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Abstract 

Many bridges in New Zealand are reaching the end of their service life, some 

have been damaged in earthquakes and are in need of retrofit or replacement. 

Expansion of the transport network also constantly necessitates the construction of 

new bridges. A major issue caused by bridge retrofit or construction is traffic 

disruption, and the resulting direct and indirect economic losses. Prefabrication of 

bridge components is a solution that decreases on-site construction time, reduces 

traffic delays and improves work-zone safety and construction quality. 

In the case of reinforced concrete bridges, prefabrication has been somewhat 

limited in seismic areas, mainly due to a lack of reliable connections between 

prefabricated elements that can provide sufficient ductility. It is often more 

economical to design structures to respond to design level seismic loading 

inelastically (e.g. plastic hinging), a behaviour which is only possible through 

provision of sufficient ductility through proper detailing, especially in the 

connections between elements. Lack of ductility can result in catastrophic failures 

of structures, examples of which were seen during the 1971 San Fernando, 1994 

Northridge and 1995 Kobe earthquakes.  

In a bridge structure, the seismic demand is usually addressed through inelastic 

action of the piles and piers while the superstructure remains elastic. This study 

aims to develop a low-damage dissipative rocking superstructure system which 

contributes to the response of the bridge to transverse seismic loading through 

inelastic action. Therefore, the elements where the majority of the seismic inertia 

originates from, i.e. the superstructure, contribute to damping of the input seismic 

energy and self-centering of the structure. The proposed superstructure features 

unbonded post-tensioning and axial or U-shaped flexural plate mild steel dissipaters 

in the superstructure to achieve these objectives.  

The study was performed in experimental and analytical phases. The experimental 

phase consisted of quasi-static cyclic testing of a large-scale precast bridge 

featuring the proposed system. The specimen demonstrated a reliable performance, 



iv 

 

showing no signs of degradation in stiffness or damping ratio, and demonstrating 

its ability for energy dissipation and self-centering. In the analytical phase, a 

method for finding the force-displacement relationship of superstructures with 

dissipative rocking connections subjected to transverse loading was developed 

based on the revised monolithic beam analogy (rMBA). A direct displacement 

based design procedure for dissipative rocking superstructures was demonstrated 

based on a parabolic displacement profile, and the yield displacement and neutral 

axis depth was found for a large number of possible configurations. Finally, the 

results of experimental testing were extrapolated to a number of superstructure 

configurations and target ductility levels using the described DDBD and rMBA 

methods. The results provide an insight into the effects of geometry and target 

ductility in the equivalent damping and base shear demand of the proposed system. 

These tools can be adapted by practitioners for implementation of dissipative 

rocking connections in bridge superstructures.  
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Part 1: Introduction and literature 

review 

 

 





 

 

 Introduction 

1.1 Background 

Construction and rehabilitation of bridges is an ongoing endeavour in many 

countries, including New Zealand. Many bridges are being added to the transport 

network due to an ever-expanding infrastructure, while many more are reaching the 

end of their service life and are in need of retrofit or replacement. A major issue in 

bridge construction is the disruption it causes to traffic, and the resulting direct and 

indirect economic losses. Prefabrication of bridge components is a solution that 

decreases on-site construction time, reduces traffic delays and improves work-zone 

safety and construction quality. A recent example of bridge construction using 

prefabricated components is the Rewa Bridge in Fiji, shown in Figure 1-1. The 

superstructure is a single cell concrete box girder, whose sections were 

prefabricated and incrementally launched, minimising cost, construction time and 

disruption to road users. 

Prefabrication of reinforced concrete bridges however has been somewhat limited 

in seismic areas. This limitation has been mainly due to a lack of reliable 

connections between prefabricated elements that can provide the necessary ductility 

for structures in seismic regions (Marsh & Stanton 2011). Since responding to 

design earthquake levels elastically is uneconomical, structures are often designed 

to reach yield levels during seismic loading. Yielding of the structure causes an 

increase in the structure’s natural period, which increases the displacement demand 
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on the structure. This demand is addressed through provision of sufficient ductility, 

which is the capacity of the structure to undergo deformation levels beyond yield. 

High seismic demands combined with insufficient ductility can lead to undesirable 

and brittle forms of failure. Examples of such damage to bridge structures due to 

insufficient ductile detailing were seen in the 1971 San Fernando, 1994 Northridge 

and 1995 Kobe earthquakes (Pond 1972, Mitchel et al. 1995, Kawashima & Unjoh 

1997). 

    

Figure 1-1: The Rewa Bridge in Fiji (photo courtesy of Fletcher Construction). 

A bridge structure is comprised of a substructure system i.e. the piers and 

abutments, and a superstructure system, i.e. the beams and deck. The superstructure 

can be simply supported, integral or semi-integral with the substructure. In an 

integral bridge, the superstructure and substructure are connected with moment-

resisting connections. This arrangement provides continuity throughout the 

structure and facilitates the distribution of loads between members, however it also 

increases construction time, and subjects the piers and piles to high load demands 

in a seismic event. A semi-integral bridge features a continuous deck; however, the 

superstructure is supported through bearings which are installed on the substructure. 

A simply supported bridge features individual superstructure spans which are 

supported on bearings. Transfer of seismic inertia in such bridges from the source 

of seismic mass (i.e. the superstructure) to the supports (i.e. the substructure) is 

achieved through substructure shear keys and steel linkages connecting adjacent 

spans. The majority of prefabricated bridge superstructures in New Zealand are 
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simply supported, and are connected to the substructure and adjacent spans with 

shear keys, hold-down bolts and linkage rods. 

    

 

Figure 1-2: Transverse displacement of bridge superstructures due to seismic loading; a & b) 

2010 Maule, Chile earthquake (Buckle et al., 2012); c) 2016 Kaikoura, New Zealand 

earthquake (courtesy of Opus Intl. Consultants)  

Bridge superstructures are typically designed to remain elastic under seismic 

loading, whereas substructure systems are designed to provide ductility and 

dissipate energy through inelastic behaviour. For this objective to be met two 

conditions should be satisfied; transfer of seismic inertia from the superstructure to 

the substructure, and the ability of the substructure to dissipate energy through 

various mechanisms such as the formation of plastic hinges, yielding of soil or 

accommodation of displacement in the isolation devices. Investigations into the 

behaviour of simply-supported bridge superstructures in earthquakes, such as the 

1995 Kobe earthquake in Japan, the 1999 Chi-Chi earthquake in Taiwan, the 2010 

Maule earthquake in Chile, and the 2016 Kaikoura earthquake in New Zealand 

however, have shown that the first condition is not always met (Kawashima & 

Unjoh 1997, Zhiqiang & Lee 2009, Buckle et al. 2012, Schanack et al. 2012, 

Palermo et al. 2012). Although simply-supported superstructure spans can remain 
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elastic and generally un-damaged during a seismic even, often each span displaces 

individually under transverse seismic loading, despite the intended role of shear 

keys and linkages to restrain such displacements. Examples of damage to 

superstructures such as residual transverse displacement and spalled shear keys are 

shown in Figure 1-2.  

 

 

Figure 1-3: Dissipative rocking post-tensioned connections; a) Beam-column 

connection (NZS 2004), b) Pier-foundation connection (courtesy of Peter Routledge) 

The current study aims to develop a dissipative controlled rocking connection 

between superstructure spans which creates a controlled and unified response to 

transverse seismic loading in the bridge. These connections join structural members 

using a combination of unbonded longitudinal post-tensioning and mild steel 

dissipative devices. Such connections have previously been developed under 

various research programs for beam-column (Figure 1-3-a) and shear wall 

connections in buildings, and pier connections in bridges (Figure 1-3-b). However, 

they have not been adapted for use in bridge superstructures to date. Dissipative 

rocking and seismically isolated superstructures differ in their method for 

addressing seismic demand. In a seismically isolated structure, demands are 

decreased through creating an increase in the structure’s natural period. In a 

dissipative rocking superstructure however, demands are met through energy 

dissipation achieved through mild steel devices and re-centering caused by 

unbonded post-tensioning tendons. 

a)                                                                                b) 
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A conventional monolithic concrete structure responds to seismic loading by 

formation of plastic hinges at the moment-resisting connections, which by design 

leads to extensive damage and residual displacement. Dissipative rocking 

connections however, dissipate energy while reducing residual displacements by 

substituting the plastic hinges with a rocking interface which is free to deform 

without undergoing extensive damage. Such connections combine the bilinear 

force-deformation relationship of the unbonded post-tensioning with the ‘fat’ 

hysteresis loops of the dissipative devices, creating a flag-shape hysteresis loop 

(Figure 1-4). 

 

Figure 1-4: Hysteresis loops for monolithic, jointed rocking and dissipative rocking connections 

in precast concrete structures (Restrepo et al. 2011) 

Figure 1-4 compares the hysteresis loops of conventional monolithic, jointed 

rocking (unbonded post-tensioning only) and dissipative rocking rocking 

(unbonded post-tensioning plus dissipative steel) connections. The hysteresis loop 

of the dissipative rocking connection always passes through the origin, which is an 

indicator of zero residual deformation after each cycle of loading. The area 

encompassed by the loop is representative of the dissipated energy, which in the 

case of a dissipative rocking connection is comparable to that of a conventional 

monolithic connection. 
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Dissipative rocking connections have previously been developed for beam-to-

column joints in structures and in pier-to-foundation and pier-to-cap beam joints in 

bridges (Priestley et al. 1999, Palermo et al. 2007, Marriott et al. 2009, Pollino et 

al. 2007, Mander & Cheng 1997) and have been implemented in a number of 

building and bridge structures throughout the world. Figure 1-5 shows the pier bent 

of the Wigram-Magdala Bridge that has incorporated dissipative rocking 

connections at the pier-foundation joints, and the building of the Victoria University 

of Wellington which uses dissipative rocking connections in both its moment 

resisting frame and shear wall system. To date, such connections have not been 

developed for bridge superstructures.  

    

Figure 1-5: Examples of structures with dissipative rocking connections: a) The Wigram-

Magdala bridge, Christchurch, New Zealand (photo courtesy of Opus Int. Consultants), b) The 

Victoria University of Wellington (Cattanach & Pampanin 2008) 

1.2 Objectives 

This study aims to develop dissipative rocking connections in simply 

supported precast concrete bridges to create a dissipative rocking superstructure. 

Dissipative rocking connections take advantage of relative rotations between 

structural elements to increase the post-tensioning force and engage the dissipative 

devices. Figure 1-6-a shows the deformation of a simply supported bridge under 

transverse seismic loading (Priestley et al. 1996). The abutment shear keys restrain 

the superstructure ends from transverse movement, creating a hinged boundary 

b)                                                                     
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condition. Transverse loading creates a negative bending moment in the 

superstructure, rotating the spans and creating triangular gaps between them. 

 

 

 

 

Figure 1-6: Kinematics of dissipative rocking superstructures in response to transverse seismic 

loading; a) Displacement profile of a conventional simply-supported discontinuous 

superstructure in response to transverse seismic loading (Priestley et al. 1996), b,c&d) 

Schematic of single dissipative rocking superstructures with axial dissipaters in short, medium 

and long bridges 

Figure 1-6-b shows a dissipative rocking superstructure system in a short-length 

bridge, in which unbonded longitudinal tendons connect the spans, clamping them 

together. Adjacent spans are also joined by axial mild steel dissipaters, which are 

essentially mild steel bars with a fused section inserted into a sleeve to prevent 

buckling. Under transverse loading, the spans rotate and gaps are created between 

them. This deformation causes an increase in the length of the longitudinal tendons 

and deformation of the axial deformation of the dissipaters. The tensile forces from 

the tendons and dissipaters on one side, coupled with the compressive force of the 

concrete and dissipaters on the other side, creates a positive bending moment 

throughout the superstructure, countering the seismic loading. The hysteresis loop 

a) 

b) 

c) 

d) 
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of the system is therefore a combination of the hysteresis loops of the post-

tensioning and dissipative steel, i.e. a flag-shape. 

Figure 1-6-c and Figure 1-6-d show dissipative rocking superstructure systems in a 

medium-length and long bridge respectively. The intermediate piers and their shear 

keys in these bridges act as transverse supports for the superstructures, so the 

displacement profile can form separately in each section. Note that the 

displacements have been exaggerated, creating the impression that the post-

tensioning is no longer inside the superstructure, which will not be true in a real-

life scenario. 

1.3 Thesis outline 

The dissipative rocking superstructure systems in this study were developed 

through a combination of experimental testing and theoretical analysis. This section 

outlines the objectives of each chapter and the implemented methodology, as 

summarised in Figure 1-7. 

The experimental testing was performed to develop structural detailing, confirm 

overall satisfactory behaviour and feasibility of the proposed connections methods. 

The analytical phase was used to develop preliminary design tools for dissipative 

rocking superstructures which have been validated through experimental testing. It 

should be noted that the analyses performed in these sections were limited to certain 

geometries (e.g. aspect ratio, width of bridge, number of spans etc.). 
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Figure 1-7: Thesis outline 

Chapter  1: Introduction. 

Chapter 2: Literature review; provides a history of prefabricated bridge 

construction, dissipative rocking connections in structures and 

isolation/dissipation devices suitable for use in such connections. 

Chapter 3: Mild steel dissipaters; provides a brief background and presents details 

and results of standalone experimental testing of the axial and UFP mild 
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steel dissipaters used in the large-scale experimental testing (Chapters 

4 and 5).  

Chapters 4: Experimental testing of single superstructure system; presents details 

and results of quasi-static cyclic testing performed on a 1:3 scale 

precast concrete bridge with a dissipative rocking superstructure 

featuring two monolithic spans. The superstructure spans were 

connected with unbonded longitudinal post-tensioning and in some 

configurations axial mild steel dissipaters. 

Chapters 5: Experimental testing of coupled superstructure system; presents details 

and results of quasi-static cyclic testing performed on a 1:3 scale, two-

span precast concrete bridge with a coupled system dissipative rocking 

superstructure. The superstructure spans were connected with 

unbonded longitudinal post-tensioning, and each span consisted of two 

segments which were coupled with UFP dissipaters.  

Chapter 6: Monolithic beam analogy for dissipative rocking superstructures; 

develops a method for finding the force-displacement relationship of 

single and coupled dissipative rocking superstructure systems based on 

the revised monolithic beam analogy method (rMBA, Pampanin 2000 

and Palermo 2004). The rMBA is based on the assumption that the drift 

of a member featuring dissipative rocking connections after 

decompression is equivalent to that of a similar monolithic member 

subjected to the same lateral force. This assumption allows calculation 

of the concrete strain, and development of a moment-rotation 

relationship for the dissipative rocking connection. The rMBA method 

developed in this chapter is validated using results from the 

experimental testing described in Chapter 4. 

Chapter 7: Direct displacement design for dissipative rocking superstructures; 

develops a direct displacement based method for designing single and 

coupled dissipative rocking superstructure systems. The design is based 
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on a parabolic displacement profile of the superstructure, and uses 

design displacement spectra adapted from the acceleration spectra 

provided by NZS1170.5. The damping ratio of a dissipative rocking 

(combination of post-tensioning and mild steel dissipation) system is 

calculated according to methods available in the literature. The 

corresponding displacement spectra is used to find the structure’s 

period, secant stiffness and seismic base shear. The base shear is 

distributed along the superstructure and the bending moment at each 

connection is calculated. Each dissipative rocking connections is then 

designed to resist this moment. 

Chapter 8: Parametric analysis; studies the effects of geometrical configurations 

(beam type, span length and number of spans) and target design values 

(ductility and displacement) for single dissipative rocking 

superstructures, extrapolating the results of the large-scale experimental 

testing of Chapter 4 to various configurations.  The superstructures were 

designed using the DDBD method of Chapter 7, and analysed using the 

RMBA method of Chapter 6. Using the force-displacement results, the 

equivalent damping and stiffness of the equivalent structure of the 

various configurations were compared. 

Chapter 9: Conclusions and future research. 
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 Literature review  

2.1 Introduction 

This chapter presents a brief history and current state-of-art in accelerated 

bridge construction using precast concrete, continuing with an overview of the 

available methods for seismic design of bridges. The concepts of ‘wet’ and ‘dry’ 

connections are discussed, with particular emphasis given to low-damage, 

dissipative rocking connections between precast elements. It is shown that current 

methods focus on addressing seismic demands through provision of ductility in the 

substructure. However, it is argued that it would be more reasonable if these 

demands were met through provision of low-damage, dissipative connections in the 

superstructure, where the majority of the seismic inertia originates from. 

2.2 Accelerated bridge construction 

During the early days of modern highway development, most bridges were 

constructed in open areas with minimal to zero traffic. The construction methods 

were not limited by the necessity of traffic control and therefore use of cast-in-place 

concrete, scaffolding and shored formwork was common practice. However, this is 

no longer the case. Most bridge construction projects introduce disruptions to 

traffic, and different strategies have been developed to minimize the extent of this 

disruption.  
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Accelerated Bridge Construction (ABC) is a combination of strategies that increase 

the speed of construction thereby reducing the time spent on-site to complete a 

project. It can be used in the construction of new bridges or for the replacement and 

rehabilitation of existing bridges. Prefabrication of bridge elements such as precast 

concrete components are among the tools used for this purpose.  

2.2.1 International trends in precast bridge construction 

Prefabrication of bridges has a long international history that dates to the 

1930s (fib 2004). Many countries in Europe, America and Asia adapted this method 

to reduce construction time and increase quality and durability. Initially, 

prefabrication was mainly used for construction of short and medium length bridge 

superstructures. Standard bridge beams and sections were produced in various 

countries in the 60s and 70s, many of which were produced by contractors and 

precast manufacturers and supported by governments. In New Zealand, the 

Ministry of Works published a series of standard plans for precast highway bridges 

in 1961, which has been updated throughout the years and is now available as a 

research report by the NZ Transport Agency (NZTA 2008). This study uses these 

designs as a basis to develop a dissipative rocking superstructure connection, 

although the concept can be applied to other simply supported bridge superstructure 

beam types. 

Although the main objective of utilizing ABC methods is reducing construction 

time, they offer numerous additional benefits including reduced environmental 

impact and improved worksite and road safety. Where prefabrication is involved 

there will be an improve in quality since fabrication takes place in a more efficiently 

controlled environment. Higher strength concrete can be used, since the concrete is 

poured in a workshop with more stringent quality control than on-site construction 

would allow. Prefabricated concrete elements see an additional benefit in the lack 

of restraint during the curing process which reduces shrinkage cracking and 

increases the life-span of the structure. Constructability of a bridge can also be 

improved on sites that have significant space and accessibility constraints. Studies 

have shown that the additional cost of prefabricated construction is often 
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outweighed by the resulting benefits to the road users (Culmo 2011). Therefore, 

prefabrication of bridges is currently a widely accepted solution in many countries 

such as Belgium, Italy, the Netherlands, Spain and the UK (Calavera, 2004, Russell 

et al. 2005).  

    

    

Figure 2-1: Precast bridge construction; a) Placement of a precast pier cap on to a cast-in-

place column (Billington et al. 1999), b) A proposed precast pier system (Barnes 1996), c) 

Segmental bridge construction in the Vail Pass, Colorado (Billington et al. 1999), d) 

Application of an ABC demonstration project in Washington (Khaleghi et al. 2012) 

Precast bridge construction methods can be applied to various bridge components, 

including piles, foundations, piers (Figure 2-1-a&b), abutments, cap beams and 

superstructures (Figure 2-1-c&d). Moreover, short to very long superstructure span 

lengths can be accommodated. 

In the USA, many departments of transportation (DoTs) are promoting this method 

in construction and rehabilitation of bridges (Billington et al., 1999; Billington et 

al. 2000; Restrepo et al., 2011). For example, the Transportation Research Board 

b) a) 
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has recently published a document with the aim of developing standard plans and 

details for promoting more widespread use of accelerated bridge construction 

methods in the USA (Transportation Research Board of National Academies, 

2013). In Europe, the Fédération internationale du béton has published a state-of-

art bulletin to provide detailed information on modern precast bridges (Calavera 

2004). 

       

          

Figure 2-2: Precast superstructures; a) Flat slabs (image downloaded from https://www.pci.org 

in November 2017), b) Adjacent box beams (image downloaded from https://www.pci.org in 

November 2017), c) I-beams (Rapattoni 2008), d) Segmental box girders (Image downloaded 

from http://www.asbi-assoc.org in November 2016) 

Options for simply supported precast concrete superstructures for short (12~15m) 

and medium (20~40m) span lengths include flat slabs (Figure 2-2-a), adjacent box 

beams with centric voids (single and double hollow-cores, Figure 2-2-b) and 

pretensioned beams (I-beams and Super-T, Figure 2-2-c). For longer superstructure 

spans, pretensioned beams, span-by-span box girders (up to 200m), and segmental 

box girders (up to 500m, Figure 2-2-d) are commonly used in construction (Corven 

2016). 
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2.2.2 Precast bridge construction in New Zealand 

In New Zealand, prefabrication of concrete superstructures for modern 

bridge construction is a wide-spread and popular practice and research is ongoing 

to address the challenges involved in its implementation, in particular in seismic 

regions (Palermo & Mashal 2012). Further promotion of precast technology in 

bridge construction in New Zealand will allow for a considerable decrease in the 

downtime of the transportation network and also a higher construction quality. 

    

Figure 2-3: Precast bridges in New Zealand; a) Installation of the Halswell River Bridge, b) 

Precast superstructure of the Kahutara River Bridge (photo courtesy of Opus Intl. Consultants) 

The standard precast superstructure beams recommended by the NZ Transport 

Agency (NZTA 2008), comprise of prestressed longitudinal beams which are 

installed between the supports and are connected using a combination of transverse 

post-tensioning, grout pockets, in-situ decks and end/intermediate diaphragms. The 

designs include single and double hollow core, super T and I-beams. The 

superstructures have a width of 10.35m and support two lanes of traffic and their 

depths range from 587mm to 1600mm, with the capacity to span from 12m to 30m.  
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Figure 2-4: Examples of standard precast superstructures used in New 

Zealand (NZTA 2008), a) Single hollow core 650mm, b) Single hollow core 

900mm, c) Super T 1225mm. Note that the beams are fabricated 

independently and connected after installation.  

Precast concrete superstructures are designed in various forms, including pre-

stressed concrete multi-beam girders such as hollow core, super tee, double tee, box 

beam, deck bulb-tee or channels which are placed adjacent to each other spanning 

the longitudinal direction of the bridge, or shorter segmental precast sections which 

are connected with longitudinal post-tensioning. The concrete deck can be either 

cast in-situ, or can be monolithic with the girders. The latter configuration forms a 

modular superstructure system which provides benefits in terms of time saving at 

the cost of increasing the weight of the precast segments. These systems are gaining 

popularity in the ABC market since the pre-topped modules do not require the 

installation of a deck after erection, which is a time-consuming process (Culmo 

2011). 

2.2.3 Connections between precast concrete members 

Connections between precast concrete members, including superstructures, 

are typically designated as either ‘wet’ or ‘dry’. Wet connections aim to emulate 

the performance of monolithic concrete, and are formed by assembling of ‘dry’ 

precast elements with ‘wet’ grout or in-situ concrete (Figure 2-5). 

a) 

b) 

c) 
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Figure 2-5: ‘Wet’ emulative moment-resisting connections between precast 

elements; a) Connection between superstructure and pier caps formed by pouring of 

in-situ concrete, b) Connection between piers and cap achieved by grouting of 

protruding pier reinforcement in pre-formed ducts in cap (Restrepo et al. 2011) 

Various configurations of wet connections have been developed since the 

introduction of precast construction. Examples of such connections available in the 

literature can be found in Restrepo et al. (2011), Marsh & Stanton (2011), Holombo 

et al. (2000). An example of application of wet connections in superstructures can 

be seen in Figure 2-5-a, where continuity is provided through formation of a 

moment resisting connection between adjacent spans and the cap beam by provision 

of protruding reinforcement and pouring of in-situ concrete after the precast 

components have been assembled. Design regulations require that the satisfactory 

performance of new connections is proven through experimental testing of 

components, for example as performed on precast segmental bridges (Megally et 

al. 2002, Megally et al. 2003) and precast-prestressed spliced girder bridges 

(Holombo et al. 2000). 

Unlike wet connections, dry connections do not involve pouring of grout or in-situ 

concrete; unbonded post-tensioning and dissipative devices (typically 

manufactured from mild steel) are used to connect the precast elements, resulting 

in a ‘dissipative rocking’ behaviour. Structural deformation in these connections is 

accommodated by opening of the gaps and relative rotation between members once 

the seismic moments become sufficiently large. The following sections provide 

further details on these connections. 
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2.2.3.1 Dissipative rocking connections 

The concept of dissipative rocking connections as a low-damage solution 

was introduced in 1992 as reported by Stone et al. (1995) and Stanton et al. (1997), 

and continued under the PRESSS program in the 1990s through testing of a large-

scale five-story building. In a dissipative rocking connection, residual 

displacements are reduced while energy dissipation is facilitated by joining precast 

elements with unbonded post-tensioning and dissipative devices, rather than 

monolithic concrete and bonded reinforcement. Figure 2-6 compares the hysteresis 

loops of post-tensioning steel, mild steel (or energy dissipating devices) and a 

dissipative rocking system. The hysteresis loop of the dissipative rocking 

connection always passes through the origin, which is an indicator of zero residual 

deformation after each cycle of loading. The area encompassed by the loop is 

representative of the dissipated energy and is comparable to that of the conventional 

monolithic connection. 

 

Figure 2-6: Flag-shape hysteresis loop of a dissipative rocking connection (fib 2003) 

After success of the PRESSS program, development of dissipative rocking 

connections continued under a number of research programs for beam-column, 

column-foundation and wall-foundation joints, using various materials such as 

precast concrete, steel and timber. Figure 2-7 shows examples of dissipative rocking 

connections in a beam-column joint, and at the base of a shear wall. 
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Figure 2-7: Possible details of dissipative rocking connections: a) Between a precast concrete 

beam and column (Priestley et al. 1999), b) At the base of a precast concrete wall (Marriott et 

al. 2008) 

Studies such as those conducted by Kurama (2002), Holden et al. (2003), Restrepo 

& Rahman (2007), Henry (2011) and Marriott et al. (2008) highlight the reliable 

performance of dissipative rocking concrete shear walls under lateral loading. 

Dissipative rocking connections have also been applied to steel beam-column joints 

as reported by Christopoulos et al. (2002). These low-damage connections have 

found application in timber buildings, as described in Palermo et al. (2005), 

Newcombe (2011), Sarti et al. (2013) and Smith (2014). 

Due to the success of such studies on dissipative rocking connections which provide 

sufficient evidence of their reliable behaviour under seismic loading, their design 

has been incorporated in various guidelines. For example, documents published by 

New Zealand Standards (NZS 2006, appendix B) and the Fédération internationale 

du béton (Calavera 2004) accept the use of dissipative rocking connections in 

structures as an alternative solution. Buildings incorporating dissipative rocking 

beam-column or wall connections have been constructed in various seismic-prone 

countries such as Chile, the United States and New Zealand (fib 2003).  

In addition to their application in buildings, such connections have been developed 

and tested for connecting bridge piers to their foundations and cap beams, the first 

experimental program being conducted by Mander & Cheng (1997). In this study a 

near full-scale precast concrete rocking pier was subjected to cyclic lateral loading 

a) b) 
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at the University at Buffalo. The specimen showed consistency in strength and 

stiffness throughout testing.  

Theoretical modelling of dissipative rocking bridge piers was highlighted in a study 

by Palermo (Palermo 2004, Palermo et al. 2005), in which a force-displacement 

relationship was established for cantilever bridge piers under seismic loading based 

on previous models described by Pampanin et al. (2001). This study outlined the 

principal parameters affecting the behaviour of dissipative rocking bridge piers, and 

studied the global response of various bridge configurations in which they are 

applied.  

Ou (2007) conducted a series of experiments on standalone precast segmental 

concrete bridge columns using unbonded post-tensioning steel and longitudinal 

reinforcement as dissipative steel, and proposed models for their pushover and 

cyclic analyses. Marriott (2009) investigated the performance of dissipative rocking 

connections at the base of cantilever bridge piers through experimental testing, 

followed by validation of modelling methods such as the revised monolithic beam 

analogy and time history analyses of finite element models using rotational springs. 

Cohagen et at. (2009) studied the performance of reinforced concrete bridge bents 

with unbonded post-tensioning and mild steel longitudinal reinforcement under 

pseudo-static loading at Washington State University, where ElGawady & Sha’lan 

(2012) later performed a series of tests on precast bridge bents. These bents featured 

dissipative rocking connections at the top and bottom of the piers, which consisted 

of precast post-tensioned concrete-filled fibre tubes. The dissipative rocking bents 

had an improved performance when compared to that of a benchmark monolithic 

bent. 
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Figure 2-8: Comparison of monolithic and dissipative rocking connections in bridge piers 

(Palermo et al., 2005) 

A series of quasi-static and shake table testing was performed by Sideris et al. 

(2014, 2015) on a large-scale sliding-rocking post-tensioned segmental bridge 

system. The specimen consisted of segmental members featuring sliding-rocking 

joints and unbonded post-tensioning. The members were connected only through 

post-tensioning, with no epoxies adhesives, shear keys or dissipative devices/mild 

steel between the members. Energy dissipation was achieved through sliding and 

rocking of the members against each other. The specimen demonstrated desirable 

characteristics such as self-centering and energy dissipation under intense loads 

with minimal damage. 

A recent study by Thonstad et al. (2016) conducted at the University of Nevada, 

Reno highlighted the potential for application of dissipative rocking connections in 

accelerated bridge construction in seismic regions as a low-damage solution. In this 

study, a quarter-scale two-span bridge was tested on a multi-shaking table. The 

specimen underwent minimal damage and demonstrated an overall reliable 

behaviour under simulated seismic loading. 

White and Palermo (2016) studied the response of a number of half-scale cantilever 

piers with dissipative rocking connections at the base to cyclic quasi-static testing. 

The connections were repaired and re-tested, and showed promising results for use 

in seismic areas. 
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Figure 2-9: Shake-table testing of large-scale segmental bridge specimen with sliding-rocking 

post-tensioned connections (Sideris et al. 2014) 

The first instance of the application of dissipative rocking connections to highway 

bridge piers in practice is the Wigram-Magdala bridge in Christchurch, New 

Zealand. In this bridge, the pier connections are formed using longitudinal post-

tensioning and buckling restrained axial mild steel dissipaters. (Routledge et al. 

2017). 

 

Figure 2-10: The Wigram-Magdala bridge in New Zealand which incorporates dissipative 

rocking connections in the pier bents (Routledge et al. 2017) 

Although research aimed at investigating dissipative rocking connections using 

unbonded post-tensioning and dissipative devices in bridge piers exists in the 

literature, to date no research has been performed for their implementation in bridge 

superstructures.  
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2.3 Design of bridges for seismic loading 

Since it is uneconomical to design structures to remain elastic in response 

to Ultimate Limit State seismic loading, they are often designed to behave 

inelastically. Such inelastic response is guaranteed through provision of sufficient 

ductility, which in the case of bridge structures is commonly provided by the 

superstructure, while the superstructure remains elastic. Methods of designing 

bridges to withstand seismic loading through inelastic action are summarised in 

Figure 2-11, and discussed in the following sections. 

       

Figure 2-11: Design of bridge structures for seismic loading; a) 

Conventional design, b) Seismic isolation, c) Dissipative controlled rocking 

in substructure, d) Dissipative controlled rocking in superstructure 

a) 

c) d) 

b) 
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2.3.1 Conventional design for ductility; plastic hinging 

Current performance-based design provisions aim at maintaining the 

integrity of a structure during a design level or maximum credible earthquake, with 

the objective of life safety and collapse prevention. Damage to a structure under 

seismic loading, including plastic hinging and residual displacement, is expected 

and acceptable. In fact, in conventionally designed ductile structures higher values 

of residual deformation result in ‘fatter’ hysteresis loops and higher damping ratios. 

In other words, the amount of structural damage after an earthquake is directly 

linked to the ductility that facilitates energy dissipation and reduces seismic 

response. 

The ductility of such structures is ensured by the provision of adequate detailing is 

provided at the locations of high bending moments. Locations of plastic hinging 

can include the piles, and base (and possibly top) of piers (Figure 2-11-a). The 

provided ductility does protect the structure against collapse, however this benefit 

is accompanied by residual displacement and often irreparable damage (Figure 

2-12).  

       

Figure 2-12:Flexural failure of bridge piers a) The 1995 Kobe earthquake 

(Priestley et al. 1995), b) The 2016 Kaikoura, New Zealand earthquake 

(Palermo et al. 2016) 

Moreover, although in these systems the superstructure is designed to remain elastic 

and may behave so, unseating at the abutments, intermediate supports, or expansion 

joints because of insufficient support length and inadequate transverse support or 

restraining mechanism at the supports (Kapur & Khaleghi 2009) is an often-seen 
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form of failure. Examples of such behaviour was observed during the 1971 San 

Fernando (Pond 1972), 1994 Northridge (Mitchell et al. 1995), 2010 Maule, Chile 

earthquake (Buckle et al. 2012) and the 2016 Kaikoura, New Zealand earthquake 

where superstructure spans unseated from their bearings (Figure 2-13). 

       

       

Figure 2-13: Unseating of superstructures during earthquakes ;a) The 1971 

San Fernando (Yen 2010), b) The 1994 Northridge (Johnson et al. 2008 ), c) 

The 2010 Maule, Chile (Yen et al. 2011), d) The 2016 Kaikoura, New 

Zealand (Courtesy of Opus Intl. Consultants) 

2.3.1.1 Protection against unseating; steel linkages 

Investigations into the behaviour of bridges after major earthquakes have 

shown that a main mode of failure is unseating of the superstructure, which can lead 

to the collapse of entire spans. After the Niigata earthquake in 1964, the concept of 

“unseating prevention devices” emerged, which involves tying adjacent spans 

together using steel linkages (Kawashima, 2011). Currently this method is a widely 

adopted practice in many countries, and has been included in design 

recommendations such as the NZTA bridge manual (NZTA 2013). Further research 

on the performance of these linkages can be found in Wood & Chapman (2013) and 

Selna et al. (1989). An example of a loose steel linkage is shown in Figure 2-14. 
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Figure 2-14: Loose steel linkages (cable restrainers) between superstructure 

segments (Selna et al. 1989) 

2.3.2 Seismic isolation; 

Seismic and dissipation isolation has long been used in structures to control their 

response to seismic excitation (Figure 2-11-b). This method increases the 

structure’s period towards a lower amplification range of the response spectrum and 

thus reduces the input energy and force demand from seismic vibrations. 

Discounting the isolation devices which accommodate the majority of the 

displacement demand, the remainder of the structure is protected and remains in the 

elastic range. Dissipation devices provide supplemental damping, therefore 

reducing the displacement demand imposed on the structure. Although an efficient 

method for reducing seismic damage, the costs associated with these devices can 

be prohibitive to their implementation. 

2.3.3 Dissipative controlled rocking in substructures 

This method involves replacing the areas of potential plastic hinging in 

conventional structures with low-damage, easily repairable, dissipative rocking 

connections (Figure 2-11-c). Thus, the objectives of ductility and protection of the 

structure against seismic damage is met. Section 2.2.3.1 presented an overview and 

state-of-art in relation to dissipative rocking connections in substructures.  

2.3.4 Dissipative controlled rocking in superstructures 

Since the majority of the seismic mass of a bridge is located in the 

superstructure, it would be reasonable to accommodate the seismic demand where 
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it originates. The method proposed in this study for providing responding to seismic 

demands through ductile action, involves clamping the superstructure using 

unbonded longitudinal post-tensioning (resulting in reduced residual displacement), 

and connecting adjacent spans with dissipative devices (resulting in reduced 

displacement demands). This configuration leads to accommodation of the seismic 

demand in the superstructure, significantly reducing it in the other parts of the 

structure, and obviating the need for mechanisms for transferring seismic force 

between the superstructure and substructure such as hold-down bolts and transverse 

shear keys. This is the primary advantage of the proposed system, a schematic of 

which is shown in Figure 2-15. 

       

Figure 2-15: Dissipative controlled rocking in superstructure, plan view 

The second advantage offered by this system is that the elements necessary for its 

implementation often exist in a precast superstructure by design. The longitudinal 

unbonded post-tensioning can be accommodated within pre-existing ducts or on the 

faces of super-T or I-beams. The steel linkages that are typically used for prevention 

of unseating can be replaced with axial dissipaters. 

Although numerous studies have focussed on implementation of dissipative rocking 

connections using mild steel dissipaters in bridge piers, to date no such studies have 

been performed for bridge superstructures.  

2.4 Conclusions 

This chapter presented an overview of accelerated bridge construction using 

prefabricated bridge elements, which provides many benefits including reduced on-

site construction time and increased construction quality and safety. The concept of 

low-damage, dissipative rocking connections between prefabricated building and 
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bridge elements was presented. Previous research has seen the application of this 

connection in beam-to-column joints, shear walls and bridge pier-to-foundation and 

pier-to-cap beam connections, however dissipative rocking connections with 

unbonded post-tensioning and dissipative devices have not yet been applied to 

bridge superstructures. It is shown that dissipative rocking connections can be used 

in lieu of conventional monolithic connections to increase reparability and reduce 

residual displacement after a seismic event, and hold potential for application in 

bridge superstructures. 
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 Mild steel dissipaters 

3.1 Introduction 

This chapter presents details of the mild steel dissipative devices used in the 

dissipative rocking superstructure connections of the large-scale bridge specimen. 

A brief background of these dissipaters is presented followed by their performance 

and results from standalone experimental testing. These tests are complementary to 

the large-scale testing which will be presented in Chapters 4 and 5. 

Two types of mild steel dissipaters were studied; axial and U-shaped flexural plates 

(UFPs). The axial dissipaters were manufactured from mild steel rods, and featured 

a reduced cross-section (grooves) over a portion of their length where yielding was 

to occur. They were inserted into steel tubes for protection against buckling. The 

UFP dissipaters were U-shaped plates manufactured from mild steel which roll, 

yield and dissipate energy when subjected to shear force.  

The experimental testing aimed to quantify the response and force-deformation 

relationship of the axial and UFP dissipaters to cyclic testing. Buckling restrained 

grooved axial dissipaters have been previously tested for implementation in 

dissipative rocking connections, in which they are mainly subjected to positive 

strain. However, when used in dissipative rocking superstructures they are in some 

instances subjected to negative strain. The standalone testing was carried out on 

axial dissipaters for both positive and negative strain. The test results indicate that 
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although the stress-strain relationship of the dissipaters matches theoretical 

predictions, correct detailing of the dissipaters is crucial for their reliable 

performance. 

3.2 Axial dissipaters 

3.2.1 Background 

Buckling-restrained axial dissipaters were introduced during an 

experimental study on post-tensioned dissipating connections for moment-resisting 

steel frames by Christopoulos et. al (2002). These dissipaters consisted of a mild 

steel bar confined by a steel tube, which were tested in a connection assembly 

subjected to quasi-static cyclic loading and a positive strain range. Despite the 

inelastic buckling of the bars inside the confining cylinders, the devices showed 

good hysteretic behaviour and energy dissipation characteristics. 

A variant of the dissipative rocking precast beam-column joint was later developed 

by Amaris et al. (2006) in which external mild steel axial dissipaters were used in 

place of steel rebars. These dissipaters were small-sized imitations of buckling 

restrained braces (BRBs). They were manufactured using mild steel bars which 

were milled down over a defined length to concentrate yielding in that area. These 

were then placed inside a steel tube and the interim space was filled with epoxy to 

prevent buckling of the dissipater. Cyclic testing of these devices showed a stable 

hysteresis loop in tension yet an undesirable increase in stiffness and buckling 

during compressive loading at relatively low displacements. This was attributed to 

engagement of the un-machined dissipater end with the filling epoxy.  

Marriott (2009) performed a series of tests on replaceable mild steel dissipaters with 

a similar design to those tested by Amaris et al. (2006), in a range of diameters and 

lengths. Once again, the results showed a considerable increase in stiffness when 

the dissipaters were subjected to compressive forces. 
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Sarti et. al (2016) continued these investigations by performing a number of quasi-

static tests on dissipaters with varying geometric parameters such as the fuse 

diameter and length and also using two different filler materials; grout and epoxy. 

The displacement protocol consisted of positive strains and the dissipaters showed 

a robust behaviour during lower displacement cycles before the onset of buckling 

at higher displacements. An equation was proposed to find the force-displacement 

relationship of the dissipaters, which showed good agreement with the experimental 

results. 

  

Figure 3-1: Mild steel axial dissipaters; a) In a beam-column joint (Amaris 2010), b) Wall-

foundation joint (Sarti 2015) 

White (2014) developed a number of dissipater configurations inspired by previous 

designs in the literature, but without the need for filling epoxy or grout. One of these 

designs consisted of a dissipater manufactured from a plain mild steel bar. Grooves 

were cut out from a length of the bar equal to the required dissipative length; these 

grooves reduced the cross section while not significantly compromising the second 

moment of area and therefore the buckling load. The dissipater was inserted into a 

mild steel tube to prevent it from buckling. The dissipaters showed reliable 

behaviour and consistent hysteresis loops when subjected to quasi-static cyclic 

loading. 

 

a) b) 
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Figure 3-2: Configuration & force-displacement plot of groove-type dissipater tested by White 

(White, 2014) 

Andisheh et al. (2017) investigated the effects of corrosion on the cyclic and 

hysteretic properties of mild steel grooved axial dissipaters. They showed that 

corrosion causes a reduction in the ultimate strain of steel, which in turn reduces 

the energy dissipating capacity of dissipative rocking connections. 

                 

 

Figure 3-3:  Setup of axial dissipaters in structural systems; a) Tensile dissipaters in a 

rocking bridge pier; b) Tensile dissipaters in a rocking shear wall & c) Tensile and 

compressive dissipaters in a rocking bridge superstructure 

The axial dissipaters that have been tested in the literature have been shown to 

behave in a reliable manner when subjected to positive strain. However, these 

b) a) 

c) 
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dissipaters were not designed or tested for negative strain, therefore a number of 

such tests were performed on sample dissipaters as part of this study. 

Figure 3-3-a and Figure 3-3-b show external mild steel axial dissipaters installed as 

part of dissipative rocking connections in a bridge pier and shear wall respectively. 

It can be seen that rotation of the rocking elements and gap opening generally causes 

positive strains in the axial dissipaters. Figure 3-3-c shows the deformed shape of a 

two-span bridge superstructure subjected to lateral loading. Rotation of the 

superstructure spans forms a gap in the mid-section of the bridge. The dissipaters 

in this location conform to the opening of this gap by stretching (positive strain). 

Although during the initial phases of loading, the dissipaters can undergo negative 

strain, due to the high modulus of elasticity of concrete, this strain is minimal. At 

the abutments, however, the pre-existing gap that had been provided to allow for 

superstructure elongation becomes smaller. As a result, the axial dissipaters at this 

location are subjected to negative strain. 

To clarify the effects of negative and positive strains on the performance of 

buckling restrained axial dissipaters, a number of experimental tests were 

performed on dissipaters with slightly different details. The most reliable 

configuration was then used in the large-scale testing. 

3.2.2 Experimental testing 

3.2.2.1 Axial dissipaters for negative strain 

These dissipaters were composed of a mild steel bar with a reduced central 

section (fuse), inserted inside a mild steel sleeve for protection against buckling 

(Figure 3-4). Their design was based on previous research (White 2014), however 

they were tested for negative, rather than positive, strain. The central fuse consisted 

of a grooved cross-section which was milled from a 16mm mild steel rod. The 

specifications of these dissipaters are given in Table 3-1. Schematics of the 

dissipaters as set up in the standalone testing is presented in Figure 3-4 and Figure 

3-5.  
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The dissipaters and sleeves were manufactured using Grade300 mild steel with a 

modulus of elasticity equal to 205GPa, characteristic yield strength of 300MPa, 

typical yield strength of 330MPa and ultimate strength of 380MPa, according to the 

manufacturer’s specifications. 

 

Figure 3-4: Schematic of axial grooved dissipaters for negative strain, as set up for standalone 

testing 

Three dissipaters with specifications as presented in Table 3-1 and Table 3-2 were 

tested using quasi-static cyclic loading. Dissipaters with similar dimensions were 

installed between the superstructure spans and corresponding abutment in the large-

scale testing presented in Chapter 4. 

Table 3-1 Specifications of dissipaters tested for negative strain 

D – Original 

rod 

(mm) 

D – Grooved 

section 

(mm) 

Lc 

(mm) 

t 

(mm) 

A 

(mm2) 

Lsb 

(mm) 

Lg 

(mm) 

Lst 

(mm) 

Lsl 

(mm) 

16 15.00 5.84 3.02 80.78 35 184 11 41 

Table 3-2 Specifications of dissipater sleeves for negative strain 

OD 

(mm) 

ID 

(mm) 

t 

(mm) 

24.90 16.30 4.30 

Testing of the dissipaters was performed using a loading protocol based on ACI 

ITG-5.1-07 (ACI 2008). This protocol states that the maximum force applied to the 

structure in the first three cycles should not exceed 60% of the design strength and 
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the maximum displacement of the subsequent cycles should be between 1.25 and 

1.5 times the maximum displacement in the previous cycles. The peak strain during 

the first three cycles of loading was equal to 0.6% and the dissipaters typically failed 

at approximately 12% strain. The loading protocol is presented in Figure 3-5-b. The 

loading rate was manually controlled and ranged between 5mm/min to 50mm/min, 

depending on the peak displacement of the loading cycle.  

      

 

Figure 3-5: Testing of axial grooved dissipaters; a) Axial grooved dissipaters subjected to 

cyclic negative strains in the testing rig; b) Loading protocol for quasi-static cyclic testing of 

dissipaters 

Figure 3-6-a shows the test results for one of the tested dissipaters, and Figure 3-6-

b shows the failed dissipaters after testing. As predicted, the failure occurred in the 

fused section. Tolerances in the manufacturing method had caused irregularities in 

the grooves, creating a smaller cross section at one end of the fuse, concentrating 

strain and causing it to yield first. 

The dissipaters yielded at a stress of -334kN and the maximum axial strain was 

equal to 12.6%. The maximum negative stress of the dissipaters was equal to 

943MPa, which is higher than the original yield stress partly due to strain hardening, 

but mainly due to engagement of the dissipater with the anti-buckling sleeve. The 

increase in stiffness caused by this engagement is gradual however, and can be 

avoided if the maximum allowable strain of the dissipaters is limited to 6%, as can 

be seen in Figure 3-6-b. 

a) b) 
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Figure 3-6 Testing of dissipaters for positive negative strain; a) Load-

displacement plot of dissipaters, b) Dissipaters after testing 

Certain details in the design of negative strain axial dissipaters can alter their 

behaviour under loading and result in undesired mechanisms, including 

engagement of the dissipaters with the sleeves and sudden increase in stiffness. One 

such detail is the location of the threads that are engraved on the plain section of 

the dissipaters to facilitate their installation. Figure 3-7 shows the results of testing 

on a dissipater with a general configuration similar to that of Figure 3-4, but in 

which the sliding length, Lsl, was equal to 10mm which was smaller than the 

maximum negative deformation imposed on the dissipater during testing. Although 

at the beginning of testing the threads were located at a distance to the top of the 

sleeve, they engaged with it during the compression phase in testing. An increase 

in stiffness is seen in Figure 3-7-a when the dissipater reaches a 3.5% strain, and a 

further increase in stiffness is seen when the dissipater reaches a 6% strain. Figure 

3-7-b shows engagement of the threaded section of the dissipater with the anti-

buckling sleeve. The testing was terminated at an 8% strain due to the 100kN 

capacity limit of the load cell on the testing device being exceeded. 

a)                                                                          b) 
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Figure 3-7: Testing of negative strain dissipaters; a) Load-displacement plot of 

dissipater, b) Engagement of threads with sleeve, c) Damage and bending of threaded 

section 

The dissipater which was tested had a cross-sectional area of 138.42mm, a grooved 

length of 182mm and total length of 232mm. The mild steel sleeve had an outer 

diameter of 21.37mm, and thickness of 2.42mm. The dissipater yielded under a 

compressive force of 49kN which is equivalent to a stress of 353MPa. In Figure 3-7 

the dissipater deformation does not return to zero after each cycle of loading. This 

is due to two separate measuring instruments being used; the testing itself was 

controlled by a low-resolution potentiometer however the results were recorded 

using two high-resolution potentiometers. All force-displacement plots presented 

in this chapter use the average value of readings from the two high-resolution 

potentiometers. 

3.2.2.2 Axial dissipaters for positive strain 

These dissipaters were designed to undergo positive strain, and were installed 

between the two superstructure spans in the large-scale testing. Similar to the 

dissipaters designed for negative strain, they were composed of a mild steel bar with 

a reduced central section (fuse), inserted inside a mild steel sleeve for protection 

a) 
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against buckling. Due to the larger cross section and yield force of these dissipaters, 

the sleeve was reinforced with four rectangular mild steel sections (6×6mm) tack 

welded to the sleeve. The central fuse consisted of a grooved cross-section which 

was milled from a 24mm mild steel rod.  The amount of gap opening between the 

two superstructure segments was almost twice the amount of gap opening between 

the superstructure and abutments (Figure 3-3-c). Therefore, to accommodate the 

imposed displacements, the fuse length of these dissipaters was 2.4 times longer 

than that of the negative strain dissipaters. The manufacturing method imposed a 

limit on the length to diameter ratio of the rods due to vibration of the rod inside the 

machinery, and for a 440mm grooved length a rod diameter of 24mm or higher was 

necessary. Figure 3-8 shows a general scheme of the positive strain axial 

dissipaters.  

 

Figure 3-8:Axial dissipaters for positive strain; a) Schematic of 24mm axial 

grooved dissipaters; b) Manufactured dissipater and sleeve 

Four dissipaters were tested quasi-statically using a cyclic loading protocol based 

on ACI ITG-5.1-07 (ACI Innovation Task Group 5, 2008), where the maximum 

force applied to the structure in the first three cycles should not exceed 60% of the 

design strength and the maximum displacement of the subsequent cycles should be 

between 1.25 and 1.5 times the maximum displacement in the previous cycles. The 

test setup and loading protocol are shown in Figure 3-9.  

a)                                                                                     b) 
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Figure 3-9: a) Axial dissipater in testing rig; b) Loading protocol used for testing 

dissipaters  

The specifications of these dissipaters are presented in Table 3-3. The stiffness of 

the dissipaters is calculated by considering the stiffness of the grooved and plain 

sections as springs connected in series. 

Table 3-3 Specifications of 24mm diameter grooved dissipaters 

Lgrooved (mm) L2_plain + L1_plain (mm) D (mm) t (mm) Area (mm2) 

440 62 23.5 5.21 215.8 

The force-deformation results from one dissipater, and an image of the dissipaters 

after testing is shown in Figure 3-10. 

The irregularities in the loading cycles (in terms of the value of the deformation not 

reaching zero) are due to the tests being manually controlled. The average yield 

force of the dissipaters was equal to 74.15kN, which equates to a yield stress of 344 

MPa. The maximum achieved stress and strain of the steel was equal to 510MPa 

and 8.95% respectively. The dissipaters showed a consistent and desirable 

behaviour; yielding of the grooved section occurred before excessive local buckling 

of the flanges of the grooved section or global buckling of the dissipater and its 

consequent engagement with the sleeve (except in the second to last cycle). The 

latter form of failure is especially undesirable since it causes in a dramatic increase 

a)                                                    b) 
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in the stiffness of the dissipater-sleeve combination, which could lead to failure of 

the connections between the dissipater and concrete. Engagement with the sleeve 

occurred in the second to last cycle, where the strain exceeded the maximum 

allowable value of 6%. This highlights the importance of limiting the maximum 

allowable strains in the mild steel axial dissipaters during the design phase. 

      

Figure 3-10: Testing of positive strain axial dissipaters; a) Force-displacement plots of 24mm 

diameter dissipaters b) Failed dissipaters after testing 

3.3 UFP dissipaters 

3.3.1 Background 

Mild steel U-shaped flexural plates were originally developed by Kelly et 

al. (1972) as a dissipation device (Figure 3-11). Their function relies on the relative 

movement of the parallel plates which creates a change in the bend radius of the 

plates resulting in yielding (Figure 3-12-b).  

a)                                                                                 b) 
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Figure 3-11: UFP dissipaters; a) Schematic view of a UFP dissipater (Kelly et al. 1972) & b) 

UFP dissipaters used in the Southern Cross Hospital, Christchurch (Pampanin et al. 2011) 

Figure 3-12-a shows a set of UFP dissipaters installed between a pair of coupled 

shear walls. The rotation of the walls results in differential vertical displacement, 

which activates the dissipaters creating shear and moment in them. Figure 3-12-b 

shows the yield mechanism of a UFP dissipater. Prior to deformation of the 

dissipater, the blue segment has a radius of R, and the red segment a radius of 

infinity. Once the dissipater engages and starts to ‘roll’, the blue segment bends 

until its radius increases to infinity whereas the red segment bends to achieve a 

radius of R. Hence ‘rolling’ of the dissipater progressively bends the sections. By 

adjusting the thickness to radius ratio, the maximum strain in the dissipater can be 

controlled.  

     

Figure 3-12: Behaviour of UFP dissipaters; a) UFP dissipaters used in pairs in a shear wall & 

b) Yielding mechanism of UFP dissipaters resulting from shear forces and moments 

The maximum strain of a UFP occurs on the outside surface of the curved section, 

and is equal to: 

a) 

a)                                                                       b) 
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   max
2

t

R
   3.1 

Where t is the thickness of the UFP. As can be seen the value of maximum strain is 

only a function of the UFPs geometry and is not dependent on the amount of 

movement of the structure. The peak displacement of the structure is therefore not 

limited by allowable strain limits, but rather by cyclic fatigue criteria. Figure 3-13 

presents this criteria in terms of maximum allowable strain, normalised stroke (UFP 

displacement divided by UFP radius) and cycles to failure. 

 

Figure 3-13: Cyclic fatigue criteria of UFPs (Kelly et al. 1972) 

The yield force, Vp, and plastic moment capacity, Mp, of a single UFP plate can be 

calculated as below: 
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Where bp is the width of the plate (Figure 3-14-b). 
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Experiments performed by Kelly et al. (1972) have shown that the yield stress and 

force of a UFP device are generally 1.45-2.15 times higher than the values provided 

by Equations 3.2 to 3.4 due to strain hardening of steel. 

Baird & Palermo (2014) conducted a series of experiments on UFP dissipaters to 

validate the existing theoretical formulae (Equations 3.2 to 3.4). They continued by 

conducting a parametric investigation based on a FEM model by changing the plate 

thickness and inner diameter of the UFPs, and using a constant plate width. By 

combining the experimental, analytical and numerical results, they proposed a 

relationship for modelling the behaviour of UFP dissipaters which incorporated the 

Ramberg-Osgood model for steel (Ramberg & Osgood 1943). 

3.3.2 Experimental testing 

Three variations of UFP dissipaters were used in the large-scale testing (Figure 

3-14). The radius and plate thickness was similar in all three specimens (62mm and 

6mm respectively), however the width of the plate, bp, was different, and measured 

either 150, 200 or 250mm. Two UFP dissipaters with a width of 150mm were 

subjected to quasi-static cyclic loading in a standalone test setup (Figure 3-14).  

Since the general configuration, including t and R, was similar in all three models, 

and the relationship between a dissipater’s force and its width (bp) is linear, only 

one model was tested and the results were extrapolated to the other two models. 

The maximum dissipater stress can be calculated based on the test results. For a 

maximum dissipater shear force capacity of 8kN, the maximum mild steel stress 

after strain hardening, fy, is equal to 367MPa (Equations 3.1 to 3.4). This is 22% 

higher than the nominal yield stress of the mild steel plates which was equal to 

300MPa. The moment and shear of the UFP dissipaters with a section thickness, t, 

of 6mm and radius, R, of 62mm can be calculated according to Equations 3.2 and 

3.3. 
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Figure 3-14: Testing of UFP dissipaters; a) UFP dissipaters used in large-scale testing; 

b) Test setup of mild steel UFP dissipater in the laboratory; c) Loading protocol for 

quasi-static cyclic testing; d) Force-deformation plot for one UFP dissipater 

3.4 Conclusions 

This chapter presented details of the axial and UFP mild steel dissipaters 

used in the large-scale testing of dissipative rocking connections for bridge 

superstructures. All dissipaters were tested using quasi-static cyclic loading. 

The axial dissipaters were manufactured from G300 mild steel. They comprised a 

plain rod which was milled down to a cruciform along their dissipative length, and 

threaded at the ends to facilitate their assembly. The dissipaters were inserted inside 

a mild steel tube (sleeve) for protection against buckling. A number of such 

dissipaters with slightly different details such as threaded and plain lengths were 

tested to achieve a reliable final design. The test results show that axial dissipaters 

which undergo positive strains demonstrate a reliable yield mechanism. However 

b) 

a) 

c) 

d) 
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axial dissipaters which undergo negative strains only exhibit a reliable behaviour if 

their design facilitates yielding of the cruciform section before jamming of the 

threads or dissipater inside the sleeve. This can be achieved by allowing sufficient 

plain length so that the threaded section is clear of the sleeve, and providing 

clearance between the dissipative cruciform section and the inside surface of the 

sleeve. Overlooking such details can cause involvement of the sleeve in load 

bearing, sudden increase in stiffness and buckling of the entire dissipater assembly. 

The resulting overstrength could potentially damage the connections between the 

dissipaters and the structure.  

The UFP dissipaters were also manufactured from G300 steel. Due to their simple 

and non-compound design, their behaviour is more predictable than the studied 

axial dissipaters. They can therefore be designed and manufactured using less 

meticulous procedures. Results from testing show that their behaviour matches 

theoretical force-deformation relationships described in the literature. 

Both types of dissipaters were used in large-scale testing of dissipative rocking 

connections for bridge superstructures which is the subject of the following two 

chapters. 



 

 

References 

ACI Innovation Task Group 5 (2008). Acceptance criteria for special unbonded 

post-tensioned precast structural walls based on validation testing and 

commentary: an ACI standard. American Concrete Institute, Farmington 

Hills, MI. 

Andisheh, K., Liu, R., Palermo, A., & Scott, A. (2017). Cyclic behaviour of 

corroded fuse-type dissipaters for post-tensioned rocking bridges. Submitted 

to ASCE Journal of Bridge Engineering. 

Amaris, A., Pampanin, S., & Palermo, A. (2006). Uni and bi-directional quasi static 

tests on alternative hybrid precast beam column joint subassemblies. In 

Proceedings of New Zealand Society for Earthquake Engineering Conference 

2006. Napier, New Zealand. 

Amaris, A. (2010). Developments of advanced solutions for seismic resisting pre-

cast concrete frames. PhD Thesis, University of Canterbury, Christchurch, 

New Zealand. 

Baird, A., Smith, T., Palermo, A., & Pampanin, S. (2014). Experimental and nu-

merical Study of U-shape Flexural Plate (UFP) dissipators. In Proceedings of 

New Zealand Society for Earthquake Engineering Conference 2014. Auck-

land, N.Z.  

Christopoulos, C., Filiatrault, A., Uang, C., & Folz, B. (2002). Posttensioned energy 

dissipating connections for moment-resisting steel frames. Journal of 

Structural Engineering, 128(9), 1111–1120. 

Kelly, J. M., Skinner, R. I., & Heine, A. J. (1972). Mechanisms of energy absorption 

in special devices for use in earthquake resistant structures. Bulletin of New 

Zealand Society for Earthquake Engineering, 5(3), 63–88.  

Marriott, D. J. (2009). The development of high-performance post-tensioned 

rocking systems for the seismic design of structures. PhD thesis, University of 

Canterbury, Christchurch, New Zealand. 

Pampanin, S., Kam, W., Haverland, G., & Gardiner, S. (2011). Expectation Meets 

Reality: Seismic Performance of Post-Tensioned Precast Concrete Southern 



 

61 

 

Cross Endoscopy Building During the 22nd Feb 2011 Christchurch Earth-

quake. In Proceedings of the New Zealand Concrete Industry Conference. Ro-

torua, New Zealand. 

Priestley, M. J. N. (1991). Overview of PRESSS Research Program. PCI Journal, 

36(4), 50–57.  

Priestley, M. J. N., Sritharan, S. S., Conley, J. R., & Pampanin, S. (1999). 

Preliminary results and conclusions from the PRESSS five-story precast 

concrete test building. PCI Journal, 44(6), 42–67. 

Ramberg, W., & Osgood, W. R. (1943). Description of stress-strain curves by three 

parameters (Version Technical Note No. 902). Washington, D.C., USA: Na-

tional Advisory Committee for Aeronautics. 

Sarti, F. (2015). Seismic design of low-damage post-tensioned timber wall systems. 

PhD Thesis, University of Canterbury, Christchurch, New Zealand. 

Sarti, F., Palermo, A., & Pampanin, S. (2016). Fuse-type external replaceable dis-

sipaters: experimental program and numerical modeling. Journal of Structural 

Engineering, 142(12), 4016134.  

Stanton, J. F., Stone, W. C., & Cheok, G. S. (1997). A Hybrid Reinforced Precast 

Frame for Seismic Regions. PCI Journal, 2(42), 20-32. 

Stone, W. C., Cheok, G. S., & Stanton, J. F. (1995). Performance of hybrid moment-

resisting precast beam-column concrete connections subject to cyclic loading. 

ACI Structural Journal, 91(2), 229–249. 

White, S. (2014). Controlled damage rocking systems for accelerated bridge 

construction. Master’s Thesis, University of Canterbury, Christchurch, New 

Zealand. 

 

 

 





 

 

 Experimental testing of 

single superstructure 

system 

4.1 Introduction 

This chapter presents findings from a series of quasi-static cyclic tests on a large-

scale bridge specimen with a dissipative rocking superstructure. The testing was 

performed with the following objectives: validating the concept of a post-tensioned 

rocking superstructure with mild steel dissipaters in practice, and quantifying its 

force-displacement relationship under various levels of post-tensioning. The testing 

was performed on a complete bridge system, rather than on a stand-alone 

superstructure so that constructability of the proposed system could be confirmed, 

and experimental proof of its performance under transverse loading could be 

provided. 

Two general configurations of the bridge system were tested, the first configuration 

which is presented in this chapter used two simply supported spans (Figure 4-3) 

connected with longitudinal unbonded post-tensioning. Three of the test setups also 

featured mild steel buckling-restrained axial dissipaters. Several tests were 

performed on the first configuration with various levels of post-tensioning, 

including or excluding axial mild steel dissipaters. The specimen was subjected to 

transverse lateral quasi-static cyclic loading at the superstructure level. Results of 



 

64 

 

the experimental testing are expressed in terms of the transverse force-displacement 

relationship of the superstructure, and the changes in the post-tensioning force and 

neutral axis depth in the rocking connection base on its rotation. The kinematics of 

the specimen is shown in Figure 4-1. 

 

Figure 4-1: Kinematics of specimen under transverse lateral loading as seen in plan. Note that 

the dissipaters shown belong to different test setups. 

4.2 Design of specimen 

The prototype bridge, illustrated in Figure 4-2, represents a typical short-

span precast concrete bridge in New Zealand with a length of 26m. The circular 

central pier has a diameter of 1.5m and when combined with the cap beam reaches 

a height of 7m. The superstructure is 10.35m wide and is based on a standard precast 

concrete bridge double hollow-core beam (NZTA 2008). The total gravity load of 
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the superstructure and contributing pier and cap beam contributing to seismic inertia 

is equal to 3300kN which does not include live or service loads.  

 

Figure 4-2: Prototype bridge system 

The prototype bridge was designed to comply with the NZS Concrete structures 

standard (NZS 2004). Seismic loading was determined by referring to the Third 

Edition of the NZTA bridge design manual (NZTA 2013), which uses a force-based 

design method based on the NZ loading code (NZS1170.5, NZS 2006). It was 

assumed that the bridge was of strategic importance, therefore an importance level 

of 3 was chosen. A hazard factor, Z, of 0.3 (Christchurch) and soil class C (shallow 

soil) was used. The ULS event was a design earthquake with a return period of 2500 

years. The lateral seismic demand for the prototype bridge with a dissipative 

rocking superstructure was calculated based on the fundamental natural period of 

an equivalent conventional reinforced concrete structure in which the ductility was 

provided by yielding of the pier. The seismic hazard parameters are displayed in 

Table 4-1.  

The prototype bridge was scaled in accordance with the Cauchy-Froude similitude 

law, in which three scaling factors should be chosen for the three distinct units of 

dimension, time and mass (alternatively scaling factors can be chosen for other units 

which are a combination of these three). A scaling factor of λ=1/3 was used for 

length. A scaling factor equal to unity was used for stress, since the modulus of 

elasticity of the material of interest (concrete) cannot be scaled. A scaling factor 

equal to unity was also used for acceleration. Once the scaling factors for length, 

stress, and acceleration are known the scaling factors for other units of interest can 

be calculated, as shown in Table 4-2.  
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As can be seen from Table 4-2, the scaling factor for the weight of the specimen in 

the large-scale testing is equal to λ2 (=1/9), which means that the weight of the 

specimen should be equal to the mass of the prototype multiplied by λ2 (=1/9). 

However, the volume and therefore weight of the specimen is scaled to λ3 (=1/27), 

which is smaller than λ2 by a factor of λ. Therefore, additional weight should have 

been added to the test specimen for consistency in scaling. This additional weight 

would have provided the necessary seismic inertia if the testing had been dynamic, 

and the specimen was subjected to seismic accelerations. However due to the quasi-

static nature of the testing, in theory the additional weight would not have affected 

the amount of force exerted on the bridge by the actuators, nor would it have 

increased the axial load on the superstructure. Therefore, no supplementary weight 

was added to the specimen. It was later discovered during testing that due to the 

higher-than-expected coefficient of friction between the superstructure and bearing 

pads, additional weight on the superstructure would have affected the response of 

the superstructure to transverse loading. However, this effect can be calculated 

separately and added to the overall transverse force applied to the structure.  

Table 4-1: Design parameters for prototype bridge 

Variable Value 

Structural mass, M 330 tons 

Hazard factor, Z 0.3 

Soil Class C 

Return period, TR 2500 yrs. 

Return period factor for ULS, Rµ 1.8 

Ductility, μ 3 

Modification factor, kμ 2.8 

Near fault factor, N 1 

Structural performance factor, Sp 0.9 

Fundamental natural period of pier, T 0.63s 

Ordinate of elastic hazard spectrum, C (T1) 1.68 

Elastic site hazard spectrum, Ch (T1) 0.91 

Horizontal design action coefficient, Cd (T1) 0.29 

Design lateral load, V 937 kN 

Scaled lateral load at ULS, Vscaled 104 kN 
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Table 4-2: Scaling factors based on a Cauchy-Froude similitude law 

Variable Scaling Factor 

Length λ =1/3 

Modulus of Elasticity 1 =1 

Acceleration 1 =1 

Area λ2 =1/9 

Volume λ3 =1/27 

Mass λ2 =1/9 

Force λ2 =1/9 

Stress 1 =1 

Strain 1 =1 

Time 1/ λ =3 

Several tests were performed on the specimen, each featuring a different post-

tensioning force in the longitudinal PT tendons and location and size of axial 

dissipaters. Table 4-3 presents a matrix of all the tested configurations. 

Figure 4-3 shows a schematic of the test setup in the laboratory. Quasi-static cyclic 

loading was applied to the superstructure by means of two hydraulic actuators with 

a maximum capacity of 500kN. 

Table 4-3: Configurations of test setup 

Test ID PT force* Dissipater Notes 

D1-1 40kN None - 

D1-2 105kN None 
Half of superstructure 

weight supported by crane  

D1-3 105kN None - 

D1-4 150kN 
Axial dissipaters 

16mm 

Dissipaters between 

abutment and superstructure 

D1-5 150kN 
Axial dissipaters 

16mm 

Dissipaters between 

abutment and superstructure 

D1-6 150kN 
Axial dissipaters 

24mm 

Dissipaters between two 

superstructure spans 

          *Sum of post-tensioning force in both tendons 

The base shear demand on the prototype bridge was found for various levels of 

performance (SLS, ULS and MCE) and scaled for the test specimen. Table 4-4 
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shows the relationship between the scaled lateral force (base shear demand) and the 

return period factors of different seismic events. 

Table 4-4: Design parameters for prototype bridge 

Lateral force (kN) Return period factor, R Return period (yrs) 

58 0.5 100 (SLS) 

116 1 500 

151 1.3 1000 

209 1.8 2500 (ULS) 

290 2.5 5000 

337 2.9 10000 (>MCE) 

It should be noted however that these values show demands on a conventional 

bridge based on the transverse stiffness of the pier. 

Figure 4-4 shows the specimen as set up in the laboratory strong floor. 

 

Figure 4-3: General test setup for single superstructure system (dissipaters not shown) 

A finite element model of the bridge was constructed in the software SAP2000 and 

subjected to transverse static loading to validate the forces in the concrete members, 
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confirm suitability of member dimensions and design of the reinforcement. Due to 

the small aspect ratio of the rocking superstructure, the forces in each span were 

found using a strut-and-tie model and the longitudinal and transverse reinforcement 

was designed accordingly. 

 

Figure 4-4: Test setup for single superstructure configuration 

4.3 Specimen details 

The following section provides an overview of the details used in the 

construction and setup of the test specimen. 

4.3.1 Materials 

The characteristic properties of steel materials used in the specimen were based 

on the manufacturer’s specifications, and are presented below.  

The strength of the concrete was based on compressive testing of 13 cylinder 

samples cast in accordance with NZS3104 (NZS 2003). These tests were performed 

150 days after pouring and on the first day of the large-scale testing. The elastic 
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modulus of concrete was calculated in accordance with NZS3101 (NZS 2006) as 

shown below: 

 
3320 6900c cE f  

 4.1 

Where f’c is the specified compressive strength of the concrete. The cross-sectional 

area and characteristic strength of the post-tensioning steel used for the 

superstructure, abutment piles and central pier is shown in Table 4-6. 

Table 4-5: Properties of materials used in test specimen 

Material 
stress 

(MPa) 

E 

(MPa) 

Concrete (day of testing) f’c = 38 27365 

Mild steel - rebars 
fy = 500 

fu = 600 
205000 

Mild steel – plates 
fy = 300 

fu = 380 
205000 

Mild steel – dissipaters 
fy = 300 

fu = 380 
205000 

Post-tensioning steel (VSL) 
fnominal yield = 1636 

fnominal tensile = 1860 
195000 

Post-tensioning steel (MacAlloy) 
F0.1% proof = 835 

fnominal tensile = 1030 
170000 

Table 4-6: Properties of post-tensioning bars used in test specimen 

Component 
Diameter 

(mm) 

Nominal 

Cross-section 

(mm2) 

Fy 

(kN) 

Fu 

(kN) 

VSL post-tensioning steel tendon 15.3 140 229 260 

MacAlloy post-tensioning 32 847 670 828 

MacAlloy post-tensioning 40 1320 1295 1050 

4.3.2 General setup 

The specimen was constructed using precast concrete components. These 

were manufactured off-site before being transported and assembled at the 
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Structures Extension Laboratory at the University of Canterbury. They consisted of 

2 abutments, 4 rectangular columns used as abutment piles, a shallow square 

footing, a circular pier and rectangular cap beam for support at the centre of the 

bridge, and two hollow core superstructure spans (Figure 4-4). To facilitate 

manufacturing and assembly of the superstructure, the hollow-core spans were cast 

as one piece rather than in smaller segments. PVC pipes were used to form the 

hollow cores while pouring the slabs. Appendix A presents detailed construction 

drawings for the specimen. 

Assembly of the specimen began with erection of the 350×350m piles on 

rectangular steel foundations (Figure 4-5). The protruding longitudinal 

reinforcement at the bottom of each pile was welded to a 60mm thick mild steel 

base plate which was in turn bolted to steel foundations connected to the strong 

floor.  A 32mm VSL bar was used to post-tension each pile to 150kN. The purpose 

of the post-tensioning was to decrease the tensile stresses in the concrete and 

increase the bending moment capacity of the piles. 

  

 

 

Figure 4-5: Details of abutment piles and steel foundation 

After the piles were secured in place, each abutment was lowered onto its 

corresponding piles. The protruding longitudinal reinforcement of each pile (8×25 
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G500 threaded bars) at the top was grouted into matching Drossbach ducts inside 

the abutments to create moment-resisting connections. To further increase the 

lateral stiffness of the abutment-pile combination, the piles were braced using G500 

Φ25 braces which were attached to the piles using a combination of 20mm mild 

steel plates and M30 Grade 8.8 threaded rods (Figure 4-6).  The concrete at the top 

and bottom of the piles were confined using 16mm steel plates which were placed 

in the formwork before pouring of the concrete. The confinement was provided to 

ensure sufficient capacity of the section in an area of high stresses (Figure 4-5-b).  

Figure 4-6 shows lowering of an abutment onto its corresponding piles, and 

grouting of the protruding pile reinforcement. 

        

Figure 4-6: Details of abutment-pile connections; a) Installation of abutment on 

piles & b) Grouting of pile reinforcement and abutment ducts   

Figure 4-7 shows details of the cross-bracing used for increasing the transverse 

stiffness of the abutment bents. 

              

Figure 4-7: Details of bracing for abutment bents 
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Assembly of the central part of the substructure began by attaching the precast 

concrete foundation to the strong floor using bolts, and erecting the circular pier on 

top followed by the cap beam. The foundation, pier and cap beam were then 

connected using a 40mm MacAlloy bar which was later post-tensioned to 700kN. 

Two Φ20 G8.8 dowel bars measuring 600mm in length connected the pier and cap 

beam to prevent their relative rotation. These bars were grouted into drilled holes 

at the top of the pier as well as Drossbach ducts inside the cap beam. At the bottom 

of the pier four M25 threaded bars connecting the pier to the foundation provided a 

similar restraint against torsion. These rods were screwed into the base plate 

underneath the pier, and connected to brackets mounted on the steel armouring at 

the bottom of the pier (Figure 4-8). 

    

Figure 4-8: Details of bracing for abutment bents 

After setup of the substructure, the two spans of the simply supported superstructure 

were installed on top (Figure 4-9-a). They were then post-tensioned in the 

longitudinal direction using two 15.2mm post-tensioning tendons that passed 

through the existing ducts in the hollow-core concrete section (Figure 4-9-b). 
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Figure 4-9: Details of superstructure; a) Installation of superstructure on substructure & b) 

Longitudinal post-tensioning of superstructure 

4.3.3 Construction details 

This section provides a description of the details used in the setup of the 

large-scale specimen and testing rig. The locations of these details are presented in 

Figure 4-10.  

 

Figure 4-10: Specimen details 

4.3.4 Gap between superstructure and abutments 

The rocking nature of the superstructure and in-plane rotation of the spans, 

leads to elongation of the superstructure, as demonstrated in Figure 4-11. If the 
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superstructure ends were in contact with the abutment faces, this elongation would 

result in a displacement demand on the abutment bents. To prevent this interaction 

a 100mm gap was set up to separate the superstructure and abutments, as shown in 

Figure 4-12-a. This prevented coupling of the superstructure’s lateral stiffness in 

the transverse and longitudinal directions. In practice, this gap can be bridged using 

methods similar to those used in deck joints, such as link slabs which can be 

constructed using flexible, self-repairing engineered cementitious composites (Li et 

al. 2005) and will allow for considerable deformation with minimal damage. 

 

Figure 4-11: Elongation of superstructure due to rocking 

It can be seen from Figure 4-11 that in the absence of a contact surface between the 

abutment and superstructure ends, the spans would be able to translate in the 

longitudinal direction, which is undesirable and would lead to residual 

displacement. This issue was solved by placing a small timber block at the centre 

of the gap, thereby creating a hinge for the superstructure to rotate about. The block 

had dimensions of 50×75×250mm and was sufficiently small to act as a pin, 

allowing the superstructure spans to rotate in plan yet restraining them in the 

longitudinal direction. In practice, these timber blocks can be substituted by 

protruding concrete blocks which are cast with the abutment headwall. 
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Figure 4-12: Details of gap between superstructure and abutments; a) Gap before placement of 

timber bloc; b & c) Position of timber block in gap 

4.3.5 Abutment shear key and filler details 

The external shear keys on the abutments provided lateral restraint for the 

superstructure in the transverse direction. Since the bridge segments were pre-

fabricated, a 55mm gap separated the superstructure and each shear key to allow 

for construction tolerances and facilitate assembly. These gaps were afterwards 

filled with vertical steel plates and elastomeric bearings. The bearings prevented 

stress concentration and damage to the abutment. They had dimensions of 

250×300×25mm and were designated as IRHD60. This type of bearing is typically 

used to support the substructure on the pier caps and abutments in bridge 

construction. Figure 4-13 shows the details of this arrangement. 

Since the testing aimed to monitor the superstructure behaviour under transverse 

forces, no shear keys linked the superstructure and the cap beam. 

c) 
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Figure 4-13: Details of shear key and filler 

4.3.6 Post-tensioning ducts 

The superstructure was post-tensioned longitudinally using 2×15.2 Super 

VSL single strand tendons. Each tendon had a minimum proof load (0.2% offset) 

equal to 212.5kN, a minimum breaking load of 250kN, a nominal steel area of 

143.3mm2 and a modulus of elasticity equal to 180~205× 103MPa (characteristic 

values). The post-tensioning passed through pre-existing 120mm diameter ducts in 

the superstructure, as shown in Figure 4-14. 

 

Figure 4-14: Ducts in superstructure and abutment for longitudinal post-tensioning 
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4.3.7 Anchorage of post-tensioning 

The re-centering characteristic of dissipative rocking structures is due to the 

existence of the unbonded longitudinal post-tensioning. Rocking and consequent 

gap opening cause beam elongation, and increase the tension in the unbonded 

tendons. As discussed previously, in this specimen a gap was designed between the 

substructure and abutments to isolate them from each other in the longitudinal 

direction. Therefore, to create compression in the superstructure in the longitudinal 

direction, the post-tensioning was anchored to the outside edges of the 

superstructure rather than the abutments. Although this was easily achievable on 

one side of the specimen that featured the anchorage wedges, the size of jacking 

equipment and load cells was larger than the existing clearance on the opposite side. 

To solve this issue, the tendon forces were transferred and anchored to the outside 

of the abutments using mild steel tubes manufactured from pipes, and were 

anchored to a spigot using standard anchoring wedges (Figure 4-15). In a full-scale 

bridge, the gap between the superstructure and abutmnet headwall will be wider, 

creating a sufficiently large clearance for the jacking equipment. 

 

Figure 4-15: Plan view of specimen and anchorage mechanism for PT tendons 
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4.3.8 Armouring of superstructure 

Rocking of the concrete members creates areas of high stress concentration 

at the rocking interface. Since the testing was designed to be non-destructive, 

armouring was provided at these locations to protect the concrete from crushing. 

The armouring was manufactured from 6mm polished G300 mild steel plates with 

welded studs to provide anchorage in the concrete. Figure 4-16 shows details of the 

armouring used to protect the corners of the superstructure components. 

      

Figure 4-16: Steel armouring of superstructure 

4.3.9 Sliding interface between substructure and superstructure 

Since the experimental testing aimed to study the rocking behaviour of the 

superstructure without engaging the stiffness of the cap beam or abutments, low-

friction bearings were used to isolate the horizontal movements of the 

superstructure from that of the substructure. Ultra high molecular weight 

polyethylene (UHMWPE) was chosen for its low coefficient of friction 

(theoretically equal to 0.15-0.2 when sliding dry against steel) and high resistance 

against abrasion. Two plates of UHMWPE with dimensions of 200×200×10mm 

were installed on top of the cap beam and two plates with dimensions of 

300×100×10mm were installed on either abutment. Flush steel bolts were used to 

fix the plates to the substructure. The plates were positioned in such a way that 

despite deformation of the superstructure, they would always be in contact with the 

armouring steel.  
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Figure 4-17: Position of UHWMPE surfaces on substructure as 

viewed from above of specimen 

Figure 4-17 shows the location of the UHMWPE plates in the plan of the structure. 

4.3.10 Load transfer from actuators to specimen 

Lateral transverse loading was applied to the superstructure using two 

hydraulic actuators each with a capacity of 500kN. Each actuator extended to the 

closest edge of the corresponding span, and was connected to the opposite edge 

using G500 4×Φ20 threaded bars and 2×40mm G300 steel plates, as shown in 

Figure 4-18. 

 

Figure 4-18: Connection of actuators to superstructure 
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4.4 Loading protocol 

The loading was displacement controlled and adapted from ACI ITG-5.1-

07 (ACI 2008). According to this protocol, the maximum force applied to the 

structure in the first three cycles should not exceed 60% of the design strength and 

the maximum displacement of the subsequent cycles should be between 1.25 and 

1.5 times the maximum displacement of the previous cycles. The applied 

displacement was measured at the actuator locations (potentiometers d16 and n16) 

and started from a maximum of 1mm during the first three cycles to a peak of 50mm 

or 70 mm during the final cycles. The loading protocol is presented in Figure 4-19. 

 

Figure 4-19: Loading protocol 

4.5 Instrumentation 

The instruments used for measurement of displacement consisted of rotary, 

spring and linear potentiometers (pots). The pots that measured absolute (as 

opposed to relative) displacements were connected at one end to a reference 

instrumentation frame (shown in orange in Figure 4-20). Table 4-7 provides an 

index of the measurement devices used in the test setup. 
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Table 4-7: Potentiometers used for single superstructure setup 

Pot ID Type Measures 

d1-d5 Spring Gap opening between west span and abutment 

d6-110 Spring Uplift of west span relative to abutment 

d11-d12 Spring 
Relative displacement between west span and north 

and south shear keys, respectively 

d13-d14 Linear 
Absolute displacement of cap beam in north-south 

direction 

d15-d16 Rotary Absolute displacement of west span 

f14-f15 Rotary Absolute displacement of west span 

f16 Linear Absolute displacement of west abutment (transverse) 

i1-i5 Spring Uplift of west span relative to cap beam 

i6-i10 Spring Uplift of east span relative to cap beam 

i11-i16 Spring Gap opening between two spans 

m14-m15 Rotary Absolute displacement of east span 

m16 Linear Absolute displacement of west abutment (N-S) 

n1-n5 Spring Gap opening between east span and abutment 

n6-n10 Spring Uplift of east span relative to abutment 

n11-n12 Spring 
Relative displacement between west span and south 

and north shear keys, respectively 

n13-n14 Linear 
Absolute displacement of east abutment (north and 

south corner, east-west) 

Figure 4-20 shows the location of the measuring devices on the specimen, as viewed 

from above and below the superstructure.  
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Figure 4-20: Instrumentation plan for single deck setup as viewed from a) above & b) below the 

decks 

Figure 4-21 shows the measuring devices as installed on the specimen. 

 

Figure 4-21: Instrumentation for displacement of superstructure relative to a) Abutment, b) 

Instrumentation frame, c) Pier cap, d) Gap opening between two superstructure spans 

a) 

b) 
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4.6 Testing 

A matrix of configurations used in testing of the single superstructure system 

is presented in Table 4-8 (repeat of Table 4-3). A total of 7 tests were carried out. 

The initial post-tensioning level in the longitudinal superstructure tendons and setup 

for dissipative devices varied between the setups. 

Table 4-8: Configurations of test setup (repeat) 

Test ID PT force* Dissipater Notes 

D1-1 105kN None - 

D1-2 105kN None 
Half of superstructure weight 

supported by crane 

D1-3 40kN None - 

D1-4 150kN None - 

D1-5 150kN Axial dissipaters 16mm 
Dissipaters between abutment and 

superstructure 

D1-6 150kN Axial dissipaters 16mm 
Dissipaters between abutment and 

superstructure 

D1-7 150kN Axial dissipaters 24mm 
Dissipaters between two 

superstructure spans 

*Sum of post-tensioning force in both tendons 

4.6.1 Rocking interface 

Design of the rocking superstructure was carried out with the assumption 

that the two span ends would be in perfect contact at the rocking interface. However 

due to flexural bending of the simply supported superstructure under its own dead 

load, a wedge-like gap was created between the two surfaces, which the post-

tensioning force was not sufficient to close (Figure 4-22). A maximum distance of 

2~3mm remained between the two rocking surfaces, which allowed the 

superstructure gap opening to occur before the design decompression moment had 

been achieved. The gap opening led to an in-plane rotation of 0.11% in the 

superstructure spans, at which point the two rocking surfaces would come into 

contact throughout the entire depth of the section. In the moment-rotation plots of 
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the superstructure, this effect can be seen in the low initial stiffness of the 

superstructure which continues until the rotation reaches 0.11%, a pattern which is 

generally indicative of some form of slack in a connection (Figure 4-23). 

 

Figure 4-22: Gap in rocking interface between two superstructure spans 

An example of the relationship between moment in the rocking interface and 

superstructure rotation is presented in Figure 4-23. The bending moment is found 

by multiplying the actuator force on each span by its distance to the abutment. The 

test results which are presented in the next sections include stages 1, 3 and 4 while 

stage 2 has been eliminated from the results. It should be noted that stage 2 can be 

avoided with improved detailing of the rocking interface.  

 

Figure 4-23: Example of force-rotation plot from testing; a) Original values & b) Filtered 

values 

If the end diaphragms are constructed in-situ – as is often the case with precast 

superstructures in New Zealand – the rocking surfaces will be in perfect contact 

prior to seismic loading. Alternatively, some movement of the superstructure may 

               a)                                             b) 
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be deemed acceptable prior to engagement of the dissipative rocking joints and 

shear keys during a seismic event. 

4.6.2 Coupling of superstructure and abutment 

Although the abutment bents had a high stiffness in the transverse direction, 

their stiffness in the longitudinal direction was low, allowing them to rotate easily 

in plan. The transverse and longitudinal stiffness’ of the abutments are calculated 

and compared in Appendix C. During testing, in-plan torsional demands were 

imposed on the abutments as a result of span rotation. The various stages of the 

rocking mechanism and the interaction between the components of the specimen 

are described below. 

Stage 1: The actuators begin to push the superstructure in the transverse direction. 

However, at this stage the force is not sufficient to cause gap opening in 

the rocking joint, or to slide the superstructure, due to friction of the 

UHWMPE bearings. The superstructure exhibits a high stiffness, i.e. a 

significant increase in actuator force despite zero rotation. 

Stage 2: Once the actuator forces exceed the resisting friction force 

(approximately 25kN), the superstructure begins to slide on UHWMPE 

bearings on the cap beam and abutments. The compressible nature of the 

rubber bearings separating the shear keys and superstructure allows for this 

movement. The translation is coupled with a small initial rotation, due to 

imperfect concrete surfaces at the rocking interface (Figure 4-22). The 

superstructure spans rotate up to 0.11% until the two rocking surfaces 

come into perfect contact.  

Stage 3: The displacement continues until the rubber bearings reach maximum 

compression, and translation of the superstructure is no longer possible. At 

this stage, the rocking surfaces are also in perfect contact. The actuator 

forces increase until the superstructure reaches its yielding point, which 

can be due to geometric or material nonlinearity. After this, the rotation 

increases without a significant increase in actuator force. 
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Figure 4-24: Kinematics of bridge specimen; Stage 0: Prior to application of force, 

Stage 1: Application of force prior to rotation, Stage 2: Initial rotation due to 

imperfection of contact surfaces, coinciding with translation of superstructure on 

UHWMPE bearings, Stage 3: Increase in force until system reaches nonlinearity, 

maximum compression of rubber bearings and gap opening and rotation, resulting 

in rotation of abutments 

During the third stage, the superstructure rotates and imposes a shear demand on 

the compressed rubber bearings at the shear keys, which causes the abutments to 

rotate due to their low torsional stiffness (Figure 4-24). The effects of this additional 

stiffness were not considered in design however they were taken into account into 

modelling and calculation of the system’s transverse stiffness (Chapter 6). 
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4.6.3 Testing of superstructure with post-tensioning and no axial 

dissipaters 

These tests used longitudinal post-tensioning in the superstructure, however 

no axial dissipaters were used in the setup. The energy dissipation seen in the test 

results (area encompassed by hysteresis loop) is due to friction between the 

superstructure and bearing pads on the substructure, as will be discussed. The 

configuration of the specimen followed the general setup presented in Figure 4-3. 

A total of three tests were performed, the details and results of which are presented 

in the following sections. 

4.6.3.1 Medium-level post-tensioning 

Two tests were carried out in which the total post-tensioning force in the 

superstructure was equal to 105kN. The first test used the standard setup shown in 

Figure 4-3, however the second test used a slightly modified setup to eliminate 

bearing friction as much as possible. In the second setup, half of the weight of the 

superstructure was partly supported by a crane, so that its central part was no longer 

in contact with the cap beam. The remainder of the superstructure weight was 

supported by the abutments, see Figure 4-25. Since most of the superstructure’s 

displacement was concentrated at its centre, this modification eliminated the 

majority of the friction from the rocking system, as can be seen from comparing 

moment-rotation plots of the first and second tests (Figure 4-26 and Figure 4-27). 

It was therefore concluded that the energy dissipation (area inside force-

displacement plot) in the first test was a result of friction between the superstructure 

and cap beam. The comparison also shows that the slack which exists in the force-

displacement plots of the superstructure (stage 2) is not caused by interaction 

between the cap beam and the superstructure, as this effect is present in the results 

of both tests. 

The test results are shown in Figure 4-26 and Figure 4-27, which include bending 

moment in the rocking connection plotted against rotation of the superstructure, and 

actuator force versus displacement at the centre of the superstructure as measured 

relative to the instrumentation frame. The reduced demand spectra are shown in the 
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same plot for the SLS, ULS and MCE performance levels, derived from NZS1170.5 

(NZS 2004) and reduced based on the equivalent damping ratio calculated in 

Section 4.6.5. The post-tensioning forces and location of neutral axis as a function 

of rotation of superstructure spans is also shown. 

 

Figure 4-25: Superstructure weight at centre supported by crane 

In the plots of post-tensioning force versus rotation (Figure 4-26-b and Figure 4-27-

b), a discrepancy exists between the values of post-tensioning on the left and right-

hand sides of the plot at zero rotation. This ‘jump’ is due to the initial rotation of 

the superstructure spans as a result of imperfect rocking surfaces, as discussed 

earlier. Although the actuator forces do not increase during this initial rotation, 

superstructure elongation still occurs which results in tendon elongation and 

increase in post-tensioning force. The largest discrepancy among all tests is less 

than 6% of the initial post-tensioning force in each tendon. 

Figure 4-26-c and Figure 4-27-c show the position of neutral axis during testing. 

This value was calculated using the measurements of potentiometers i11-i16. The 

asymmetry in the neutral axis depth is a result of imperfect contact at the rocking 

interface and slight difference in initial post-tensioning force in the tendons. 
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Figure 4-26: Results for test with total post-tensioing force of 105kN and minimial friction; a) 

Moment-rotation plot, b) Post-tensioing force in tendons & c) Depth of neutral axis 

It can be seen from Figure 4-26-b that the post-tensioning force in the north and 

south tendons are not equal. The initial post-tensioning of the tendons was 

performed separately and incrementally. Increasing the post-tensioning force in one 

tendon compresses the concrete, causing the post-tensioning force in the 

neighbouring tendon to drop. An effort was made to achieve similar values of initial 

post-tensioning force in both tendons, however the result was not perfect. The 

difference in initial post-tensioning between the two tendons ranges from 0kN to 

5kN in different tests. This difference introduces asymmetry in the results, as can 

be seen in the moment-rotation and neutral axis-rotation plots. For example, if the 

south tendon has a higher initial post-tensioning force, the re-centering force and 

superstructure stiffness will be higher when it is pushed towards the south (positive 

force in actuators). 

  

Figure 4-27: Results for test with total post-tensioing force of 105kN; a) Moment-rotation plot, b) 

Post-tensioing force in tendons & c) Depth of neutral axis 

a)                                                       b)                                            c) 

a)                                                       b)                                           c) 
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The static coefficient of friction between the UHWMPE plates and superstructure 

armouring can be found from the results of the second test, and is calculated as 0.42. 

This is larger than the standard coefficient of friction between UHWMPE and mild 

steel surfaces, which is theoretically between 0.15 and 0.2. The additional friction 

is caused by the uneven surface of the armouring at the corners and the indentation 

it creates in the soft UHWMPE, evidence of which is shown in Figure 4-28.  

 

Figure 4-28: A UHWMPE plate after testing, movement of the superstructure has left indents on 

the pad increasing the coefficient of friction 

4.6.3.2 Low-level post-tensioning 

This test used a total value of 40kN for post-tensioning in the superstructure. 

The weight of the superstructure was supported by the cap beam and abutments 

which introduced friction into the system, as discussed in the previous section. It is 

evident from comparing Figure 4-27-a and Figure 4-29-a that the decrease in post-

tensioning force reduces the transverse lateral stiffness of the superstructure system. 

It can also be seen that a percentage of post-tensioning force is lost during each 

cycle of the test, with the final value dropping to 31kN from the initial 40kN. This 

loss is due to the gradual displacement of the anchoring wedges during cyclic 

loading. 
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Figure 4-29: Results for test with total post-tensioing force of 40kN; a) Moment-rotation plot, 

b) Post-tensioing force in tendons & c) Depth of neutral axis 

4.6.3.3 High-level post-tensioning 

A total post-tensioning force of 150kN in the superstructure was used in this 

test. The weight of the superstructure was supported by the cap beam and 

abutments, and the results are shown in Figure 4-30. It can be seen from comparing 

Figure 4-27-a and Figure 4-30-a that the increase in initial post-tensioning force 

increases the transverse lateral stiffness of the superstructure system. Figure 4-30-

a shows that the combination of longitudinal post-tensioning and energy dissipation 

resulting from friction creates a flag-shape hysteresis loop for the superstructure. 

  

Figure 4-30: Results for test with total post-tensioing force of 150kN; a) Force-displacement 

diagram, b) Post-tensioing force in tendons & c) Depth of neutral axis 

a)                                                       b)                                           c) 

a)                                                       b)                                           c) 



 

93 

 

4.6.4 Testing of superstructure using a combination of post-tensioning 

and axial dissipaters 

This series of tests featured axial dissipaters installed at various locations on 

the superstructure; namely between the two spans and between each superstructure 

span and adjacent abutment. The total amount of the longitudinal post-tensioning 

force in the superstructure in these tests was approximately equal to 150kN. The 

weight of the superstructure was supported by the cap beam and abutments, which 

introduced energy dissipation through bearing friction in the load-resisting system. 

4.6.4.1 Dissipaters between superstructure and abutments, first 

configuration 

A total of two tests were performed with this configuration. Mild steel axial 

dissipaters with an original diameter of 16mm were installed on the soffit of the 

superstructure, between each superstructure end and its adjacent abutment. Figure 

4-31 shows the specimen configuration and locations of dissipaters in this test.  The 

dissipaters were similar to those developed in section 3.2.2 for negative strain. The 

central section of each dissipater was milled in a cruciform shape to form a fuse, 

and was protected by a mild steel sleeve. Each dissipater was located at a distance 

of 930mm from the edge of the superstructure, which left a distance of 540mm 

between the dissipaters themselves. Figure 4-32 shows the dimensions and setup of 

the dissipaters in the specimen. 
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Figure 4-31: First test configuration using D16 axial dissipaters between superstructure and 

abutments 

 

 

Figure 4-32: Details of D16 axial dissipaters used in first configuration ; a) Plan and elevation 

of dissipater and bracket; b) Cross section of dissipater and sleeve 

a) 

b) 
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The specifications of the negative strain dissipaters used in this testing 

configuration are presented in Table 4-9 and Table 4-10. 

Table 4-9: Specifications of negative and positive strain dissipaters for large-scale testing (refer to 

Figure 3-4) 

Dissipater dimensions 

D – Original 

rod 

(mm) 

D – Grooved 

section 

(mm) 

Lc 

(mm) 

t 

(mm) 

A 

(mm2) 

Lsb 

(mm) 

Lg 

(mm) 

Lst 

(mm) 

Lsl 

(mm) 

16.00 15.00 5.83 3.02 80.78 35 184 11 41 

Table 4-10: Specifications of dissipater sleeves for negative 

strain dissipaters in large-scale testing 

Sleeve dimensions 

OD 

(mm) 

ID 

(mm) 

t 

(mm) 

24.90 16.30 4.30 

Figure 4-33 shows the dissipaters as installed on the specimen, connecting the soffit 

of the superstructure and abutment.   

 

Figure 4-33: Installation of D16 axial dissipaters on specimen – first configuration 

The test results are presented in terms of the force in each actuator plotted against 

the displacement at the centre of the superstructure, superstructure post-tensioning 

levels and neutral axis depth (Figure 4-34). 
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Figure 4-34: Results for test with total post-tensioing force of 150kN with 16mm axial 

dissipaters at a distance of 270mm from centre of superstructure 

4.6.4.2 Dissipaters between superstructure and abutments, second 

configuration 

This configuration was similar to that presented in the previous section, 

however the dissipaters were located at a distance of 730mm from the edge of the 

superstructure and 940mm apart from each other (Figure 4-35). The additional 

distance between the dissipaters increases necessary force in the actuator and 

bending moment in the section for a similar imposed level of displacement. The 

axial dissipaters were similar to those described in the previous section were used 

(Figure 4-32, Table 4-9 and Table 4-10). 

 

Figure 4-35: Second test configuration using D16 axial dissipaters between superstructure and 

abutments  

a)                                                       b)                                            c) 
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Figure 4-36 shows the dissipaters as installed on the specimen, connecting the soffit 

of the superstructure and abutment.   

 

Figure 4-36: Installation of 16mm axial dissipaters on specimen –second configuration 

The results of the test are shown in Figure 4-37. It can be seen from comparing 

Figure 4-34-a and Figure 4-37-a that despite the addition of the axial dissipaters, 

the area encompassed by the force-displacement plot in both tests is similar to that 

of the post-tensioning only configuration. This reason for this outcome can be found 

in the low rotational stiffness of the abutment bent and coupling of superstructure 

and abutment rotation. Rotation of the abutment bent prevents axial deformation of 

the dissipaters, which is confirmed by measurements from potentiometers installed 

between the superstructure and abutments, and time-lapse videos of testing. 

The first reason for rotational coupling of the abutment bent and superstructure is 

shown in Figure 4-24. Once the elastomeric bearing between the superstructure and 

shear key reaches maximum compression, the superstructure starts rotating, 

imposing a shear force on the elastomeric bearing. This shear force must be resisted 

by the shear key and abutment. However, due to the low rotational stiffness of the 

abutment the necessary reaction cannot be provided and the abutment rotates as a 

result.  

The second reason is that the rotational stiffness of the abutment bent is smaller 

than or equal to that of the dissipater couple. Therefore, the axial force imposed on 

the dissipaters causes the abutments to rotate with the superstructure, rather than 
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deforming the dissipaters (calculations for the rotational stiffness of the abutments 

are presented in Appendix B). 

  

Figure 4-37: Results for test with total post-tensioing force of 150kN with 16mm axial dissipaters 

at a distance of 570mm from centre of superstructure 

Although the abutment bents in the test specimen had a low rotational stiffness in 

the horizontal plane, the same conditions do not necessarily exist in an actual 

bridge. The rotational stiffness of an abutment is a problem of soil-structure 

interaction which is beyond the scope of this research. This stiffness depends on 

multiple factors such as the stiffness of soil (absent from the experimental setup) 

and type of abutment considered. An abutment supported on piles in stiff soil, a 

shallow abutment embedded in rock, or an abutment supported on raked piles are 

configurations which would exhibit high values of rotational stiffness in the 

horizontal plane. Existing research in the literature has focussed on finding the 

stiffness of the abutment-soil combination in the longitudinal direction (Goel & 

Chopra 1997, Bozorgzadeh et al. 2008, Taskari & Sextos 2012), results of which 

can be used as a basis to estimate the abutments’ rotational stiffness.  

4.6.4.3 Axial dissipaters between two superstructure spans 

In this test, the total amount of post-tensioning force in the superstructure was 

approximately equal to 150kN and two buckling-restrained mild steel axial 

dissipaters were used to connect the two superstructure spans (Figure 4-38). These 

dissipaters were similar to those previously presented in Section 3.2.2 for positive 

strain. The cross-sectional area of the grooved section was equal to 216mm2. The 

dimensions of the dissipaters are shown in Figure 4-39-a. 

a)                                                       b)                                            c) 
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Figure 4-38: Test configuration using D24 axial dissipaters between superstructure spans   

Figure 4-39 shows details of the dissipaters and their configuration in the large-

scale test setup. Opening of the gap between the superstructure spans would 

introduce positive strains in these dissipaters.  

                

Figure 4-39: Details of D24 axial dissipaters used in second configuration; a) Cross section of 

dissipater and sleeve, b) Configuration of dissipater and bracket in large-scale test setup 

Figure 4-40 shows these dissipaters as installed on the superstructure prior to 

testing. 

a)                                                                    b) 
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Figure 4-40: Installation of D24 axial dissipaters on superstructure 

Figure 4-41 shows the response of the superstructure to the applied transverse cyclic 

loading. It can be seen from the moment-rotation plot that this configuration does 

not possess a perfect re-centering capability. Practicality in manufacturing the mild 

steel axial dissipaters (limitations in cross section/length ratio) and limitations in 

actuator forces dictated larger cross-sections and smaller post-tensioning forces 

than would provide the minimum re-centering ratio necessary to achieve zero 

residual displacement. Therefore, the bending moment capacity provided by the 

post-tensioning was smaller than that provided by the dissipaters, resulting in 

residual displacements when the applied transverse force dropped to zero.  

  

Figure 4-41: Results for test with total post-tensioing force of 150kN with D24 axial dissipaters 

between superstructure spans 

Figure 4-42 shows how the residual deformation of the dissipaters after yielding 

results in residual deformations and lengthening of the superstructure. This effect 

a)                                                       b)                                            c) 
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is similar to the ‘ratcheting’ phenomenon in reinforced concrete structures which 

results from yielding of mild steel reinforcement.  

 

Figure 4-42: Residual displacement in dissipating rocking superstructure when re-centering 

ratio is less than 0.5; a) Before testing & b) After testing when superstructure has elongated 

due to yielding and residual deformation of dissipaters 

Figure 4-41-b shows that the post-tensioning forces at the end of the post-yield 

loading cycles are higher than their respective values at the beginning of those 

cycles. In Figure 4-41-c the neutral axis depth incrementally decreases in each cycle 

after yield, which again is indicative of superstructure elongation. The asymmetry 

in the neutral axis depth which existed in previous tests is exacerbated as the larger 

gap at the rocking interface leads to a greater strain in one axial dissipater, which 

further ‘grows’ during each cycle of testing. 

The equivalent hysteresis damping for this configuration, ξhyst, was calculated using 

Equation 4.3, and is equal to 7.8%. 

4.6.5 Equivalent damping ratio 

The equivalent viscous damping of a structure can be divided into two 

components; the initial elastic damping, ξ0, and the hysteresis damping, ξhyst. 

 0eq hyst   
 

4.2 
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The equivalent hysteresis damping ratio can be calculated by comparing the energy 

dissipated by a viscous damper with the energy dissipated from nonlinear behaviour 

in a stabilised steady-state response (Jacobsen 1960): 
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4.3 

Where Ahyst is the area encompassed by the flag-shape hysteresis loop, and F0 and 

u0 the maximum force and displacement in the force-displacement plot. 

 

Figure 4-43: Dissipated and stored energy for a) Viscous damping and b) Hysteretic cycles 

(Blandon & Priestley 2005) 

The area inside the force-displacement plots of the large-scale specimen was 

calculated using the method above to find the equivalent hysteresis damping in each 

configuration. 
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4.4 

Where Mpt and Mdis are the contributions of post-tensioning and mild steel 

dissipaters to the bending moment in the connections respectively. 

The equivalent damping ratio from each test configuration was calculated and 

according to Equation 4.3 and is presented in Table 4-11. 

a)                                           b)           
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Table 4-11 Hysteretic damping ratios calculated from test results 

Test 

ID 

PT 

(kN) 

Dissipater ξhyst 

(%) 

V* 

(kN) 

K** 

(kN/mm) 

D1-1 105kN None 0 396 9.43 

D1-2 105kN None 9 395 9.40 

D1-3 40kN None 12 236 9.83 

D1-4 150kN None 9 430 10.21 

D1-5 150kN 
Axial dissipaters 

16mm 

9 430 10.21 

D1-6 150kN 
Axial dissipaters 

16mm 

9 430 10.21 

D1-7 150kN 
Axial dissipaters 

24mm 

13 576 16.00 

*Transverse loading on superstructure at the maximum displacement of 60mm 

It can be seen from the results above that the addition of UFP dissipaters or increase 

in the post-tensioning force increases the absolute value of damped energy (as 

represented by the area inside the force-deformation plot). However, it also 

increases the stiffness of the equivalent structure. Therefore, the damping ratio is 

not directly proportional to either of these variables. 

4.7 Conclusions 

This chapter presented findings from a series of quasi-static cyclic tests on 

a large-scale bridge specimen featuring a dissipative rocking superstructure with 

mild steel axial dissipaters. The specimen comprised two superstructure spans and 

a substructure system (abutments, cap beam and pier). The superstructure spans 

were connected using post-tensioning tendons passing through pre-existing ducts 

(hollow cores), and mild steel axial dissipaters at the rocking interfaces.  

The experimental testing showed the feasibility of the proposed dissipative rocking 

superstructure system using unbonded post-tensioning and axial mild steel 

dissipaters. The force-displacement relationships of the various configurations were 

also quantified, which are later used for validation of the theoretical modelling 

(using the revised Monolithic Beam Analogy in dissipative rocking superstructures, 
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Chapter 6). The results showed that the dissipative rocking connection introduces 

ductility and energy dissipation to the system under transverse loading. 

The efficacy of various details used in the test specimen were evaluated. It was 

shown that the axial dissipaters behave efficiently when connecting two 

superstructure spans. However, when connecting the superstructure and abutment, 

longitudinal stiffness of the abutment-pile system is critical in ensuring the 

dissipaters’ effectiveness. A soft abutment-pile system will displace in response to 

superstructure rotation and axial load in the dissipaters, reducing differential 

movement between the superstructure and abutment therefore rendering the 

dissipaters inefficient. 

The specimen used UHWMPE plates to isolate the superstructure from the 

substructure in the transverse direction, allowing for a negligible amount of 

Coulomb friction force to exist between the two elements. However, the coefficient 

of friction was higher than predicted due to imperfections in the sliding interfaces. 

While designing dissipative rocking superstructures, friction should be taken into 

account as it increases energy dissipation and the transverse stiffness of the system. 

The Coulomb friction acts in the opposite direction of the restoring force when the 

structure is returning to its original position, therefore the level of superstructure 

post-tensioning must therefore be increased to compensate for this effect if self-

centering and zero residual displacement is to be achieved. 

The test specimen used rubber bearings placed vertically on the abutments between 

the shear keys and superstructure to prevent stress concentration and concrete 

spalling. Due to low torsional stiffness of the abutment-pile system, rotation of the 

superstructure was coupled with rotation of the abutments, and shear force was 

transferred through the rubber bearings. Such coupling can be prevented if an 

isolating detail is used in conjunction with rubber bearings at the abutment shear 

keys. 

In conclusion, it was shown that dissipative rocking connections can be used in 

bridge superstructures as an efficient method to increase energy dissipation and 

reduce residual displacements in a precast concrete bridge system subjected to 
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transverse lateral seismic loading, provided that the boundary conditions (e.g. 

stiffness of abutments) are inductive to engagement of the dissipaters and therefore 

proper function of the dissipative rocking system. 
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 Experimental testing of 

coupled superstructure 

5.1 Introduction 

This chapter presents findings from quasi-static cyclic testing on a large-scale 

bridge specimen featuring a coupled dissipative rocking superstructure with mild 

steel U-shape flexural plates (Figure 5-3). Each span of the superstructure was split 

longitudinally into two segments which were coupled with UFP dissipaters. The 

two spans were connected using longitudinal unbonded post-tensioning. Several 

quasi-static tests were performed on the specimen, each featuring a different level 

of post-tensioning and width of UFP dissipaters. The testing was performed with 

the following objectives; validating the concept of a post-tensioned rocking 

superstructure with mild steel dissipaters in practice, and quantifying its force-

displacement relationship under various levels of post-tensioning. The testing was 

performed on a complete bridge system, rather than on a stand-alone superstructure 

so that the constructability of the proposed system could be confirmed, and 

experimental proof of its overall performance under transverse loading could be 

provided. 

Several tests were performed on the first configuration with various levels of post-

tensioning, including or excluding UFP mild steel dissipaters. The specimen was 

subjected to transverse lateral quasi-static cyclic loading at the superstructure level. 

Results of the experimental testing are expressed in terms of the transverse force-
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displacement relationship of the superstructure, and the levels of post-tensioning 

force in the rocking connection base on its rotation. The kinematics of the specimen 

is shown in Figure 5-1. 

 

Figure 5-1 Kinematics of specimen under transverse lateral loading as seen in plan. Note that 

the dissipaters shown belong to different test setups but are included in one figure. 

5.2 Design of specimen 

The prototype bridge, illustrated in Figure 5-2, is similar to that of Chapter 

4 and represents a typical short-span precast concrete bridge in New Zealand with 

a length of 26m and width of 10.5m (equivalent to two traffic lanes). The circular 

central pier has a diameter of 1.5m and reaches a height of 7m when combined with 

the cap beam. The superstructure is 10.35m wide and is based on a standard precast 

concrete bridge double hollow-core beam (NZTA 2008). The total participating 

gravity load of the superstructure and contributing pier and cap beam is 3300kN 

which does not include live or service loads. 

The pier of the prototype bridge was designed to the Third Edition of the NZTA 

bridge design manual (NZTA 2013) and NZS1170.5 (2004). The seismic hazard 

parameters were identical to that of the prototype bridge of Chapter 4, and are not 

repeated here. The prototype bridge was scaled in accordance with the Cauchy-

Froude similitude law, details of which can be found in Chapter 4. 
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Figure 5-2 Prototype bridge system 

Figure 5-3 shows the general setup of the test specimen inside the laboratory. 

 

Figure 5-3 General test setup for double superstructure system; this image does not include 

dissipaters 

Several tests were performed on the specimen, each featuring a different post-

tensioning force in the longitudinal tendons and width of the UFP dissipaters. Table 

5-1 lists all the tests that were performed. 
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Table 5-1 Configurations of test setup (repeat) 

Test ID PT force* UFP Dissipater width – bp (mm) 

D2-1 60 No dissipaters 

D2-2 60 150 

D2-3 60 250 

D2-4 120 No dissipaters 

D2-5 120 200 

D2-6 120 250 

D2-7 200 No dissipaters 

D2-8 200 200 

D2-9 200 250 

*Sum of post-tensioning force in both tendons 

5.3 Specimen details 

The following section provides an overview of the details used in the test 

specimen. 

5.3.1 General setup 

General details of the test setup were similar to that of Chapter 4, including 

the abutment bent, shear keys and fillers, post-tensioning and actuator setup. A few 

variations were applied which are described in the following sections. 

5.3.2 Additional shear key  

The transverse force applied to the superstructure is resisted by the abutment 

shear keys. Because of the longitudinal gap in the two coupled segments of the 

superstructure, an additional shear key was necessary at the abutments. This shear 

key was manufactured from steel and installed on the abutment using four G4.6 

M16 bolts and secured into place with epoxy grout, as shown in Figure 5-4. 
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Figure 5-4 Details of additional steel shear key between two 

5.3.3 Post-tensioning ducts 

Similar to the single superstructure system, hollow cores were formed in the 

superstructure by means of PVC ducts during pouring of the concrete. Each 

segment of the superstructure had three ducts (hollow cores), and the post-

tensioning tendons passed through the central duct. Figure 5-5 shows two segments 

of the superstructure installed in place, and the central duct which the longitudinal 

post-tensioning passed through. The remaining ducts are covered by the steel 

armouring. 

 

Figure 5-5 Ducts in superstructure and abutment 
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5.3.4 Sliding interface between substructure and superstructure 

Similar to the single superstructure configuration, ultra-high molecular 

weight polyethylene was installed on the substructure to provide a sliding surface 

for the superstructure. The locations of the UHMWPE plates are shown below. 

 

Figure 5-6: Position of UHWMPE plates  on substructure as viewed in plan 

Four plates of UHMWPE with dimensions of 200×200×10mm were installed on 

top of the cap beam and four plates with dimensions of 300×100×10mm were 

installed on either abutment. Flush steel bolts were used to fix the plates to the 

substructure. The plates were positioned in such a way that despite deformation of 

the superstructure, they would always be in contact with the armouring steel.  

5.3.5  Load transfer from actuators to specimen 

Lateral transverse loading was applied to the superstructure using two 

actuators each with a maximum capacity of 500kN. The connection of the actuators 

to the superstructure was based on the setup described in the previous chapter, 

which used a combination of steel plates and G500 threaded bars for force transfer 

(Figure 4-18). In addition to this a timber block connected to a UHWMPE plate on 

one side and a steel plate on the other side was placed between the two 

superstructure segments to transfer the actuator force between them (Figure 5-7). 

Without this block, the actuator forces would only be applied to only the north or 

south segments of the superstructure depending on the stage of loading. A steel 
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plate was bolted to the opposite superstructure segment to provide a flat sliding 

surface for the UHWMPE plate.  

        

Figure 5-7: Timber block for transfer of actuator forces between coupled superstructure 

segments 

5.3.6 Dissipaters 

The UFP dissipaters used in the large-scale testing were similar to those 

described previously in Section 3.3. Each dissipater was manufactured from a 6mm, 

G300 mild steel plate deformed to form a semi-circle with a radius of 62mm. The 

width of the dissipaters, bp, varied between 150 and 250mm depending on the test. 

The dissipaters were used in pairs and connected to the vertical face of the 

superstructure segments using four G8.8 M16 bolts on each side (Figure 5-8-b). 

The test configurations using UFP dissipater featured a total number of 8 dissipaters 

(4 pairs) in each setup. Prior to installation, each dissipater pair was tack welded to 

a 10mm thick mild steel plate on each side to facilitate setup. The plate also 

provided a robust surface for the dissipaters to bear on while deforming. 

       

Figure 5-8: UFP dissipaters used in large-scale testing 

The force-deformation relationship of the UFP dissipaters was determined through 

stand-alone testing of a sample dissipater with a width of 150mm, as described in 

a)                                             b)                         
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Chapter 3. The results were extrapolated for dissipater widths of 200 and 250mm, 

as presented in Table 5-2.  

Table 5-2 Shear and moment in UFP dissipaters used in large-scale testing 

bp (mm) Mp (kN.m) Vp (kN) 

150 495 8.00 

200 661 10.65 

250 826 13.32 

5.4 Loading protocol 

The loading was displacement controlled and adapted from ACI ITG-5.1-

07 (ACI 2008). According to this protocol, the maximum force applied to the 

structure in the first three cycles should not exceed 60% of the design strength and 

the maximum displacement of the subsequent cycles should be between 1.25 and 

1.5 times the maximum displacement of the previous cycles. The applied 

displacement was measured at the actuator locations (potentiometers d16 and n16 

in Figure 5-6) and started from a maximum of 1mm during the first three cycles to 

a peak of 50mm or 70 mm during the final cycles. The loading protocol is presented 

in Figure 5-9. 

 

Figure 5-9: Loading protocol 

5.5 Instrumentation 

The instruments used for measurement of displacement consisted of rotary, 

spring and linear potentiometers (pots). The pots that measured absolute (as 
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opposed to relative) displacements were connected at one end to a reference 

instrumentation frame (shown in orange in Figure 5-10). 

 

Figure 5-10: Instrumentation plan for coupled superstructure system as viewed from 

a) Above & b) Below the superstructure 

Table 5-3 provides an index of the measurement devices used in the test setup. 

Figure 5-11 shows the instrumentation as installed on the specimen and reference 

frame.  

a) 

 

 

 

 

b) 
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Table 5-3 Potentiometers used for single superstructure setup 

Pot ID Type Measures 

d1-d6 Spring Gap opening between west span and abutment 

d7-110 Spring Uplift of west span relative to abutment 

d11-d12 Spring 
Relative displacement between west span and north 

and south shear keys, respectively 

d13-d14 Linear 
Absolute displacement of cap beam in north-south 

direction 

d15-d16 Rotary Absolute displacement of west span 

f1-f4 Linear 
Shear displacement between coupled superstructure 

segments 

f14-f15 Rotary Absolute displacement of west span 

f16 Linear Absolute displacement of west abutment (transverse) 

i1-i6 Spring Displacement of west span relative to cap beam 

i7-i10 Spring Uplift of east span relative to cap beam 

i11-i16 Spring Gap opening between two spans 

m1-m4 Linear 
Shear displacement between coupled superstructure 

segments 

m14-m15 Rotary Absolute displacement of east span 

m16 Linear Absolute displacement of west abutment (N-S) 

n1-n6 Spring Gap opening between east span and abutment 

n7-n10 Spring Uplift of east span relative to abutment 

n11-n12 Spring 
Relative displacement between west span and south 

and north shear keys, respectively 

n13-n14 Linear 
Absolute displacement of east abutment (north and 

south corner, east-west) 

p1-p6 Spring Displacement of west span relative to cap beam 

p7-p10 Spring Uplift of east span relative to cap beam 
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Figure 5-11: Instrumentation for displacement of superstructure relative to a) 

Abutment, b) Instrumentation frame, c) Pier cap, d) Shear displacement 

between superstructure segments 

Figure 5-12 shows the specimen as set up for testing in the laboratory. 

 

Figure 5-12 Instrumentation plan for coupled superstructure system as viewed from 

a) Above & b) Below the superstructure 
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5.6 Test results 

A matrix of configurations used in testing of the coupled superstructure system 

is presented in Table 5-4 (repeat of Table 5-1). A total of 9 tests were carried out. 

The initial post-tensioning level in the longitudinal superstructure tendons and 

width of UFP dissipaters varied between the setups. 

Table 5-4 Configurations of test setup (repeat) 

Test ID PT force* UFP Dissipater width – bp 

D2-1 60 No dissipaters 

D2-2 60 150 

D2-3 60 250 

D2-4 120 No dissipaters 

D2-5 120 200 

D2-6 120 250 

D2-7 200 No dissipaters 

D2-8 200 200 

D2-9 200 250 

*Sum of post-tensioning force in both tendons 

Figure 5-13, Figure 5-14 and Figure 5-15 show the force-deformation and post-

tensioning values for test setup D2-1, D2-2 and D2-3 respectively. The actuator 

force refers to the total load applied by the actuators on the superstructure. The 

reduced demand spectra are shown in the force-deformation plot for the SLS, ULS 

and performance levels, derived from NZS1170.5 (NZS 2004) and reduced based 

on a 15% equivalent damping ratio. The post-tensioning forces and location of 

neutral axis as a function of rotation of superstructure spans is also shown. 

Figure 5-13-a shows the force-deformation plot for configuration D2-1 which did 

not use UFP dissipaters. Similar to the configurations discussed in Chapter 4, 

Coulomb friction existed between the superstructure and substructure in the test 

configurations presented this chapter. The damped energy resulting from friction is 

visualised by the area encompassed in the force-deformation plot of the tests where 

no dissipaters had been installed. 
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Figure 5-13: Results for test D2-1, with a total post-tensioing force of 60kN and no dissipaters; 

a) Force-displacement diagram, b) Post-tensioing force in tendons 

As previously discussed in Chapter 4, the imperfect rocking interface (Figure 4-22) 

allowed the spans to rotate and the superstructure gap opening to occur before the 

design decompression moment had been achieved. The gap opening led to an in-

plane rotation of 0.26% in the positive cycles and 0.35% in the negative direction, 

at which point the two rocking surfaces would come into contact throughout the 

entire depth of the section. In the moment-rotation plots of the superstructure, this 

effect can be seen in the low initial stiffness of the superstructure which continues 

until the rotation reaches +0.26% or -0.35%, a pattern which is generally indicative 

of some form of slack in a connection. 

             

Figure 5-14: Results for test D2-2, with a total post-tensioing force of 60kN and 150mm UFP 

dissipaters; a) Force-displacement diagram, b) Post-tensioing force in tendons 

a)                                                                          b) 

a)                                                                    b) 
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From comparing the results from of tests D2-1 and D2-2, it can be seen that addition 

of UFP dissipaters increases the area inside the force-deformation plot which 

represents damped energy, in addition to the maximum actuator force for displacing 

the structure to 60mm. 

              

Figure 5-15: Results for test D2-3, with a total post-tensioing force of 60kN and 250mm UFP 

dissipaters; a) Force-displacement diagram, b) Post-tensioing force in tendons 

Comparing the results of tests D2-2 and D2-3 shows that increasing the width of 

the UFP dissipaters from 150mm to 250mm increases the area inside the force-

deformation plot which represents damped energy, in addition to the stiffness of the 

equivalent linear system. 

Figure 5-16, Figure 5-17 and Figure 5-18 show the force-deformation and post-

tensioning values for test setups D2-4, D2-5 and D2-6 which feature no UFP 

dissipaters, 200mm wide UFP dissipaters and 250mm wide UFP dissipaters 

respectively. 

It can be seen from comparing the results of tests D2-4 and D2-5 that addition of 

the 200mm wide UFP dissipaters increases the area inside the force-deformation 

plot which represents damped energy, in addition to the maximum actuator force 

for displacing the structure to 60mm. 

a)                                                                          b) 
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Figure 5-16: Results for test D2-4, with a total post-tensioing force of 60kN and no dissipaters; 

a) Force-displacement diagram, b) Post-tensioing force in tendons 

Comparing the results of tests D2-5 and D2-6 shows that increasing the width of 

the UFP dissipaters from 200mm to 250mm increases the area inside the force-

deformation plot which represents damped energy, in addition to the maximum 

actuator force for displacing the structure to 60mm. 

             

Figure 5-17: Results for test D2-5, with a total post-tensioing force of 60kN and 200mm UFP 

dissipaters; a) Force-displacement diagram, b) Post-tensioing force in tendons 

 

a)                                                                          b) 

a)                                                                          b) 
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Figure 5-18: Results for test D2-6, with a total post-tensioing force of 60kN and 250mm UFP 

dissipaters; a) Force-displacement diagram, b) Post-tensioing force in tendons 

Figure 5-19, Figure 5-20 and Figure 5-21 show the force-deformation and post-

tensioning values for test setup D2-7, D2-8 and D2-9 respectively.  

           

Figure 5-19: Results for test D2-7, with a total post-tensioing force of 60kN and no dissipaters; 

a) Force-displacement diagram, b) Post-tensioing force in tendons 

From comparing the results of tests D2-7 and D2-8 shows that increasing the width 

of the UFP dissipaters increases the area inside the force-deformation plot which 

represents damped energy, in addition to the maximum actuator force for displacing 

the structure to 60mm. 

a)                                                                        b) 

a)                                                                          b) 
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Figure 5-20: Results for test D2-8, with a total post-tensioing force of 60kN and 200mm UFP 

dissipaters; a) Force-displacement diagram, b) Post-tensioing force in tendons 

From comparing the results of tests D2-8 and D2-9 it can be seen that increasing 

the width of the UFP dissipaters increases the area inside the force-deformation plot 

which represents damping, in addition to the stiffness of the equivalent linear 

system. 

            

Figure 5-21: Results for test D2-9, with a total post-tensioing force of 60kN and 250mm UFP 

dissipaters; a) Force-displacement diagram, b) Post-tensioing force in tendons 

5.6.1 Equivalent damping ratio 

The equivalent damping ratio from each test configuration was calculated 

according to the method described in Chapter 4, and is presented in Table 5-5. 

a)                                                                          b) 

a)                                                                          b) 
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Table 5-5 Hysteretic damping ratios calculated from test results 

Test 

ID 

PT 

(kN) 

bP 

(mm) 

ξhyst 

(%) 

V* 

(kN) 

K** 

(kN/mm) 

D2-1 60 - 12 116 1.65 

D2-2 60 150 15 147 2.10 

D2-3 60 250 15 173 3.47 

D2-4 120 - 10 139 1.98 

D2-5 120 200 12 181 2.58 

D2-6 120 250 12 200 2.85 

D2-7 200 - 8 172 2.45 

D2-8 200 200 9 222 3.17 

D2-9 200 250 10 226 3.22 

  *Transverse loading on superstructure at the maximum displacement of 60mm 

**Stiffness of structure at maximum displacement and base shear 

It can be seen from the results above that the addition of UFP dissipaters or increase 

in the post-tensioning force increases the absolute value of damped energy (as 

represented by the area inside the force-deformation plot). However, it also 

increases the stiffness of the equivalent structure. Therefore, the damping ratio is 

not directly proportional to either of these variables. 

5.7 Conclusions 

This chapter presented findings from a series of quasi-static cyclic tests on 

a large-scale bridge specimen featuring dissipative rocking superstructure with mild 

steel UFP dissipaters. The specimen comprised two superstructure spans and a 

substructure system (abutments, cap beam and pier). Each span consisted of two 

segments which were coupled using UFP dissipaters. The spans were connected 

with post-tensioning tendons running through pre-existing ducts (hollow cores) in 

the longitudinal direction.  

The experimental testing showed the feasibility of the proposed dissipative rocking 

superstructure system using unbonded post-tensioning and mild steel UFP 

dissipaters, and confirmed their capacity for energy dissipation and ability for self-

centering. The force-displacement relationships of the various configurations were 
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also quantified. The results also showed that using UFP dissipaters with larger 

widths increases the amount of dissipated energy, while increasing the dissipater 

width and initial post-tensioning force increases the transverse stiffness of the 

superstructure. It was shown that although the addition of UFP dissipaters or 

increase in the post-tensioning force increases the absolute value of damped energy 

(as represented by the area inside the force-deformation plot), it also increases the 

stiffness of the equivalent structure. Therefore, the damping ratio is not directly 

proportional to either of these variables. 

In conclusion, it was shown that using dissipative rocking connections with UFP 

dissipaters in superstructures is an efficient method to introduce energy dissipation, 

provide ductility, and reduce residual displacements in a precast concrete bridge 

superstructure system subject to transverse lateral seismic loading. 
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Part 3: Analysis 

 

 





 

 

 Monolithic beam analogy 

for dissipative rocking 

superstructures 

6.1 Introduction 

This chapter develops a method for quantifying the moment-rotation and 

force-displacement relationships of dissipative rocking superstructures based on the 

revised monolithic beam analogy or rMBA (Pampanin 2000, Palermo 2004). The 

method is tailored for use in both single and coupled superstructure systems, 

examples of which underwent experimental testing, as described in Chapters 4 and 

5. The rMBA provides a straightforward process for finding the moment-rotation 

relationship of dissipative rocking connections, and has the advantage of being less 

time-consuming and extensive than alternative finite element analysis methods 

which model the connections using either rotational spring or multi-spring 

elements. While the moment-rotation relationship of dissipative rocking 

connections cannot be established using conventional section analysis methods, the 

rMBA finds a relationship between their concrete strain and depth of the neutral 

axis by comparing them to an equivalent monolithic plastic hinge. 

The rMBA has previously been developed for analysing the behaviour of 

dissipative rocking connections between beams and columns, piers to cap beams, 

and piers to foundations (Pampanin 2000, Palermo 2004). This chapter provides a 
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background of the rMBA as currently available in the literature, and proceeds to 

present details of its adaption to dissipative rocking connections in superstructures. 

The latter part of this chapter compares the experimental results from the single 

superstructure system (Chapter 4) to analyses performed using the modified rMBA. 

The theoretical and experimental values of the force in the post-tensioning tendons, 

depth of the neutral axis and relationship between bending moment and rotation at 

the dissipative rocking connection in different configurations are compared in order 

to validate the developed rMBA method and gauge its reliability. 

6.2  Background 

6.2.1 Monolithic beam analogy 

The monolithic beam analogy (MBA) was devised by Pampanin et al. 

(Pampanin 2000, Pampanin et al. 2001) and further extended by Palermo (2004) as 

the revised Monolithic Beam Analogy (rMBA) to quantify the behaviour of 

dissipative rocking connections with unbonded post-tensioning in beam-column 

joints and walls-to-foundation connections. The moment-rotation behaviour of a 

rocking connection cannot be quantified using conventional section analysis 

methods. Due to section discontinuity, theories that establish a relationship between 

curvature, deflection and applied load in a monolithic beam (e.g. Euler-Bernoulli 

and Timoshenko) are rendered invalid. Therefore, alternative methods should be 

used to quantify the behaviour of such connections. 
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Figure 6-1: A schematic of the monolithic beam analogy (Palermo 2004) 

The monolithic beam analogy offers a solution by assuming that the plastic 

displacement of a monolithic cantilever column is equivalent to that of a similar 

column with a rocking base (Figure 6-1), thus providing the necessary compatibility 

criteria, as shown in Equation 6.1. 

 
( ) ( )total precast total monolithic    6.1 

The lateral displacement of the rocking column is composed of an elastic 

component and a displacement due to rocking: 

   tot el imp     6.2 

The contribution to lateral displacement from rocking at the base represents a rigid 

body rotation and can be calculated using: 

   imp imp cantL   6.3 

where θimp is the imposed rotation at the base of the rocking column. 
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The lateral displacement of the equivalent monolithic column consists of an elastic 

and plastic component: 

   ( )tot monolithic el p     6.4 

The lateral displacement due to plastic hinge rotation of the monolithic column can 

be found using: 

   
   0.5

p imp

mono y p cant p

L

L L L



 

 

  
 6.5 

Where mono  is the curvature of the monolithic column, 
y is the yield curvature of 

the equivalent monolithic section, Lp is the plastic hinge length and Lcant is the 

cantilever length of the column. 

The elastic displacements of the columns (of the monolithic column before yield 

and the rocking column prior to decompression) will be equal since they share the 

same geometry. Equating the plastic components of the lateral displacement, we 

will have: 

   
   0.5imp mono y p cant pL L L L      

6.6 

Rearranging this equation gives us: 

   
 

 0.5

imp

mono y

cant p p

L

L L L


  


 6.7 

And since plastic curvature can be expressed as: 

   
c

y
c


   6.8 

Where εc is the concrete strain and c is the depth of the neutral axis. Equation 6.7 

can be combined with Equation 6.8 to yield: 
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 0.5

impc
y

cant p p

L

c L L L


 


 6.9 

Which can be rearranged to give us: 

   
 

 0.5

imp

c y

cant p p

L
c

L L L


 

 
   

    

6.10 

Equation 6.10 provides a relationship between concrete strain and neutral axis depth 

which can be used in lieu of the conventional compatibility criteria to calculate the 

concrete compression force at the rocking interface. 

The bending moment in the rocking section for each rotation value θ can be found 

by first imposing a rotation to the base of the rocking column. The neutral axis 

depth and strain in the post-tensioning and reinforcing steel can be then calculated 

from the section geometry (Figure 6-2). The concrete strain can be found using 

equation 6.10. By utilizing stress-strain relationships for steel and concrete, such as 

the Dodd-Restrepo (Dodd & Restrepo-Posada 1995) and Mander models (Mander 

et al. 1988), the resulting compression and tension forces in the section can be 

found. If the sum of these forces is not equal to zero, a few iterations may be carried 

out until equilibrium is achieved. After the steel and concrete forces are calculated, 

the resulting moment in the section due to the imposed rotation can be found. Thus, 

a relationship between the moment and rotation is established. The steps for 

establishing the moment-rotation relationship of a rocking section are summarised 

below. 

1. Impose rotation θ. 

2. Guess neutral axis depth (begin with 0.2D where D is total section depth). 

3. Calculate strains for post-tensioning and dissipative steel. 

4. Using steel strain-stress relationships (such as Dodd-Restrepo or elasto-

plastic) find forces in post-tensioning and dissipative steel. 

5. Use MBA to calculate concrete strain in section. 

6. Calculate concrete compressive force using Mander’s model for confined 

concrete. 
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7. Check section equilibrium. 

8. Revise neutral axis depth and repeat from step 2 until equilibrium is reached. 

9. Calculate bending moment in section.  

 

Figure 6-2: Equilibrium of forces in a dissipative rocking connection; a, b) Forces 

in the cross-section, c) Strain in the rocking section, d) Stresses and forces in the 

rocking section 

6.2.2 Revised Monolithic Beam Analogy 

The Monolithic Beam Analogy was revised by Palermo (2004) to account 

for the additional flexibility of a post-tensioned rocking system compared to a 

monolithic system. This analogy acknowledges three stages in the moment-

rotation relationship of a cantilever column which are described below:  

The first stage occurs prior to decompression the behaviour of the post-tensioned 

rocking system is linear. The concrete strain at the extreme compression fibre of 

both columns can be found using: 

   0 .
2

c

D
     6.11 

where ε0 is the initial compression strain in the concrete section due to axial loading 

and initial post-tensioning, D is the depth of the section and ϕ is the curvature in the 

column due to the applied load. 

      a)                             b)                                             c)                  d) 



 

137 

 

The second stage occurs after decompression and prior to yielding of the 

reinforcement, for a given value of lateral load, “the additional displacement of a 

monolithic element is equal to the rigid rotation displacement of a post-tensioned 

system”, or: 

   
imp cant mono decL     

6.12 

Since the relationship between the lateral displacement and curvature in a cantilever 

column subjected to a transverse point load at its top can be found using: 

   
2

3

L
   6.13 

Where L is the length of the column, Equation 6.12 can be combined with Equation 

6.14 to yield: 

   

2 2

3 3

mono cant dec cant
mono dec

L L 
     6.14 

Combining Equation 6.14 with Equation 6.8 and using Equation 6.12 gives us: 

   
3 imp

c dec

cant

c
L


 

 
   
 

 6.15 

The third stage occurs at displacements greater than the yield displacement of the 

monolithic column, the displacement of the monolithic element has to be modified 

to account for the additional rotation in the plastic hinge area: 

    
2

3 2

y cant p

mono mono y p cant

L L
L L


 

 
       

 
 6.16 

Where Lp is the plastic hinge length of the equivalent monolithic column. Using the 

same procedure as the previous step, the hypothetical strain in the extreme 

compression fibre of the rocking section can be found using: 
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y dec
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6.17 

As can be seen from comparing Equations 6.10 and 6.17, the rMBA results in a 

slightly different equation for calculating the concrete strain in the rocking section 

than the original MBA. The algorithm for finding the moment-rotation behaviour 

of a dissipative rocking column is similar to that described in the previous section 

(Section 6.2.1) and is not repeated here.  

 

 

Figure 6-3: Comparison of experimental and analytical results; a) Test configuration, b) 

Analysis and test results (Marriott 2009) 

      a)                  

      b)  
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Analysis of test specimens has shown that the rMBA is a reliable tool for modelling 

the behaviour of dissipative rocking connections.  For example, Figure 6-3 

compares the results of experimental testing to predictions made using the rMBA 

on a conventional post-tensioned bridge pier with internally grouted mild steel 

reinforcement (Marriott 2009). The analysis provides accurate predictions in terms 

of the relationship between lateral force and drift, tendon forces and depth of neutral 

axis. 

An alternative method to the rMBA for analysing the behaviour of dissipative 

rocking structures are finite element models, in which dissipative rocking 

connections are modelled using either rotational or multi-spring elements.  

Compared to such models the rMBA is a more efficient and less complicated tool 

making it easier to use, however as is shown in this chapter it should be modified 

for use in the system of interest. For example, the rMBA equations applicable to 

cantilever columns, beam-column connections, and superstructure systems are 

slightly different. Another disadvantage of the rMBA is that it does not provide a 

closed-form solution for finding the concrete strain and neutral axis depth, therefore 

finding the moment-rotation relationship is an iterative procedure and as such it is 

more complicated than a conventional section analysis.  

6.3 Development of rMBA for dissipative rocking 

superstructures 

Section 6.2 provided an iterative procedure for finding the moment-rotation 

curve of a dissipative rocking connection in a cantilever column using the rMBA. 

This method can be modified for use in a superstructure with multiple dissipative 

rocking connections, each connection being composed of the concrete rocking 

interface, post-tensioning steel and mild steel axial dissipaters (Figure 6-7). The 

following provides a description for the necessary modification. 

In a dissipative rocking superstructure with multiple spans subjected to a uniform 

transverse force in the lateral direction, the bending moment at each connection will 

be different and is proportional to the distance of the connection from the nearest 
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abutment. This moment is defined by the compressive and tensile forces in the 

section and location of neutral axis, which are in turn dependent on the amount of 

rotation in the connection and neutral axis depth. Since the post-tensioning tendons 

are shared between multiple spans in the superstructure, their tensile force is 

common between the connections in those spans, whereas the same does not apply 

for the mild steel dissipaters or concrete. Therefore, if an independent analysis of 

each section is to be carried out it must utilize a relationship between the bending 

moments and rotations in the connections. Assuming a displacement profile for the 

superstructure assists in providing such a relationship. 

First, we assume that the superstructure has the same parabolic displacement profile 

as a simply supported beam. Similar assumptions have been conventionally used in 

the direct displacement based design of bridges (Priestley et al. 1996). The assumed 

displacement profile can be expressed as: 

 
2

2 2

4 4
( ) t tD D

y x x x
n L nL


 

 

6.18 

where n is the number of spans, L is the length of each span and Dt is the 

displacement of the parabolic profile at midspan.  

The lateral displacement of the superstructure (y) at each joint can be calculated by 

replacing x in Equation 6.18 with the position of the joint on the longitudinal axis. 

This profile only pertains to the displacements resulting from the rigid body rotation 

of the spans due to gap opening.  

In Figure 6-4 the angle of rotation of each superstructure span with respect to its 

original position is denoted as Gi, and the angle between the edges of two adjacent 

span as θi. 
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Figure 6-4: Displacement profile for dissipative rocking superstructure. The joints are 

numbered from i = 0 to n and the superstructure spans from j = 1 to n; a) Single superstructure 

system; b) Coupled superstructure system 

The values of Gj are found using: 

 1i i
j

y y
G

L




 

6.19 

The values of θi are found by: 
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6.20 

 

After substituting yi from Equation 6.18 can be simplified as: 

 
2

8 t
i

D

nL
   6.21 

Equation 6.21 shows that the rotation at each connection does not depend on its 

location along the superstructure; in other words, for a given maximum 

displacement at the centre of the superstructure the angle of all gap openings are 

a) 

 

 

 

 

 b) 
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equal. This is an expected result as the change in angle from each section to the next 

is proportional to the curvature of the displacement profile. Since the assumed 

displacement profile is parabolic curve, this curvature will be constant throughout 

the length of the superstructure. Therefore, the application of the rMBA method to 

our structures of interest is simplified. 

 

Figure 6-5: Equivalent deformations for the MBA 
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To modify the rMBA for dissipative rocking superstructures, the equivalent 

monolithic cantilever column subjected to concentrated lateral load at the top is 

replaced by a simply supported beam subjected to uniform distributed loading. It is 

assumed that this beam contains “weak points” with a lower yielding moment 

(which in a monolithic concrete beam can be achieved by using less reinforcing 

steel in the section). The positions of these points coincide with the rocking 

connections in the original superstructure. 

The deformation of the superstructure is separated into three stages; prior to 

decompression of the connections, after decompression and before yielding of the 

equivalent monolithic beam, and after yielding of the equivalent monolithic beam. 

During the first stage, before decompression, the displacement at the centre of the 

beam is equal for the rocking and monolithic systems. This occurs in the region of: 

 0
8

tot
imp dec

L
    6.22 

Where totL is the total length of the superstructure. 

Since the central displacements in the original and equivalent monolithic beams are 

equal, we have: 

 
2

8

tot
imp eq

L
     6.23 

During the second stage, after decompression and before yielding of the equivalent 

monolithic system, “the additional displacement beyond the decompression 

displacement of the monolithic system is equal to the displacement of the post-

tensioned system due to rigid rotation”. This can be expressed as: 

 imp mono dec   
 

6.24 

Which is valid in the range of: 
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8

tot
dec imp y dec

L
       

6.25 

 

The additional transverse displacement at the centre of an equivalent monolithic 

simply supported superstructure after decompression is equal to: 

  
2

8

tot
mono mono dec

L
     

6.26 

 

For a dissipative rocking superstructure, the transverse displacement at its centre 

can be found using: 

 imp imp spanL   
6.27 

 

Where Lspan is the length of each span and κ is a constant which depends on the 

number of spans, and can be found in reference to Figure 6-7. 

 

Figure 6-6: Relationship between transverse displacement at centre of superstructure and 

imposed rotations at dissipative rocking connection 

The value of κ for different number of spans is given by Equation 6.28: 
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 6.28 

Equating the displacements from Equation 6.26 and Equation 6.27 gives us: 
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 6.29 

Where Ltot is the total length of the superstructure. Solving for εc yields: 

 2

8
c imp span dec

tot

L c
L

  
  

    
  

 6.30 

The third stage occurs after yield of the equivalent monolithic superstructure, when: 

 

 
8

tot
y dec imp

L
     6.31 

The central displacement of the dissipative rocking system is unchanged from 

Equation 6.24. However, the additional central displacement of the equivalent 

monolithic superstructure after yield is equal to: 

 

   
2 2

2
8 8

tot tot
mono dec y mono y p span p dec

L L
L L L           

   6.32 

where Lp is the plastic hinge length in the equivalent monolithic superstructure span. 

This value can be estimated by using the plastic hinge length of a monolithic 

reinforced concrete wall, which according to ASCE (2007) can be calculated using: 

 0.5p flexuralL D 
 

6.33 

Where Dflexural is the flexural depth of the wall section, and can be generally taken 

as 0.8 times the section depth, D. Therefore we have: 

 
0.4pL D   6.34 

Where D is the section depth, or width of the superstructure. The curvature of the 

monolithic beam can be found using: 
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6.35 

Combining Equation 6.32, 6.24, 6.27 and solving for εc gives us: 
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 6.36 

Equations 6.30 and 6.36 replace equations 6.15 and 6.17 in finding the concrete 

strain at the rocking interfaces of the dissipative rocking superstructures. The 

algorithm for finding the moment-rotation behaviour of a dissipative rocking 

superstructure section remains similar to the iterative procedure presented in the 

previous sections. 

6.3.1 Moment-rotation of single superstructure system 

The previous section presented a method for calculating concrete strain in a 

dissipative rocking superstructure connection. This section presents a procedure for 

finding the moment-rotation relationship in the connections of a single 

superstructure setup, with mild steel axial dissipaters and unbonded post-

tensioning. An overview of these dissipaters and the equations governing their 

performance was presented in Chapter 3 and details of experimental testing using a 

single superstructure system was presented in Chapter 4. 

The procedure begins by calculating the decompression moment in the dissipative 

rocking connection. Decompression occurs when the bending moment in the 

section is larger than the re-centering moment provided by the post-tensioning steel. 

This moment can be found using the equation below: 

 dec ptM T h    6.37 
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Where h  is the distance between the centroids of the concrete compressive force 

and post-tensioning force, as calculated using Equation 6.38. 

 

( ) ( )

( ) ( )

c

h

c

h

f h B h h dh

h
f h B h dh

  


 




 6.38 

Where fc is the incremental concrete compression force at height h. 

For a rectangular rocking section, Equation 6.38 can be simplified as: 

  
6

D
h   6.39 

Where D is the depth of the superstructure section (represented by the h axis in 

Figure 6-7) and B is the width of the superstructure.  

After the decompression moment is calculated, an increment of displacement is 

imposed on the centre of the superstructure. This displacement can be translated to 

rotation in the connections using Equation 6.21, an initial depth is also assumed for 

the neutral axis (e.g. 0.2D). With this information, the resulting strains in the 

dissipative and post-tensioning steel can be calculated using geometric principles 

(Figure 6-7). The concrete strain can be found using the rMBA method developed 

for dissipative rocking superstructures. The stresses in steel can be found using 

either an elasto-plastic model with strain hardening or a Dodd-Restrepo (Dodd & 

Restrepo-Posada 1995) hysteresis model. The stresses in the concrete interface can 

be found using Mander’s model for confined concrete (Mander et al. 1988). Once 

the stresses are calculated, the total tensile and compressive forces in the section 

can be found. The sum of these forces must be equal to zero; if equilibrium is not 

achieved, the neutral axis depth is revised until the compressive and tensile forces 

are balanced. 

 c pt sC T T    6.40 
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A schematic of a single dissipative rocking superstructure system with mild steel 

axial dissipaters is shown in  Figure 6-7. 

  

Figure 6-7: Equilibrium of forces in a dissipative rocking connection; a, b) Forces in cross-

section, b) Strain distribution in rocking connection, d) rocking connection at imposed rotation 

The rotation at the rocking connection is incrementally increased and the bending 

moment corresponding to each rotation is calculated using the procedure described 

above. This is repeated until the maximum rotation which is typically in the order 

of 1~1.5% of the span length is reached. 

6.3.2 Moment-rotation of coupled superstructure system 

A procedure similar to that presented in Section 6.3.1 can be used to find 

the moment-rotation relationship of a coupled superstructure system that uses mild 

steel UFP dissipaters for energy dissipation (Figure 6-9). An overview of these 

dissipaters and the equations governing their performance was presented in Chapter 

3 and details of experimental testing using a coupled superstructure system was 

presented in Chapter 4. 

The decompression moment of a coupled superstructure system can be found using 

Equation 6.38, where integration takes place over the depth of each segment, rather 

than the total depth of combined sections.  

After the decompression moment is calculated, an increment of displacement is 

imposed at the centre of the superstructure. This displacement can be translated to 

rotation in the connections, θi, using Equation 6.21 and absolute rotation in each 

a)                                    b)                                          c)                     d)            
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span, Gj, using Equations 6.18 and 6.19 (Figure 6-9). If a parabolic displacement 

profile is used, θi will be identical for all the joints, as demonstrated in the previous 

section.  

 

Figure 6-8 Displacement profile for a dissipative rocking superstructure. The joints are 

numbered from i = 0 to n and the superstructure spans from j = 1 to n 

The shear force provided by the UFP dissipaters, Vp, is calculated from Equation 

6.41: 

   

2

2

y p p

p UFP

f b t
V n

D
   

 

6.41 

Where nUFP is the number of UFP plates used in each span, bp, tp and D are the 

width, thickness and diameter of the UFP dissipater respectively and fy is the yield 

stress of the mild steel.  

 

Figure 6-9: Forces in a coupled dissipative rocking superstructure 

Figure 6-9 shows a free body diagram for the first two spans of the superstructure 

shown in Figure 6-8, which can be used to find the compressive, tensile and shear 

forces involved in the rocking mechanism. At each incremental rotation θ, the 

concrete strain in each of the two segments of the first span (j=1) can be found using 

the steps below: 
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1. Assume neutral axis depth (e.g. 0.2D) where D is the depth of concrete section 

(or width of superstructure segment) for both segments. 

2. Find strain in post-tensioning tendons and post-tensioning force. 

3. Calculate Vp using Equation 6.41. 

4. Calculate concrete strain from the rMBA method for dissipative rocking 

superstructures (Equation 6.42).  

 
2

8
c imp dec

tot

L c
L
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(repeat) 

 

5. Calculate the stresses in the concrete interface using Mander’s model for 

confined concrete (Mander et al. 1988). 

6. Calculate the total concrete compressive force. 

7. Check for equilibrium in both segments using Equation 6.43. 

Segment 1: 

 
 

Segment 2: 

2 2,1

2 2,1

0

0

pt p

pt p

T V C

T V C
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8. If equilibrium is not achieved, revise the neutral axis depth for each segment and 

repeat from step 1. 

9. Find the dissipative and re-centering moment at each connection using Equation 

6.44. 

 
1 2re centering

dissipative p

M M M

M V L
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Where ƩVp is the total shear force of all UFP dissipaters in one span, L is the 

centreline-centreline distance between the coupled span segments, and M1 and 

M2 are the bending moment demands of segments 1 and 2 at the rocking 
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interface. The values of M1 and M2 are defined about the centroid of the concrete 

compression force in Figure 6-10-c.  

 
1 1 1

2 2 2

c d

c d

M C j
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Where jd is the lever arm of the bending moment, as shown in Figure 6-10-d. 

10. Increase θimp and repeat from Step 1 until θtarget is reached. 

 

Figure 6-10: Equilibrium of forces in a dissipative rocking connection; a, b) Forces in cross-

section, b) Strain distribution in rocking connection, d) rocking connection at imposed rotation 

θimp 

6.4 Comparison of experimental and analytical results for 

single superstructure system 

The previous sections presented the revised Monolithic Beam Analogy 

(rMBA) developed for use in dissipative rocking superstructures. This section 

compares the experimental results from the large-scale testing on the single-

superstructure (Chapter 4) with analytical results found from application of the 

modified rMBA method implemented in a MATLAB code (The Mathworks Inc. 

2012). A schedule of the performed tests is repeated in Table 6-1. Results of the test 

setups with axial dissipaters between the superstructure and abutments (D1-5 and 

D1-6) are not presented in this chapter since the dissipaters had no or little effect 

on the behaviour of the specimen, as discussed previously. 

a)                                   b)                                                   c)                 d)            
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The kinematics of the superstructure was previously discussed in Chapter 4. It was 

shown that prior to rocking, the superstructure underwent translation and 

consequently compressed the vertical elastomeric bearings on one side of the 

abutment. Some minor rotation also occurred as a result of imperfect contact 

between the two superstructure spans. After rocking commenced, rotation of the 

superstructure introduced a shear deformation in the vertical bearings, which caused 

an in-plane rotation of the longitudinally soft abutment-pile bents. An additional 

force was therefore introduced into the dissipative rocking system which should be 

considered in calculating the forces and bending moment capacity of the rocking 

section (Figure 6-11). The magnitude of this force is dependent on the rotational 

stiffness of the abutment-pile bent which can be found by modelling the bent using 

finite elements and applying a unit displacement in the longitudinal direction at one 

corner of the abutment (Appendix B). The additional force did not increase the net 

compressive force of the section; any additional compressive force reduced the 

length of the superstructure, partly relieving the post-tensioning tendons, so that 

ultimately the net compressive force in the section remained the same. The 

additional force did, however, move the effective post-tensioning force away from 

the section’s centroid, increasing the lever arm of the bending moment. This 

increase in moment has been considered in the rMBA modelling of the test 

specimen, as formulated in Equation 6.43. 

Table 6-1 Configurations of test setup 

PT force* Dissipater Notes Test ID 

40kN None - D1-1 

105kN None 
Half of superstructure weight 

supported by crane 
D1-2 

105kN None - D1-3 

150kN None - D1-4 

150kN Axial dissipaters 24mm 
Dissipaters between two 

superstructure spans 
D1-7 

     *Sum of post-tensioning force in both tendons 
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Figure 6-11 shows the location of this additional force on the test specimen. 

 

Figure 6-11: The abutment-pile bent applying moment to the superstructure 

A total of four tests were carried out with no axial dissipaters and varying levels of 

post-tensioning as described in Table 6-1. The general configuration of the test 

setup was previously described in Chapter 4. The results from the testing and 

analysis are compared below.  

Figure 6-12 compares the experimental and analytical results for configuration D1-

1, in which a total post-tensioning force of 40kN and no axial dissipation was used 

in the superstructure. In this pilot test, the maximum transverse displacement of the 

superstructure was limited to 25mm. The energy dissipation which is represented 

by the area enclosed by the force-displacement plot is a result of friction from 



 

154 

 

movement of the superstructure on top of the UHWMPE bearing pads. The first 

few cycles have a slightly different force-displacement value, this is due to steel 

plate fillers being added at the abutment shear keys during testing. The moment-

rotation and post-tensioning force-rotation relationships from the rMBA analysis 

are comparable to that of the experimental data. The effect of friction and the 

contribution of the abutment rotational stiffness have been included in the results. 

The post-tensioning forces incrementally decreased during testing, which is a result 

of small displacements of the anchoring wedges under repeated loading. The 

theoretical neutral axis depth is typically between 40~60% of the observed neutral 

axis depth. The calculated values of neutral axis depth are highly dependent on the 

contact area between the two concrete spans at the rocking connection; imperfect 

contact increases this value significantly as the lost width must be compensated by 

a larger neutral axis depth. However, the calculated moment-rotation relationship 

is hardly affected by this and despite the discrepancy between the theoretical and 

experimental values for the neutral axis depth in some tests, the moment-rotation 

relationships and post-tensioning levels are in good agreement. As a further 

example, the asymmetry in the neutral axis depth between the positive and negative 

displacements in Figure 6-12-c is existent (due to slight asymmetris in the test setup 

and rocking surfaces) yet barely noticeable in the moment-rotation plot of Figure 

6-12-a. The effect of imperfect contact reduces with increased post-tensioning and 

addition of axial dissipaters, as is shown in the following sections. 

Configuration D1-1 did not incorporate axial dissipaters; however, its force-

displacement relationship is bilinear. This is a geometric nonlinearity which occurs 

once the neutral axis drops past the location of the post-tensioning tendons in a 

dissipative rocking connection. In Figure 6-12-a & c, nonlinearity occurs once the 

neutral axis depth reduces to less than 900mm, passing the location of the north 

post-tensioning tendon. 

Figure 6-12-b shows the relationship between the post-tensioning force and 

rotation. At zero rotation, a discrepancy arises between the values of post-

tensioning on the left and right-hand sides of the plot. This ‘jump’ is due to the 

initial rotation of the superstructure spans as a result of imperfect rocking surfaces, 
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as discussed earlier. Although the actuator forces undergo minimal increase during 

this initial rotation, superstructure elongation still occurs which results in tendon 

elongation and increase in post-tensioning force. This discrepancy at its maximum 

is less than 6% of the post-tensioning force in each tendon, and was not considered 

in the rMBA analysis. 

     

Figure 6-12: Comparison of results for test D1-1; a) Moment-rotation plot, b) Post-tensioing 

force in tendons & c) Depth of neutral axis 

In Figure 6-12, for a given rotation, the analytical results overestimate the bending 

moment by a maximum of 9% and the total post-tensioning force by a maximum of 

8%. For a given rotation, the analytical results underestimate the neutral axis depth 

by a maximum of 70%.  

    

Figure 6-13: Comparison of results for test D1-2; a) Moment-rotation plot, b) Post-tensioing 

force in tendons & c) Depth of neutral axis 

Figure 6-13 compares the experimental and analytical results for configuration D1-

2, in which a total post-tensioning force of 105kN was used. The weight of the 

superstructure was partially supported by a crane in place of the pier cap. The area 

      a)                                                    b)                                                c) 

      a)                                                    b)                                                c) 
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enclosed by the force-displacement plot is negligible, indicating that the energy 

dissipation in the force-displacement plots of the test setups without axial 

dissipaters is a result of friction between the superstructure and cap beam. As 

expected, the moment capacity and stiffness of the rocking section increases as a 

result of the increased post-tensioning force, compared to configuration D1-1. 

As can be seen from Figure 6-13-c, the neutral axis depth is predicted more 

accurately at higher rotations. Since in test D1-2 onwards, the range of imposed 

displacements and therefore rotations is higher than in test D1-1, it might seem that 

in these tests there is a closer match between the analytical and experimental values 

for the neutral axis depth. However, this is only due to the fact that in test D1-1 the 

values correspond to smaller maximum rotations. 

In Figure 6-13, for a given rotation, the analytical results underestimate the bending 

moment by a maximum of 19% and overestimate the total post-tensioning force by 

a maximum of 2.6%. At a rotation of 0.33%, the analytical results underestimate 

the neutral axis depth by 60%, however this discrepancy drops to 46% at a rotation 

of 1%. 

Figure 6-14 compares the experimental and analytical results for configuration D1-

3, in which a total post-tensioning force of 105kN, similar to that of setup D1-2, 

and no axial dissipation was used in the superstructure.  The weight of the 

superstructure was supported by the cap beam in this setup. The area enclosed by 

the force-displacement plot is indicative of the Coulomb friction between the 

superstructure and bearing pads. Figure 6-14-b shows that the total post-tensioning 

force is fractionally smaller than that of setup D1-2 (Figure 6-13-b), due to 

application of cyclic loading and consequent displacement of anchoring wedges. 

In Figure 6-14, for a given rotation, the analytical results overestimate the bending 

moment by a maximum of 9%, underestimate it by a maximum of 6%, and 

underestimate the total post-tensioning force by a maximum of 1.1%. At a rotation 

of 0.33%, the analytical results underestimate the neutral axis depth by 60%, 

however this discrepancy drops to 47% at a rotation of 1%. 
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Figure 6-14: Comparison of results for test D1-3; a) Moment-rotation plot, b) Post-tensioing 

force in tendons & c) Depth of neutral axis 

Figure 6-15 compares the experimental and analytical results for configuration D1-

4, in which a total post-tensioning force of 150kN and no axial dissipation was used. 

By comparing the results from that of configuration D1-3, it can be seen that the 

increased post-tensioning level leads to an increase in moment capacity for similar 

rotations. 

In Figure 6-15, for a given rotation, the analytical results overestimate the bending 

moment by a maximum of 9%, underestimate it by a maximum of 4.5%, and 

overestimate the total post-tensioning force by a maximum of 1.3%. At a rotation 

of 0.33%, the analytical results underestimate the neutral axis depth by 53%, 

however this discrepancy drops to 41% at a rotation of 1%. 

   

Figure 6-15: Comparison of results for test D1-4; a) Moment-rotation plot, b) Post-tensioing 

force in tendons & c) Depth of neutral axis 

Figure 6-16 compares the experimental and analytical results for configuration D1-

7. In this configuration, a total post-tensioning force of 150kN was used and two 

       a)                                                    b)                                                c) 

       a)                                                    b)                                                c) 



 

158 

 

buckling-restrained mild steel axial dissipaters with a grooved length of 437mm 

and fuse area of 216mm2 were installed between the two superstructure spans, each 

located at a distance of 300mm from the centreline of the structure (further details 

of the setup can be found in Section 0). The moment-rotation plots of the analytical 

and experimental results are in good agreement. 

   

Figure 6-16: Comparison of results for test D1-7; a) Moment-rotation plot, b) Post-tensioing 

force in tendons & c) Depth of neutral axis 

In Figure 6-16, for a given rotation, the analytical results overestimate the bending 

moment by a maximum of 15%, underestimate it by a maximum of 7%, and 

underestimate the total post-tensioning force by a maximum of 2.3%. At a rotation 

of 0.33%, the analytical results underestimate the neutral axis depth by 44%, 

however this discrepancy drops to 37% at a rotation of 0.9%. 

6.5 Conclusions 

In this chapter, a method was developed for modelling dissipative rocking 

connections in bridge superstructures subjected to transverse seismic loading. The 

revised Monolithic Beam Analogy (rMBA) which was originally developed for 

beam-column, pier-foundation and wall-foundation connections was adapted for 

use in simply supported precast superstructures. A parabolic displacement profile 

was assumed for the superstructure, providing a relationship between the transverse 

displacement at its centre and the imposed rotation at each connection. The 

modified rMBA was then used to find a moment-rotation relationship at each 

connection. Results from experimental testing on the single superstructure system 

       a)                                                    b)                                                c) 
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which were presented in Chapter 4 were compared with analytical values found 

from application of the developed rMBA method. The comparison shows that this 

method can be used to model the moment-rotation behaviour of two-span precast 

concrete superstructures featuring a dissipative rocking connection between the 

spans with remarkable accuracy. Comparisons was performed between analytical 

and experimental results of the following tests setups: 

• Superstructure systems featuring post-tensioning only and no dissipative 

devices, where the full superstructure weight was supported by the 

substructure. In these tests, the total longitudinal post-tensioning level in the 

superstructure was equal to 40, 105 or 150kN (setups D1-1, D1-3 and D1-4 

respectively). 

• Superstructure system featuring post-tensioning only and no dissipative 

devices, where half of the superstructure weight was completely supported 

by a crane (eliminating the friction between the superstructure and cap 

beam). In this test, the total longitudinal post-tensioning level in the 

superstructure was equal to 105kN (setup D1-2). 

• Superstructure system featuring post-tensioning and axial mild steel 

buckling restrained dissipative devices, where the full superstructure weight 

was supported by the substructure. In this test, the total longitudinal post-

tensioning level in the superstructure was equal to 150kN (setup D1-7). 

The best match between the experimental and analytical values was seen in the 

moment-rotation and post-tensioning force-rotation relationships, with a maximum 

overestimation of 15% and 2.6% respectively. The theoretical neutral axis depth 

was typically between 40~60% of the observed neutral axis depth. The calculated 

values of neutral axis depth are highly dependent on the contact area between the 

two concrete spans at the rocking connection; imperfect contact reduces this value 

significantly. However, the calculated moment-rotation relationship was hardly 

affected by this. 

It is shown that considering the boundary conditions in the model, such as the 

effects of friction between the superstructure and substructure, and the longitudinal 
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and rotational stiffness of the abutments is possible and leads to higher reliability 

and more accurate results. The Coulomb friction force which is a function of the 

coefficient of friction between the bearing and superstructure and the 

superstructure’s weight can be added to the calculated transverse force in the force-

displacement relationship of the superstructure. The contribution of the abutments’ 

stiffness to the force-displacement relationship of the superstructure can be 

considered by increasing the calculated moment at the dissipative rocking 

connection by a value which is proportional to the abutments’ rotational stiffness 

and distance from the edge of the superstructure to the post-tensioning tendons. 
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 Direct displacement 

based design for 

dissipative rocking 

superstructures 

7.1 Introduction 

This chapter adapts the direct displacement based design (DDBD) method 

for use in superstructures with dissipative rocking connections. DDBD is a 

performance based design method which uses the displacement profile of the 

deformed structure in combination with its mass and target displacement to 

calculate the properties of an equivalent single degree of freedom (SDOF) system, 

such as its natural period and stiffness (Priestley et al. 2007, Suarez 2008). The 

seismic demands on the SDOF structure are then found using displacement demand 

spectra, which are subsequently converted to displacement demands on the original 

system.  

The objective of this chapter is to demonstrate the underlying assumptions 

necessary for adaption of the DDBD for dissipative rocking superstructures. First, 

a summary of the general procedure for DDBD is presented, followed by details of 

converting a dissipative rocking superstructure (DRSS), which is in essence and 

MDOF structure, to a SDOF system. The procedure for finding the equivalent 
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damping ratio in a DRSS and calculation of the seismic inertia (base shear) and its 

distribution in the superstructure is discussed. Finally, a procedure is presented for 

design of the dissipative rocking connections between superstructure spans.  

7.2 Design philosophy 

Performance based design philosophy designates levels of structural 

performance for levels of seismic hazard. Each level of seismic hazard represents 

an earthquake which has a certain probability of exceedance throughout the life of 

the structure (FEMA 2003, fib 2003). The structural performance is often tied with 

member deformations and therefore material strains, which are indicators of 

structural damage.  

Table 7-1: Seismic performance requirements (NZTA 2013) 

 Earthquake severity 

Minor earthquake 

(Serviceability Limit 

State – SLS) 

Design level 

earthquake 

(Ultimate Limit 

State – ULS) 

Major earthquake 

(Maximum Credible 

Earthquake – MCE) 

Post-earthquake 

function – 

immediate 

No disruption to traffic Usable by 

emergency traffic 

Usable by emergency 

traffic after temporary 

repair 

Post-earthquake 

function – after 

reinstatement 

Minimal reinstatement 

necessary to cater for 

all design-level actions 

Feasible to reinstate 

to cater for all 

design-level 

actions, including 

repeat design-level 

earthquake 

Capable of permanent 

repair, but possibly 

with reduced load 

capacity 

Acceptable 

damage 

Damage minor Damage possible; 

temporary repair 

may be required 

Damage may be 

extensive; collapse 

prevented 

The performance based design method used in this chapter draws upon criteria 

provided by the New Zealand Bridge Manual (NZTA 2013). Although this 

document does not currently provide guidance on displacement based design, it 
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does outline the acceptable levels of damage to bridges after minor (serviceability 

limit state or SLS), design level (ultimate limit state or ULS) and major (maximum 

credible or MCE) earthquakes, as shown in Table 7-1.  

   

   

   

Figure 7-1: Examples of minor, medium and extreme damage to bridges after the 2016 

Kaikoura earthquake (photos courtesy of Opus Intl. Consultants) 

The aim of dissipative rocking systems in bridges is to eliminate damage in minor 

earthquakes, and to limit damage due to ‘design level’ and ‘major’ earthquakes so 

that loss of function is prevented and any damage is readily repairable. Such repair 

might include replacement of the dissipaters and minor spall repairs of the cover 
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concrete, while extensive damage and need for repair that could occur as a result of 

plastic hinging in conventionally designed bridges can be avoided. Residual 

displacement is also minimised due to the self-centering effects of the post-

tensioning tendons. Figure 7-1 shows examples of different levels of damage to 

bridges. 

Figure 7-1-a and Figure 7-1-a-b show minor cracking in an abutment wall and pier 

base after a serviceability limit earthquake. The damage did not compromise the 

load bearing capacity of the bridge and was easily repairable. Figure 7-1-c shows a 

damaged abutment knockoff detail in the process of being replaced, and Figure 7-1-

d shows plastic hinging at the top of some piles which were later repaired by 

replacing the damaged concrete. Both examples were results of an ultimate limit 

state earthquake. Although the damage did affect the load bearing capacity of the 

bridge, it was opened to restricted traffic after temporary repairs had been 

undertaken, in anticipation of permanent retrofit. Figure 7-1-e and Figure 7-1-f 

show a bridge that was severely damaged during a maximum credible earthquake. 

Plastic hinges had formed at the base of the piers, causing them to rotate and 

creating residual displacements of the cap beam and superstructure. This bridge was 

later demolished as its repair was not economically feasible. 

7.3 Direct displacement based design 

Direct displacement based design is a performance based design method 

which expresses the seismic demands imposed on the structure in terms of relative 

displacements between structural components (as opposed to accelerations). It uses 

the displacement profile of the structure in combination with its seismic mass, yield 

and target displacements to calculate the target ductility, stiffness and natural period 

of an equivalent single degree of freedom (SDOF) system.  

Figure 7-2 shows an overview of the DDBD method for a conventional bridge 

which responds to a design level earthquake with plastic hinging in the piers. A 

summary of the procedure is described below, and further details for application to 

dissipative rocking superstructures are presented in the following sections. 
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The first step of the DDBD method involves converting the MDOF system into a 

SDOF system based on the displacement profile of the original system, Δ. The 

matrix Δ represents the displacement of the structure at the locations of the lumped 

seismic masses. In a bridge, these points often represent the seismic mass of the 

superstructure, which can be lumped into discrete points at the piers. 

 

Figure 7-2: Direct displacement based design of a conventional bridge (modified 

from Marriott 2009) 

The displacement of the equivalent structure can be found using: 
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Where mi corresponds to the values of the lumped mass, and Δi corresponds to the 

displacements at the lumped mass locations. 

The effective mass of the equivalent structure meq can be determined using: 
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The second step involves finding the effective stiffness of the equivalent structure 

based on its effective mass and target displacement. The target displacement of the 

structure is the product of its yield displacement, Δy, and target ductility, μ, as shown 

below: 

 t y      7.3 

Where Δt,eq is the target displacement of the equivalent SDOF system.  

The next step involves finding the equivalent damping ratio of the structure, ξ, 

which is then used to reduce the displacement response spectrum to correspond to 

our structure of interest. The reduced elastic response spectrum for a structure with 

an equivalent damping ratio equal to ξ can be found by multiplying the elastic 

response spectrum of a structure with 5% damping by a factor of η: 

    , ,5%t tT T      7.4 

The value of η can be found using: 

 
0.07

0.02 eq






 
    

 7.5 

where α is equal to 0.25 for near-field situations, within 10km of a known active 

fault where forward-directivity is considered likely; and equal to 0.5 in all other 

situations. 

The secant stiffness of the equivalent SDOF structure can be found using: 
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  7.6 

Finally, the total transverse seismic shear demand on the superstructure is 

calculated by multiplying the stiffness and target displacement of the equivalent 

structure: 

 ,eq t eqV K   
7.7 

 

This base shear is then distributed between the seismic-resisting elements based on 

their relative stiffness. The following section presents the steps involved in the 

direct displacement based design of a dissipative rocking superstructure. 

7.4 DDBD in dissipative rocking superstructures 

In the case of a dissipative rocking superstructure, the following steps summarize 

the design procedure. Further details pertaining to each step are presented in the 

following sections. 

1. Assume a displacement profile for the superstructure; this study uses a parabolic 

displacement profile. 

2. Find the yield displacement of the superstructure based on geometry and design 

graphs developed specifically for system of interest (given in Appendix C). 

3. Find the target displacement at mid-span based on yield displacement at mid-

span and target ductility, μ. 

4. Find the mass, meq, and target displacement, Δt,eq, of the equivalent SDOF 

structure. 

5. Find the equivalent damping ratio, ξeq, using the target ductility, μ. 

6. Reduce the design displacement spectrum from 5% damping to match the 

calculated equivalent damping ratio ξeq, using the reduction factor η. 

7. Using the new displacement spectrum and the target displacement of the SDOF 

structure find the natural period of the equivalent structure, Teq. 
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Figure 7-3: Overview of DDBD method for dissipative rocking superstructures 
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8. Find the secant stiffness of the equivalent structure, Keq, using Teq. 

9. Find the base shear demand in the transverse direction using Keq and the target 

displacement, Δt,eq. 

10. Distribute the seismic force in the superstructure. For dissipative rocking 

superstructures, the distribution can be parabolic or uniform. 

11. Find the value of bending moment at each connection using the seismic load 

profile used in the previous step. 

12. Design the connections using the bending moments calculated in the previous 

step. 

13. Analyse the connections using the developed rMBA method, this step is 

performed for validation of the design. 

7.4.1 Displacement profile  

The first step of a direct displacement based design procedure involves 

choosing the displaced profile of the structure. For a bridge, this will depend on its 

geometry and boundary conditions, or relative roles/interaction between the 

superstructure and substructure.  

 

Figure 7-4: Displacement profile for dissipative rocking superstructure. The joints are 

numbered from i = 0 to n and the beams from j = 1 to n 

If no interaction exists between the superstructure and piers, and if the connection 

between the superstructure and abutments is hinged, we may assume that the 

superstructure deformation under transverse loading will be similar to that of a 

simply supported beam under uniform distributed loading, i.e. parabolic. Figure 7-4 

illustrates a parabolic profile applied to a dissipative rocking superstructure. Only 
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the inelastic portion of the overall superstructure displacement is shown, therefore 

the centreline of each span is a straight line. 

The hinged restraints of the superstructure can be realised if the abutment features 

external shear keys, sufficient clearance is provided between the abutment and 

superstructure to allow the superstructure to rotate freely (without a bending 

imposed on it from the abutment), and the stiffness of the soil backfill is sufficiently 

high (compared to the structure) so that deformation of the soil is negligible. 

Equation 7.8 (repeat of Equation 6.21) gives the imposed rotation between two 

spans based on the deformed shape shown in Figure 7-4: 
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7.4.2 Yield displacement 

7.4.2.1 Calculation of yield displacement using neutral axis depth 

Calculated based on the displacement profile and an estimated neutral axis depth 

which is a percentage of the superstructure width (section depth). The gap opening 

at each location, θi, is correlated to the displacement at mid-span (Equation 7.8); 

therefore, the relationship between the dissipater strains in each connection and this 

rotation can be approximated. The ratio of neutral axis depth to superstructure width 

at yield can be estimated using experimental results on dissipative rocking 

reinforced concrete shear walls available in the literature, for example Pampanin et 

al. (2010) estimate the neutral axis depth at yield as 20% of the section depth for 

shear walls. Alternatively, more precise values for the neutral axis depth can be 

found from parametric analysis of a series of dissipative rocking superstructure 

configurations. In this study, the values of neutral axis depth, c, vs. rotation in 

connection, θ, were found for all configurations described in the current chapter. 

The mean value of c for each θ was found among all configurations which used 

similar levels of total steel ratio in the connection (ρ). These values are shown in 

Figure 7-5.  
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Figure 7-5: Ratio of neutral axis depth to superstructure width 

based on percentage of steel and rotation in connection 

Equation 7.8 shows that a parabolic displacement profile leads to equal values of 

imposed rotation at all joints. If an axial dissipater j is placed at a distance equal to 

ddiss,j from the bottom edge of the rocking section, and assuming a neutral axis to 

section depth ratio of 20%, its increment in length will be equal to: 
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Where Δmid is displacement of the superstructure at its centre, n is the number of 

spans, L is the length of each span, and D is the width of the superstructure. 

The longitudinal strain in the same dissipater can be found using: 
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Where Ldiss,j is the length of the axial dissipater. 

Equations 7.9 and 7.10 can be used to calculate the approximate the yield 

displacement for a given configuration. 

7.4.2.2 Calculation of yield displacement using results of parametric 

analysis 

A series of analyses can be performed using the revised Monolithic Beam 

Analogy (rMBA) method described in Chapter 6 to find the yield displacements of 

dissipative rocking superstructures with various geometric configurations. The 

results can then be used to provide a more accurate estimate of the yield 

displacement. 

Table 7-2 Overview of configurations used in parametric analysis 

Parameter Values 

Beam type 

BeamSingle hollow-core 650mm deep (16m spans); 

Single hollow-core 900mm deep (20m spans); 

Super-T 1225mm deep (30m spans) 

Number of spans 2, 3, 4, 5 

Dissipater length 500, 600, 700mm 

Superstructure width at rocking 

interface 
6.5, 7.5, 8.5, 9.5, 10.5m 

Appendix C provides values for yield ratios obtained from parametric analyses on 

a number of configurations, an overview of which is presented in Table 7-2. Three 

types of superstructure beams were used, with the number of spans ranging from 2 

to 5. The span lengths were either equal to 16, 20 or 30m depending on the type of 

superstructure (Table 7-3). The post-tensioning tendons were situated at mid-depth 

of the beam to avoid excessive strains. The dissipaters were placed at the two sides 

of the superstructure to increase their contribution to the bending moment and 

increase energy dissipation. The superstructure width at the rocking interface was 

taken as equal to 6.5, 7.5, 8.5, 9.5 or 10.5m. However, the width of the 
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superstructure itself (and not rocking interface) was constant and equal to 10.5m, 

therefore the distance of dissipaters from the centreline remained equal to 5.25m in 

all configurations. The lengths of the dissipaters varied between 500 and 700mm. 

The results of this analysis are expressed in terms of yield ratio, which is the ratio 

of the yield displacement measured at midpoint of the superstructure, divided by 

the product of half the total length of the superstructure and dissipater length (this 

combination of values resulted in production of similar graphs for multiple 

configurations). In addition to the geometry of the superstructure systems, the yield 

ratios also depend on the total steel content (ρs) and the re-centering ratio (β) of the 

connections. These variables are expressed in Equations 7.11 to 7.13. 
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Where Δy is the yield displacement at the centre of the superstructure, Ltot is the total 

length of the bridge, Ldiss is the dissipater length, As is the total area of steel 

(dissipative + post-tensioning) in the connection, Ag is the gross area of concrete at 

the rocking interface, Mpt is the contribution of the post-tensioning moment in the 

connection, and Ms is the contribution of the dissipative moment in the connection. 
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Table 7-3: Overview of superstructure beams for parametric analysis 

Beam type 
Span 

length (m) 

Cross section; typical (top) and end diaphragm 

(bottom) 

Single hollow core 

650mm deep 
16 

 

Single hollow core 

900mm deep 
20 

 

Super T bridge 

1225mm deep 
30 

 

7.4.3 Target displacement and ductility 

After defining the displacement profile and yield displacement of the equivalent 

structure, a value is chosen for the target ductility and used to calculate the target 

displacement, as shown in Equation 6.13 (repeat of Equation 7.3): 

 t y      7.14 (repeat) 

 A number of different criteria are used to limit the calculated target displacement 

based on performance criteria, as described below: 

a) Strain limits of the post-tensioning tendons; their strain level for a given value 

of imposed rotation in the connections is directly proportional to the width of 
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the superstructure. An increase in width will lead to increased tendon strains 

under transverse loading. Excessive lateral displacements of the superstructure 

may cause yielding of the post-tensioning tendons. The target displacement 

must be limited to avoid this mode of failure which is brittle and will result in 

loss of self-centering. The maximum force in the post-tensioning tendons shall 

be therefore limited to 80% of their nominal yield strength. 
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Where εPT is the strain in the post-tensioning, LPT is the original length of the 

post-tensioning tendon, and ΔL,PT is its increase in length due to superstructure 

elongation during rocking (Figure 7-6). 

 

Figure 7-6: Criteria for maximum target displacement 

b) Strain limits of the axial mild steel dissipaters; their axial strain is also directly 

proportional to the width of the superstructure, as shown in Equation 7.16. 

Rupture of the dissipaters leads to a significant reduction in the equivalent 

damping ratio, and if it is to be avoided the target displacement must be limited. 

In this study, the maximum strain in the dissipaters was limited to 6% for a ULS 

level earthquake. 
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Where εdiss is the strain in the mild steel dissipater, Ldiss is the original length 

of the dissipater, and ΔL,diss is its increase in length due to a rotation of θ and 

gap opening in the connection during rocking (Figure 7-6).  

c) Maximum allowable displacement of the superstructure relative to the cap 

beams; this value will depend on the characteristics of bearings that are used to 

isolate the superstructure and pier caps. The maximum relative displacement of 

the superstructure was limited to 300mm in this study, with the assumption that 

the superstructures were supported on unguided, low-friction sliding bearings 

(Figure 7-6). 

 , 300mmt mid   7.17  

Where Δt,mid is the target displacement at the centre of the superstructure. 

7.4.4 Properties of equivalent SDOF structure 

Once the displacement profile of the superstructure, Δ is determined, and 

the yield and target displacements at its centre are known, the properties of the 

equivalent SDOF structure and its target and yield displacements can be found.   

 

Figure 7-7: Displacement profile and distribution of seismic mass  

The yield displacement of the equivalent structure can be found using: 
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Where mi corresponds to the values of the lumped mass, and Δi corresponds to the 

displacements at the lumped mass locations. In this study, these points have been 

chosen as the centre of each span and the joint locations. The target displacement 

of the equivalent structure can be found using: 
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The effective mass of the equivalent structure meq can be determined using: 
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7.4.5 Equivalent damping ratio 

The target displacement spectra used for design should be modified to 

reflect the total damping of the equivalent structure. For this purpose, first the 

equivalent damping ratio should be calculated. The damping of a dissipative 

rocking system can be divided into two parts; elastic and hysteretic damping.  

 eq el hys     7.21 

The first term, ξel, corresponds to the damping of an elastic structure and is assumed 

to be equal to 5% of the critical damping (NZTA 2013 Cl 5.3.3).  

The total damping of an equivalent inelastic structure can be calculated using a 

method proposed by Priestley (2007): 
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where μ is the displacement ductility of the system and the damping factor Rξ 

depends on the hysteresis behaviour of the structural system. The values below have 

been proposed by Priestley (2007) for Rξ: 

Rξ = 0.444 for concrete bridges (Thin Takeda) 

Rξ = 0.565 for internally grouted mild steel dissipation (Fat Takeda) 

Where dissipative rocking systems are involved, Marriott (2009) has proposed the 

following values Rξ: 

Rξ = 0.670 for externally mounted friction devices (elastic-perfectly plastic) 

Rξ = 0.577 for externally mounted mild steel yielding devices (Ramberg-

Osgood) 

The values of Rξ should be calculated for each structural system based on extensive 

time-history analyses. However, in the absence of such analyses for a dissipative 

rocking superstructure system, Chapter 8 provides values for Rξ based on analysis 

of various configurations for dissipative rocking superstructures using the rMBA 

method.  

Since a dissipative rocking structure is composed of elastic (post-tensioning) and 

inelastic components (dissipaters), Equation 7.22 can be modified for it by 

assigning weight factors to the terms on the right-hand side based on their 

contribution to the overall damping (Pampanin et al. 2010). A damping of 5% of 

the critical damping ratio is considered for the elastic post-tensioning system and 

the equivalent damping of the inelastic dissipative system can be found from 

Equation 7.22. The total equivalent damping of the system can be calculated using 

Equation 7.23. This equation assumes that the moment can be divided into two 

distinct contributions, and coupling does not occur between the effects of post-

tensioning and dissipative devices. 
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Where λ is the re-centering ratio (λ = Msteel/Mtotal) and μ is the displacement ductility 

of the system. 

If the system consists of elements that have different target ductilities, for example 

a bridge with piers of different heights, the value of equivalent damping found from 

Equation 7.23 for each element should be weighted based on the work done by its 

shear force demand, as shown below: 
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In a dissipative rocking superstructure however, the connections are designed to 

yield and achieve ultimate rotations simultaneously, as discussed previously. 

Therefore, Equation 7.23 can be used to find the equivalent damping ratio for the 

entire system as an SDOF structure. 

7.4.6 Displacement design spectrum 

Where a site-specific design spectrum is not available, the acceleration 

design spectrum provided by seismic design codes such as NZS1170.5 (NZS 2004) 

can be converted to a displacement design spectrum. The effects of return period, 

site and importance of the structure are considered in NZS1170.5 by multiplying 

the soil-specific acceleration spectrum by the Hazard Factor (Z) and Return Period 

Factor (Rμ) (NZTA 2013). The corresponding displacement design spectrum is 

obtained by modifying the acceleration design spectrum as below: 
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where Ch(T) is the acceleration spectral shape factor for the fundamental natural 

period, T. 
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The result is then reduced for a ductile response using a spectral reduction factor 

which accounts for the damping ratio calculated in the previous section. Priestley 

(2007) recommends using the reduction factor, η, calculated using Equation 7.9.  
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where α is equal to 0.25 for near-field situations, within 10km of a known active 

fault where forward-directivity is considered likely; and equal to 0.5 in all other 

situations. The value of ξeq is the equivalent viscous damping of the designed 

structure found from Equation 7.23 and accounts for the additional damping 

(beyond the assumed 5% elastic damping) that originates from yielding of the 

system. 

7.4.7 Fundamental period and stiffness of equivalent SDOF structure 

The fundamental period of the equivalent structure is calculated by finding 

the value of Tn corresponding to the target displacement on the target displacement 

spectrum for the damping ratio defined in section 7.4.5. An elastic spectrum is 

commonly used for this purpose; however, an inelastic spectrum yields more 

reliable results and curtails the need for multiple iterations of the design procedure 

(Chopra & Goel 2001).  

 

Figure 7-8: Displacement design spectrum based on NZS1170 
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The transverse stiffness of the equivalent structure can then be found using the 

calculated fundamental period:  
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This stiffness is combined with the target displacement to calculate the seismic 

demand in terms of base shear. 

7.4.8 Base shear 

The total transverse seismic shear demand on the superstructure is 

calculated by multiplying the stiffness and target displacement of the equivalent 

structure: 

 ,eq t eqV K   7.28 

This base shear is then distributed between the seismic-resisting elements. 

7.4.9 Distribution of seismic load in superstructure 

The transverse seismic base shear demand that is calculated from the 

previous section can be distributed along the superstructure using a parabolic 

profile, which is essentially the shape of the first natural mode of vibration in the 

transverse direction. This profile is used in conventional bridges where the 

abutments-soil combination stiffness is higher than that of the structure, and the 

superstructure is free to rotate in-plan however is otherwise restrained by the 

abutments (Priestley et al. 1996). Alternatively, the force can be distributed 

uniformly along the superstructure. This profile can be used when abutment-soil 

combination does not provide restraint to the superstructure.  

Whichever distribution is chosen, the relative bending moment capacity of the 

rocking sections will follow the same pattern, which will in turn reinforce the 

distribution that has been selected. Therefore, it would be reasonable to use a 
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uniform distribution for transverse seismic load as a parabolic distribution would 

lead to increased stiffness and bending moment of rocking connections closer to the 

centre of the superstructure. This study adopted a uniform distribution for the 

transverse seismic load. 

Since the seismic mass is distributed along the superstructure, the force applied to 

each point of lumped plasticity, k, is then calculated using: 
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Where ϕ is the distribution profile chosen for the transverse seismic load as 

described above. 

7.4.10 Distribution of seismic force between superstructure and 

abutments 

Performance of the dissipative rocking superstructure under transverse 

seismic loading is dependent on the ability of the abutment-soil combination to 

sufficiently support the superstructure.  

 

Figure 7-9: Superstructure and abutments acting as springs in series under transverse seismic 

loading 

At the beginning of this chapter it was assumed that the superstructure is hinged at 

the abutments and that the stiffness of the abutment-backfill combination was 

significantly higher than that of the structure (Section 7.4.1). This assumption can 

however be modified and the stiffness of the soil modelled to represent the seismic 

load-resisting system more accurately. An example is presented in Figure 7-9 where 
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the superstructure and abutment-soil combination are represented as a group of 

springs configured in series. 

7.4.11 Distribution of seismic force between superstructure and piers 

It has been assumed thus far that the superstructure is horizontally isolated 

from and can deform independently of the piers. However, if a superstructure with 

dissipative rocking connections is connected to the piers so that their displacement 

is coupled, for example through shear keys, its displacement will depend on the 

combined stiffness of both the piers and superstructure system. In other words, the 

system will behave as a combination of two parallel springs, as shown in Figure 

7-10. 

The piers in such a system can be designed as conventional monolithic or low-

damage dissipative rocking piers. Moreover, they can be designed to yield in 

response to the design level earthquake or remain elastic. In any case, since the 

transverse stiffness of the superstructure system is added to the stiffness of the piers, 

the combined system will have a lower stiffness than one in which the transverse 

seismic force is resisted by the superstructure or piers only. Depending on the 

properties of the soil and geometry of the entire bridge structure, it can be decided 

in what ratio the seismic force is divided between by the pier system and the 

abutments. After distribution of the seismic load, design of the superstructure and 

piers can then be performed separately.  

 

Figure 7-10: Superstructure-abutment system and piers acting as parallel springs under 

transverse seismic loading 
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7.5 Design of dissipative rocking superstructure 

connections 

The procedure described in the previous sections presents a method for 

calculating the transverse seismic base shear demand on the superstructure. The 

superstructure can be idealized as a simply supported beam subjected to a 

distributed force. The moment and shear effects can consequently be calculated at 

each connection using simple statics. If a uniform distribution is used, the shear and 

bending moment at each point along the superstructure, x, can be found using: 
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where q is the distributed transverse seismic force on the superstructure, n is the 

number of spans and L is the length of each span. 

The bending moment capacity at each connection is provided by two components; 

the concrete-dissipater couple and the concrete-post-tensioning couple. Once the 

bending moment at each connection is calculated according to the previous section, 

it can then be divided into two parts using the re-centering ratio β (β= Mre-

centering/Mtotal). 
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The necessary area of steel can be found by assuming a neutral axis depth (typically 

0.2D where D is width of the superstructure) and equating the relevant moment 

(provided by dissipaters or post-tensioning) in the connection to that of the 

concrete-steel couple. The moment provided by a group of steel dissipaters in each 

connection is equal to: 
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where ϕ is the moment reduction factor, As is the area of steel in each dissipater, fy 

is the yield stress of dissipative steel, and (dc - ds,i) is the distance from the centroid 

of the compression block to each dissipater.  

The moment provided by the post-tensioning steel is approximated by neglecting 

the effects of beam elongation and using the initial value of post-tensioning stress 

to find the tensile force in the tendons: 

 
 0 ,PT PT PT c PT i total

i

M A f d d M     7.34 

The initial post-tensioning value must be large enough to provide sufficient self-

centering, but small enough to ensure that the post-tensioning does not yield. In this 

study, a value of 50% of the tendons’ yield force is used as the initial post-

tensioning force. 

7.6 Decompression of superstructure 

Dissipative rocking connections have a nonlinear moment-rotation 

relationship, which means once the rotation reaches a certain value there is a 

reduction in their stiffness, and further rotation is possible with minimal resistance 

to additional loading. This loss of stiffness occurs in two phases; decompression 

and material or geometric nonlinearity. Material nonlinearity occurs due to yielding 

of the mild steel dissipaters, whereas geometric nonlinearity occurs once the neutral 

axis depth becomes less than the depth of the post-tensioning. Figure 7-11 shows 

these two stages as seen in the moment-rotation graph of a dissipative rocking 

connection (this example corresponds to a configuration used in the parametric 

analysis of Chapter 8). 
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Figure 7-11: Example of non-linear behaviour of a dissipative rocking connection 

A dissipative rocking superstructure consists of several connections with a 

nonlinear moment-rotation relationship functioning in series. If a number of these 

connections reach their yielding point before the others and experience a sudden 

decrease in their stiffness, the deformation demand will be met through the yielded 

connections which possess the lowest values of stiffness. Therefore, the yielded 

connections will continue to experience increased rotation while the elastic 

connections will experience minimal rotation and continue to remain elastic. 

Optimum performance of a dissipative rocking superstructure can be obtained once 

all connections are engaged and can achieve nonlinearity. Therefore, the 

connections should be designed to reach decompression and yielding at the same 

time, i.e. their capacity should be proportional to the magnitude of the bending 

moment as calculated from Equation 7.30. 

The decompression moment at each connection is a function of axial force and the 

second moment of inertia of the section. To achieve equal decompression moments 

in different sections, either the depth or number of post-tensioning tendons must be 

modified for each section based on its bending moment demand. 
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Figure 7-12: Example of dissipative rocking superstructures with a) Constant post-tensioning 

and varied rocking section width & b) Constant rocking section width and varied post-

tensioning 

The yielding moment at each connection is a function of the dissipaters’ area and 

their distance from the concrete compression block. Again, to achieve equal 

yielding moment in different sections these values need to be proportionate to the 

bending moment demand in each section.  

An example of these configurations is shown in Figure 7-12. Further examples are 

demonstrated in Chapter 8 which presents the procedure and results of the 

parametric analysis. 

7.7 Longitudinal seismic loading 

The DDBD method presented in this chapter focussed on the design of 

dissipative rocking superstructures for transverse seismic loading. The response of 

these superstructures to longitudinal seismic loading will be similar to a 

conventional simply supported superstructure, where the seismic demand is resisted 

by the abutments and piers. Direct displacement based design of the bridge can be 

performed using the standard DDBD procedure available in the literature and is not 

repeated here (Priestley et al. 2007, Chapter 10, Section 10.3). 

7.8 Alternative boundary conditions 

The displacement profile presented in this chapter and the previous for dissipative 

rocking superstructures was based on several assumptions that have been discussed. 

a) 

b) 
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A hinged connection between the superstructure and abutments was central to the 

formation of a parabolic displacement profile. The main reason for the hinged 

connections was to minimise the effect of rocking on the abutments and to reduce 

the load transferred to them from the superstructure. 

Alternative configurations and boundary conditions would lead to different 

displacement profiles and distribution of the base shear demand, which will affect 

the DDBD procedure. For example, if the abutments impose rotational restraints on 

the superstructure, and apply an in-plan bending moment to it, the connections 

between the superstructure and abutments will be fully or partially fixed rather than 

hinged. In this case, the displacement profile of the superstructure should be 

modified to consider this boundary condition. For a moment resisting restraint, the 

displacement profile of a fixed-end beam under uniform distributed loading (shown 

in Figure 7-13) can be used. 

After the target displacement profile is established, the properties of the equivalent 

SDOF structure can be found, and DDBD of the superstructure can be performed 

following the steps described in the previous sections. 

 

Figure 7-13: Deformation profile of dissipative rocking sueprstructure with fixed restraints 

7.9 Conclusions 

This chapter adapted the direct displacement based design (DDBD) method 

for use in superstructures with dissipative rocking connections and certain boundary 

conditions. The DDBD procedure uses a predefined target displacement profile in 

combination with yield and target displacements and damping ratio for an 

equivalent structure to calculate the transverse seismic base shear demand in the 
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superstructure. This force is then distributed along the superstructure using a 

parabolic or uniform profile, from which the resulting moment demand in each 

rocking connection can be calculated. Once the moment demands in the 

connections are known, they can be designed using a simplified method described 

in this chapter. The connections can consequently be analysed and the design 

verified by using the revised Monolithic Beam Analogy for dissipative rocking 

superstructures which was developed in Chapter 6. 

It was shown that the assumed parabolic displacement profile of the superstructure 

is only valid if certain boundary conditions are met; among these conditions are 

hinged restraints at the superstructure ends (provided by the abutments), and high 

stiffness of the abutment-soil combination relative to the transverse stiffness of the 

superstructure. These assumptions provide the basis for establishing a target 

displacement profile, which is a necessary input for direct displacement based 

design of the superstructure. 
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 Parametric analysis of 

dissipative rocking 

superstructures 

8.1 Introduction 

This chapter presents the findings from a series of analyses on dissipative 

rocking superstructures featuring various configurations with the objectives of 

finding their force-displacement relationship, yield displacement, equivalent 

damping ratio, and studying the effects of superstructure geometries (e.g. length, 

type, number of spans) and target ductility levels on these values. 

First, several standard superstructure beams (NZTA, 2008) with different cross 

sections and span lengths were selected. Different number of spans and values of 

target ductility were considered for each configuration. The direct displacement 

based design procedure developed in Chapter 7 was then used to design the post-

tensioning and dissipative devices for the dissipative rocking superstructures which 

were assumed to be supported on low-friction bearings at the piers. The resulting 

configurations were modelled using the rMBA method for dissipative rocking 

superstructures which was developed in Chapter 6. The analysis provides 

information for estimating the equivalent viscous damping of dissipative rocking 

superstructures with axial dissipaters, and the yield displacement of various 

configurations. 
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8.2 Design of dissipative rocking superstructures for 

parametric analysis 

Several superstructures with different geometric configurations were 

designed using the DDBD procedure described in Chapter 7. During the design 

procedure, the required area of post-tensioning and dissipative steel for each 

configuration was calculated based on target values. Details of the configurations 

used in the analysis are presented in the following sections. 

8.2.1 Superstructure configurations 

The precast concrete superstructure beams that were used in the design were 

based on standard beam specifications published by the New Zealand Transport 

Agency (NZTA, 2008). Table 8-1 provides a brief description of the properties and 

shows cross sections of the beam types used in the parametric analysis. End and 

intermediate diaphragms in each span have the role of distributing gravitational load 

in the transverse direction and therefore providing integrity to the superstructure, 

and in the case of dissipative rocking superstructures, creating a solid rocking 

interface for superstructure ends. 

Each superstructure cross-section consists of multiple precast beam segments that 

are connected with transverse post-tensioning, grout and in the case of super T 

beams, an in-situ deck. The rocking mechanism introduces moment and shear in 

the plane of the superstructure. Therefore, the transverse post-tensioning and 

grouting between the beams should be designed for these additional demand that 

would not be present in a conventional simply supported superstructure. 
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Table 8-1: Overview of superstructure beams 

Beam type Span length (m) 
Cross section; typical (top) and end diaphragm 

(bottom) 

Single hollow core 

650 deep 
16 

 

Single hollow core 

900 deep 
20 

 

Super T bridge 

1225 deep 
25 

 

In addition to using various beam types, the configurations featured different span 

numbers, lengths and target ductility levels. An overview of the geometric and 

structural configurations considered in the parametric analysis are presented in 

Table 8-2 

Table 8-2: Configurations for parametric analysis 

Beam types 3 (Table 8-1) 

Span length 16, 20, 30 

Number of spans 2, 3, 4, 5 

Target ductility 1, 3, 6, 15 

It should be noted that although the maximum level of ductility has an apparently 

large value (µ=15) in some configurations, the target displacements corresponding 

to this level of ductility are not large (<150 mm), since the yield displacements are 
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small and therefore compensate for the high ductility levels. The small values for 

yield displacements are a result of the significant distance between the axial 

dissipaters and the neutral axis creating large strains in the axial dissipaters. When 

using high values for the target ductility, design of the axial dissipaters has to be 

carried out considering the effects of slenderness. Sarti et al. (2016) have proposed 

values for the maximum compressive force in mild steel axial dissipaters based on 

their effective slenderness for certain dissipater geometries. 

In conventional bridge structures, the displacement ductility is limited based on 

residual displacements and possibility of repair. For example, the maximum 

allowable ductility for a pile in which plastic hinging occurs at an accessible 

location is higher than for a pile in which plastic hinging occurs below ground level 

(NZTA 2013). A dissipative rocking superstructure addresses both these issues; the 

post-tensioning reduces residual displacements significantly while the low-damage 

design is performed with the objectives of minimal damage and straightforward 

repair after a seismic event. 

8.2.2 Variation of width and post-tensioning 

It was mentioned in Chapter 7 that to achieve synchronous decompression 

of all joints in the superstructure, their decompression moment must be 

proportionate to the magnitude of moment from the applied transverse force. This 

is achieved in the parametric analysis by using two methods; variation of 

superstructure width, or variation in level of post-tensioning (Figure 8-1). Reducing 

either width of post-tensioning force in joints that need to resist a lower moment 

reduces their decompression moment, enabling all joints on the superstructure to 

reach decompression at the same time (Figure). 
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Figure 8-1: Example of dissipative rocking supestructures with a) Constant post-tensioning and 

varied rocking section width, b) Constant rocking section width and varied post-tensioning 

To find the decompression moment at any section, we can assume a linear 

distribution of strain in the section. Figure 8-2 shows an arbitrary section where DPT 

is the distance of the post-tensioning force and DC is the distance of the concrete 

compression force from the top of the section, and B(h) is the section width at 

distance h from the top of the section. 

The effective centre of compression can be found using the equation below: 
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The effective depth of the post-tensioning can be found using: 

 
, ,

1

,

1

PT

PT

n

PT i PT i

i
PT n

PT i

i

T D

D

T











 8.2 

 

Figure 8-2: Forces at decompression for an arbitrary section 

a) 

b) 
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The eccentricity of forces in the section is given by: 

 c PTe D D   
8.3 

And the decompression moment is given by: 

 
,dec PT totM e T   

8.4 

The bending moment at each dissipative rocking connection can be found by 

assuming a uniform distributed load profile (as discussed in Section 7.5 and 

demonstrated in Figure 8-3). 

 

Figure 8-3: Bending moment along superstructure 

The bending moment at each connection is given by Equation 8.5: 
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 8.5 

If the section depth (superstructure width) is similar in all joints, for decompression 

to occur simultaneously along the superstructure, the post-tensioning force at each 

joint must be proportional to the bending moment at the joint location. This is 

demonstrated in Figure 8-4. 
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If the same ratio of initial post-tensioning is used for all tendons, we have: 
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 8.6 

If the post-tensioning is similar in all joints, if decompression is to occur 

simultaneously along the superstructure, the depth of each section must be modified 

so that the section eccentricity, or e in Figure 8-2, is proportional to the bending 

moment at the joint location. This is demonstrated in Figure 8-5. 

This means that for a rectangular cross section with post-tensioning that is 

symmetric about the centreline, the following should hold true: 

 

Figure 8-4: Variation of post-tensioning along superstructure based on bending moment 

 

Figure 8-5: Variation in depth of rocking section along superstructure based on bending 

moment 
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8.7 

8.2.3 Seismic design factors 

The seismic base shear in each configuration was found using acceleration 

spectra and seismic design factors based on NZS1170.5 (NZS 2004), which are 

presented in Table 8-3. 

Table 8-3 Modification factors for acceleration design spectrum (NZTA 2013) 

Parameter Value Notes 

Importance factor, I 3 Bridges on primary lifeline routes 

Soil type C Shallow soil 

Annual probability of 

exceedance for ULS 
1/2500 Permanent structure, earthquake actions 

Hazard factor, Z 0.3 Canterbury region 

Return period factor, Ru 1.8 1/2500 

Structural performance factor, Sp 1 Performance based design 

8.2.4 Post-tensioning and dissipaters 

The post-tensioning tendons used in design of the superstructure 

configurations for the parametric analysis were 15mm VSL strands. A maximum 

of 55 of such strands can be combined to form a tendon which fits in a corrugated 

160/167mm (ID/OD) diameter steel duct. The tendons were assumed to be placed 

at the centre of the superstructure beam (bridge spine) to minimize excessive 

strains. The initial post-tensioning value of the tendons was taken as equal to 50% 
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of yield strength (0.1% proof loading), to provide a sufficient safety margin from 

brittle failure of the tendons. 

The dissipaters were assumed to be tension-compression mild steel devices, similar 

to those studied in Chapter 3, manufactured from G300 steel with a nominal fuse 

diameter of 20mm (area of 314mm2) and length of 500mm. G300 steel was chosen 

as it has a higher allowable maximum strain than G500. The dissipaters were 

assumed to be installed at edges of the superstructure beams to maximize their 

contribution to the resisting bending moment. This placement results in an increase 

in dissipater strain demand and a decrease in the yield displacement of the system, 

as shown in Figure 8-8. 

Although a theoretical fuse diameter of 20mm2 was used, in practice, where an 

impractically high number of dissipaters is necessary, this diameter can be 

increased. For example, if 60 dissipaters with a nominal diameter of 20mm are 

needed, they can be substituted with 15 dissipaters with a nominal diameter of 

40mm. 

8.2.5 Material properties 

Properties of the materials used in the parametric design and analysis are 

given below. A linear model was used for the post-tensioning tendons as they were 

not expected to yield, whereas a bilinear model was used for the mild steel 

dissipaters, as described by Equation 8.8. A maximum allowable strain of 0.06, and 

typical yield strength of 330MPa was used for the G300 steel. 

 

Figure 8-6: Variation of dissipater strain based on location in rocking section 
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8.8 

Where r is the bilinear strain hardening factor, and is taken as equal to 0.008 for 

G300 steel. 

A 28-day compressive strength of f’c = 40MPa was used for the concrete. The 

modulus of elasticity of the concrete, Ec, was calculated using the method provided 

by NZS3101 (2006).  

       

Figure 8-7: Stress-strain models of materials used for rMBA; a) Dissipative mild steel and post-

tensioning steel & b)  Unconfined and confined concrete (Mander et al. 1988) 

The stress-strain relationship of concrete was modelled using the Mander et al. 

model for confined concrete (Mander et al. 1998, Pampanin et al. 2010), details of 

which are presented in Appendix F. A confinement ratio of 1.15 was assumed for 

the parametric analysis, which is realistic and easily achievable by providing 

sufficient transverse reinforcement inside the beam end diaphragms. Provision of 

armouring on corners of end diaphragms, similar to what was implemented in the 

test specimen, improves the confinement of concrete outside the core area and 

significantly increases its allowable strain. Therefore, the analysis used a confined 

concrete stress-strain model for the entire section. The maximum allowable strain 

of concrete was taken as 0.02.  

a)                                                                             b)           
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Table 8-4 Material properties 

Concrete 
Concrete compressive strength 40MPa 

Confinement ratio 1.15 

Post-tensioning tendons 
15mm VSL strands  

Area of each tendon 140mm2 

Modulus of elasticity 195GPa 

0.1% proof stress 1640 

Ultimate stress 1860 

Mild steel dissipaters 

Fuse area 314 

Modulus of elasticity 205GPa 

Yield stress 330 

Ultimate stress 420 

8.3 Superstructure designs 

The configurations were designed using the DDBD procedure described in 

Chapter 7, which is briefly repeated here for sake of completeness.  

Design of each configuration began with choosing the number of spans, 

superstructure beam type, span lengths, and location of post-tensioning tendons and 

dissipative devices. The post-tensioning tendons were placed at the centre of the 

superstructure beam (bridge spine) to minimize excessive strains and prevent their 

failure. The dissipaters were placed at the edges of the superstructure beams to 

maximize their contribution to the bending moment. 

Once the geometry was defined, the yield displacement of the structure, Δy, was 

found by using specifically developed design graphs for dissipative rocking 

superstructures (Appendix C). A value for target ductility, µ, and re-centering ratio, 

β, was also chosen. This information combined with a chosen target ductility (µ), 

yielded the effective yield displacement Δy,eff, effective target displacement, Δt,eff, 

and effective mass of the structure, me. The target ductility and re-centering ratio 

were used to find the spectral reduction factor for damping (η).  
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The target design spectrum was calculated according to NZS1170.5 for a structural 

performance factor Sp of 1.0, return period factor Rµ of 1.8 and damping reduction 

factor of η. The corresponding period T for the effective target design displacement 

Δt,eff was then found. The stiffness of the structure and therefore demand base shear 

V could be calculated using this information.  

Once base shear was known, the moment demand at each joint location Mi was 

found by assuming a uniform distribution of V. This moment was distributed 

between the post-tensioning and dissipative steel according to the re-centering ratio, 

and the necessary area for each was found by assuming a neutral axis, c, of 20% of 

the superstructure width for the first iteration of design. This ratio is commonly 

used for design of dissipative rocking structures (Pampanin et al. 2010). However, 

more precise values for the neutral axis depth can be found from parametric analysis 

of a series of dissipative rocking superstructure configurations, as shown in Figure 

7-5. 

Once design was complete, the superstructure properties including cross-section, 

location and area of the dissipative and post-tensioning steel was used to find the 

force-displacement relationship of the superstructure in accordance with the rMBA 

procedure for dissipative rocking superstructures which was developed in Chapter 

6. The shear force at the target displacement found from the analysis was compared 

to the target value, and the steel area was slightly modified in case of discrepancy. 

The analysis was repeated to confirm a match between the target values used in the 

design and the results from the analysis. 

A summary of the superstructure configurations and their design target values for 

the parametric analysis can be found in Appendix D. 

8.4 Design trends 

The configurations presented in the previous section were analysed using 

the rMBA method developed for dissipative rocking superstructures. A typical 

shear-deformation plot is presented in Figure 8-8 which shows yield and target 
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displacements at the centre of the superstructure, and their corresponding base shear 

forces. Results of the analyses performed on the various configurations are 

presented in Appendix D in the form of force-displacement plots. 

 

Figure 8-8: Example of force-displacement plot of superstructure (total base shear and 

displacement at centre of superstructure) under one cycle of loading for a sample configuration 

The ratio of the neutral axis depth to superstructure width was found for all 

configurations, and was mainly dependent on the ratio of the area of steel (mild and 

post-tensioning) in the section, and rotation in the connection. These values are 

shown in Figure 7-5. 

The analyses show that using higher target ductility values increases the natural 

period (Figure 8-9) and generally results in a significant reduction in the base shear 

to weight ratio (Figure 8-10) and necessary proportion of longitudinal steel (sum of 

mild steel dissipaters and post-tensioning), Figure 8-11. 
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Figure 8-9: Relationship between nautral period of superstructure 

and target ductility 

 

 

Figure 8-10: Relationship between target ductility and  ratio of  

base shear demand to superstructure weight  
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Figure 8-11: Relationship between ductility and proportion of 

longitudinal steel (dissipaters and post-tensioning) 

 

  

Figure 8-12: Relationship between superstructure length and base shear demand 

Figure 8-12 shows the overall relationship between superstructure length and base 

shear demand, based on ductility levels. It can be seen that in general, the value of 

base shear increases superstructure length (and mass), however as a general trend 

decreases at higher ductility levels. 
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Greater superstructure lengths result in higher base shear demands and necessitate 

a larger reinforcement ratio for two reasons; higher structural mass and increased 

bending moment at the joints due to the length of the bridge (Figure 8-3 shows the 

distribution of bending moment in the superstructure). 

Figure 8-13 shows the base shear to superstructure weight ratio (V/W) as a function 

of superstructure length and target ductility. For low ductility levels (µ=1) a longer 

superstructure generally results in a higher V/W. However, as ductility levels 

increase, a greater superstructure length results in a lower V/W ratio. This can be 

attributed to decreased stiffness and increased natural period of the structure at 

increased ductility levels. At the lower range of ductility, the period of the 

equivalent structure coincides with the equal acceleration or equal velocity section 

of the design spectra, leading to an increase in base shear demand to superstructure 

weight. 

 

Figure 8-13: Relationship between superstructure length and ratio of  base shear demand 

to superstructure weight 

8.5 Equivalent damping ratio of dissipating rocking 

superstructures 

The parametric analysis was used to establish a relationship between 

equivalent viscous damping of the structure, ξeq, and displacement ductility, µ. The 
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equivalent viscous damping is composed of two components; the initial elastic 

damping, ξ0, and the hysteretic damping, ξhyst, as shown in Equation 8.9 . It should 

be noted that contact (radiation) damping has not been considered here, since for 

structures with practical levels of mechanical damping, the contact damping will 

have little effect on the overall response of the system (Marriott 2009). 

 
0eq hyst   

 8.9 

The equivalent hysteretic damping ratio can be calculated by comparing the energy 

dissipated by a viscous damper with the energy dissipated from nonlinear behaviour 

in a stabilised steady-state response (Jacobsen 1960): 
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8.10 

Where Ahyst is the area encompassed by the flag-shape hysteresis loop, and F0 and 

u0 the maximum force and displacement in the force-displacement plot. 

 

Figure 8-14: Dissipated and stored energy for a) Viscous damping and b) hysteretic cycles 

(Blandon & Priestley 2005) 

The area inside the hysteresis loops was calculated for all superstructure 

configurations in the parametric analysis, and was used to find the corresponding 

hysteretic damping, ξhyst. This value was then modified by the re-centering ratio, λ, 

found from the analysis and added to the 5% assumed elastic damping to find the 

equivalent viscous damping, ξeq (Equation 8.11). Since in a dissipative rocking 

a)                                           b)           
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superstructure the connections are designed to yield and achieve ultimate rotations 

simultaneously and also share the same value of λ, the equivalent damping ratio for 

the entire system can be found as an SDOF structure using Equation 8.11. 
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Where Mpt and Mdis are the contributions of post-tensioning and mild steel 

dissipaters to the bending moment in the connections respectively. 

 

Figure 8-15: Relationship between equivalent damping ratio and displacement ductility  

The results of these calculations are shown in Figure 8-15. The equivalent damping 

ratio calculated using a method proposed by Priestley (2007) has also been plotted 

in this graph (Equation 8.12). 
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The value of Rξ in the equation above was calculated to minimize the square root 

of the sum of squares between Equation 8.12 and the mean value of the damping 

values found from the parametric analysis (Equation 8.12). 

Figure 8-16 shows the relationship between the equivalent damping ratio of all 

configurations and the superstructure length as found from the parametric analysis. 

As can be seen, there is no direct correlation between these two parameters. 

 

Figure 8-16: Relationship between equivalent damping ratio and length of superstructure 

8.6 Conclusions 

Several bridges with various geometries were designed to resist transverse 

seismic loading by means of dissipative rocking superstructures. The designs were 

carried out using a direct displacement based methodology (Chapter 7) and 

analysed using the revised Monolithic Beam Analogy method (Chapter 6) for 

dissipative rocking superstructures. 

The results provide yield displacement values for various dissipative rocking 

superstructure configurations, which can be used as an input for direct 

displacement-based designs of such structures. The force-displacement 

relationships of several superstructure designs were also found, and the effects of 

target ductility on yield displacements and stiffness of the equivalent SDOF 
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structure was studied. It was shown that using higher target ductility values 

decreases the secant stiffness, increases the natural period and significantly reduces 

the base shear and necessary reinforcement ratio (both mild steel dissipaters and 

post-tensioning). It was also shown that for low ductility levels (µ=1) a longer 

superstructure generally results in a higher base shear demand to weight ratio. 

However, as ductility levels increase, a greater superstructure length results in a 

decrease in base shear demand to weight ratio. 

In addition to the above, an expression to find equivalent viscous damping in 

dissipative rocking superstructures was found by calibrating results from the 

parametric analysis to theoretical values.  
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 Conclusions and future 

research 

9.1 Summary 

Despite the many advantages that precast concrete bridge construction offers, 

its use has been somewhat limited in seismic areas due to the need for reliable and 

ductile connections between precast elements. This study developed dissipative 

rocking connections between superstructure spans in precast concrete bridges, 

creating a system with energy dissipating and self-centering characteristics. The 

dissipative rocking connections combined mild steel dissipative devices with 

unbonded longitudinal post-tensioning to form a dissipative rocking superstructure. 

Two types of dissipative rocking superstructure systems were studied. In the first 

system (single superstructure), each span was monolithic and axial mild steel 

dissipaters were installed between adjacent spans or between the spans and 

abutments. Unbonded post-tensioning ran through the length of the superstructure. 

The superstructure was isolated from the piers through low-friction bearings and 

the abutments provided restraint in the transverse direction. When transverse 

loading was applied to the superstructure the spans would rotate, engaging the axial 

dissipaters and increasing the post-tensioning force. 

In the second system (coupled superstructure), each span was split longitudinally 

into two segments, which were coupled with UFP dissipaters. Unbonded post-
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tensioning ran through the length of the superstructure, connecting adjacent spans. 

When transverse loading was applied to the superstructure the spans would rotate, 

engaging the UFP dissipaters and increasing the post-tensioning force. 

The study was undertaken in two parts; experimental testing and theoretical 

analysis. The experimental phase aimed to validate the concept of dissipative 

rocking superstructures and determine any practical limitations. It consisted of 

standalone dissipater testing (both mild steel axial and UFP dissipaters, Chapter 3), 

and large scale quasi-static testing of a two-span bridge incorporating a single 

superstructure system (Chapter 4) and coupled superstructure system (Chapter 5) 

with dissipative rocking connections. In the large-scale experimental testing, the 

response of a 1/3 scale bridge specimen to quasi-static cyclic loading in the 

transverse direction was studied. 

The theoretical phase aimed to extend the results of the experimental testing to 

bridges with various geometries through parametric analysis (Chapter 9), and to 

develop methods for the analysis (Chapter 6) and design (Chapter 7) of dissipative 

rocking superstructures. A direct displacement based design method and an analysis 

method based on the revised monolithic beam analogy (rMBA) was developed for 

establishing their force-displacement relationship. It was demonstrated that precast 

concrete superstructures with dissipative rocking connections have a reliable 

performance under transverse seismic loading showing zero degradation in stiffness 

or equivalent damping ratio, and are a feasible solution for improving the response 

of short-to-medium bridge superstructures in seismic areas.  

The results of this study are summarised below: 

Chapter 2:  This chapter presented an overview of accelerated bridge construction 

using prefabricated bridge elements, which provides many benefits 

including reduced on-site construction time and increased construction 

quality and safety. The concept of low-damage, dissipative rocking 

connections between prefabricated building and bridge elements was 

presented. Previous research has seen the application of this connection 

in beam-to-column joints, shear walls and bridge pier-to-foundation and 
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pier-to-cap beam connections. It is shown that dissipative rocking 

connections can be used in lieu of conventional monolithic connections 

to increase reparability and reduce residual displacement after a seismic 

event. 

Chapter 3: This chapter presented details of the axial and UFP mild steel dissipaters 

used in the large-scale testing of dissipative rocking connections for 

bridge superstructures. All dissipaters were tested under quasi-static 

cyclic loading. 

The axial dissipaters were manufactured from G300 mild steel. They 

comprised a plain rod which was milled down to a cruciform for their 

dissipative length, and threaded at the ends to facilitate their assembly. 

The dissipaters were inserted inside a mild steel tube (sleeve) for 

protection against buckling. A number of such dissipaters with slightly 

different details such as threaded and plain lengths were tested to 

achieve a reliable final design. The test results show that axial 

dissipaters which are subjected to positive strains form a reliable yield 

mechanism. However axial dissipaters which are subjected to negative 

strains only exhibit a reliable behaviour if their design facilitates 

yielding of the cruciform section before jamming of the threads or 

dissipater inside the sleeve. This can be achieved by allowing sufficient 

plain length so that the threaded section is clear of the sleeve, and 

providing clearance between the dissipative cruciform section and the 

inside surface of the sleeve. Overlooking such details can cause 

involvement of the sleeve in load bearing, sudden increase in stiffness 

and buckling of the entire dissipater assembly. The resulting 

overstrength could potentially damage the connections between the 

dissipaters and the structure. 

The UFP dissipaters were also manufactured from G300 steel. Due to 

their simple and non-compound design, their behaviour is more 

predictable than the studied axial dissipaters. They can therefore be 
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designed and manufactured using less meticulous procedures. Results 

from testing show that their behaviour matches predicted theoretical 

values, and were consistent with previous experimental results (Baird 

2014). 

Both types of dissipaters were used in large-scale testing of dissipative 

rocking connections for bridge superstructures which is the subject of 

Chapters 4 and 5. 

Chapter 4: This chapter presented findings from a series of quasi-static tests on a 

large-scale bridge specimen featuring a dissipative rocking 

superstructure with mild steel axial dissipaters. The specimen 

comprised two superstructure spans and a substructure system 

(abutments, cap beam and pier). The superstructure spans were 

connected using post-tensioning tendons running through pre-existing 

ducts (hollow cores), and mild steel axial dissipaters at the rocking 

interfaces.  

The results showed that dissipative rocking connections in the 

superstructure increase energy dissipation and facilitate self-centering 

of a bridge superstructure under transverse loading. Axial dissipaters 

behave efficiently when connecting two superstructure spans. 

However, when connecting the superstructure and abutment, 

longitudinal stiffness of the abutment-pile system is critical in ensuring 

the dissipaters’ effectiveness. A soft abutment-pile system will displace 

in response to superstructure rotation and axial load in the dissipaters, 

reducing differential movement between the superstructure and 

abutment therefore rendering the dissipaters inefficient. 

The specimen used UHWMPE plates to isolate the superstructure from 

the substructure in the transverse direction. However, the coefficient of 

friction was higher than predicted due to imperfections in the sliding 

interfaces. While designing dissipative rocking superstructures, friction 

should be taken into account as it increases energy dissipation and the 
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transverse stiffness of the system. Coulomb friction acts opposite to the 

direction of restoring force when the structure is returning to its original 

position. The necessary amount of superstructure post-tensioning must 

therefore be increased to compensate for this effect if perfect self-

centering is to be achieved. 

The test specimen used rubber bearings placed vertically on the 

abutments between the shear keys and superstructure to prevent stress 

concentration and concrete spalling. Due to low torsional stiffness of 

the abutment-pile system, rotation of the superstructure was coupled 

with rotation of the abutments, and shear force was transferred through 

the rubber bearings. Such coupling can be prevented if an isolating 

detail is used in conjunction with rubber bearings at the abutment shear 

keys. 

In conclusion, it was shown that dissipative rocking connections can be 

used in bridge superstructures as an efficient method to increase energy 

dissipation and reduce residual displacements in a precast concrete 

bridge system subjected to transverse lateral seismic loading, provided 

that the boundary conditions (e.g. stiffness of abutments) are inductive 

to engagement of the dissipaters and therefore proper function of the 

dissipative rocking system. 

Chapter 5: This chapter presented findings from a series of quasi-static tests on a 

large-scale bridge specimen featuring a dissipative rocking 

superstructure with mild steel UFP dissipaters. The specimen 

comprised two superstructure spans and a substructure system 

(abutments, cap beam and pier). Each span consisted of two segments 

which were coupled using UFP dissipaters. The spans were connected 

with post-tensioning tendons running through pre-existing ducts 

(hollow cores) in the longitudinal direction.  

The results show that coupled dissipative rocking superstructure 

systems increases energy dissipation and facilitate self-centering of a 
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bridge under transverse loading. Using UFP dissipaters with larger 

widths increases the amount of dissipated energy, while increasing the 

dissipater width and initial post-tensioning force increases the 

transverse stiffness of the superstructure. 

In conclusion, it was shown that using dissipative rocking connections 

with UFP dissipaters in superstructures is an efficient method to 

increase energy dissipation and reduce residual displacements in a 

precast concrete bridge system subjected to transverse lateral seismic 

loading. 

Chapter 6: In this chapter, a method was developed for modelling dissipative 

rocking connections in bridge superstructures. The revised Monolithic 

Beam Analogy (rMBA) which was originally developed for beam-

column joints or pier and wall connections was adapted for use in 

superstructures. Results of the experimental testing were compared 

with the model. The comparison showed that the rMBA method can 

model the moment-rotation behaviour of dissipative rocking 

superstructures with sufficient accuracy. 

Chapter 7: This chapter developed a direct displacement based procedure which can 

be used to design dissipative rocking superstructures. The procedure 

uses a predefined displacement profile in combination with yield and 

target displacement and damping values for an equivalent structure to 

calculate the lateral seismic force in the superstructure. This force is 

then distributed along the superstructure using a parabolic or uniform 

profile, from which the resulting moment demand in each rocking 

connection can be calculated. Once the moment demand in the 

connections are known they can be designed using a simplified method. 

The connections can consequently be analysed and the design verified 

by using the revised Monolithic Beam Analogy for dissipative rocking 

superstructures, presented in Chapter 6. 
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Chapter 8: In this chapter, several bridges with various geometries were designed 

using a DDBD method to resist seismic loading by means of dissipative 

rocking superstructures. The structures were then analysed using the 

revised Monolithic Beam Analogy for dissipative rocking 

superstructures. 

The results provide yield displacement values for various dissipative 

rocking superstructure configurations, which can be used for direct 

displacement-based designs of such structures. The force-displacement 

plots of several superstructure designs were also presented, which show 

that using higher target ductility values decreases the secant stiffness, 

increases the natural period and significantly reduces the base shear and 

necessary reinforcement ratio (both mild steel dissipaters and post-

tensioning). It can be seen that for low ductility levels (µ=1) a longer 

superstructure generally results in a higher base shear demand to 

weight ratio. However, as ductility levels increase, a greater 

superstructure length results in a decrease in base shear demand to 

weight ratio. In addition to the above, an expression to find equivalent 

viscous damping in dissipative rocking superstructures was calibrated 

using results from the parametric analysis.  

9.2 Future works 

This research developed dissipative rocking connections for bridge 

superstructures through large-scale quasi-static cyclic testing, theoretical modelling 

using a specifically developed rMBA method, and parametric analysis. If such 

connections are to be adapted for bridge design, a number of potential issues should 

be addressed through further research. This section provides a summary of such 

issues. 
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9.2.1 Longitudinal seismic loading 

This research focused on the response of dissipative rocking superstructures 

subjected to transverse seismic loading, however their response to longitudinal 

seismic loading was not investigated. If the superstructure is isolated from the piers 

in the longitudinal direction, the abutments and backfill should be designed to resist 

longitudinal seismic loading. Alternatively, such loading can be transferred to the 

piers through internal shear keys which are protected through capacity design. In 

this case energy dissipation and ductility is provided by plastic hinging of the 

piers/piles.  

9.2.2 Boundary conditions at abutments  

This study assumed a hinged connection between the superstructure and 

abutments in the plane of the superstructure, leading to a parabolic target 

displacement profile in the superstructure. This assumption is only one possible 

configuration among many, and is dependent on the realisation of a number of 

conditions. These conditions include high in-plan stiffness of the superstructure 

compared to the abutments, provision of sufficient restraint to the superstructure in 

the transverse direction by the abutments (through shear keys) but freedom to move 

in the longitudinal direction and to rotate in-plan, and sufficient capacity of the pile-

soil combination to resist the base shear in the transverse direction  

Further studies are necessary to define a suitable target displacement profile for the 

superstructure if different boundary conditions exist at the abutments. For example, 

a fixed or partially-fixed connection between the superstructure and abutment (in-

plan) will result in a different target displacement profile for the superstructure.  

If the transverse stiffness of the abutment-fill combination is not significantly 

higher than the in-plan stiffness of the superstructure, it must be considered in 

calculation of the target displacement, calculation of the damping ratio of the 

equivalent structure, and modelling the force-displacement relationship of the 

bridge. 
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The boundary conditions will also affect the damping ratio of the equivalent SDOF 

structure. For example, if the abutment-soil combination experiences displacement 

as a result of seismic loading, soil damping should also be considered. The damping 

contribution by each structural element is proportional to the base shear experienced 

by that element multiplied by its displacement.  

9.2.3 Superstructure bearings 

The dissipative rocking superstructure systems developed in this research 

were isolated from the substructure with UHWMPE plates. In practice, these plates 

can be substituted with low-friction or friction bearings, such as PTFE-steel sliding 

surfaces, which should be designed to accommodate the transverse displacement of 

the superstructure. If friction bearings are used, their contribution to energy 

dissipation should be considered in the design and analysis phases. 

9.2.4 Curved and skewed bridges 

The behaviour of curved and skewed bridges under seismic loading is 

different to that of straight bridges. Both of these geometries induce coupling of the 

structural response in the transverse and longitudinal directions. Skewed bridges 

experience rotation of spans mainly in one direction (from the obtuse corner to the 

acute corner). The effect of these geometries on the target displacement profile of 

the superstructure must be considered, a 

9.2.5 Steel-composite superstructures 

This study focussed on developing a dissipative rocking system for precast 

reinforced concrete superstructures. This concept however can be expanded to other 

superstructure types, such as steel-composite superstructures which combine the 

compressive strength of concrete in the deck slab with the tensile strength of steel 

in the girders. Since this type of superstructure feature bracing at the ends of the 

spans rather than solid diaphragms, the rocking interface will only include the deck 

and not the entire depth of the superstructure. 
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9.2.6 Hierarchical activation of dissipaters 

Dissipative devices play a critical role in the performance of a DRC under 

seismic loading, and their failure will result in a sudden reduction in the strength 

and stiffness of the connection, and ultimately bridge structure. In this study, all the 

dissipaters in a connection were designed to activate simultaneously and reach a 

similar limit state under the design level earthquake. 

The robustness of a DRC can be increased by arranging the dissipaters in such a 

way that their activation, yield and failure occurs at different levels of seismic 

demand. This concept which has been studied for application in bridge piers (Liu 

& Palermo 2016), can also be applied to bridge superstructures. For example, 

distribution of the axial dissipaters with similar lengths across the width of the 

superstructure (rather than at the edges which was the configuration used in the 

numerical sections of this study), will result in their hierarchical activation. The 

further the dissipater is from the centre of the superstructure, the sooner it will 

activate and/or fail under a certain level of displacement demand. This change in 

behaviour will affect the moment-rotation relationship of each connection and the 

force-displacement relationship of the superstructure. 

9.2.7 Link slabs 

Dissipative rocking superstructures feature separate spans which are 

connected longitudinally with post-tensioning tendons. In practice, some form of 

continuity must be provided along the road surface. This objective can be achieved 

through installation of Engineering Cementitious Composite (ECC) link slabs 

between the spans. ECC is a material that possesses high ductility and self-healing 

properties and examples of its successful application and reliable performance of 

exists in the literature (Lepech & Li 2009, Kim et al. 2004).  

9.2.8 Displacement profile of superstructure in plan 

In Section 7.4.1, it was assumed that the displacement profile of a dissipative 

rocking superstructure in plan resembles that of a simply supported beam, i.e. 
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parabolic. However, the actual displacement profile of the superstructure may take 

on a different form depending of the configuration (cross-sectional area and 

positioning) of the mild steel and longitudinal post-tensioning steel used in the 

section of the beams. Parametric analysis of various configurations using time-

history analyses is required to identify the most probable displacement profiles. It 

can also provide a relationship between the possible displacement profiles and the 

distribution of rotational stiffness among the dissipative rocking connections along 

the bridge. 

9.2.9 Time-history analysis 

The parametric analyses performed in this study used a rMBA method 

developed for dissipative rocking superstructures. The predictions which were 

made using this method proved to match experimental results. However, for 

different configurations than those tested (i.e. number of spans, span length and 

beam type) validating the rMBA with time history analyses of finite element models 

will prove useful. The analyses can be used to validate the general displacement 

profile, force-displacement relationships and equivalent damping ratio of the 

superstructure configurations (Rξ, Equation 7.23). Although equivalent damping 

ratios for various configurations were estimated in Chapter 8 using force-

displacement relationships found from the rMBA method, more reliable values for 

Rξ can be found by performing extensive nonlinear time-history analyses. 

 It is worth noting that the dissipative rocking connections in dissipative rocking 

superstructures cannot be accurately modelled using rotational springs, which is a 

widespread practice for modelling dissipative rocking connections in beam-column 

joints, walls and piers. The reason for this can be found in the moment of rotational 

springs being only dependent on the rotation at each joint, and the tension in 

longitudinal post-tensioning tendons being dependent on the rotation of all the 

joints that they span. The finite element model should therefore be comprised of 

contact springs representing the concrete rocking interface and truss elements 

representing the post-tensioning tendons. The axial and UFP mild steel dissipaters 

can be modelled using truss elements or shear springs respectively.  
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 Rotational stiffness of 

abutment and 

dissipater pair 

B.1 Rotational stiffness of abutment-pile bent under symmetric 

loading 

The abutment portal frame including the steel bracing was modelled using 

a finite element analysis software. A force of 100kN was applied to the corners of 

the abutment and the displacement was measured (Figure B-1).  

 

Figure B-1: Finite element modelling of abutment bent under symmetric loading 
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The rotational stiffness of the abutment can be calculated as: 
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B-1 

A mild steel axial dissipater with a yield force of 58kN and groove length of 0.157m 

will have a yield displacement equal to (neglecting the deformation of the un-

grooved section): 
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For two axial dissipaters with a distance of 0.54m this equates to a rotation of: 
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Therefore, the rotational stiffness of the dissipater pair can be found as: 
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In this case the rotational stiffness of the dissipater pair and abutment bent is similar. 
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For two axial dissipaters with a distance of 0.94m the same calculations can be 

performed giving a rotational stiffness equal to: 
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B.2 Rotational stiffness of abutment-pile bent under asymmetric 

loading 

The abutment portal frame including the steel bracing was modelled using a finite 

element analysis software. A force of 100kN was applied to one corner of the 

abutment and the displacement was measured (Figure B-2). 

 

Figure B-2: Finite element modelling of abutment bent under assymetric loading 

The necessary force to move the far corner of the abutment a distance of 1mm is 

equal to: 
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 Yield ratios of single 

superstructure systems 

This appendix presents the calculated yield ratios of the equivalent SDOF structures 

for the superstructure configurations discussed in Section 7.4.2.2. These values are 

dependent on the percentage of longitudinal reinforcement (mild steel and post-

tensioning) in the rocking sections (end diaphragms) of the superstructures. 
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C-1 

Where Δy,SDOF is the yield displacement of the equivalent SDOF system, Ltotal is the 

length of the superstructure, Ldissipater is the dissipater length, As is the area of 

longitudinal mild steel, APT is the area of post-tensioning and Ag is the gross 

concrete area of the rocking section. 
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Figure C-1: Yield ratio for a single-hollow core 650mm, 2span superstructure 

 

 

Figure C-2: Yield ratio for a single-hollow core 650mm, 3span superstructure 
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Figure C-3: Yield ratio for a single-hollow core 650mm, 4span superstructure 

 

 

Figure C-4: a) Yield ratio for a single-hollow core 650mm, 5span superstructure 
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Figure C-5: Yield ratio for a single-hollow core 900mm, 2span superstructure 

 

 

Figure C-6: Yield ratio for a single-hollow core 900mm, 3span superstructure 
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Figure C-7: Yield ratio for a single-hollow core 900mm, 4span superstructure 

 

 

Figure C-8: Yield ratio for a single-hollow core 900mm, 5span superstructure 
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Figure C-9: Yield ratio for a Super-T 1225mm, 2span superstructure 

 

 

Figure C-10: Yield ratio for a Super-T 1225mm, 3span superstructure 
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Figure C-11: Yield ratio for a Super-T 1225mm, 4span superstructure 

 

 

Figure C-12: Yield ratio for a Super-T 1225mm, 5span superstructure 

 





 

 

 Superstructure designs 

for parametric analysis  
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Table D-1: Properties of dissipative rocking superstructure - single hollow-core 650mm deep beam 

Beam Spans Ductility ID T (s) 

ρs (%) = As/Ag ρPT (%) = APT/Ag D 

Joint 
 

Joint 

1 2 3 4 1 2 3 4 1 2 3 4 

S
in

g
le

 h
o

ll
o

w
-c

o
re

 6
5

0
m

m
 

2 

1 A-2-1 0.05 0.014 
   

0.021    10.35    

3 A-2-3 0.08 0.012 
   

0.017    10.35    

6 A-2-6 0.12 0.014 
   

0.021    10.35    

15 A-2-T 0.2 0.011 
   

0.015    10.35    

3 

1 A-3-1 0.07 0.057 0.007 
  

0.068 0.008   10.35 10.35   

3 A-3-3 0.14 0.036 0.004 
  

0.049 0.006   10.35 10.35   

6 A-3-6 0.21 0.033 0.004 
  

0.046 0.005   10.35 10.35   

15 A-3-T 0.37 0.024 0.003 
  

0.036 0.004   10.35 10.35   

4 

1 A-4-1 D const. 
0.09 

0.085 0.013 0.035 
 

0.112 0.017 0.046  10.35 10.35 10.35  

1 A-4-1 PT const. 0.095 0.013 0.039 
 

0.150 0.017 0.062  7.76 10.35 7.76  

3 A-4-3 D const. 
0.18 

0.052 0.008 0.022 
 

0.074 0.011 0.031  10.35 10.35 10.35  

3 A-4-3 PT const. 0.062 0.008 0.026 
 

0.099 0.011 0.041  7.76 10.35 7.76  

6 A-4-6 D const. 
0.26 

0.047 0.007 0.020 
 

0.065 0.010 0.027  10.35 10.35 10.35  

6 A-4-6 PT const. 0.052 0.007 0.022 
 

0.087 0.010 0.036  7.76 10.35 7.76  

15 A-4-T PT const. 
0.49 

0.028 0.004 0.012 
 

0.038 0.006 0.016  10.35 10.35 10.35  

15 A-4-T D const. 0.028 0.004 0.012 
 

0.053 0.006 0.022  7.76 10.35 7.76  

5 

1 A-5-1 D const. 
0.11 

0.171 0.029 0.104 0.109 0.201 0.035 0.126 0.129 10.35 10.35 10.35 10.35 

1 A-5-1 PT const. 0.190 0.027 0.096 0.182 0.285 0.033 0.118 0.274 6.9 10.35 10.35 6.9 

3 A-5-3 D const. 
0.22 

0.066 0.011 0.041 0.042 0.127 0.022 0.079 0.081 10.35 10.35 10.35 10.35 

3 A-5-3 PT const. 0.085 0.013 0.047 0.082 0.213 0.024 0.088 0.205 6.9 10.35 10.35 6.9 

6 A-5-6 D const. 
0.39 

0.047 0.009 0.031 0.030 0.099 0.017 0.062 0.064 10.35 10.35 10.35 10.35 

6 A-5-6 PT const. 0.066 0.009 0.033 0.064 0.156 0.018 0.065 0.150 6.9 10.35 10.35 6.9 

15 A-5-T PT const. 
0.88 

0.024 0.004 0.016 0.015 0.032 0.006 0.021 0.020 10.35 10.35 10.35 10.35 

15 A-5-T D const. 0.024 0.004 0.014 0.023 0.038 0.004 0.016 0.037 8.40 10.49 10.49 8.40 
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Table D-2: Properties of dissipative rocking superstructure - single hollow-core 900mm deep beam 

Beam Spans Ductility ID T (s) 

ρs (%) = As/Ag ρPT (%) = APT/Ag D 

Joint 
 

Joint 

1 2 3 4 1 2 3 4 1 2 3 4 

S
in

g
le

 h
o

ll
o

w
-c

o
re

 9
0

0
m

m
 

2 

1 B-2-1 0.06 0.020 
   

0.033    10.35    

3 B-2-3 0.1 0.017 
   

0.026    10.35    

6 B-2-6 0.14 0.017 
   

0.023    10.35    

15 B-2-T 0.23 0.014 
   

0.023    10.35    

3 

1 B-3-1 0.08 0.092 0.011 
  

0.128 0.015   10.35 10.35   

3 B-3-3 0.16 0.044 0.005 
  

0.099 0.011   10.35 10.35   

6 B-3-6 0.23 0.048 0.005 
  

0.068 0.008   10.35 10.35   

15 B-3-T 0.41 0.031 0.004 
  

0.047 0.005   10.35 10.35   

4 

1 B-4-1 D const. 
0.1 

0.143 0.019 0.066 
 

0.187 0.029 0.086  10.35 10.35 10.35 0.00 

1 B-4-1 PT const. 0.164 0.022 0.075 
 

0.261 0.030 0.120  8.69 10.35 8.69 0.00 

3 B-4-3 D const. 
0.21 

0.078 0.012 0.036 
 

0.105 0.016 0.048  10.35 10.35 10.35 0.00 

3 B-4-3 PT const. 0.068 0.009 0.031 
 

0.166 0.019 0.076  8.69 10.35 8.69 0.00 

6 B-4-6 D const. 
0.3 

0.072 0.011 0.033 
 

0.093 0.014 0.043  10.35 10.35 10.35 0.00 

6 B-4-6 PT const. 0.061 0.008 0.028 
 

0.149 0.017 0.069  8.69 10.35 8.69 0.00 

15 B-4-T PT const. 
0.63 

0.034 0.005 0.016 
 

0.043 0.007 0.020  10.35 10.35 10.35 0.00 

15 B-4-T D const. 0.031 0.004 0.014 
 

0.076 0.009 0.035  7.76 10.35 7.76 0.00 

5 

1 B-5-1 D const. 
0.14 

0.198 0.034 0.138 0.176 0.269 0.046 0.186 0.239 10.35 10.35 10.35 10.35 

1 B-5-1 PT const. 0.235 0.034 0.138 0.314 0.404 0.046 0.186 0.540 6.90 10.35 10.35 6.90 

3 B-5-3 D const. 
0.24 

0.085 0.015 0.061 0.076 0.184 0.032 0.128 0.164 10.35 10.35 10.35 10.35 

3 B-5-3 PT const. 0.116 0.017 0.069 0.155 0.313 0.036 0.144 0.418 6.90 10.35 10.35 6.90 

6 B-5-6 D const. 
0.44 

0.058 0.010 0.039 0.052 0.118 0.020 0.082 0.106 10.35 10.35 10.35 10.35 

6 B-5-6 PT const. 0.068 0.010 0.039 0.091 0.178 0.020 0.082 0.237 6.90 10.35 10.35 6.90 

15 B-5-T PT const. 
0.76 

0.031 0.005 0.022 0.027 0.065 0.011 0.046 0.058 10.35 10.35 10.35 10.35 

15 B-5-T D const. 0.037 0.006 0.024 0.050 0.103 0.012 0.048 0.138 6.90 10.35 10.35 6.90 
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Table D-3: Properties of dissipative rocking superstructure – Super-T 1225mm deep beam 

Beam Spans Ductility ID T (s) 

ρs (%) = As/Ag ρPT (%) = APT/Ag D 

Joint 
 

Joint 

1 2 3 4 1 2 3 4 1 2 3 4 

S
u

p
er

-T
 1

2
2

5
m

m
 d

ee
p

 
2 

1 C-2-1 0.08 0.093 
   

0.112    10.35    

3 C-2-3 0.15 0.045 
   

0.056    10.35    

6 C-2-6 0.22 0.045 
   

0.053    10.35    

15 C-2-T 0.38 0.030 
   

0.037    10.35    

3 

1 C-3-1 0.12 0.204 0.030 
  

0.378 0.055   10.35 10.35   

3 C-3-3 0.23 0.111 0.016 
  

0.211 0.031   10.35 10.35   

6 C-3-6 0.33 0.090 0.013 
  

0.174 0.025   10.35 10.35   

15 C-3-T 0.89 0.033 0.005 
  

0.064 0.009   10.35 10.35   

4 

1 C-4-1 D const. 
0.13 

0.348 0.069 0.121 
 

0.652 0.128 0.228  10.35 10.35 10.35  

1 C-4-1 PT const. 0.381 0.065 0.133 
 

0.820 0.120 0.287  7.7625 10.35 7.7625  

3 C-4-3 D const. 
0.24 

0.177 0.035 0.062 
 

0.329 0.064 0.115  10.35 10.35 10.35  

3 C-4-3 PT const. 0.210 0.036 0.073 
 

0.458 0.067 0.160  7.7625 10.35 7.7625  

6 C-4-6 D const. 
0.39 

0.114 0.022 0.040 
 

0.208 0.041 0.073  10.35 10.35 10.35  

6 C-4-6 PT const. 0.129 0.022 0.045 
 

0.278 0.041 0.097  7.7625 10.35 7.7625  

15 C-4-T PT const. 
1.03 

0.057 0.011 0.026 0.058 0.067 0.010 0.023  10.35 10.35 10.35  

15 C-4-T D const. 0.060 0.011 0.021 0.000 0.087 0.013 0.030  7.7625 10.35 7.7625  

5 

1 C-5-1 D const. 
0.19 

0.393 0.087 0.207 0.398 0.743 0.163 0.389 0.752 10.35 10.35 10.35 10.35 

1 C-5-1 PT const. 0.414 0.076 0.181 0.628 0.973 0.143 0.340 1.477 6.9 10.35 10.35 6.9 

3 C-5-3 D const. 
0.42 

0.159 0.035 0.084 0.161 0.306 0.067 0.161 0.310 10.35 10.35 10.35 10.35 

3 C-5-3 PT const. 0.195 0.035 0.084 0.296 0.460 0.067 0.161 0.698 6.9 10.35 10.35 6.9 

6 C-5-6 D const. 
0.49 

0.117 0.026 0.062 0.118 0.222 0.049 0.116 0.225 10.35 10.35 10.35 10.35 

6 C-5-6 PT const. 0.141 0.026 0.062 0.214 0.333 0.049 0.116 0.505 6.9 10.35 10.35 6.9 

15 C-5-T PT const. 
1.64 

0.045 0.010 0.023 0.046 0.085 0.019 0.045 0.087 10.35 10.35 10.35 10.35 

15 C-5-T D const. 0.054 0.010 0.023 0.082 0.128 0.019 0.045 0.195 6.9 10.35 10.35 6.9 
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 Force-displacement 

plots from parametric 

analysis 

      

Figure E-1: Relationship between inertial force and displacement at centre of superstructure 

under one cycle of loading for configurations 1-8; a) Single hollow-core 650mm beams, 2×16m 

spans & b) Single hollow-core 650mm beams, 3×16m spans 

 

a)                                                                            b) 
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Figure E-2: Relationship between inertial force and displacement at centre of superstructure 

under one cycle of loading for configurations 9-16; a) Single hollow-core 650mm beams, 

4x16m spans, constant superstructure width & b) Single hollow-core 650mm beams, 4x16m 

spans, constant post-tensioning along superstructure 

 

      

Figure E-3: Relationship between inertial force and displacement at centre of superstructure 

under one cycle of loading for configurations 5-8; a)Single hollow-core 650mm beams, 5×16m 

spans, constant superstructure width & b) Single hollow-core 650mm beams, 5×16m spans, 

constant post-tensioning along superstructure 

 

a)                                                                             b) 

a)                                                                             b) 



 

275 

 

      

Figure E-4: Relationship between inertial force and displacement at centre of superstructure 

under one cycle of loading for configurations 1-4; a) Single hollow-core 900mm beams, 2×16m 

spans & b) Single hollow-core 900mm beams, 3×16m spans 

 

      

Figure E-5: Relationship between inertial force and displacement at centre of superstructure 

under one cycle of loading for configurations 5-8; a) Single hollow-core 900mm beams, 4×16m 

spans, constant superstructure width & b) Single hollow-core 900mm beams, 4×16m spans, 

constant post-tensioning along superstructure 

 

a)                                                                             b) 

a)                                                                             b) 
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Figure E-6: Relationship between inertial force and displacement at centre of superstructure 

under one cycle of loading for configurations 5-8; a) Single hollow-core 900mm beams, 5×16m 

spans, constant superstructure width & b) Single hollow-core 900mm beams, 5×16m spans, 

constant post-tensioning along superstructure 

 

      

Figure E-7: Relationship between inertial force and displacement at centre of superstructure 

under one cycle of loading for configurations 1-4; a) Super-T 1225mm beams, 2×16m spans & 

b) Super-T 1225mm beams, 3×16m spans 

a)                                                                             b) 

a)                                                                           b) 
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Figure E-8: Relationship between inertial force and displacement at centre of superstructure 

under one cycle of loading for configurations 5-8; a) Super-T 1225mm beams, 4×16m spans, 

constant superstructure width & b) Super-T 1225mm beams, 4×16m spans, constant post-

tensioning along superstructure 

 

      

Figure E-9: Relationship between inertial force and displacement at centre of superstructure 

under one cycle of loading for configurations 5-8; a) Super-T 1225mm beams, 5×16m spans, 

constant superstructure width & b) Super-T 1225mm beams, 5×16m spans, constant post-

tensioning along superstructure 

 

a)                                                                             b) 

a)                                                                             b) 





 

 

 Mander stress-strain 

relationship for 

confined concrete 

The stress-strain model for confined concrete as developed by Mander et al. (1988), 

presents the following equations for calculation of stress in concrete:  
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Where f’cc, the peak confined concrete stress, is a function of the effective lateral 

confinement stress f’1: 
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F-2 

In the above equation εc is the longitudinal strain in the concrete and εcc is the strain 

in the concrete corresponding to the peak confined concrete stress f’cc. 
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In Equation F-4, εc0 is the strain corresponding to the peak unconfined concrete 

stress and is taken as 0.002.  
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 Calculation of base 

shear for prototype 

bridge 

The New Zealand code for structural loading (NZS1170.5) uses a force-based 

method to calculate the base shear demand on a structure. This demand is found 

using Equation G-1: 

  1d tV C T W  G-1 

Where Cd (T1) is the horizontal design action coefficient found using Equation G2 

and Wt is the total weight contributing to seismic inertia in the direction of loading. 

  
 1
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C T S
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G-2 

Where C(T1) is the ordinate of the elastic site hazard spectrum, Sp is the structural 

performance factor and kµ is the modification factor as defined in NZS1170.5 

(2004). Cd (T1) should also satisfy the following, but should not be less than 0.03Rµ. 
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G-3 

The value of C(T1) can be found from Equation G-4. 
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      1 1 1,hC T C T ZR N T D  G-4 

Where Ch (T) is the spectral shape factor, Z is the site-dependent hazard factor, Rµ 

is the return period factor and N(T,D) is the near fault factor which is a function of 

the structure’s fundamental natural period, T1, and its shortest distance from the site 

to nearest fault, D. This value is equal to 1 if D is greater than 20km. 

 

 


