capacity design 

4. Detailing to provide adequate local strength and ductility 

The aim of the conceptual design is to reduce the uncertainty of the structural response, and 

to satisfy the fundamental requirements in Eurocode 8. There are two fundamental 

requirements in Eurocode 8 which are no-collapse and damage limitation, and to satisfy the 

fundamental requirements, the ultimate limit states (ULS) and damage limitation states 

(DLS) shall be checked. The verifications that are required in Eurocode 8, to check the 

satisfaction of those limit states by the structure are force-based, sometimes called force-

based design (ÍST EN 1998-1-1:2004). 

FBD for ductility is based on the inelastic response spectrum of a SDOF system with elastic-

perfectly plastic force-displacement curve in monotonic loading. For a fixed value of viscous 

damping, the inelastic spectrum relates; 

• Period, T, of the SDOF system 

• Behaviour factor, q, which is the ratio of the peak force that would have developed 

if the SDOF system were linear-elastic, to the yield force of the system, and 

• Maximum displacement demand of the inelastic SDOF system, expressed as a ratio 

to the yield displacement 

An important factor that is used in the Eurocode, and in other codes as well, is the behaviour 

factor q. The behaviour factor is used to reduce the forces obtained from a linear analysis, to 

account for the non-linear response of the structure. The underlying mechanism of the 

reduction in force response due to ductility is like the effect of higher viscous damping on 

an elastic SDOF system, that is energy dissipation. The behaviour factor also takes into 

account the overstrength of the system. 

The definition of the behaviour factor in Eurocode 8 for a structure in the intermediate-to-

long period range expresses Newmark’s equal displacement rule well, which is an empirical 

observation that in the constant spectral pseudo-velocity range, the peak displacement of the 

inelastic and of the elastic response of the elastic SDOF system, are approximately equal. 

(Fardis, 2009) 

2.1 Design procedure 

The design procedure is shown graphically in Figure 5. 
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Figure 5. FBD - Flowchart of operations. 

At first the cross-section must be chosen and hence the stiffness. When the cross-section is 

selected the choice should be of practical considerations, considering the construction 

techniques and procedures for the piers, superstructure, and connection to the deck. The 

slenderness of the column should be considered to limit the second-order effects (Kolias et 

al., 2012).  

Slenderness 

Slenderness of tall columns should be considered, and for a bridge designed for earthquake 

resistance it is natural to size the pier columns so that second-order effects in the persistent 

and transient design situation may be ignored. The slenderness may be ignored if the 

slenderness, λsl, is below a certain value of λsl,lim. The slenderness ratio according to ÍST EN 

1992-1-1-2004, is given as: 
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 𝜆𝑠𝑙 =
𝑙0
𝑖

 

2.1.1 
(ÍST EN 1992-

1-1:2004 
(5.14)) 

where l0 is the effective length, and i is the minimum radius of gyration of the uncracked 

concrete section, given as: 

 𝑖 = √
𝐼𝑔

𝐴𝑔
 2.1.2 

where Ig is the moment of inertia of the gross concrete section, and Ag is the gross area of 

the concrete section. The limiting value of the slenderness may be taken as: 

 𝜆sl,lim =
20𝐴𝐵𝐶

√𝑛
 

2.1.3 
(ÍST EN 1992-

1-1:2004 
(5.13N)) 

where recommended values of A, B, and C according to ÍST EN 1992-1-1-2004 are given 

as; 0.7, 1.1, and 0.7 respectively, and n is the relative normal force given as: 

 𝑛 =
𝑁𝐸𝑑
𝐴𝑐𝑓𝑐𝑑

 
2.1.4 

(ÍST EN 1992-
1-1:2004 
(5.13N)) 

Where NEd is the design axial load, Ac is the area of concrete section, and fcd is the design 

concrete strength. 

Elastic lateral stiffness 

When the diameter of the cross-section has been selected, the stiffness of the column is 

chosen which is based on elastic lateral stiffness, and is given as: 

 𝐾𝑒𝑙 =
𝐶1(𝐸𝑐𝐼)𝑒𝑓𝑓

𝐻3
 2.1.5 

where C1 is a factor which depends on the fixity of the column at top and bottom, (EcI)eff is 

the effective stiffness which can at first be assumed to be 40% of the uncracked flexural 

stiffness of the gross section, and H is the effective column height (Kolias et al., 2012). The 

moment of inertia of the gross concrete section, for solid circular section, is given as: 

 𝐼𝑔 =
1

64
𝜋𝐷4 2.1.6 

where D is the diameter of the column.  

Fundamental period of the structure 

When the elastic lateral stiffness has been chosen, the fundamental period of the column is 

given as: 



26 

 𝑇 = 2𝜋√
𝑚

𝐾𝑒𝑙
 2.1.7 

where m is the mass of the structural element taking part in the seismic action, and Kel is the 

elastic stiffness.  

Behaviour factor, q 

The next step of the procedure is to choose the behaviour factor. In ÍST EN 1998-1-1:2004, 

basic values of the behaviour factor for systems that are regular in elevation are given in 

Table 5.1 for reinforced concrete structures, but in ÍST EN 1998-2:2005 the maximum value 

of the behaviour factor for bridges is given in Table 4.1 and is shown in Table 1. 

Table 1. Maximum values of the behaviour factor q according to Eurocode 8 (ÍST EN 

1998-2:2005) 

 

For reinforced concrete piers, the behaviour factor depends on the shear span ratio and the 

normalised axial force. The shear span ratio is given as: 

 𝛼𝑠 =
𝐻𝑒
ℎ

 2.1.8 

where He is the distance from the plastic hinge to the point of zero moment, shear span 

length, and h is the depth of the cross-section in the direction of flexure of the plastic 

hinge. The normalised axial force given is as: 
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𝜂𝑘 =

𝑁𝐸𝑑
𝐴𝑐𝑓𝑐𝑘

 2.1.9 

where NEd is the value of the design axial load at the plastic hinge seismic design situation, 

Ac is the cross-sectional area of the concrete, and fck is the characteristic concrete strength. 

The largest value of ηk among all piers of the bridge controls the q factor of the entire 

bridge. The values given in Table 1 for reinforced concrete ductile members apply if the 

maximum value of the axial force ratio, ηk, among all piers does not exceed 0.3. However, 

for bridges in which the seismic force resisting system contains member with ηk ≥ 0.6, the 

q factor of the bridge is taken equal to 1. If 0.3 < ηk ≤ 0.6, the behaviour factor is reduced 

to: 

 
𝑞𝑟 = 𝑞 −

𝜂𝑘 − 0.3

0.3
(𝑞 − 1) ≥ 1 

2.1.10 
(ÍST EN 1998-
2:2005 (4.2)) 

 

Response spectra 

The idea of a spectrum is that the response of structures having a broad range of periods is 

summarized in a single graph.  A typical response spectrum gives a plot of earthquake-

related responses such as acceleration, velocity, and deflection for a complete range, or 

spectrum, of structural vibration periods. 

When the behaviour factor has been chosen, the earthquake motion at a given point on the 

surface is represented by an elastic ground acceleration response spectrum, where the 

shape of the spectrum is taken as being the same for the no-collapse and the damage 

limitation requirements. For the design of structures, a design response spectrum is used 

where the elastic response spectrum is reduced by the behaviour factor q. 

The horizontal elastic response spectrum, 𝑆𝑒(𝑇), can be defined by the following expression: 

0 ≤ T ≤ TB 𝑆𝑒(𝑇) = 𝑎𝑔𝑆 [1 +
𝑇

𝑇𝐵
((𝜂2.5) − 1)] 

2.1.11 
(ÍST EN 1998-
1:2004 (3.2)) 

𝑇𝐵 ≤ T ≤ TC 𝑆𝑒(𝑇) = 𝑎𝑔𝑆𝜂2.5 
2.1.12 

(ÍST EN 1998-
1:2004 (3.3)) 

𝑇𝐶 ≤ T ≤ TD 𝑆𝑒(𝑇) = 𝑎𝑔𝑆𝜂2.5 [
𝑇𝐶
𝑇
] 

2.1.13 
(ÍST EN 1998-
1:2004 (3.4)) 

𝑇𝐷 ≤ T ≤ 4s 𝑆𝑒(𝑇) = 𝑎𝑔𝑆𝜂2.5 [
𝑇𝐶𝑇𝐷
𝑇2

] 
2.1.14 

(ÍST EN 1998-
1:2004 (3.25) 

where ag is the design ground acceleration, S is the soil factor, T is the vibration period of a 

linear SDOF system, TB is the lower limit of the constant spectral acceleration branch, TC is 

the upper limit of the constant spectral acceleration branch, TD is the value defining the 

beginning of the constant displacement response range of the spectrum, and η is the damping 

correction factor. 
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The design ground acceleration is given as: 

 𝑎𝑔 = 𝛾𝑙𝑎𝑔𝑅 2.1.15 

where γl is the importance factor which depends on the importance of the structure and agR 

is the reference peak ground acceleration on rock, determined by the National Authorities 

for each seismic zone, which corresponds to the reference return period TNCR of the seismic 

action for the no-collapse requirement.  

In Eurocode 8, buildings are classified into importance classes, where the seismic action is 

increased for essential- or high occupancy structures, by modifying the hazard level for 

which local-collapse or damage limitation is pursued. (Kolias et al., 2012) Table 2, retrieved 

from Eurocode 8 (ÍST EN 1998-1-1:2004), shows the classification and the value of the 

importance factor: 

Table 2. ,Importance classes and importance factor for buildings” (ÍST EN 1998-1-

1:2004) 

Importance 

Class 

Buildings Importance 

factor 

I Buildings of minor importance for public safety 0.8 

II Ordinary buildings 1.0 

III High-occupancy buildings 1.2 

IV Buildings essential for civil protection  1.4 

 

Eurocode 8 (ÍST EN 1998-1-1:2004) specifies ground types A, B, C, D, E, S1 and S2, which 

may be used to account for the influence of local ground conditions on the seismic action. 

The values of the corner periods and soil factor are dependent of the ground type and the 

parameters describing the recommended Type 1 elastic response spectra, which is the one 

that is used in medium to high seismicity areas, are given in the Table 3. 
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Table 3. ,,Values of the parameters describing the recommended Type 1 elastic response 

spectra” (ÍST EN 1998-1-1:2004) 

Ground type S TB(s) TC(s) TD(s) 

A 1.0 0.15 0.4 2.0 

B 1.2 0.15 0.5 2.0 

C 1.15 0.2 0.6 2.0 

D 1.35 0.2 0.8 2.0 

E 1.4 0.15 0.5 2.0 

The value of the damping correction factor may be determined using: 

 𝜂 = √
10

5 + 𝜉
 ≥ 0.55 

2.1.16 
(ÍST EN 1998-
1:2004 (3.6)) 

The elastic displacement response spectra is obtained by direct transformation of the elastic 

acceleration response spectra, and is given as: 

 
𝑆𝐷𝑒(𝑇) = 𝑆𝑒(𝑇) [

𝑇

2𝜋
]
2

 
2.1.17 

(ÍST EN 1998-
1:2004 (3.7)) 

and the design ground displacement that corresponds to the design ground acceleration may 

be estimated by means of the following expression: 

 𝑑𝑔 = 0.025𝑎𝑔𝑆𝑇𝐶𝑇𝐷 2.1.18 
(ÍST EN 1998-
1:2004 (3.12)) 

For linear analysis of a bridge structure, the response spectrum analysis for the design 

spectrum defined in Eurocode 8 (ÍST EN 1998-1-1:2004) is applied. The design spectrum, 

Sd(T), for the horizontal components of the seismic action is defined according to Eurocode 

8 by the following expression: 
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0 ≤ T ≤ TB 𝑆𝑑(𝑇) = 𝑎𝑔𝑆 [
2

3
+
𝑇

𝑇𝐵
(
2.5

𝑞
−
2

3
)] 

2.1.19 
(ÍST EN 1998-
1:2004 (3.13)) 

𝑇𝐵 ≤ T ≤ TC 𝑆𝑑(𝑇) = 𝑎𝑔𝑆
2.5

𝑞
 

2.1.20 
(ÍST EN 1998-
1:2004 (3.14)) 

𝑇𝐶 ≤ T ≤ TD 𝑆𝑑(𝑇){
= 𝑎𝑔𝑆

2.5

𝑞
[
𝑇𝐶
𝑇
]

≥ 𝛽𝑎𝑔

 
2.1.21 

(ÍST EN 1998-
1:2004 (3.15)) 

𝑇𝐷 ≤ T ≤ 4s 𝑆𝑑(𝑇) {
= 𝑎𝑔𝑆

2.5

𝑞
[
𝑇𝐶𝑇𝐷
𝑇2

]

≥ 𝛽𝑎𝑔

 
2.1.22 

(ÍST EN 1998-
1-1:2004 
(3.16)) 

where q is the behaviour factor which also account for the influence of the viscous damping 

being different from 5% and β is the lower bound factor for the horizontal design spectrum.  

Base shear, seismic moment and displacement 

The total base shear force is then given as: 

 𝑉𝑏𝑎𝑠𝑒 = 𝑆𝑑(𝑇)𝑚 2.1.23 

where Sd(T) is the spectral acceleration, and m is the total seismic mass. The total shear force 

is then distributed to the columns in proportion to their stiffness, given as: 

 
𝑉𝑏𝑎𝑠𝑒,𝑖 = 𝑉𝑏𝑎𝑠𝑒 (

𝐾𝑒𝑙,𝑖
∑𝐾𝑒𝑙,𝑖

) 2.1.24 

where Kel,i is the stiffness of column i. The seismic moment in the column is given as: 

 𝑀𝑏𝑎𝑠𝑒 = 𝑉𝑏𝑎𝑠𝑒,𝑖𝐻 2.1.25 

where H is the height of the column. The displacement of a structure can now be defined as: 

 
∆=

𝑉𝑏𝑎𝑠𝑒
𝐾𝑒𝑙

 2.1.26 

Finally, the plastic deformation of a structural system, e.g. columns,  that is induced by the 

seismic design action shall now be calculated which is: 

 ∆𝑠= 𝛥𝑞𝑑 2.1.27 

where q is the displacement behaviour factor, which is equal to q when the period of te 

structure is greater than TC. 
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Moment of resistance and total area of reinforcement 

The seismic moment of the column must be lower than the moment of resistance, that is, the 

following criteria must be satisfied: 

 𝑀𝑏𝑎𝑠𝑒 < 𝑀𝑅𝑑 2.1.28 

The total area of reinforcement needs to be defined to estimate the moment of resistance, 

which can be estimated with this simple approach as: 

 𝑀𝑅𝑑 = 𝐴𝑠,𝑡𝑜𝑡𝑓𝑦𝑑(𝑑 − 0.5𝜆𝑥𝑈𝐿𝑇) 2.1.29 

and is shown in Figure 6, where As,tot is total area of the longitudinal reinforcement, fyd is 

the design yield strength of the steel, d is the effective depth, λ is a factor that defines the 

effective height of the compression zone which can be taken as 0.8 for concrete strength 

𝑓𝑐𝑘 ≤ 50 𝑀𝑃𝑎, and xULT is the neutral axis depth at ultimate state.  

 

Figure 6. Stress and strain distribution for a circular concrete section.  

In Figure 6 the equivalent rectangular stress block is used for the concrete stress 

distribution. Concrete tensile stress is ignored. The first image shows a cross-section of a 

circular column where h is the total depth of the cross-section and d is the effective depth 

of the cross-section. The second image shows the strain distribution of a cross-section 

where εcu is the ultimate strain of the concrete and εs is the strain in the reinforcement. The 

third image shows the concrete stresses and resultant forces of a cross-section where Fc is 

the compressive force in the steel, Ft is the tensile force in the steel, xult is the neutral axis 

depth, fcd is the design concrete strength, N is the design axial load and M is the design 

moment.  

The neutral axis depth at ultimate state can be given as: 

 
𝑥𝑈𝐿𝑇 =

𝑓𝑦𝑑𝐴𝑠2

𝜂𝑒𝑠𝑓𝑐𝑑𝜋𝜆𝑟
 2.1.30 
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where fcd is the design strength of the concrete, r is the radius of the circle, and ηes is a factor 

that defines the effective strength which can be taken as 1.0 for concrete strength 𝑓𝑐𝑘 ≤
50 𝑀𝑃𝑎. 

The actual effective moment of inertia needs to be defined in order to go through those 

calculations again with the correct effective stiffness. The effective stiffness is given as: 

 
(𝐸𝑐𝐼)𝑒𝑓𝑓 =

1.2𝑀𝑅𝑑

𝜑𝑦
 

2.1.31 
(ÍST EN 1998-
2:2005 (C.3)) 

where MRd is the moment of resistance and φy is the yield curvature. The yield curvature is 

given as: 

 𝜑𝑦 =
휀𝑠𝑦 − 휀𝑐𝑦

𝑑
 2.1.32 

(ÍST EN 1998-
2:2005 (C.4)) 

where εsy is the yield strain of the reinforcement, εcy is the compressive strain of concrete, 

and d is the effective depth of the section. The yield curvature should be evaluated by 

idealising the actual moment curvature diagram (Figure 7) by a bilinear diagram of equal 

area beyond the first yield of reinforcement. 

 

Figure 7. Definition of the yield curvature. Y is placed where the yield of the first bar 

occurs. (ÍST EN 1998-2:2005 (Figure E.3)) 

In Eurocode 8, there is an assumption of the yield curvature for circular sections which is 

given as: 

 𝜑𝑦 = 2.4
휀𝑠𝑦

𝑑
 2.1.33 

(ÍST EN 1998-
2:2005 (C.6)) 
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3 Direct displacement-based design 

The DDBD uses a displacement limit-state, calculated value of the effective (secant) 

stiffness, a displacement ductility, an equivalent viscous damping, and an effective period to 

determine the required strength. The objective of the DDBD method is to design a structure 

from the overall performance, so the structure will reach, rather than be bounded by, a given 

displacement limit-state under a given seismic intensity. The structure is characterized to be 

designed by a SDOF representation of performance at peak displacement and is based on the 

Substitute Structure approach, developed by Gulkan and Sozen (1974). They showed that 

maximum inelastic response can be interpreted in terms of linearly elastic analysis by 

reference to a fictitious linear structure whose stiffness and damping characteristics are 

determined as a function of the assumed, or known, maximum displacement. This resulted 

in a simplified method for estimating the design lateral force, which is also the design base 

shear force, corresponding to inelastic response. 

The fundamentals of DDBD are shown in Figure 8. With calculated values of the yield 

displacement and displacement limit-state, the displacement ductility is known, and the 

equivalent viscous damping can be calculated. The design displacement and corresponding 

equivalent viscous damping is then used with the design displacement spectra to calculate 

the effective period of the structure. The stiffness of the system can then be calculated and 

hence the required strength with the previously defined displacement limit-state and 

effective stiffness (Priestley et al., 2007).  

 

Figure 8. Fundamentals of Direct Displacement-Based design. The method uses a 

displacement limit-state, , a displacement ductility, an equivalent viscous damping, an 

effective stiffness and an effective period to determine the required strength. 

In the DBD12 model code by Sullivan et al. (2012) and in the book by Priestley et al. (2007), 

limit states, performance criteria and requirements that needs to be considered prior and 
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during the design are listed. In general, structures need to be designed to meet specific 

performance criteria which are met for the levels of seismic intensity for the designated 

seismic zone. Structural performance under the specified design intensities are defined by 

drift and strain limits, where maximum drift, residual drift and maximum strains are limited. 

3.1 Design procedure 

The design procedure is based on the book by Priestley et al. (2007) and on the DBD12 

modal code by Sullivan et al. (2012) and is shown in Figure 9. More detailed description of 

the process will be discussed later in this chapter. 

 

Figure 9. Flowchart for operations of SDOF column - DDBD 

 

At the beginning of the DDBD procedure the material properties need to be chosen/decided. 

The geometry of the superstructure, piers, abutments, connections etc. and initial 

assumptions such as dampers and isolators must also be known at the beginning of the 

process. The process described below is for SDOF systems, but in section 3.1.1 the process 

for a MDOF systems will be introduced.  

Yield displacement 

The yield displacement depends on the end fixity conditions at the top and bottom of the 

column, 𝐶1, yield curvature of the section, 𝜑𝑦, and the effective column height, 𝐻𝑒. For a 

column in single curvature bending, the yield displacement is given as: 
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 ∆𝑦= 𝐶1𝜑𝑦𝐻𝑒
2 = 𝜃𝑦𝐻𝑒 

3.1.1 
(Priestley et al., 

2017 (10.1)) 

where 𝜃𝑦 is the chord rotation at yield condition, and 𝐶1 is a constant that can be defined 

from a moment-curvature analysis.  

The most common model to describe and estimate the ultimate chord rotation, which uses 

the yield and ultimate curvatures, is shown in Figure 10. 

          

Figure 10. Moment-curvature relation and variation of curvature along the length of a 

cantilever. ,,Actual plastification length, lpl, and plastic hinge length, Lpl, in the shear 

span." (Fardis, 2009) 

The real distribution of a plastic curvature is nearly triangular over the length of 

plastification, lpl, but the model assumes that the plastic curvature is constant over a length 

Lpl, which is called the plastic hinge length. According to Fardis (2009) the plastic hinge 

length can be assumed to be taken as: 

 𝐿𝑝𝑙 ≈ 0.5𝑙𝑝𝑙 
3.1.2 

(Fardis, 2009 
(p. 222)) 

A different expression of the plastic hinge length have been proposed, and according to 

Priestley et al. (2007), the column plastic hinge length may be taken as: 

 𝐿𝑝𝑙 = 𝑘𝐿𝐶 + 𝐿𝑆𝑃 ≥ 2𝐿𝑆𝑃 
3.1.3 

(Priestley et al., 
2017 (4.31a)) 
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where 𝐿𝐶 is the length from the point of maximum moment to the point of contraflexure,  

𝐿𝑠𝑝 is the strain penetration length and 𝑘 is a variable taken as: 

 𝑘 = 0.2(
𝑓𝑢 

𝑓𝑦
− 1) ≤ 0,08 

3.1.4 
(Priestley et al., 
2017 (4.31b)) 

The strain penetration length is given as: 

 𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑑𝑏𝑙 
3.1.5 

(Priestley et al., 
2017 (4.30)) 

where 𝑓𝑦𝑑 is the yield strength of the longitudinal reinforcement and 𝑑𝑏𝑙 is the diameter of 

the longitudinal reinforcement. 

The yield chord rotation, elastic part of the deflection as explained in Figure 10, can be taken 

as: 

 𝜃𝑦 =
𝜑𝑦𝐻𝑒

3
 

3.1.6 
(Fardis, 2009 

(p. 222)) 
(ÍST EN 1998–
2:2005 (E.17)) 

Where He is the effective length, shear span length, and 𝜑𝑦 is the yield curvature of the 

section. The elastic part of the deflection is therefore given as: 

 ∆𝑦=
𝜑𝑦𝐻𝑒

2

3
 

3.1.7 
(Priestley et al., 

2017 (10.1)) 

The yield curvature is a fundamental property of a cross section and is given as a function 

of section yield strain and depth.  

The yield curvature of a cross-section was given in Equation 2.1.31, but Priestley et al. 

(2007) propose an equation that can be used to estimate the yield curvature for a circular 

column, and is given as: 

 𝜑𝑦 =
2.25휀𝑠𝑦

𝐷
 

3.1.8 
(Priestley et al., 

2017 (3.6a)) 

where 휀𝑠𝑦 is the longitudinal bar yield strain, and 𝐷 is the diameter of the column. 

The effective height of the column, the shear span length, is taken as the sum of the actual 

column height and the strain penetration length and is given as: 

 𝐻𝑒 = 𝐻 + 𝐿𝑆𝑃 

3.1.9 
3.1.10 

(Priestley et al., 
2017 (Section 

4.2.8)) 

where H is the height of the column and Lsp is the strain penetration length of the column. 
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Design displacement 

The design displacement, which is the maximum allowable displacement, is based on the 

limit state under consideration. The design displacement can be defined as the sum of the 

elastic part of the displacement, Δy, and the plastic part of the displacement, Δp, and is given 

as: 

 ∆𝑑= ∆𝑦 + ∆𝑝 
3.1.11 

(Priestley et al., 
2017 ) 

That limit state depends on strain or drift limits of the most critical member and an assumed 

displaced shape of the structure. In the case of strain limit, the design displacement is given 

as: 

 ∆𝑑,𝑙𝑠= ∆𝑦 + ∆𝑝 
3.1.12 

(Priestley et al., 
2017 (3.5)) 

where ∆𝑦 is the yield displacement and ∆𝑝 is the plastic displacement. In the case of drift 

limit, the design displacement is given as: 

 ∆𝑑,𝜃= 𝜃𝑐𝐻 
3.1.13 

(Priestley et al., 
2017 (3.5)) 

where 𝜃𝑐 is the code-specified non-structural drift limit and 𝐻 is the column height. The 

lesser of those two design limits, that is the one based on material strains and the one based 

on the drift, is taken as the design displacement: 

 ∆𝑑= 𝑚𝑖𝑛{∆𝑑,𝑙𝑠; ∆𝑑,𝜃} 3.1.14 

In many cases the design approach will be to design the structure for a given drift, and then 

verify that specified strain limits are achieved. 

The plastic displacement is given as: 

 ∆𝑝= (𝜑𝑙𝑠 − 𝜑𝑦)𝐿𝑝𝑙𝐻 = 𝜃𝑝𝐻 3.1.15 

where  𝜑𝑙𝑠 is the limit state curvature value, 𝐿𝑃𝑙 is the plastic hinge length, 𝐻 is the height 

of the column from base to centre of mass, and 𝜃𝑝 is the chord rotation at plastic condition 

(Figure 10). The limit state curvature value is taken as the lesser for concrete compression 

and steel tension: 

 𝜑𝑙𝑠 = 𝑚𝑖𝑛{𝜑𝑙𝑠,𝑐; 𝜑𝑙𝑠,𝑠} 3.1.16 

where the limit state curvature for concrete compression is given as: 

 𝜑𝑙𝑠,𝑐 =
휀𝑐,𝑙𝑠
𝑐

 
3.1.17 

(Priestley et al., 
2017 (3.3a)) 

and the limit state curvature for steel tension is given as: 
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 𝜑𝑙𝑠,𝑠 =
휀𝑠,𝑙𝑠
𝑑 − 𝑐

 
3.1.18 

(Priestley et al., 
2017 (3.3b)) 

where 휀𝑐,𝑙𝑠 is the limit-state strain for concrete compression, 휀𝑠,𝑙𝑠 is the limit-state strain for 

steel tension, 𝑑 is the depth/diameter of the column, and 𝑐 is the neutral axis depth.  

It is not appropriate to use the strain of the reinforcing steel at maximum stress according to 

Priestley et al. (2007, p.142) for several reasons, and based on their consideration, the 

ultimate curvature of a given section should be based on a steel tension limit given as: 

 휀𝑠,𝑙𝑠 = 0.6휀𝑠𝑢 
3.1.19 

(Priestley et al., 
2017 (p. 143)) 

Where εsu is the strain at maximum stress of the reinforcing steel. The ultimate compression 

strain (limit-state strain) for confined concrete is given as: 

 휀𝑐,𝑙𝑠 = 0.004 + 1.4
𝜌𝑣𝑓𝑦ℎ휀𝑠𝑢

𝑓𝑐𝑐′
 

3.1.20 
(Priestley et al., 

2017 (4.21) 

Where ρv is the volumetric ratio for the transverse hoops, fyh is the yield strength of hoop or 

spiral transverse reinforcement, εsu is the steel strain at ultimate strength and fcc’ is the 

compression strength of the confined concrete. The volumetric ratio is given as: 

 𝜌𝑣 =
4𝐴𝑡
𝐷′𝑠

 
3.1.21 

(Priestley et al., 
2017 (p. 137)) 

where At is the cross-sectional area of the transverse reinforcement, D’ is the diameter of the 

confined concrete measured to the centre of the hoops and s is the spacing of the transverse 

reinforcement. The compressive strength of the confined concrete can be defined as: 

 𝑓𝑐𝑐
′ = 𝑓𝑐𝑘 ∗ (2.254√1 + (

7.94𝑓𝑙
𝐷

) − (2
𝑓𝑙
𝐷
) − 1.1254 

3.1.22 
(Priestley et al., 

2017 (4.10)) 

where fck is the characteristic concrete strength, fl is the confined compression strength of 

the core concrete, and D is the diameter of the column. The confined compression strength 

of the core concrete is given as: 

 𝑓𝑙 = 0.5𝜌𝑣𝑓𝑦ℎ 
3.1.23 

(Priestley et al., 
2017 (4.5)) 

The neutral axis depth, to be used in Equations 3.1.17 and 3.1.18, may be estimated as: 

 𝑐 = 𝐷(0.2 + (
0.65𝑁𝐸𝑑
𝑓𝑐𝑐′ 𝐴𝑔

) 
3.1.24 

(Priestley et al., 
2017 (10.8)) 

where D is the diameter of the column, NEd is the design axial load on the column, f’cc is the 

compression strength of the confined concrete, and Ag is the gross sectional area of the 

concrete.  
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Displacement ductility and equivalent viscous damping 

When the design displacement and yield displacement have been defined, the displacement 

ductility can be calculated which is the ratio between the ultimate, or design displacement, 

and the yield displacement given as: 

 
𝜇∆ =

∆𝑑
∆𝑦

 3.1.25 

The equivalent viscous damping for individual piers can now be defined as the sum of the 

initial damping and hysteretic damping expressed here as: 

 𝜉𝑒𝑞 = 𝜉𝑒𝑙 + 𝜉ℎ𝑦𝑠𝑡 
3.1.26 

(Priestley et al., 
2017 (3.9)) 

where 𝜉𝑒𝑙  is the initial damping, usually taken as 5%, that corresponds to the damping in the 

elastic range and 𝜉ℎ𝑦𝑠𝑡 is the hysteretic damping which depends on the hysteresis rule 

appropriate for the structure being designed, and corresponds to the equivalent viscous 

damping ratio that represents the dissipation due to the non-linear (hysteretic) behaviour. 

The initial damping is added to the hysteretic counterpart to account for energy dissipation 

from nonlinearity in the elastic response, soil-structure interaction, or other similar 

mechanisms. According to Priestley et al. (2007) equation 2.1.23 can give good results for 

systems with low energy absorption in the hysteretic response, but it has been found that it 

may overestimate the effective equivalent viscous damping for systems with high energy 

absorption. The values of the hysteretic damping are given for tangent-stiffness damping 

only, and the basic for of the equation is given as: 

 𝜉ℎ𝑦𝑠𝑡 = 𝐶 (
𝜇∆ − 1

𝜇∆𝜋
) 

3.1.27 
(Priestley et al., 

2017 (3.9)) 

Where C is a coefficient that depends on what hysteretic rule is used. The hysteretic damping 

which is in general valid for concrete wall buildings and bridges is defined by using the 

empirical relation developed for Takeda thin hysteretic rule (Figure 11). 

 

Figure 11. Takeda "Thin" hysteresis rule appropriate to be used for the non-linear design 

of a bridges and concrete wall buildings (Priestley et al., 2007) 
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Priestley et al. (2007) propose formulas for the hysteretic damping that correspond to few 

structural types and materials, and the one which is given for concrete wall buildings and 

bridges is given as: 

 𝜉ℎ𝑦𝑠𝑡 = 0.444 (
𝜇∆ − 1

𝜇∆𝜋
) 

3.1.28 
(Priestley et al., 
2017 (3.17a)) 

where 𝜇∆ is the displacement ductility. Equation 3.1.26 can therefore be rewritten as: 

 𝜉𝑒𝑞 = 0.05 + 0.444 (
𝜇∆ − 1

𝜇∆𝜋
) 

3.1.29 
(Priestley et al., 
2017 (3.17a)) 

If the displacement ductility is lower than 1, the structure behaves elastic and the equivalent 

viscous damping can be taken as 5%. 

Effective period 

With the design displacement and equivalent viscous damping, the effective period at 

maximum displacement response, measured at the effective height, can be read from the 

elastic displacement response spectra for the chosen seismic demand.  

The general form of the elastic acceleration response spectra, Se(T), is the same as the 

horizontal elastic response spectrum for FBD, and the elastic displacement response spectra 

is presented from the design acceleration spectra, with 5% damping, using acceleration-

displacement relationship, and is given as: 

 
𝑆𝐷𝑒(𝑇) =

𝑇2

4𝜋2
𝑆𝑒(𝑇)𝑔 3.1.30 

The displacement at the corner period (Figure 12), Δc,5, can now be defined as: 

 ∆𝑐,5= 2.5𝑎𝑔𝑇𝐶𝑇𝐷
𝑔

4𝜋2
 

3.1.31 
(Priestley et al., 

2017 (2.7)) 
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Figure 12. Displacement response spectra. The red dot indicates the spectral displacement 

at the corner period, the period at the beginning of the constant displacement response 

range of the spectrum. 

Where 𝑎𝑔 is the design ground acceleration, 𝑇𝐶 is the upper limit of the constant spectral 

acceleration branch, 𝑇𝐷 is the value defining the beginning of the constant displacement 

response range of the spectrum, and g is the acceleration due to gravity. Priestley et al. (2007) 

recommends that the value of 𝑇𝐷 should be 4.0s. 

The damped displacement will therefore be: 

 ∆𝑐,𝜉= ∆𝑐,5𝜂 3.1.32 

where η is the spectrum scaling factor which is based, and recommended in the book by 

Priestley et al. (2007), on the previous version of Eurocode 8 from 1994, and is given as: 

 
𝜂 = (

0.07

0.02 + 𝜉𝑒𝑞
)

0.5

 3.1.33 

The effective period can now be defined as: 

 
𝑇𝑒𝑓𝑓 = 𝑇𝑐

∆𝑑
∆𝑐,𝜉

 
3.1.34 

(Priestley et al., 
2017 (3.22)) 

where Δc,ξ is the displacement at the corner period TC for the displacement spectrum 

corresponding to the actual damping, equivalent viscous damping, and Δd is the design 

displacement. 
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Effective stiffness 

With the defined effective period, the effective stiffness of the SDOF system at design 

displacement can be found by inverting the normal equation for the period of a SDOF 

oscillator, given as: 

 𝐾𝑒𝑓𝑓 = 4𝜋2
𝑚𝑒

𝑇𝑒𝑓𝑓
2  

3.1.35 
(Priestley et al., 

2017 (3.1)) 

where me is the effective mass of the structure. For bridge columns the effective mass is 

taken as the mass on top of the column, along with 1/3 of the mass of the column. 

Design base shear and moment 

The base shear can now be calculated as: 

 𝐹 = 𝑉𝐵𝑎𝑠𝑒 = 𝐾𝑒𝑓𝑓Δ𝑑 
3.1.36 

(Priestley et al., 
2017 (3.2)) 

where 𝐾𝑒𝑓𝑓 is the effective stiffness, and 𝛥𝑑 is the design displacement. The base moment 

can finally be defined as: 

 𝑀𝑏𝑎𝑠𝑒 = 𝑉𝑏𝑎𝑠𝑒𝐻 3.1.37 

 

3.1.1 Equivalent SDOF properties for MDOF system 

As mentioned at the beginning of this chapter, the DDBD characterizes the structure to be 

designed by a SDOF representation of performance at peak displacement and is based on the 

Substitute Structure approach, developed by Gulkan and Sozen (1974). The procedure is 

shown graphically in Figure 13 but more detailed description will be discussed in this 

chapter. 
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Figure 13. Flowchart for operations of MDOF bridge structure - DDBD 

The procedure will most likely have to go through some iterations which incorporates two 

initial assumptions which are the fraction of the lateral force carried by superstructure 

bending back to the abutments, and the displacement profile, which is strongly dependent 

on the degree of restraints provided at the abutments.  

Fraction of lateral force carried by the superstructure 

Resistance to seismic loading in the transverse direction is mainly provided through bending 

of the piers, which are designed to respond inelastically, and bending of the superstructure 

of the abutments are designed to provide some restraint. Normally the superstructure is 

required to remain elastic under seismic loading and the inertia forces that are developed in 

the deck are taken up by two load paths; one is transmitted to the foundation of the piers 

through inelastic bending of the columns and one is transmitted to the abutments through 

elastic bending of the superstructure. To begin with, an assumption of that portion of the 
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inertia force, x, has to be assumed which will most likely change during the iteration but to 

begin with this value can be taken as 0.5, that is, 50% of the lateral force will be carried by 

the columns and 50% by the superstructure (Priestley et al., 2007; Restrepo, 2006) 

Displacement profile 

For MDOF systems, the first step is to select the characteristic design displacement profile 

such that at least one pier (as for a design of a bridge) reaches its critical limit, which depends 

either on drift or strain limit, and an assumed displaced shape of the structure. The assumed 

displaced profile (displaced shape) of the bridge depends on the fixity conditions of the 

abutments, stiffness of the superstructure, as well as relative stiffnesses of the different piers. 

If the bridge consists of a series of simply supported spans, each pier can be designed 

separately as a SDOF system. For continuous spans, an initial shape is assumed that most 

likely must be iterated. 

System displacement and effective mass 

The next step is to estimate the properties of the equivalent SDOF system, that is estimating 

the equivalent system displacement, at a given equivalent height and equivalent mass, and 

the effective mass. The equivalent system displacement is given as: 

 Δ𝑠𝑦𝑠 =
𝜔𝑡 ∑ (𝑚𝑖∆𝑖

2)𝑛
𝑖=1

∑ (𝑚𝑖∆𝑖)
𝑛
𝑖=1

 
3.1.1.1 

(Sullivan et al., 
2012 (7.1)) 

where 𝜔𝑡 is the torsion factor which can be taken as 1.0 for bridge structure  (Sullivan et al., 

2012), 𝑚𝑖 is the mass of the n significant mass locations, and Δ𝑖 is the displacement of the n 

significant mass locations given as: 

 Δ𝑖 = 𝛿𝑖 (
∆𝑐
𝛿𝑐
) 

3.1.1.2 
(Priestley et al., 
2007 (10.19)) 

Where 𝛿𝑖 is the inelastic mode shape, ∆𝑐 is the design displacement at the critical mass, and 

𝛿𝑐 is the modal value at the critical mass. 

The effective mass of the system of the substitute structure can now be defined as: 

 𝑚𝑒 =
∑ 𝑚𝑖∆𝑖
𝑛
𝑖=1

∆𝑠𝑦𝑠
 

3.1.1.3 
(Priestley et al., 

2017 (3.33)) 

Pier displacement ductility and equivalent viscous damping 

The displacement ductility of each pier can be estimated in a same way as was done in 

Section 3.1, given as: 

 𝜇∆ =
∆𝑑
∆𝑦

 
3.1.1.4 

(Priestley et al., 
2017 (3.36)) 

where the design displacement, ∆𝑑, is dependent on the critical design displacement of the 

piers. So, the lowest (critical) value of the yield displacement, ∆𝑦,𝑐𝑟, and plastic 
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displacement, ∆𝑝,𝑐𝑟 of the piers will govern the design and the design displacement given in 

Equation 3.1.14 may be rewritten here as: 

 ∆𝑑= ∆𝑦,𝑐𝑟 + ∆𝑝,𝑐𝑟 3.1.1.5 

The equivalent viscous damping of each pier will be the same as given in Equation 3.1.29, 

rewritten here as: 

 𝜉𝑒𝑞 = 𝜉𝑒𝑙 + 𝜉ℎ𝑦𝑠𝑡 = 0.05 + 0.444 (
𝜇∆ − 1

𝜇∆𝜋
) 3.1.1.6 

 

Ratios of shear force carried by the piers 

The next step is to determine the ratios of shear forces that are carried by the piers. If it is 

assumed that all the piers have equal flexural reinforcement, and that all piers yield, their 

shear force will approximately be in proportion to the inverse of the pier height. The fraction 

of the total lateral inertia force, F, that is carried back to the abutments by superstructure 

bending is given with x, and therefore the shear forces at the abutments are: 

 𝑉1 + 𝑉2 = 𝑥∑𝐹𝑖

𝑚

𝑖=1

 
3.1.1.7 

(Priestley et al., 
2017 (10.23)) 

Where 𝑉1 and 𝑉2 are the shear forces in each abutment, and m is the number of piers and 

abutments. The pier shear forces are: 

 𝑉𝑖 = (1 − 𝑥)∑𝐹𝑖

𝑚

𝑖=1

(

1
𝐻𝑖

∑
1
𝐻𝑖
 𝑛

𝑖=1

) 
3.1.1.8 

(Priestley et al., 
2017 (10.24)) 

where 𝐻𝑗 is the effective column height, and n is the number of piers. Since the shear force 

is not known at this stage, the ratios of the shear forces are: 

 𝑉𝑖(%) = (1 − 𝑥)(

1
𝐻𝑖

∑
1
𝐻𝑖
 𝑛

𝑖=1

) 3.1.1.9 

For those piers that remain elastic 
1

𝐻𝑖
 is taken as 

𝜇∆

𝐻𝑖
.  

System damping 

The effective system damping depends on the structural system and the displacement 

ductility demand. Figure 14 shows the factors that contribute to system damping under 

transverse response, which can, especially when the piers are irregular in height, have a shear 

force carried by the piers and abutments, displacement ductility demands, and equivalent 
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viscous damping varying between the piers and abutments which results in different 

displacements among them.  

 

Figure 14. Factors that contribute to system damping under transverse response. F is the 

lateral inertia force, V is the shear force, Δ is the displacement, and H is the effective 

height (Priestley et al., 2007 (p. 499)) 

Usually the inertia force that is carried by the superstructure, x, will not have a damping that 

has a significant effect, but any displacement of the abutments may result in high damping 

that has to be considered and the system damping may be given as: 

 𝜉𝑠𝑦𝑠 =
∑ 𝑉𝑖∆𝑖
𝑛
𝑖=1 𝜉𝑖
∑ 𝑉𝑖∆𝑖
𝑛
𝑖=1

 
3.1.1.10 

(Priestley et al., 
2017 (10.22)) 

where 𝑉𝑖 is the shear force, ∆𝑖 is the displacement at the top, and 𝜉𝑖 is the damping of the 

structural element (piers and abutments), 𝑛,  contributing to the seismic resistance. If the 

superstructure lateral displacements at the abutments are small compared to the 

displacements at the piers, then it can be assumed that the superstructure damping is 5% and 

the superstructure displacement is equal to the system displacement. The equivalent system 

damping is then given as: 

 𝜉𝑠𝑦𝑠 =
𝑥Δ𝑠𝑦𝑠0,05 + (1 − 𝑥)(∑

1
𝐻𝑖
Δ𝑖𝜉𝑖)/∑

1
𝐻𝑖

𝑛
𝑖=1

𝑛
𝑖=1

𝑥Δ𝑠𝑦𝑠 + (1 − 𝑥)(∑
1
𝐻𝑖
Δ𝑖)/∑

1
𝐻𝑖

𝑛
𝑖=1

𝑛
𝑖=1

 
3.1.1.11 

(Priestley et al., 
2017 (10.27a)) 

where n is number of piers. However, if the displacements at the abutments are significant, 

the damping of the superstructure and displacements at the abutments should be considered 

separately. The equivalent system damping is then given as: 

 𝜉𝑠𝑦𝑠 =
𝑥(Δ𝑠𝑦𝑠 − Δ𝑎)𝜉𝑠𝑠 + 𝑥Δ𝑎𝜉𝑎 + (1 − 𝑥)(∑

1
𝐻𝑖
Δ𝑖𝜉𝑖)/∑

1
𝐻𝑖

𝑛
𝑖=1

𝑛
𝑖=1

𝑥(Δ𝑠𝑦𝑠 − Δ𝑎) + 𝑥Δ𝑎 + (1 − 𝑥)(∑
1
𝐻𝑖
Δ𝑖)/∑

1
𝐻𝑖

𝑛
𝑖=1

𝑛
𝑖=1

 
3.1.1.12 
(Priestley et 

al., 2017 
(10.27b)) 

where 𝜉𝑠𝑠 is the damping of the superstructure, 𝜉𝑎 is the damping of the abutment, and Δ𝑎 is 

the average displacement of the abutments. Displacement of the abutment is given as: 

 Δ𝑎 =
∆1 + ∆𝑚

2
 3.1.1.13 
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where ∆1 and ∆𝑚 are the displacements of each abutment. 

Effective period, stiffness and design base shear force 

With the design displacement and the corresponding damping, the effective period at 

maximum displacement response, measured at the effective height, can be read from the 

damped elastic displacement response spectra. The effective period is given as: 

 𝑇𝑒 = 𝑇𝐶
∆𝑠𝑦𝑠

∆𝑐,𝜉
𝜂 3.1.1.14 

where Δsys is the system displacement, Δc,ξ is the damped displacement, and η is the 

recommended damping correction, based on the reduction factor from Eurocode 8, 1994 

(ÍST EN 1998-1:1994) and is given as: 

 𝜂 = (
0.07

0.02 + 𝜉𝑒𝑞
)

0.5

 3.1.1.15 

The damped displacement, same as Equation 3.1.32, is given as: 

 ∆𝑐,𝜉= ∆𝑐,5𝜂 3.1.1.16 

where Δc,5 is the corner displacement, same as Equation 3.1.31, given as: 

 ∆𝑐,5= 2.5𝑎𝑔𝑇𝐶𝑇𝐷
𝑔

4𝜋2
 3.1.1.17 

which is defined from the elastic displacement response spectra. The effective stiffness of 

the equivalent SDOF system at design displacement can then be determined by inverting the 

normal equation for the period of a SDOF oscillator, given as: 

 𝐾𝑒𝑓𝑓 = 4𝜋2
𝑚𝑒

𝑇𝑒
2

 3.1.1.18 

Finally, by using the effective stiffness and design displacement, the base shear can be 

estimated as: 

 𝑉𝐵 = 𝐾𝑒𝑓𝑓Δ𝑠𝑦𝑠 3.1.1.19 

When the yield displacement exceeds the 5% damped elastic displacement at the corner 

period, the design base shear force is given as: 

 𝑉𝐵 = 𝐾𝑒𝑙∆𝑐,5 3.1.1.20 

where 𝐾𝑒𝑙 is the elastic stiffness. 
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Distribution of the base shear force 

The base shear is then distributed as forces to inertia masses in proportion to mass and 

displacement at the discretized mass locations. The design force at mass i is given as: 

 𝐹𝑖 = 𝑉𝐵
𝑚𝑖∆𝑖
∑𝑚𝑖∆𝑖

 
3.1.1.21 

(Priestley et al., 
2017 (3.41)) 

 

Effective stiffness and base shear of the columns 

To estimate the effective stiffness for each abutment and pier for the structural analysis 

model, the estimation of the shears carried by piers and abutments based on the assumption 

for x, the fraction of lateral force carried by the superstructure bending load path, is required. 

The column base shear can now be estimated as: 

 𝑉𝑖 = (1 − 𝑥)∑𝐹𝑖 (
1/𝐻𝑖

∑ 1/𝐻𝑖
𝑛
𝑖=1

)

𝑛

𝑖=1

 3.1.1.22 

where n is the number of piers. For those piers that remain elastic 
1

𝐻𝑖
 should be taken as 

𝜇∆

𝐻𝑖
. 

The effective stiffness of the piers is then given as: 

 𝐾𝑖 =
𝑉𝑖
∆𝑖

 3.1.1.23 

 

Analyse the structure under lateral force 

A structural model must be analysed for the lateral forces, 𝐹𝑖, and the effective stiffness of 

the piers and abutments, to estimate the displacement of the critical pier or abutment. The 

computed displacement is compared with the design displacement and pier stiffnesses are 

adjusted to improve agreement. If the analysis indicate that the computed displacement is 

too high, x is reduced and vice versa. 
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4 Comparison of FBD and DDBD 

Since the DDBD method assumes a target displacement, it is interesting to explore what 

would be needed to be done in the FBD method so that it could reach the same displacement.  

For both FBD and DDBD, the same material properties, initial sizing of the column and the 

superstructure, need to be chosen so that the comparison of the results will be compatible. 

In Table 4 the material properties of concrete are given, and in Table 5 the material properties 

of reinforcing steel are given. 

Table 4. Material properties of concrete 

Concrete, C35/45 

fck (MPa) 35 ρc (kN/m3) 24.5 

fcd (MPa) 23.33 εcu 0.0035 

Ec (GPa) 34 εc,ls 0.0174 

 

fck is the characteristic concrete strength, fcd is the design concrete strength, Ec is the elastic 

modulus of concrete, γc is the safety factor for concrete, ρc is the unit weight of concrete, εcu 

is the ultimate strain of the concrete, and εc,ls is the ultimate compression strain for the 

confined concrete. 

Table 5. Material properties of steel 

Reinforcing steel, B500C 

fyk (MPa) 500 ρs (kN/m3) 77 

fuk (MPa) 650 εsy 0.00217391 

fyd (MPa) 434.78 εsu 0.1 

Es (GPa) 200   

 

fyk is the characteristic yield strength of the steel, fuk is the characteristic ultimate strength of 

the steel reinforcement, fyd is the design yield strength of the steel reinforcement, Es is the 

elastic modulus of the reinforcement, γs is the safety factor for steel, ρs is the unit weight of 

steel, εsy is the yield strain of the steel reinforcement, εsu is the strain at maximum stress of 

the reinforcing steel, and εs,ls is the steel strain limit. 

4.1 Site classification and elastic response 

spectra 

The response spectra used in this study is the Type 1 horizontal elastic response spectra given 

in Eurocode 8 (ÍST EN 1998-1-1:2004) with some modifications given by Priestley et al. 

(2007). The description of the site and the response spectra used for both FBD and DDBD 

is described below. 
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The type of ground, which is mostly found in Iceland, is A which describes a rock or other 

rock-like geological formation, including at most 5m of weaker material at the surface (ÍST 

EN 1998-1-1:2004) As given in Section 1.5, the horizontal design acceleration (the reference 

peak ground acceleration chosen by the National Authorities) in South Iceland, Selfoss, is 

0.5g. The importance class is III (Sullivan et al., 2012; ÍST EN 1998-2:2005), and therefore 

the importance factor is 1.2 which gives the design ground acceleration from 2.1.15 as: 

 𝑎𝑔 = 1.2 ⨯ 0.5𝑔 = 0.6𝑔  

The soil factor, S, for ground type A is 1.0. The corresponding values of TB, TC and TD are 

given in Table 6 which are based on Eurocode 8, but with a modification of the corner period 

proposed by Priestley et al. (2007). 

Table 6. Values of the parameters used in the study for the elastic response spectra. 

TB TC TD 

0.15 0.4 4.0 

 

The horizontal elastic acceleration spectrum and displacement spectrum corresponding to 

these values is shown in Figure 15. Both spectrums correspond to 5% damping. 

 

Figure 15. Elastic horizontal acceleration spectra and displacement spectra based on EC8 

for site class A and PGA of 0.6g; damping ratio 5%. 

The damping correction factor that will be used in those calculations is the one that Priestley 

et al. (2007) recommends, which was in earlier Eurocode 8 from 1994, given as: 

𝜂 = (
0.07

0.02 + 𝜉
)
0.5
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4.2 Design of a single bridge column 

The bridge column is assumed to be fixed to the foundation and pinned to the superstructure. 

The length of the column is selected to be 10m, and the vertical load on the column is 

5000kN. In both FBD and DDBD, the same mass taking part in the seismic action will be 

used which will be as recommended in Section 3.1 by Priestley et al. (2007). The weight is 

taken as the weight on top of the column along with 1/3 of the column weight: 

𝑊 = 5000 𝑘𝑁 + ((
1

3
) ⨯ 10𝑚 ⨯ 25

𝑘𝑁

𝑚3
⨯ 1.77𝑚2) = 𝟓𝟏𝟒𝟕 𝒌𝑵 

The main geometric parameters of the column cross-section are given in Table 7 and shown 

in Figure 16. 

Table 7. Column cross-section for FBD and DDBD 

Column cross-section 

D (mm) 1500 d (mm) 1410 

cc (mm) 60 d’ (mm) 90 

dbl (mm) 20 D’ (mm) 1360 

dbt (mm) 20 εc,ls 0.0223 

s (mm) 100   

 

D is the width of the column, cc is the concrete cover of the reinforcement, dbl is the diameter 

of the longitudinal reinforcement, dbt is the diameter of the transverse reinforcement, s is the 

spacing of the transverse reinforcement, d is the effective depth of the cross-section, d’ is the 

remaining depth of the cross-section, D’ is the diameter of the confined concrete and xULS is 

the neutral axis depth at ultimate state.  
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Figure 16. Main geometric parameters of the column cross-section used in calculations to 

compare FBD and DDBD. The first image shows the cross-section of the column and the 

second image shows the vertical cross-section of the column. 

4.2.1 Design displacement limit to be used for FBD and DDBD – 

Single bridge column 

If the FBD and DDBD method are to be compatible, the same displacement limitations 

must be used. The assumptions that will be used for the design displacement limit will be 

based on the procedure Priestley et al. (2007) recommend for the DDBD method. For more 

detailed descriptions of the formulas that will be used for the calculations of the 

displacement limit see Section 3.1. 

Drift limit 

The codified drift limit from the DBD12 model code (Sullivan et al., 2012) for a reinforced 

concrete bridge pier is 0.03, so the drift limit of the column is: 

∆𝑑,𝜃= 𝜃𝑐𝐻 = 0.03 ⨯ 10𝑚 = 𝟎. 𝟑 𝒎 

Strain limit 

Strain penetration length: 

𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑑𝑏𝑙 = 0.022 ⨯ 500 𝑀𝑃𝑎 ⨯ 20 𝑚𝑚 = 𝟎. 𝟐𝟐 𝒎 

Plastic hinge length: 

𝑘 = 0.2 (
𝑓𝑢 

𝑓𝑦
− 1) = 0.2 ⨯ (

650 

500
− 1) = 𝟎. 𝟎𝟔 ≤ 0.08 

𝐿𝑝𝑙 = 𝑘𝐿𝐶 + 𝐿𝑆𝑃 ≥ 2𝐿𝑆𝑃 
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𝐿𝑝𝑙 = 0.06 ⨯ 10 𝑚 + 0.22 𝑚 = 𝟎. 𝟔𝟎𝟎𝟐𝟐 𝒎 ≥ 2 ⨯ 0.22 = 0.44 𝑚 

Effective length of the column: 

𝐿𝑠 = 𝐻𝑒 = 𝐻 + 𝐿𝑠𝑝 = 10 𝑚 + 0.22 𝑚 = 𝟏𝟎. 𝟐𝟐 𝒎 

The volumetric ratio for the transverse hoops: 

𝜌𝑣 =
4𝐴𝑡
𝐷′𝑠

=
4 ⨯ 314.16 𝑚𝑚2

1360 𝑚𝑚 ⨯ 100 𝑚𝑚
= 𝟎. 𝟎𝟎𝟗𝟐𝟒 

The confined compression strength of the core concrete: 

𝑓𝑙 = 0.5𝜌𝑣𝑓𝑦ℎ = 0.5 ⨯ 0.00924 ⨯ 500 𝑀𝑃𝑎 = 𝟐. 𝟑𝟏 𝑴𝑷𝒂 

The compression strength of the confined concrete: 

𝑓𝑐𝑐
′ = 𝑓𝑐𝑘(2.254√1 + (

7.94𝑓𝑙
𝐷

) − (2
𝑓𝑙
𝐷
) − 1.1254 

𝑓𝑐𝑐
′ = 35 𝑀𝑃𝑎 ⨯ (2.254√1 + (

7.94 ⨯ 2.31 𝑀𝑃𝑎

1500 𝑚𝑚
) − (2 ⨯

2.31 𝑀𝑃𝑎

1500 𝑚𝑚
) − 1.1254

= 𝟑𝟓. 𝟑𝟕 𝑴𝑷𝒂 

The neutral axis depth: 

𝑐 = 𝐷 ⨯ (0.2 + (
0.65𝑁𝐸𝑑
𝑓𝑐𝑐′ 𝐴𝑔

) 

𝑐 = 1500 𝑚𝑚 ⨯ (0.2 + (
0.65 ⨯ 5147 𝑘𝑁

35.37 𝑀𝑃𝑎 ⨯ 1767146 𝑚𝑚2
) = 𝟑𝟖𝟎. 𝟐𝟗 𝒎𝒎 

The ultimate curvature, or limit-state curvature, is taken as the minimum value of the 

curvature for reinforcement in tension and concrete in compression, and is: 

𝜑𝑙𝑠 = 𝑚𝑖𝑛{𝜑𝑙𝑠,𝑐; 𝜑𝑙𝑠,𝑠} = 𝑚𝑖𝑛 {
0.0223

380.29 𝑚𝑚
;

0.06

1.41𝑚 − 380.29𝑚𝑚
} = 𝟎. 𝟎𝟓𝟖𝟐𝟕

𝟏

𝒎
 

Yield curvature: 

𝜑𝑦 =
2.4휀𝑠𝑦

𝐷
=
2.4 ⨯ 0.0025

1.5 𝑚
= 𝟎. 𝟎𝟎𝟒

𝟏

𝒎
 

Yield displacement: 

∆𝑦=
𝜑𝑦𝐻𝑒

2

3
=
0.004

1
𝑚 ⨯ 10.22 𝑚2

3
= 𝟎. 𝟏𝟑𝟗𝟑 𝒎 
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Plastic displacement: 

∆𝑝= (𝜑𝑙𝑠 − 𝜑𝑦)𝐿𝑃𝐻 

∆𝑝= (0.05827 − 0.004) ⨯ 0.60022 ⨯ 10𝑚 = 𝟎. 𝟑𝟐𝟓𝟕 𝒎 

Design displacement that depends on strain limits is: 

∆𝑑,𝑙𝑠= 0.1393 + 0.3257 = 𝟎. 𝟒𝟔𝟓 𝒎 

Design displacement 

Since the drift limit will govern the design, the displacement limit-state that will be used is: 

∆𝑑= 𝟎. 𝟑 𝒎 

4.2.2 Force-based design 

The design displacement given in Section 4.2.1 that will be used as a performance goal for 

this method is: 

∆𝑑= 𝟑𝟎𝟎 𝒎𝒎 

Elastic lateral stiffness 

First the effective stiffness of the column is guessed, which must be checked at the end of 

the design. The gross moment of inertia (uncracked concrete assumed) is: 

𝐼𝑔 =
1

64
𝜋𝐷4 = 𝟐. 𝟒𝟖𝟓 ⨯ 𝟏𝟎𝟏𝟏 𝒎𝒎𝟒 

and hence the first guess of the effective moment of inertia is: 

𝐼𝑒𝑓𝑓 = 40%𝐼𝑔 = 0.4 ⨯ 2.485 ⨯ 1011 = 𝟗. 𝟗𝟒 ⨯ 𝟏𝟎𝟏𝟎 𝒎𝒎𝟒  

The column has a fixed end connection to the foundation and pinned end connection to the 

superstructure, so the elastic lateral stiffness is: 

𝐾𝑒𝑙 =
3(𝐸𝑐𝐼)𝑒𝑓𝑓

𝐻3
=
3 ⨯ 34000 𝑀𝑃𝑎 ⨯ (9.94 ⨯ 1010 𝑚𝑚4)

(10 𝑚)3
= 𝟏𝟎𝟏𝟑𝟗

𝒌𝑵

𝒎
 

Fundamental period of the structure 

The mass participating in the seismic response is 5147 kN as given at the beginning of 

Section 4.2, so the fundamental period of the structure is: 
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𝑇 = 2𝜋√
𝑚

𝐾𝑒𝑙
= 2𝜋

√
  
  
  
  
  

(
5147 𝑘𝑁

9.806
𝑚
𝑠2 
)

10139
𝑘𝑁
𝑚  

= 𝟏. 𝟒𝟑𝒔 

Behaviour factor, q 

As given in Table 1, the behaviour factor for reinforced concrete bridge piers with ductile 

behaviour is given as: 

𝑞 = 3.5𝜆(𝛼𝑠) 

and the shear span ratio is: 

𝛼𝑠 =
10𝑚

1.5𝑚
= 𝟔. 𝟔𝟕 

The values in Table 1 are only valid if the axial force ratio is lower than 0.3, and the axial 

force ratio is: 

𝜂𝑘 =
𝑁𝐸𝑑
𝐴𝑐𝑓𝑐𝑘

=
5147 𝑘𝑁

1767146 𝑚𝑚2 ⨯ 35 𝑀𝑃𝑎
= 𝟎. 𝟎𝟖𝟑𝟐 

so, the behaviour factor is: 

𝑞 = 3.5 ⨯ 1.0 = 𝟑. 𝟓 

Response spectra 

The design ground acceleration to be used in the response spectra, with the importance factor 

equal to 1.2 is: 

𝑎𝑔 = 𝛾𝑙𝑎𝑔𝑅 = 1.2 ⨯ 0.5𝑔 = 𝟎. 𝟔𝒈 

The ground type is A and the parameters in Table 6 apply. The design horizontal acceleration 

response spectrum corresponding to these factors previously defined is shown in Figure 17. 
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Figure 17. Design horizontal acceleration response spectra based on EC8 for site class A, 

PGA of 0.6g, and behaviour factor 3.5. 

Since the fundamental period of vibration is equal to 1.43s, the design spectral acceleration 

is given as: 

𝑆𝑑(𝑇) = min {0.65 ⨯ 1 ⨯ (
2.5

3.5
) ⨯ (

0.4𝑠

1.43𝑠
) ; 0.2 ⨯ 0.6} = 𝟎. 𝟏𝟐𝒈 

Base shear, seismic moment and displacement 

Now the total base shear force can be computed which is: 

𝑉𝑏𝑎𝑠𝑒 = 0.12𝑔 ⨯ 5147 𝑘𝑁 = 𝟔𝟏𝟖 𝒌𝑵 

The seismic moment of the column is: 

𝑀𝑏𝑎𝑠𝑒 = 608 𝑘𝑁 ⨯ 10 𝑚 = 𝟔𝟏𝟕𝟕 𝒌𝑵𝒎 

and the displacement of the column is: 

∆=
618 𝑘𝑁

10139
𝑘𝑁
𝑚

= 𝟔𝟎. 𝟗 𝒎𝒎 

The elastic deformation of the column is then: 

∆𝑠= 60.9𝑚𝑚 ⨯ 3.5 = 213 𝑚𝑚 

This displacement goal, which is 300mm, has not been reached. This shows that the structure 

has not reached its full deformation capacity. 

Moment of resistance and total area of reinforcement 

The next step is to estimate the moment of resistance of the column, and hence calculating 

the correct effective moment of inertia, since just an assumed effective moment of inertia 

was guessed at the beginning as 40% of the gross moment of inertia. A column with a total 
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of 32 longitudinal reinforcement bars, with a diameter of 20 mm as given in Table 7, can 

resist the seismic moment of the column. The neutral axis depth of the cross-section will be 

taken as the one given in Priestley et al. (2007) recommend in Section 3.1, Equation 3.1.24, 

and is: 

𝑐 = 𝐷 ⨯ (0.2 + (
0.65𝑁𝐸𝑑
𝑓𝑐𝑐′ 𝐴𝑔

) = 1.5 ⨯ (0.2 + (
0.65 ⨯ 5147𝑘𝑁

35.37𝑀𝑃𝑎 ⨯ 1767146𝑚𝑚2
) = 380.29𝑚𝑚 

The moment of resistance will be: 

𝑀𝑅𝑑 = 𝐴𝑠,𝑡𝑜𝑡𝑓𝑦𝑑(𝑑 − 0.5𝜆𝑥𝑈𝐿𝑇) 

𝑀𝑅𝑑 = 10053𝑚𝑚2 ⨯ 500𝑀𝑃𝑎 ⨯ (1410 − 0.5 ⨯ 0.8 ⨯ 380.29𝑚𝑚) = 6323 𝑘𝑁𝑚 

Now we can see that the following criteria is satisfied: 

𝑀𝑏𝑎𝑠𝑒 < 𝑀𝑅𝑑 

and the actual effective moment of inertia according to Equation 2.1.31 is: 

𝐼𝑒𝑓𝑓 =
1.2𝑀𝑅𝑑

𝜑𝑦𝐸𝑐
=

1.2 ⨯ 6322𝑘𝑁𝑚

0.004 ⨯
1
𝑚 ⨯ 34000𝑀𝑃𝑎

= 5.58 ⨯ 1010𝑚𝑚4 

Since this is different from the value initially assumed, an iteration needs to be carried out. 

The actual moment of inertia of the column will now be used to go through the first iteration. 

The 1st iteration is given in Table 8. 

Table 8. FBD: Single bridge column. 1st iteration 

Kel 5691 

Seismic mass (kN) 5147 

T (s) 1.91 

Sd(T) (g) 0.12 

Vbase (kN) 618 

Mbase (kNm) 6177 

Δs (mm) 380 

 

As it can be seen, the displacements are too high so the amount of reinforcement must be 

increased. The amount of reinforcement is increased from 32 to 35 and the effective moment 

of inertia will therefore be: 

𝐼𝑒𝑓𝑓 = 6.10 ⨯ 1010𝑚𝑚4 

The actual moment of inertia will now be used to go through the 2nd iteration which given in 

Table 9. 
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Table 9. FBD: Single bridge column. 2nd iteration 

Kel 6224 

Seismic mass (kN) 5147 

T (s) 1.82 

Sd(T) (g) 0.12 

Vbase (kN) 618 

Mbase (kNm) 6177 

Δs (mm) 347 

 

The displacement is still high so the amount of reinforcement must be increased. The amount 

of reinforcement is increased from 35 to 41 and the effective moment of inertia will be: 

𝐼𝑒𝑓𝑓 = 7.15 ⨯ 1010𝑚𝑚4 

The actual moment of inertia will now be used to go through the 3rd iteration which given in 

Table 10. 

Table 10. FBD: Single bridge column. 3rd iteration 

Kel 7290 

Seismic mass (kN) 5147 

T (s) 1.69 

Sd(T) (g) 0.12 

Vbase (kN) 618 

Mbase (kNm) 6177 

Δs (mm) 297 

 

The displacement is now close enough to the target displacement. The effective moment of 

inertia of the cross-section is therefore: 

𝐼𝑒𝑓𝑓 = 7.15 ⨯ 1010𝑚𝑚4 

 

The transverse reinforcement has a diameter of 20mm, with a spacing of 100mm, and the 

results are summarized in Table 11. 
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Table 11. FBD: Single bridge column. Summarized results. 

Kel 7291 Mbase (kNm) 6177 

Seismic mass (kN) 5147 Δs (mm) 297 

T (s) 1.69 No. As (pcþ) 41 

Sd(T) (g) 0.12 As.tot (mm2) 12881 

Vbase (kN) 618 MRd (kNm) 8101 

 

Slenderness 

The slenderness must now be considered where the relative normal force is: 

𝑛 =
𝑁𝐸𝑑
𝐴𝑐𝑓𝑐𝑑

=
5147000

(1.75 ⨯ 106) ⨯ 29.17)
= 0.1 

And the limiting value of the slenderness is: 

𝜆sl,lim =
20𝐴𝐵𝐶

√𝑛
=
20 ⨯ 0.7 ⨯ 1.1 ⨯ 0.7

√0.1
= 33.99 

The minimum radius of gyration of the uncracked cross-section is: 

𝑖 = √
𝐼𝑔

𝐴𝑔
= √

2.49 ⨯ 1011

1.77 ⨯ 106
= 375 

And the slenderness of the column, where the effective height is taken as the total height of 

the column multiplied with 0.7, is therefore: 

𝜆𝑠𝑙 =
𝑙0
𝑖
=
7000

375
= 18.67 

Since the slenderness is lower than the limiting value, second-order effects may be ignored. 

4.2.3 Direct displacement-based design 

Design displacement 

In this method, the design displacement given in Section 4.2.1 will be used as a performance 

initial value to design the cross-section for, given as: 

∆𝑑= 𝟑𝟎𝟎 𝒎𝒎 

Displacement ductility and equivalent viscous damping 

The yield displacement calculated in Section 4.2.1, will now be used to estimate the 

displacement ductility of the column: 
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𝜇∆ =
∆𝑑
∆𝑦

=
0.300 𝑚

0.1393 𝑚
= 𝟐. 𝟏𝟓𝟒𝟐 

Since the displacement ductility is larger than 1, it is known that the response of the column 

will be in the non-linear range. The hysteretic damping according to Equation  3.1.28 is: 

𝜉ℎ𝑦𝑠𝑡 = 0.444 (
𝜇∆ − 1

𝜇∆𝜋
) = 0.444 (

2.1542 − 1

2.1542 ⨯ 𝜋
) = 𝟕. 𝟓𝟕% 

And the equivalent viscous damping, according to Equation 3.1.29, of the column will 

therefore be: 

𝜉𝑒𝑞 = 0.05 + 0.444 (
𝜇∆ − 1

𝜇∆𝜋
) = 5 + 7.57 = 𝟏𝟐. 𝟓𝟕% 

Effective period 

From the acceleration spectra with 5% damping, the elastic displacement response spectra 

is defined, and the displacement at the corner period (Figure 18) is given as; 

∆𝑐,5= 2.5𝑎𝑔𝑇𝐶𝑇𝐷
𝑔

4 ⨯ 𝜋2
= 2.5 ⨯ 0.6 ⨯ 0.4 ⨯ 4 ⨯

9.806

4 ⨯ 𝜋2
= 𝟎. 𝟓𝟗𝟔𝟏 𝒎 

 

Figure 18. Elastic horizontal displacement response spectra. Displacement at the corner 

period is marked in the figure. 

With the equivalent viscous damping defined, the damping correction factor of the structure 

is: 

𝜂 = (
0.07

0.02 + 0.1257
)
0,5

= 𝟎. 𝟔𝟗𝟑 

And the corresponding damped displacement (Figure 19) at the corner period will be: 
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∆𝑑,𝜉= ∆𝑐,5𝜂 = 0.596 ⨯ 0.693 = 𝟎. 𝟒𝟏𝟑 𝒎 

 

Figure 19. DDBD: Single bridge column. Damped elastic horizontal displacement 

response spectra. 

Finally, the effective period is: 

𝑇𝑒 = 𝑇𝑐
∆𝑑
∆𝑐,𝜉

= 4𝑠 ⨯
0.300 𝑚

0.413 𝑚
= 𝟐. 𝟗𝟎𝒔 

Effective stiffness, design base shear and moment 

The effective mass of the column is: 

𝑚𝑒 = 5000𝑘𝑁 + ((
1

3
) ⨯ 10𝑚 ⨯ 25

𝑘𝑁

𝑚3
⨯ 1.77𝑚2) = 𝟓𝟏𝟒𝟕 𝒌𝑵 

and the effective stiffness of the column is: 

𝐾𝑒 = 4𝜋2
5147𝑘𝑁

9.806 ⨯ 2.902
= 𝟐𝟒𝟓𝟔 

𝒌𝑵

𝒎
 

Since the yield displacement does not exceed the 5% damping elastic response displacement, 

the base shear is: 

𝑉𝐵 = 2456 
𝑘𝑁

𝑚
⨯ 0.300 𝑚 = 𝟕𝟑𝟕 𝒌𝑵 

And the base moment will be: 

𝑀𝑏𝑎𝑠𝑒 = 737 𝑘𝑁 ⨯ 10 𝑚 = 𝟕𝟑𝟔𝟕 𝒌𝑵𝒎 
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Moment of resistance and total area of reinforcement 

To estimate the number of reinforcements needed to resist this base moment, the same 

formula as was introduced in Section 2.1 will be used, given as: 

𝑀𝑅𝑑 = 𝐴𝑠,𝑡𝑜𝑡𝑓𝑦𝑑(𝑑 − 0.5𝜆𝑥𝑈𝐿𝑇) 

The columns have a transverse reinforcement with a diameter of 20mm, and a spacing of 

100 mm. The amount of longitudinal reinforcement, with a diameter of 20 mm as given in 

Table 7, that is needed to resist that base moment is 38 pieces and the moment of resistance 

is: 

𝑀𝑅𝑑 = 11938 𝑚𝑚2 ⨯ 500 𝑀𝑃𝑎 ⨯ (1.41 𝑚 − 0.5 ⨯ 0.8 ⨯ 380.29𝑚𝑚) = 𝟕𝟓𝟎𝟖 𝒌𝑵𝒎 

and the following criteria is now satisfied: 

𝑀𝑏𝑎𝑠𝑒 < 𝑀𝑅𝑑 

7367 𝑘𝑁𝑚 < 7508 𝑘𝑁𝑚 

4.3 Design of a 4-span bridge 

Same material properties are used for the bridge as for the single bridge column which are 

given in Table 4 and Table 5. The bridge used in this study, Figure 4, consists of 4 spans and 

piers with varying heights. The deck will remain elastic and the damping is estimated to be 

5%. The deck’s depth is 2m and the width is 10m. The column cross-section shape is solid 

circular column with a diameter of 2.0m. 

The total weight of the deck is: 

 
𝑊𝑑𝑒𝑐𝑘 = 185

𝑘𝑁

𝑚
  

The bridge will be designed with the deck free at the abutments, so the displaced shape of 

the bridge for transverse response will be as shown in Figure 20. 
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Figure 20. Displacement profile for the transverse response of the bridge. The 

superstructure is continuous and is considered to be effectively rigid. The substructure is 

symmetric, and the displacement profile is characterized by rigid translation of the 

displacements at all piers and abutments. 

The columns have a fixed end connection to the foundation and are supporting the deck with 

a pinned end connection. The main sizing parameters of the column cross-section is given 

in Table 12. 

Table 12. Column cross-section for FBD and DDBD 

Column cross-section 

D (mm) 2000 d (mm) 1910 

cc (mm) 60 d’ (mm) 90 

dbl (mm) 20 Ag (mm2) 3.1416 ⨯ 106 

dbt (mm) 20 Ig (mm4) 7.854⨯1011 

s (mm) 100 D’ (mm) 1860 

εc,ls 0.01743   

 

In Table 12, D is the diameter of the cross-section, cc is the concrete cover, dbl is the diameter 

of the longitudinal reinforcement, dbt is the transverse reinforcement, d is the effective depth 

of the cross section, Ag is the gross are of the column concrete section, Ig is the moment of 

inertia of the uncracked gross concrete section, s is the spacing of the transverse 

reinforcement and D’ is the diameter of the confined concrete. 

The main sizing parameters of the superstructure is given in Table 13. 
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Table 13. Main sizing parameters of the superstructure for FBD and DDBD 

 SS1 SS2 SS3 SS4 

Span (m) 40 50 50 40 

Ass (m2) 7.5 7.5 7.5 7.5 

 

Where SSi is the span of deck i of the bridge between the columns and abutments, Ass is the 

cross-sectional area of the superstructure, and ξSS is the damping of the superstructure. The 

loads that act on the columns are given in Table 14. 

Table 14. Loads acting on the columns and abutments for FBD and DDBD. 

 Column 1 Column 2 Column 3 Σ 

Height (m) 20 10 20  

Load on top (kN) 12025 9250 12025 33300 

Load at bottom (kN) 13596 10035 13596 37227 

Inertia mass (tonns) 1280 970 1280 3529 

Inertia weight (kN) 12549 9512 12549 34609 

Axial force ratio 0,109 0,084 0,109  

NA depth, c (mm) 541 509 541  

Column weight (kN) 1571 785 1571 3927 

 

The inertia weight, is the weight taking part in the seismic action and is taken as the mass on 

top of the column along with 1/3 of the column weight as was done in Section 4.2. 

For the FBD method, the inertia weight taking a part in the seismic action and is used to 

calculate the period of the whole structure is the sum of the total weight of the deck and sum 

of the total weight of 1/3 of the heights of the columns. 

In DDBD the forces can be easily distributed among the columns so they will receive the 

same base moment. In FBD it is also possible, the centre column could be restricted while 

the other two takes the rest. In this thesis, the forces will be distributed to the columns in a 

way that the centre column will take up most of the forces, while the other two less.  

4.3.1 Design displacement limit to be used for FBD and DDBD – 

4-span bridge 

Same procedure will be followed in this section as for the single bridge column in Section 

4.2.1. The main difference for a MDOF structure is that some factors depend on the height 

of the columns and the most critical value of the design displacement will be used as the 

design displacement for the whole structure. Following are the result. 

Drift limit 
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The codified drift limit from the DBD12 model code (Sullivan et al., 2012) for a reinforced 

concrete bridge pier is 0.03, so the drift limit of the columns is: 

Table 15. Displacement limit-state based on drift limits according to Priestley et al. (2007) 

 Column 1 Column 2 Column 3 

∆𝒅,𝜽= 𝜽𝒄𝑯 0.6 0.3 0.6 

 

Strain limit 

Strain penetration length: 

𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑑𝑏𝑙 = 0.022 ⨯ 500 𝑀𝑃𝑎 ⨯ 20 𝑚𝑚 = 𝟎. 𝟐𝟐 𝒎 

Plastic hinge length: 

𝑘 = 0.2 ⨯ (
650 

500
− 1) = 𝟎. 𝟎𝟔 ≤ 0,08 

 Column 1 Column 2 Column 3 

Lpl (m) 1.2 0.6 1.2 

 

Effective length of the column, which is taken as the sum of the length of the column and 

the strain penetration length, is: 

 Column 1 Column 2 Column 3 

He (m) 20.22 10.22 20.22 

 

The volumetric ratio for the transverse hoops is: 

𝜌𝑣 =
4 ⨯ 𝐴𝑡
𝐷′𝑠

=
4 ⨯ 314.16 𝑚𝑚2

1860 𝑚𝑚 ⨯ 100 𝑚𝑚
= 𝟎. 𝟎𝟎𝟔𝟕𝟔 

The confined compression strength of the core concrete is: 

𝑓𝑙 = 0.5 ⨯ 0.00676 ⨯ 500 𝑀𝑃𝑎 = 𝟏. 𝟔𝟖𝟗 𝑴𝑷𝒂 

The compression strength of the confined concrete: 

𝑓𝑐𝑐
′ = 𝑓𝑐𝑘 ∗ (2,254√1 + (

7.94𝑓𝑙
𝐷

) − (2
𝑓𝑙
𝐷
) − 1.1254 

= 35 𝑀𝑃𝑎 ⨯ (2.254 ⨯ √1 + (
7.94⨯1.689 𝑀𝑃𝑎

2000 𝑚𝑚
) − (2 ⨯

1.689 𝑀𝑃𝑎

2000 𝑚𝑚
) − 1.1254 = 𝟑𝟓. 𝟐𝟎 𝑴𝑷𝒂  
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The ultimate curvature, which is taken as being the lesser of the limit state for tension in 

reinforcement and limit state for concrete in compression is: 

𝜑𝑙𝑠 = 𝑚𝑖𝑛{𝜑𝑙𝑠,𝑐; 𝜑𝑙𝑠,𝑠} = 𝑚𝑖𝑛 {
휀𝑐,𝑙𝑠
𝑐
;
휀𝑠,𝑙𝑠
𝑑 − 𝑐

} 

= 𝑚𝑖𝑛 {
0.01743

max(541:509:541)𝑚𝑚
;

0.06

1.91𝑚−min(541:509:541)𝑚𝑚
}  

𝜑𝑙𝑠 = 𝟎. 𝟎𝟑𝟐𝟐 
𝟏

𝒎
 

The yield curvature is: 

𝜑𝑦 =
2.4휀𝑠𝑦

𝐷
=
2.4 ⨯ 0.0025

2 𝑚
= 𝟎. 𝟎𝟎𝟑

𝟏

𝒎
 

And the yield displacement, ∆𝑦=
1

3
𝜑𝑦𝐻𝑒

2, of each column is; 

 Column 1 Column 2 Column 3 

Δy (m) 0.409 0.104 0.409 

 

Plastic displacement, ∆𝑝= (𝜑𝑙𝑠 − 𝜑𝑦)𝐿𝑝𝑙𝐻, of each column is: 

 Column 1 Column 2 Column 3 

Δp (m) 0.701 0.175 0.701 

 

Design displacement of the structure 

Design displacement related to strain limits of the cross-section will depend on the minimum 

value of the ultimate displacement of the columns. It can be seen from the tables above that 

the column at the centre will govern the design displacement, and hence the design 

displacement to be used in both FBD and DDBD is: 

∆𝑑= 0.104 + 0.175 = 𝟎. 𝟐𝟖𝟎 𝒎 

4.3.2 Force-based design 

The design displacement is: 

∆𝑑= 𝟎. 𝟐𝟖𝟎𝒎 

Elastic lateral stiffness 

First the effective stiffness of the column is guessed, which must be checked at the end of 

the design. The gross moment of inertia (uncracked concrete assumed) is: 
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𝐼𝑔 =
1

64
𝜋𝐷4 = 𝟕. 𝟖𝟓𝟒 ⨯ 𝟏𝟎𝟏𝟏 𝒎𝒎𝟒 

and hence the first guess of the effective moment of inertia is: 

𝐼𝑒𝑓𝑓 = 40%𝐼𝑔 = 0.4 ⨯ 7.8554 ⨯ 1011 = 𝟑. 𝟏𝟒𝟏𝟔 ⨯ 𝟏𝟎𝟏𝟏 𝒎𝒎𝟒  

The initial elastic lateral stiffness of the columns is then defined using the following equation 

given in Section 2.1, and the results are given in Table 16. 

𝐾𝑒𝑙 =
3(𝐸𝑐𝐼)𝑒𝑓𝑓

𝐻3
 

Table 16. Initial elastic lateral stiffness of the columns of a 4-span bridge. 

 Column 1 Column 2 Column 3 Σ 

Kel (kN/m) 4006 32044 4006 40055 

 

Fundamental period of the structure 

The total mass participating in the seismic response will be taken as the sum of the total 

weight of the deck and the total weight of 1/3 of the column heights. The parameters used 

for these calculations are given in Table 14, and the total mass will be: 

𝑊 = 185
𝑘𝑁

𝑚
⨯ 180𝑚 + 1309 = 34609 𝑘𝑁 

To estimate the fundamental period of the structure, the stiffness of the structure is taken as 

the sum of the stiffness of the piers which is given in Table 16. The fundamental period of 

the structure is: 

𝑇 = 2𝜋√
𝑚

𝐾𝑒𝑙
== 2𝜋

√
  
  
  
  
  

(
34609 𝑘𝑁

9.806
𝑚
𝑠2 

)

40055
𝑘𝑁
𝑚  

= 𝟏. 𝟖𝟔 𝒔 

Behaviour factor, q 

As given in Table 1, the behaviour factor for reinforced concrete bridge piers with ductile 

behaviour is given as: 

𝑞 = 3.5 ⨯ 𝜆(𝛼𝑠) 

and the shear span ratio of the columns is: 
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 Column 1 Column 2 Column 3 

αs 20𝑚

2𝑚
= 10 

10𝑚

2𝑚
= 5 

20𝑚

2𝑚
= 10 

 

The values in Table 1 are only valid if the axial force ratio is lower than 0.3, and the axial 

force ratio is: 

 Column 1 Column 2 Column 3 

ηk 0.109 0.084 0.109 

 

The behaviour factor will therefore be: 

𝑞 = 3.5 ⨯ 1.0 = 𝟑. 𝟓 

Response spectra 

The design ground acceleration to be used in the response spectra, with the importance factor 

equal to 1.2 is: 

𝑎𝑔 = 𝛾𝑙𝑎𝑔𝑅 = 1.2 ⨯ 0.5𝑔 = 𝟎. 𝟔𝒈 

The ground type is A and the parameters in Table 3 apply. The design horizontal acceleration 

response spectrum corresponding to these factors previously defined is shown in Figure 21. 

 

Figure 21. Design horizontal acceleration response spectra based on EC8 for site class A, 

PGA of 0.6g, and behaviour factor 3.5. 

Since the fundamental period of vibration is equal to 1.86 s, the design spectral acceleration 

is: 

𝑆𝑑(𝑇) = min {0.6 ⨯ 1 ⨯ (
2.5

3.5
) ⨯ (

0.4𝑠

1.86𝑠
) ; 0.2 ⨯ 0.6𝑔} = 𝟎. 𝟏𝟐𝒈 
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Base shear, seismic moment and displacement 

The total seismic shear force in the piers will therefore be: 

𝑉𝑏𝑎𝑠𝑒 = 𝑆𝑑(𝑇) ⨯
𝑊

𝑔
= 0.12𝑔 ⨯ 34609𝑘𝑁 = 𝟒𝟏𝟓𝟑 𝒌𝑵 

The base shear force in each pier, which is distributed in proportion to their stiffness 

according to Equation 2.1.24, is given in Table 17. 

Table 17. Base shear force results of the initial guess of the column geometric properties. 

 Column 1 Column 2 Column 3 

Vbase,i (kN) 415 3322 415 

 

The seismic moment in the columns can now be defined, and the results are given in Table 

18. 

Table 18. Seismic moment in the columns of the initial guess of the column geometric 

properties. 

 Column 1 Column 2 Column 3 

Mbase,i (kNm) 8306 33225 8306 

 

The displacement of the columns can now be estimated, and the results are in Table 19. 

Table 19. Resultant displacement of the initial guess of the column geometric properties. 

 Column 1 Column 2 Column 3 

Δi (mm) 104 104 104 

 

The plastic deformation of the columns can now be defined, and the results are in Table 20. 

Table 20. Elastic displacement of the columns 

 Column 1 Column 2 Column 3 

Δs,i (mm) 363 363 363 

 

The displacements of the columns are greater than the estimated displacement capacity. 

Moment of resistance and total area of reinforcement 

The next step is to estimate the moment of resistance, and hence calculating the correct 

effective moment of inertia since it was just assumed at the beginning that it was 40% of the 

gross moment of inertia. For a design and construction reasons, the same reinforcement ratio 
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of the columns will probably be used and hence it will also be used in these following 

calculations.  

To begin with, the amount of reinforcement is chosen so the moment of resistance of the 

columns will be larger than the base moment of the columns. The parameters used for the 

calculations and results are given in Table 21. 

Table 21. FBD: 4-span bridge. Resisting moment of the columns. Initial guess of the cross-

section. 

 Column 1 Column 2 Column 3 

λ 0.8 0.8 0.8 

η 1 1 1 

r (m) 1 1 1 

No. As (pc.) 28 111 28 

As.Tot (mm2) 8796 34872 8796 

MRd (kNm) 8400 33299 8400 

 

The effective moment of inertia has now changed, and the process must go through iteration. 

Also, the calculated displacement of the bridge is much larger than the target displacement. 

The new effective moment of inertia of the columns are: 

 Column 1 Column 2 Column 3 

Ieff (mm4) 9.88⨯1010 3.92⨯1011 9.88⨯1010 

  

In Table 22 the 1st iteration of the calculations is given. 

Table 22. FBD: 4-span bridge. 1st iteration 

 Column 1 Column 2 Column 3 

Kel 1260 39959 1260 

Seismic mass (kN)  34609  

T (s)  1.81  

Sd(T) (g)  0.12  

Vbase (kN)  4153  

Vbase,I (kN) 123 3907 123 

Mbase (kNm) 2464 39067 2464 

Δi (mm) 98 98 98 

Δs,i (mm) 342 342 342 
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As it can be seen in Table 22, the resultant displacements are too high. The amount of 

reinforcement is increased, and the effective moment of inertia will change according to 

Table 23. 

Table 23. FBD: 4-span bridge. Amount of reinforcement and effective moment of inertia to 

be used in 2nd iteration. 

 Column 1 Column 2 Column 3 

No. As (pc.) 35 135 35 

Ieff (mm4) 1.06⨯1011 4.76⨯1011 1.06⨯1011 

 

In Table 24 the 2nd iteration of the calculations is given. 

Table 24. FBD: 4-span bridge. 2nd iteration 

 Column 1 Column 2 Column 3 

Kel 1350 48598 1350 

Seismic mass (kN)  34609  

T (s)  1.65  

Sd(T) (g)  0.12  

Vbase (kN)  4153  

Vbase,I (kN) 109 3934 109 

Mbase (kNm) 2186 39345 2186 

Δi (mm) 81 81 81 

Δs,i (mm) 283 283 283 

 

As it can be seen in Table 24, the resultant displacements are still a bit too high. The 

reinforcement is rearranged, and the effective moment of inertia will change according to 

Table 25. 

Table 25. FBD: 4-span bridge. Amount of reinforcement and effective moment of inertia to 

be used in 3rd iteration. 

 Column 1 Column 2 Column 3 

No. As (pc.) 78 125 78 

Ieff (mm4) 2.75⨯1011 4.41⨯1011 2.75⨯1011 

 

In Table 26 the 3rd iteration of the calculations is given. 
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Table 26. FBD: 4-span bridge, 3rd teration 

 Column 1 Column 2 Column 3 

Kel 3510 44999 3510 

Seismic mass (kN)  34609  

T (s)  1.64  

Sd(T) (g)  0.12  

Vbase (kN)  4153  

Vbase,I (kN) 280 3593 280 

Mbase (kNm) 5604 35926 5604 

Δi (mm) 80 80 80 

Δs,i (mm) 279 279 279 

 

The process has converged. The columns have enough reinforcement to both resist the 

moment and control the deflection. The transverse reinforcement has a diameter of 20mm, 

with a spacing of 100mm, and the results are summarized in Table 27 

Table 27. FBD: 4-span bridge. Summarized results 

 Column 1 Column 2 Column 3 

Kel 3510 44999 3510 

Seismic mass (kN)  34609  

T (s)  1.64  

Sd(T) (g)  0.12  

Vbase (kN)  4153  

Vbase,I (kN) 280 3593 280 

Mbase (kNm) 5604 35926 5604 

Δi (mm) 80 80 80 

Δs,i (mm) 279 279 279 

No. As (pc.) (longit) 78 125 78 

As.tot (mm2) 24504 39270 24504 

MRd 23399 37499 23399 

 

Slenderness 

The slenderness must now be considered where the relative normal force of the columns is: 

𝑛 =
𝑁𝐸𝑑
𝐴𝑐𝑓𝑐𝑑
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 Column 1 Column 2 Column 3 

n 0.13 0.10 0.13 

 

And the limiting value of the slenderness is: 

𝜆sl,lim =
20𝐴𝐵𝐶

√𝑛
 

 Column 1 Column 2 Column 3 

λsl,lim 29.64 33.72 29.64 

 

The minimum radius of gyration of the uncracked cross-section is: 

𝑖 = √
𝐼𝑔

𝐴𝑔
 

 Column 1 Column 2 Column 3 

i 500 500 500 

 

And the slenderness of the column, where the effective height is taken as the total height of 

the column multiplied with 0.7, is therefore: 

𝜆𝑠𝑙 =
𝑙0
𝑖

 

 Column 1 Column 2 Column 3 

λsl 28 14 28 

 

Since the slenderness are lower than the limiting value, second-order effects may be ignored. 

4.3.3 Direct displacement-based design 

Same as in 4.3.2, and derived in 4.3.1, the design displacement is: 

∆𝑑= 𝟎. 𝟐𝟖𝟎 𝒎 

Fraction of lateral force carried back by superstructure bending 

Because the bridge is free at the abutments, the fraction of lateral force carried back to the 

abutments by superstructure bending is 0.  

Displacement profile 
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The displacement profile must be chosen such at least one pier reaches its critical limit. The 

abutments are free, and the displacement profile is as shown in Figure 20.  

System displacement and effective mass 

Since the bridge is free at the abutments, the system displacement depend on the most critical 

column, which is the one at the centre, and therefore the system displacement will be the 

same as given above: 

∆𝑑= 𝟎. 𝟐𝟖𝟎 𝒎 

Even though the displacement profile is that simple, the Equations given in Section 3.1.1 

will be used to show how the calculations are performed. The factors for estimating the 

system displacement and effective mass are given in Table 28. 

Table 28. Factors to estimate the system displacement and effective mass - Equivalent 

SDOF properties for MDOF system 

 Column 1 Column 2 Column 3 Σ 

mi (tonns) 1280 970 1280  

Δi (m) 0.280 0.280 0.280  

miΔi 258 271 258 987 

miΔi
2 100 76 100 276 

 

The system displacement is therefore; 

Δ𝑠𝑦𝑠 =
276

987
= 𝟎. 𝟐𝟖𝟎 𝒎 

The effective mass of the bridge is; 

𝑚𝑒 =
987

0.280 𝑚
= 𝟑𝟓𝟐𝟗 𝒕𝒐𝒏𝒏𝒔 

Pier displacement ductility and equivalent viscous damping 

The next step is to define the displacement ductility and equivalent viscous damping of the 

piers using Equations 3.1.25 and 3.1.29, rewritten here as: 

𝜇∆ =
∆𝑑
∆𝑦

 

𝜉𝑒𝑞 = 0.05 + 0.444 (
𝜇∆ − 1

𝜇∆𝜋
) 

In Table 29 the values of the displacement ductility and equivalent viscous damping are 

given. 
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Table 29. Displacement ductility of the columns, and equivalent viscous damping 

 Column 1 Column 2 Column 3 

μΔ 0.684 2.68 0.684 

ξeq 0.05 0.1386 0.05 

 

Since the value of the displacement ductility of columns 1 and 3 are lower than 1, the 

columns behave elastic and the equivalent viscous damping is taken as 5%. 

Ratios of shear force carried by the piers 

Since Column 1 and Column 3 have not yielded, the proportion of their force reduces from 
1

𝐻𝑖
 to 

𝜇∆

𝐻𝑖
. The fraction of lateral force carried back to abutments by superstructure bending, x, 

is 0 and the ratio of the shear forces is given as: 

 𝑉𝑖(%) = (

1
𝐻𝑖

∑
1
𝐻𝑖
 𝑛

𝑖=1

) 
4.3.3.1 

(Priestley et al., 
2017 (10.24)) 

 

In Table 30 the ratio of shear force carried by each column is given. 

Table 30. Ratio of shear force carried by the columns. 

 Column 1 Column 2 Column 3 

𝑽𝒊(%) 20.31 59.38 20.31 

 

System damping 

The effective system damping depends on the structural system and displacement ductility 

demand. Since the abutments are free to move, the system damping only depends on the 

columns and is given as: 

𝜉𝑠𝑦𝑠 =
(∑

1
𝐻𝑖
⨯ Δ𝑖𝜉𝑖)/∑

1
𝐻𝑖

𝑛
𝑖=1

𝑛
𝑖=1

(∑
1
𝐻𝑖
⨯ Δ𝑖)/∑

1
𝐻𝑖

𝑛
𝑖=1

𝑛
𝑖=1

 

The factors used to estimate the system damping are given in Table 31. 
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Table 31. Factors to estimate the system damping - Equivalent SDOF properties for 

MDOF system 

 Column 1 Column 2 Column 3 Σ 

ξi 0.05 0.1386 0.05  

Δi 0.280 0.280 0.280  

Hi 20 10 20  

1/Hi 0.05 0.1 0.05 0.2 

(1/Hi)Δi 0.014 0.0280 0.014 0.05595 

(1/Hi)Δiξi 0.0007 0.00388 0.0007 0.00527 

 

And the system damping is therefore: 

𝜉𝑠𝑦𝑠 =

0.00527
0.2

0.05595
0.2

= 0.0943 = 𝟗. 𝟒𝟑% 

Effective period, stiffness and design base shear force 

The corner displacement is the same as in the case for the SDOF bridge column that is: 

∆𝑐,5= 2,5𝑎𝑔𝑇𝐶𝑇𝐷
𝑔

4𝜋2
= 2.5 ⨯ 0.6 ⨯ 0.4 ⨯ 4 ⨯

9.806

4 ⨯ 𝜋2
= 𝟎. 𝟓𝟗𝟔 𝒎 

and the damping correction factor is: 

𝜂 = (
0.07

0.02 + 𝜉𝑒𝑞
)

0,5

= (
0.07

0.02 + 0.0943
)
0,5

= 𝟎. 𝟕𝟖𝟑  

The corresponding damped displacement (Figure 22) at the corner period is: 

∆𝑑,𝜉= ∆𝑐,5𝜂 = 0.783 ⨯ 0.596 = 𝟎. 𝟒𝟔𝟕  
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Figure 22. DDBD: 4-span bridge. Damped displacement response spectra 

and the effective period is: 

𝑇𝑒 = 𝑇𝐶
∆𝑠𝑦𝑠

∆𝑐,𝜉
𝜂 = 4𝑠 ⨯

0.280 𝑚

0.467 𝑚
= 𝟐. 𝟒𝟎 𝒔 

The effective stiffness of the equivalent SDOF system can now be defined as: 

𝐾𝑒 = 4𝜋2
𝑚𝑒

𝑇𝑒2
= 4𝜋2

3529

(2.40)2
= 𝟐𝟒𝟐𝟐𝟒 

𝒌𝑵

𝒎
 

and the base shear is: 

𝑉𝐵 = 𝐾𝑒𝑓𝑓Δ𝑠𝑦𝑠 = 24224
𝑘𝑁

𝑚
⨯ 0.280 𝑚 = 𝟔𝟕𝟕𝟔 𝒌𝑵 

Distribution of the base shear force 

The base shear has now to be distributed as forces using Equation 3.1.1.21, rewritten here 

as: 

𝐹𝑖 = 𝑉𝑏𝑎𝑠𝑒
𝑚𝑖∆𝑖
∑𝑚𝑖∆𝑖

 

The factors used in the formula above are given in Table 30, and the result are given in Table 

32. 

Table 32. DDBD forces at inertia mass locations 

 Column 1 Column 2 Column 3 

Fi (kN) 2457 1862 1457 
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Effective stiffness, base shear, and base moments of the columns 

By using Equation 4.3.3.1, the base shear of the columns can now be estimated and the 

effective stiffness of the piers. The results are given in Table 33. 

Table 33. DDBD effective stiffness, base shear, and base moments of the columns. 

 Column 1 Column 2 Column 3 

Vi (kN) 1376 4023 1376 

Ki (kN/m) 4920 14383 4920 

Mi (kN/m) 27529 40235 27529 

 

Moment of resistance and total area of reinforcement 

To estimate the number of reinforcements needed to resist this base moment, the same 

formula as was introduced in Section 2.1 will be used, given as: 

𝑀𝑅𝑑 = 𝐴𝑠,𝑡𝑜𝑡𝑓𝑦𝑑(𝑑 − 0.5𝜆𝑥𝑈𝐿𝑇) 

The columns have a transverse reinforcement with a diameter of 20mm, and a spacing of 

100 mm, and the amount of longitudinal reinforcement that is needed to resist that base 

moment according to Table 33 are 135 pieces for the column at the centre and 92 pieces for 

the other two columns. The moment of resistance is: 

 Column 1 Column 2 Column 3 

MRd (kNm) 27599 40499 27599 

and the following criteria is now satisfied: 

𝑀𝑏𝑎𝑠𝑒 < 𝑀𝑅𝑑 

4.4 Results 

In this section, the main results of the single bridge column and 4-span bridge is summarized. 

As had been stated before, the aim of this work was to apply these procedures to better 

understand their finer details. In FBD the behaviour factor q was chosen in accordance to 

Eurocode 8 (ÍST EN 1998-1-1:2004) as 3.5. Under normal circumstances, most designers 

would do that instead of calculating its value. In DDBD in accordance to Priestley et al. 

(2007) and Sullivan et al. (2012), the displacement ductility factor is used to estimate the 

damping of the structure which is then used to determine the damping correction factor. 

In Table 34, the main results of the single bridge column according to FBD and DDBD are 

summarized. 
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Table 34. Summarized results of a single bridge column evaluated using FBD and DDBD. 

 FBD DDBD 

Kel (kN/m) 7291  

Keff (kN/m)  2456 

q-factor 3.5  

μΔ  2.15 

T (s) / Teff (s) 1.69 2.90 

Vbase (kN) 618 737 

Mbase (kNm) 6177 7367 

No.As (pc.) 41 38 

As.tot (mm2) 12881 11938 

Δ (mm) 297 300 

MRd (kNm) 8101 7508 

 

In Table 35, the main results of the 4-span bridge according to FBD and DDBD are 

summarized. 

Table 35. Summarized results of a 4-span bridge evaluated using FBD and DDBD. 

 FBD DDBD 

 Col. 1 Col. 2 Col. 3 Col. 1 Col. 2 Col. 3 

Kel (kN/m) 3510 44999 3510    

Keff (kN/m)    4921 14383 4921 

q-factor 3.5  

μΔ  0.684 2.68 0.684 

T (s) / Teff (s) 1.64 2.40 

Vbase (kN) 280 3593 280 1376 4023 1376 

Mbase (kNm) 5604 35926 5604 27529 40235 27529 

No.As (pc.) 78 125 78 92 135 92 

As.tot (mm2) 24504 39270 24504 28903 42412 28903 

Δ (mm) 279 279 279 280 280 280 

MRd (kNm) 23399 37499 23399 27599 40499 27599 

 

Following are some of the results that were obtained from the calculations, in order to reach 

the same or similar displacement target: 

- The period given by FBD is less than the period given by DDBD 

- The base shear force evaluated using DDBD is higher than the base shear evaluated 

using FBD 
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- The amount of reinforcement that is needed to resist the moment of the column 

according to FBD is less than needed in DDBD. However, more reinforcement is 

needed to control the displacement of the column. 

- The amount of reinforcement that is needed to resist the moment of the 4-span bridge 

according to DDBD is much larger than that needed according to FBD. 

- The column base moment evaluated using DDBD is higher than the column base 

moment evaluated using FBD. 

- Few iterations of FBD were required to reach the displacement goal. 

It should be noted that comparing the stiffnesses of those two methods is not so easy since 

the stiffness that is evaluated using FBD is the elastic stiffness of the cross-section, while 

the stiffness evaluated using DDBD is the effective stiffness of the cross-section. In the case 

of the 4-span bridge, Column 1 and Column 3 behave elastically and the stiffness of these 

columns is higher evaluated by DDBD than by FBD. Those results contradict the 

conclusions discussed in the literature. However, the stiffness of the centred column 

evaluated with FBD is nearly 3 times higher than the one evaluated with DDBD. 

The periods from FBD were in both cases less than the periods given by DDBD. This is not 

surprising since the period given by FBD represents the structure at its elastic state while the 

periods given by DDBD represents an equivalent period of the inelastic structure. The 

difference is much higher for the single bridge column, and the reason for that is that the 

column has a ductility factor that is 2.15, so it behaves inelastically. The difference is lower 

for the case of the 4-span bridge, and the reason for this is that only the column in the middle, 

the shortest one, has gone over the elastic phase and behaves as nonlinear while the other 

two have a ductility factor that is lower than 1 and therefore behave elastically. 

For both the single bridge column and the 4-span bridge, the base shear forces evaluated 

with DDBD are higher than those evaluated with FBD. Those results contradict the 

conclusions in the literature, where the results of the studies by Vivinkumar et al. (2015) and 

ElAttar et al. (2014) were that the base shear values of DDBD structures were less compared 

to the base shear values of FBD structures. However, it is very difficult to compare those 

numerical results since in FBD the behaviour factor was selected as 3.5 and the displacement 

ductility factor according to DDBD is 2.15 for the single column and 2.68 for the centred 

column of the bridge, which is much lower than 3.5. 

The design moments of the columns were in all cases higher of the DDBD structures than 

of the FBD structures. However, the required flexural strength of the single bridge column 

evaluated by FBD is higher, and the reason for that is the deflection control of the column. 

More reinforcement was needed to control the deflection of the column. Again, those 

numerical results are difficult to compare. The moments are related to the base shear which 

is again related to the effective stiffness and effective period of the columns. 

As it was expected, no iterations were required for DDBD, but in order to reach the 

displacement goals, iterations were required for FBD. However, if the bridge would have 

been restrained at the abutments, and especially if the bridge would have irregular 

configuration, the DDBD procedure would most likely have to go through some iterations. 

The damping of the structures that is used in the design according to FBD and DDBD has a 

huge impact on the results. Calculations by FBD method are based on a chosen behaviour 

factor of the structures, but calculations by DDBD method are based on a calculated value 
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of the displacement ductility factor which is used to estimate the equivalent viscous damping 

of the structure. In the case of the single bridge column, in FBD the q-factor is assumed to 

be 3.5 but in DDBD the displacement ductility factor is 2.15. This tells us that there is a huge 

difference in the damping of the structures for each method. The same can be seen in the 

case of the 4-span bridge where in FBD the q-factor is 3.5 for the whole structure but in 

DDBD the displacement ductility factor is 0.684 for Column 1 and Column 3 and 2.68 for 

the centred column. So, in that case only the centred column behaves inelastically 

(displacement ductility factor is higher than 1), while the other two column behaves 

elastically. The difference  of the damping and forces applied to the structures can be seen 

more clearly by looking at Figure 23 and Figure 24. 

 

Figure 23. Acceleration spectras used for the design of the single bridge column by FBD 

and DDBD. In DDBD the elastic response spectra is used which is reduced by applying 

the damping correction factor. In FBD the design spectra is used with behaviour factor 

3.5. 

 

Figure 24. Acceleration spectra used for the design of the 4-span bridge by FBD and 

DDBD. In DDBD the elastic response spectra is used which is reduced by applying the 

damping correction factor. In FBD the design spectra is used with behaviour factor 3.5 
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In Figure 23 and Figure 24 the seismic load that is used in each method is far from being the 

same and the numerical results could have changed a lot if the behaviour factor and the 

ductility factor would be comparable. Since the design displacement is calculated at the 

beginning of the procedures, a calculated value of the behaviour factor could have been used 

through the calculations when using the FBD method. A calculated value of the factor was 

not done in this thesis since it was decided to use the value given in Eurocode 8 that is most 

often used and is recommended for the design of a certain structural elements or structural 

forms. 

However, it would be interesting to compare the numerical results of the calculations, but 

then the same seismic load must be used for each method. The relationship between the 

elastic acceleration response spectra and the elastic displacement response spectra is 

according to Equation 2.1.17, rewritten here as: 

𝑆𝐷𝑒(𝑇) = 𝑆𝑒(𝑇) [
𝑇

2𝜋
]
2

 

Since the DDBD method uses the elastic response spectra which is reduced by applying the 

damping correction factor, and FBD uses the design response spectra the relationship 

between them cannot be taken as the same expression above. In elastic calculations the 

angular frequency is given as: 

𝜔𝑒𝑙 = 2𝜋𝑓 =
2𝜋

𝑇
 

but that does not apply to the plastic angular frequency since the period of vibration is longer 

due to softening of the structure. 

In Eurocode 8, an approach on how to get as close to this relationship as possible by using 

an approximation of consistency between the behaviour factor q, and the displacement 

ductility factor μΔ. According to Eurocode 8, this relationship is given as: 

• If 𝑇1 ≥ 𝑇𝐶, then 𝜇𝛥 = 𝑞 (ÍST EN 1998-1-1:2004 (5.2.3.4(3)) 

• If 𝑇1 < 𝑇𝐶, then 𝜇𝛥 = 1 + (𝑞 − 1) (
𝑇𝐶

𝑇1
) (ÍST EN 1998-1-1:2004 (5.2.3.4(3)) 

If we take a look at the single bridge column, and the results according to Section 4.2, the 

period of the column is 1.69 which is larger than TC which is 0.4s and then the relationship 

given above says that the behaviour factor can be taken equal to the displacement ductility 

factor. By using this relationship, taking the behaviour factor as being the same as the 

calculated value of the displacement ductility, the results of the calculations will be 

according to Table 36. 
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Table 36. DDBD vs. FBD – Single bridge column. The behaviour factor, q, has been 

revised and made comparible to the displacement ductility factor, μΔ, according to DDBD. 

 FBD DDBD 

Kel (kN/m) 8180  

Keff (kN/m)  2456 

q = μΔ 2.15 2.15 

T (s) / Teff (s) 1.59 2.90 

Vbase (kN) 901 737 

Mbase (kNm) 9009 7367 

No.As (pc.) 46 38 

As.tot (mm2) 14451 11938 

Δ (mm) 237 300 

MRd (kNm) 9089 7508 

 

The target displacement which is 300 was not reached according to FBD, however, that 

could have been achieved by changing the geometry of the cross-section. Those results are 

something that could have been expected and they are similar to the ones that Vivinkumar 

et al. (2015) and ElAttar et al. (2014) had in their studies for reinforced concrete frame 

buildings. Among other things, their results were that the deflection of the buildings were 

always less for FBD structures and the base shear values received by DDBD structures were 

less compared to FBD structures. 

Let’s see how the results would be for the 4-span bridge if the relationship between the 

behaviour factor and the displacement ductility factor is used. The fundamental period of the 

bridge is 1.64 which is larger than TC and the behaviour factor can therefore be taken equal 

to the displacement ductility factor. The columns according to DDBD have different 

displacement ductility factors but the displacement ductility factor that is usually used to 

estimate the q factor is based on global response of the structure rather than response of 

individual elements. For simplicity, that factor will be taken as the one of the centre column 

which is the only one that responds inelastically.  The result of the calculations are according 

to Table 37. 
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Table 37. DDBD vs. FBD – 4-span bridge. The behaviour factor, q, has been revised and 

made comparible to the displacement ductility factor, μΔ, according to DDBD. 

 FBD DDBD 

 Col. 1 Col. 2 Col. 3 Col. 1 Col. 2 Col. 3 

Kel (kN/m) 4995 52198 4995    

Keff (kN/m)    4921 14383 4921 

q = μΔ 2.68 0.68 2.68 0.68 

T (s) / Teff (s) 1.50 2.40 

Vbase (kN) 416 4349 416 1376 4023 1376 

Mbase (kNm) 8322 43486 8322 27529 40235 27529 

No.As (pc.) 111 145 111 92 135 92 

As.tot (mm2) 34872 45553 34872 28903 42412 28903 

Δ (mm) 223 223 223 300 300 300 

MRd (kNm) 33299 43499 33299 27599 40499 27599 

 

Again, for the 4-span bridge, the target displacement was not reached according to FBD. The 

geometry of the cross-section could have been changed but it was decided not to do so in 

this thesis. The centred column of the bridge is the only one that behaves inelastically and 

the resultant forces, base shear and seismic moment, are less evaluated with DDBD than 

with FBD. Column 1 and Column 3 behave elastically according to DDBD, and the resultant 

forces are higher evaluated with DDBD than with FBD. This is because the damping of these 

two columns is much higher according to FBD calculations than in calculations according 

to DDBD.  
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5 Discussions and conclusions 

To begin with, what can be concluded is that the calculations that were made by using the 

DDBD method are much faster to use than the ones using the FBD method. Few iterations 

are required using FBD and one may wonder what it would be like if the structure is even 

more complicated than it is as described in this thesis. However, if the abutments were not 

fully free and would transfer any lateral forces, an iterative procedure would be required 

with the DDBD method.  

The FBD method is rather time-consuming because of those iterations that need to be 

performed. The moment capacity of the structure is not known at the beginning of the design 

and hence the effective stiffness of the cross-section is not known. To begin with, one must 

guess what the effective stiffness of the structure, or structural elements, is and the actual 

ratio of reinforcement must be calculated. When the ratio of reinforcement has been 

estimated, then you must go through the procedure again with the actual effective stiffness. 

The moments in the column might change (increase or decrease), the ratio of reinforcement 

might change, and another iteration must be performed. This goes on until converge is 

achieved. At the end, the displacements must be verified and if not, the ratio of reinforcement 

must be changed, and more iterations are required until it has converged. 

Another factor that is important in the FBD method is the choice of the behaviour factor. In 

Eurocode 8 (ÍST EN 1998-2:2005) this factor was chosen to be 3.5 according to Table 4.1 

which stands for reinforced concrete vertical piers in bending. This factor could be calculated 

but is not always done by designers and therefore this factor was chosen according to that 

table given in Eurocode 8. As was shown in the DDBD procedure, the ductility factor is 

dependent on the yield displacement and ultimate displacement of the columns which are 

related to the height of the columns and therefore vary between different structural elements. 

It is therefore not accurate to assign the entire structure the same value of the behaviour 

factor. 

The DDBD method is not much known in Iceland and therefore there is little or no 

experience of using it. What has been shown in this thesis is that the results regarding the 

effective stiffness of the cross-section is gathered quickly where no iterations are required. 

What seems to be the tricky part is in guessing the deformed shape of the inelastic structure. 

To begin with, a displacement profile is guessed where a portion of the inertia force is 

assumed to be transmitted to the foundation of the columns, and the remaining portion is 

transmitted to the abutments. The elastic mode shapes could be a starting point, but mode 

shapes of yielding structure might be quite different from those of elastic ones. Furthermore, 

for more complex situations where abutments are partly or completely fixed, the portion of 

base shear carried by them needs to be calculated iteratively. 

Those methods approach seismic design of structures in different ways. FBD is dependent 

on the seismic forces in order to reach a certain performance goal while DDBD is dependent 

on a certain performance goal (displacements) in order to estimate the effective stiffness of 

the cross-section. While FBD requires iterations, DDBD does not in these calculations of 

this thesis. However, if the abutments were restrained, some iterations would most likely be 

required. The displacement profile would then be assumed at the beginning and with some 

iterations the desired displacement profile would be achieved. 
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According to the results of this thesis, the calculations of DDBD is much faster than the one 

of FBD. The experience of using this method in Iceland, to the best of my knowledge, is not 

great and to be confident of using it, a further consideration of this method must be made.  

Since the two methods are based on different assumptions, there are uncertainties in both. 

For example, the behaviour factor q in the FBD is not very transparent. The q factor is usually 

assumed and is rarely verified. By performing pushover analysis, the assumed q factor can 

be checked. In the DDBD, the displacement targets of the structure is predetermined, and 

the relative strengths of different structural elements depend to a large degree on the assumed 

displacement profile. Although an iterative procedure can shed some light on whether such 

a profile is realistic, the actual inelastic behaviour of a structure can be complex during 

transient loading. Another uncertainty regarding DDBD is the relation between displacement 

ductility and additional damping which plays a crucial role in the design, as the q factor in 

FBD. 

Since both methods highly rely on the choice of the q factor in FBD and the estimated 

displacement ductility factor in DDBD, pushover analysis could be done in order to assess 

whether the q factor selected according to Eurocode 8 is actually correct, or whether the 

displacement ductility factor is correct as calculated in DDBD. 

In order to compare the results of these methods and determine which method would perform 

better in a real earthquake for a particular structure, yet another method would have to be 

used, such as non-linear time-history analysis. Many ground-motion records would have to 

be used to verify their actual behaviour under real earthquake loading. In that way, it could 

be seen which method yields more accurate results. 

FBD is a well-established old method that is well known and widely used in structural 

design. FBD has been codified in many countries and as a result, many designers rely solely 

on the method. Problems associated with FBD are therefore well known. DDBD is a rather 

new method and has not been standardized to the same extend as FBD, for example in 

Eurocode 8, and designers who only use these standards therefore do not know much about 

this method. Problems associated with DDBD are therefore not as well known. Since FBD 

is rather time consuming as is stated in literature, it will be interesting to see how DDBD 

develops in the future. 
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