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Abstract 

This research investigated the in-situ behaviour of reinforced concrete bridges and components 

that are typical to New Zealand bridge stock based on experimental and numerical modelling 

approaches. The behaviour at the component level was characterized by performing field testing 

on two separate reinforced concrete bridge pile foundations and developing numerical models 

accounting for nonlinear soil response, soil gapping, and material nonlinearities. Piles with 

smooth reinforcement tested under cyclic loading were able to maintain their strength through 

large displacements and multiple cycles. Numerical models showed bond-slip implementation 

improved the representation of the global cyclic response of the pile-soil system with smooth 

reinforcement, but this difference was not as significant as that seen for other structural elements 

with smooth reinforcement. Monotonic loading and dynamic snapback testing of piles with 

deformed reinforcement demonstrated how loading history and magnitude influenced system 

damping and the varying contributions of different energy dissipation mechanisms. Bridge pier 

response was characterized by analysing the response of an in-service bridge pier during 

multiple earthquakes and developing their numerical models. The fundamental period of the 

bridge pier varied significantly during these earthquakes due to system softening. A sensitivity 

analysis on the effect of input ground motions highlighted the importance of accounting for 

ground motion spatial variability and the difficulties involved in post-earthquake back-analysis. 

There was a significant system softening observed prior to the onset of any structural damage 

across all these examples, with numerical models demonstrating the importance of including 

soil and gapping. Sensitivity analyses showed the influence of concrete strength and the top soil 

layers on the static response of pile-soil systems and the dynamic response of bridge pier. This 

research improved the understanding of in-situ behavior of reinforced concrete bridges through 

the field test and monitored data, and suggested modelling approaches that can effectively 

capture the response of bridge pile foundations and piers similar to the ones studied under 

different loading conditions.  
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Introduction and Background 

1.1. OVERVIEW 

It is important that bridges perform well and maintain a high level of functionality after an 

earthquake as most bridges are required for safe transport of heavy machinery, first-aid supplies 

and evacuees immediately after an earthquake (Enke et al., 2008; Luna et al., 2008). In the case 

of a severely damaged or collapsed bridge, the consequences in terms of economic losses due 

to repair or replacement costs and disruption of traffic can be substantial (Enke et al., 2008; Yi 

et al., 2020). Damage or collapse of bridges has been observed in a number of past earthquakes. 

The performance of bridges has been discussed by Gates et al., (1988) during the 1987 Whittier 

Narrows earthquake, Housner and Thiel (1995) during the Northridge earthquake, Seible et al., 

(1997) during the Hyogo-Ken Nambu (Kobe) earthquake, and Imbsen et al., (2000) during the 

Kocaeli-Duzce earthquake.  

Bridges are less redundant structures compared to buildings and have limited potential to 

distribute damage across a large number of potential plastic-hinge zones within a structure 

(Tsionis, 2004; Yalcin, 1997). This may be an issue for bridges around the world that were 

designed and constructed prior to the 1970’s without any adequate seismic design guidelines 

(Yalcin, 1997; Hogan et al., 2013). These older bridges were designed with focus on strength 

rather than deformation capacity, with minimal provisions to ensure the stability of the structure 

in its inelastic range (Pinto and Monti, 2000). Failure of a single element will most likely result 

in significant reduction in capacity or failure of the overall structure (Tsionis, 2004). This 

possess a significant risk and an improved understanding of seismic performance of these 

bridges at a component and system level is therefore a high priority.  

Existing design and seismic assessment tools to quantify the potential performance of a bridge 

typically rely on numerical modelling techniques. During the development of a numerical 

model, several assumptions are made in terms of material properties, connections, and boundary 
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conditions, depending on the desired level of accuracy. This process may over-simplify the 

representation of the bridge, meaning the models may not be able to adequately represent the 

in-service response. Some of the most difficult aspects to incorporate into numerical models are 

the uncertainties regarding the influence of the foundation and the surrounding soil on the 

seismic response of the bridge or the influence of soil-foundation-structure interaction (SFSI). 

Finn and Fujita (2004) and Martin and Lam (2000) discussed the importance of an integrated 

modelling approach that bridges all these aspects together.  

The influence of SFSI on the seismic response of bridges is well documented by many 

researchers (Novak, 1991; Paulay and Priestley, 1992; Mylonakis et al., 1997; Gazetas and 

Mylonakis, 1998; Mylonakis and Gazetas, 2000). Although SFSI and its influence has been 

considered in design standards for many years, there is little guidance on the tools or procedures 

that can be used to accurately account for this effect (Hogan, 2014). As a result of this, in many 

cases the capacity of a bridge is very different from that assumed or assessed through modelling. 

Additionally, SFSI depends on several structural and geotechnical parameters that are typically 

based from the results of a limited database of pile and bridge testing. This is not enough to 

cover the range of parameters that might be encountered, making it difficult to characterize all 

parameters with confidence. This makes an accurate assessment of potential performance 

difficult with the existing calibrated numerical models, at both an individual element and system 

level.  

Before improving the limited database of pile and bridge testing along with their calibrated 

numerical models, it is important to explore the previous research that has been undertaken to 

understand various aspects of bridge behavior. The sub-sections below will introduce some of 

the prominent work that has been undertaken to investigate the lateral response of bridges. More 

detailed background information is provided within subsequent chapters of the thesis. 

1.1.1. Lateral Response of Pile Foundations 

The majority of laboratory or field tests previously performed to study the lateral response of 

pile foundations were mostly under static pushover or dynamic loading conditions and in a range 

of different soil profiles. Static loading has been the most common approach used to test piles, 

where loading is typically applied at the top of the foundation as a monotonic or cyclic loading. 

The loading is typically applied using an actuator or through a metal strand connected to a 

hydraulic jack reacting against a support that will vary depending on the test location and 

conditions. Some of the prominent studies on the lateral response of piles under pushover 
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loading in different soil profiles were carried out by Matlock (1970), Kramer (1991), Rollins et 

al. (1998, 2003), Janoyan et al. (2006), Gerber and Rollins (2008), Sritharan et al. (2007), Sa’don 

(2012), Madhusudan Reddy and Ayothiraman (2015), Khari et al. (2015), Aguirre et al. (2018), 

Snyder (2004), Stewart et al. (2007), and Wood and Phillips (1989). 

To assess the damping and dynamic behavior of piles, foundations have to be loaded using a 

dynamic approach. Dynamic loading has typically been applied using an eccentric mass shaker, 

hydraulic actuator, by quick release of the load, or using a statnamic device at the top of the pile 

head. Some of the prominent studies on the dynamic response of piles were carried out by Brown 

(1994, 2007), Crouse et al. (1993), El Naggar (1998) , Boominathan (2006), Sa’don et al. (2014), 

Fleming et al. (2016), Chai and Hutchinson (2002), Boulanger et al. (1999, 2003), Chang and 

Hutchinson (2013), Bowles (2005), and Ting (1987) in a range of different soil profiles. These 

previous pile tests have helped in improving the estimates of damping, lateral stiffness and 

dynamic stiffness of pile foundations. These tests showed that the lateral response of pile 

foundations was dependent on the stiffness of the pile and the properties of the top soil layers 

(Broms, 1964a, 1964b). 

Most of the pile tests that were previously conducted were laboratory based, small scale, or on 

piles driven in the field specifically for testing purposes. Only a limited number of tests have 

been performed on full-scale bridge foundations from bridges that have been in-service. There 

have been few pile tests in soil profiles with soft surface layers underlain by much stiffer soils, 

conditions that are commonly encountered in bridges spanning across rivers. There have also 

been no pile tests performed on piles with plain round reinforcing bars that are commonly used 

in many in-service reinforced concrete bridges that designed pre-1970`s (Freeman, 1932; 

Beavers, 2002; Fajfar, 2018; Lew et al., 2020). 

1.1.2. Lateral Response of Bridges 

Forced vibration testing of a full-scale bridge can be used to understand the dynamic lateral 

response of the whole bridge structure and its foundation system. This testing approach used a 

controlled excitation source such as a drop hammer, known weight mass, or an eccentric mass 

shaker as the force input into the system. Lateral forced vibration testing on different in-service 

bridges have been performed by Douglas and Reid (1982), Moss and Carr (1976), Crouse et al. 

(1987), Halling et al. (2004), Johnson et al. (2009) and Salawu and Williams (1995). These 

studies highlighted the influence of abutment stiffness, pier stiffness, and SFSI on the dynamic 

characteristics of the bridge.  
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With improving accuracy and affordability of accelerometers, instrumenting bridges has 

become more prevalent as it can help improve our understanding of the structure by capturing 

the lateral response of the bridge continuously under ambient conditions from wind, traffic, 

temperature effects, and during severe shaking from earthquakes. Ambient vibration testing 

allows for the continuous monitoring of a structure without disruption to traffic. Previous 

research has focused on the ambient response of the Vincent-Thomas Suspension Bridge, the 

Golden Gate Bridge (Abdel-Ghaffar and Housner, 1977; Abdel-Ghaffar and Scalan, 1985; 

Abdel-ghaffar and Scanlan, 1985; Niazy, 1991), the Bosporous Suspension Bridge and the Fatih 

Sultan Mehmet Suspension Bridge (Brownjohn et al., 1992; Brownjohn et al., 1989), the Vasco 

Da Gama Bridge (Cunha et al., 2001), the Hakucho Bridge (Nagayama, Abe, Fujino, and Ikeda, 

2005), the Newmarket Viaduct (Beskhyroun and Navabian, 2020), and the Kavala Bridge 

(Vassilios Lekidis et al., 2004; Ntotsios et al., 2009). Response of bridges during earthquakes is 

less studied, with some of the notable studies focussed on the Golden Gate Bridge (Çelebi, 

2012), the Vincent Thomas Suspension Bridge (Smyth et al., 2003), the Higashi-Kobe Bridge 

(Ganev et al., 1998), the Hakucho Suspension Bridge (Siringoringo and Fujino, 2018), the 

Yokohoma Bay Bridge, Rainbow Bridge, Tsurumi Fairway Bridge (Siringoringo and Fujino, 

2008), the Port Mann Bridge (Kaya and Ventura, 2019), the Chalkis Cable-Stayed Bridge 

(Vassilis Lekidis et al., 2005; Sextos, Karakostas, Lekidis, and Papadopoulos, 2015), and the 

Polymylos Bridge (Ntotsios et al., 2009). The recorded responses of bridges has improved our 

understanding on the nonlinearity of bridge response and SFSI effects (Qiang et al., 2009; 

Siringoringo and Fujino, 2008). Studies on the dynamic response of scaled bridge specimens 

have been performed, with scale dictated by space, budget and equipment constraints. Some 

examples of laboratory bridge tests are those performed by Johnson et al., (2008), Saiidi et al., 

(2014), Xiang et al., (2019)  and Saiidi et al., (2013). One of the key issues with laboratory tests 

is their inability to replicate in-service boundary conditions and problems with scaling effects.   

1.1.3. Numerical Modelling of Bridges and its Foundations under Lateral Loads 

Soil surrounding a pile can be modelled in a number of different ways. The elastic continuum 

model (ECM), Winkler spring model, and Finite Element model (FEM) are the most common 

ways to model bridges and its foundations under lateral loads. In the ECM, the soil surrounding 

a structure is assumed as an infinite elastic half-space and closed form solutions are provided. 

ECM is an elastic approach that can be applied only for determination of the response at small 

strains. Nonlinear effects can be included in the ECM approach by applying a modifying factor 

to the elastic values (Davies and Budhu, 1986). There are multiple studies performed using ECM 
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in different soil conditions by Poulos (1971), Kuhlemeyer (1979), Randolph (1981), Poulos and 

Davis (1980), Budhu and Davies, (1988), Gazetas(1991), and Davies and Budhu, (1986). 

The Winkler spring model, also called as Beam on Nonlinear Winkler Foundation (BNWF), 

assumes that the pressure acting on soil due to piles can be modelled using independent springs 

and dashpots. The BNWF models are semi-empirical and require the input of the non-linear 

relationship between the lateral soil resistance per unit of deflection (p) and the pile lateral 

deflection (y), at various depths, also referred to as p-y springs. The p-y springs properties are 

typically derived from the soil reactions and the deflections at various depths from the 

experimental testing of instrumented piles.  In absence of experimental data, the well-established 

p-y relationships of American Petroleum Institute (1987) and Reese and Van Impe (2001) are 

widely used. The BNWF model, although approximate, is a powerful technique to model the 

response of single piles and pile groups to lateral loads as they can include soil nonlinearity, soil 

gapping effects, dynamic loading effects and the variation of soil properties along the length of 

pile. There are many studies performed on piles using the BNWF model, such as those by Lee 

and Harrison (1970), Gazetas et al., (1993), Dou and Byrne (1996), Novak and Nogami (1977), 

Nogami et al., (1992), Scott (1981), and El Naggar and Novak (1995, 1996), Gazetas and 

Mylonakis, (1998), Ashour and Norris, (2000), Novak (1974), McClelland and Focht (1958), 

Matlock and Reese (1960), Carter (1984), Matlock et al., (1978) and Swane and Poulos (1984). 

Multiple studies have modelled bridges using the BNWF approach, including Makris et al., 

(1994), Mylonakis et al., (1997), Guin and Banerjee (1998), Soneji and Jangid (2008), Dezi et 

al., (2008), and Gerolymos et al., (2009). These studies showed that pile and bridge models 

based on a BNWF model were able to replicate the response of the structure and match well 

with the field test data.  

While the BNWF models ignore the soil continuity and the ECM do not consider the soil non-

linearity,these limitations can be overcome by using FEM. This approach provides approximate 

solutions over a domain using solutions based on either a set of linear equations or a system of 

differential equations. This ability of FEM is suitable to solve complicated problems like SFSI 

that are difficult to address with traditional or analytical methods using constitutive models 

(Gazetas and Mylonakis, 1998). Some of the studies performed using FEM on different pile 

foundations are Yegian and Wright (1973), Thompson (1977), Brown and Shie (1990), Chen 

and Poulos (1993), Yang and Jeremić (2002), and Tuladhar et al., (2008). Some of the studies 

that modelled bridges using FEM are Johnson et al., (2009), Feng et al., (2019), Zhang et al., 
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(2008), Bowen and Cubrinovski, (2008) Houlsby et al., (2017), Elnashai and Kwon (2007), 

Shamsabadi (2007), Jeremić et al., (2009), Gavali et al., (2013), Razmi et al., (2014), and Aygün 

et al., (2011). These studies showed that FEM was able to replicate the bridge and pile response 

from field tests. 

Though many researchers have developed analytical models that have been calibrated based on 

field tests and bridge response, this database is still fairly limited in terms of quantity and scope. 

More field testing of in-service bridges or assessment of the recorded responses of bridges 

during earthquakes can help validate the engineering assumptions, improve the accuracy of 

already existing models, and help develop new calibrated models that can provide accurate 

estimates of the available capacity. 

1.2. OBJECTIVES AND SCOPE OF RESEARCH 

The aim of this research is to characterize the in-situ behavior of reinforced concrete bridges 

and components that are typical to New Zealand bridge stock. This data will be used to develop 

calibrated numerical models that provide a detailed representation of the structure and 

foundation, and their interaction with one another during different loading conditions.  

The objectives of this research are: 

 To understand the lateral response of reinforced concrete pile foundations of in-service 

bridges with deformed and smooth reinforcement under a range of static loading 

conditions. 

 To analyse the dynamic response of an in-service bridge with actual boundary conditions 

subjected to earthquakes and study the influence of damage transfer between 

earthquakes on the dynamic response of the bridge. 

 To create integrated SFSI models that are capable of replicating the response of a bridge 

and components under different loading conditions and soil types using existing 

modelling approaches over a range of performance indicators. 

 Investigate the ability of existing concrete material, steel material, and soil p-y curve 

models to predict the static and dynamic response of the bridge and components. 
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 To understand the sensitivity of the parameters affecting the response of bridges and 

piles under different static and dynamic loading conditions. 

1.3. THESIS OUTLINE 

This thesis is divided into six chapters, each describing a distinct step of the research, a flow 

chart linking different chapters of the thesis can be seen in Figure 1-1. The main chapters in this 

report are written as journal papers. As such, each chapter is comprised of an introduction and 

literature review, a testing or/and modelling methodology and a discussion of results. A brief 

description of the content of each chapter is provided below. 

Chapter 2 presents the field-testing procedure of the isolated single piles of the Whirokino 

Trestle Bridge and the discussion of experimental results obtained from testing these 

foundations. The main focus of the foundation testing included testing of six isolated single piles 

under four different loading protocols. The observations from the testing of individual piles were 

first discussed and then comparison among different pile tests made. Recommendations for 

assessments of similar piles were then provided based on the field test results.  

Chapter 3 presents the development and validation of numerical modelling procedures in 

OpenSeesPy to replicate the response of isolated single piles of the Whirokino Trestle Bridge 

presented in Chapter 2. These numerical models accounted for nonlinear soil response, soil 

gapping, pile material nonlinearities and the bond-slip effects at the interface between the 

smooth reinforcing and surrounding concrete. The calibrated numerical models were used to 

perform a sensitivity analysis study to identify the key parameters influencing the response of 

the isolated single piles with smooth reinforcement.  

Chapter 4 presents the field-testing and numerical modelling of the isolated pile-columns of 

the Henderson Creek Bridge and the discussion of the results obtained from these pile-column 

tests. The testing included multiple cycles of static pushover and snap back loading of the pile-

columns. This data was used to develop numerical modelling procedures in OpenSeesPy to 

replicate the response of these pile-columns under similar loading conditions as field testing. 

These calibrated numerical models were used in a sensitivity analysis study to study the 

parameters effecting the static pushover response of these pile-columns.  

Chapter 5 presents the recorded response of the Thorndon Overbridge during multiple 

earthquakes and the development of numerical models to capture this response. The free field 
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ground motions and the response of the bridge recorded during the multiple earthquakes were 

discussed. This data was used to develop the numerical models of a single bridge pier to replicate 

the response of the bridge during these earthquakes. The response of the model during the 

earthquakes were compared directly with the recorded response to verify if the variation in the 

period of the bridge between earthquakes was well captured along with the response during each 

earthquake. These calibrated numerical models were then used in a detailed sensitivity analysis 

study to study the effect of parameters influencing the dynamic response of the bridge and to 

study the effect of input ground motion and spatial variability on the dynamic response of the 

bridge pier. 

Chapter 6 summarizes the research and key conclusions related to the field testing of piles, 

numerical modelling of individual piles and bridge piers under different static and dynamic 

lateral loading conditions. Based on these conclusions and the constraints of the study, 

recommendations for future research are discussed. 

 

Figure 1-1: Flow chart linking different chapters of the thesis with relevant chapters mentioned on the 
superscripts. 
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Lateral Behaviour of Reinforced Concrete Bridge Piles with 

Smooth Reinforcement 

This chapter is based on: 

Chigullapally, P., Hogan, L. S., & Wotherspoon, L. M. In Review. Lateral Behaviour of 

Reinforced Concrete Bridge Piles with Smooth Reinforcement. Journal of Bridge Engineering. 

 

This chapter presents the results from the field testing of six isolated single pile specimens with 

smooth reinforcement during the demolition of a New Zealand bridge designed in 1936. These 

piles were subjected to different lateral loading protocols to assess their effect on the pile 

behaviour and to quantify the variation in the stiffness of the pile specimens over different lateral 

load ranges. The results from the testing showed the pile-soil systems behaved elastically up to 

80% of peak load or up to a peak displacement equal to 7% of pile diameter.  Prior to yielding, 

the response of the pile was dominated by the change in stiffness of the soil and it was found 

that the stiffness and energy dissipation at this deformation level is sensitive to loading protocol.  

Following yield of the pile section, the response was insensitive to loading protocol or soil 

variability except for a 15-20% reduction in strength during repeated cycles at large post-yield 

deformations. Despite of having small diameter transverse reinforcement, these pile-soil 

systems with smooth reinforcement were able to retain their strength through large 

displacements up to 50% of the pile diameter, and through multiple cycles of loading. 

2.1. INTRODUCTION 

Several in-service reinforced concrete bridges constructed around the world in the first half of 

the 20th century were designed without any seismic guidelines and often utilized smooth 

reinforcement for the longitudinal reinforcing (Freeman, 1932; Beavers, 2002; Fajfar, 2018; 

Lew et al., 2020). During this period, there was little in the way of seismic detailing and 

reinforcing requirements (Sun et al., 1993; Buckle, 1994; Seible et al., 1995; Maffei, 1996; 
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Kawashima and Unjoh, 1997). In New Zealand, bridges designed between 1930`s to mid-1960`s 

were only required to resist a lateral force equal to 10% of the mass of the superstructure 

irrespective of the location or geometry of the bridge. This lateral force was equally distributed 

among all the piers and its foundations based on the tributary area of the piers (Hogan et al., 

2013). While these bridges were designed with limited knowledge of seismic detailing, most of 

the bridges of this era performed well in previous earthquakes under moderate levels of shaking, 

due to their short lengths and low pier heights (Lew et al., 2020). In recent earthquakes some of 

the bridges from this era were in areas that experienced strong levels of shaking in New Zealand, 

with damage observed as a result of inertial response and lateral spreading induced loading (A. 

J. Davies et al., 2017; Giovinazzi et al., 2011; Palermo et al., 2010, 2017, 2011; Stringer et al., 

2017). As the majority of the damage observations following these earthquakes were related to 

the superstructure and the above ground sections of the substructure, there is still uncertainty 

regarding the expected performance of pile foundations of these bridges with older pile 

foundations subjected to these loading conditions. 

To understand the lateral behaviour of reinforced concrete piles full scale pile tests were 

previously studied using a range of different loading methodologies. The most widely used 

testing approach was pushover loading, where the loading can be applied in a monotonic or 

cyclic manner. The loads on the piles are typically applied at the pile head or at a location above 

the ground surface on an extension of the pile shaft. Static pushover loading of piles of various 

cross-sectional characteristics have been investigated in clay soils by Matlock (1970), Kramer 

(1991), Rollins et al. (1998), Gerber and Rollins (2008), Sritharan et al. (2007) and Sa’don 

(2012), in sands by Chik et al. (2009), Nasr (2014), Madhusudan Reddy and Ayothiraman 

(2015), Khari et al. (2015), and Aguirre et al. (2018), in silts by Kramer (1991) and Lalicata et 

al. (2019), and in multi-layered profiles by Rollins et al. (2003), Snyder (2004) and Stewart et 

al. (2007). The majority of research has focussed on the testing of piles that were installed for 

research purposes only, and few tests have been performed on bridge foundations during service 

or at the end of their service life. The few examples of testing of in-service bridge foundations 

include Wood and Phillips (1987, 1988, 1989, 1990), and Chiou et al. (2012). 

In general, the outcomes from previous research have provided designers with improved 

estimates of the lateral response of pile foundations across a range of pile foundation designs 

and soil profile characteristics. However, even with the considerable number of large-scale pile 

and in service tests in the existing literature, there are few tests on piles with smooth 
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reinforcement and light transverse reinforcement. Adding to this, in most of the in-service tests 

previously performed the pile-soil system remained in the linear range, with no in-service bridge 

foundation tests performed under large deformations that would push the piles into the inelastic 

range. The lateral displacement response and capacities of pile-soil system with smooth 

reinforcement and light transverse reinforcement under large deformations therefore remains an 

area of uncertainty.  

This paper presents the results of an experimental program to assess the performance of in-

service pile foundations during the demolition of the Whirokino Trestle Bridge in Foxton, New 

Zealand. A series of lateral loading tests were performed in order to characterize the response 

of the bridge pile foundations with smooth reinforcement. The characteristics of the Whirokino 

Bridge, the foundation system, and the soil profile at the testing sites are first presented. The 

preparation of the test specimens during the demolition process and the test setup are then 

discussed, including the instrumentation layout and the field testing methodology. The results 

of each pile test are discussed individually, with a focus on key observations and the effects of 

different loading protocols. The response across all tests are combined together to highlight 

further key observations, followed by a summary of the main conclusions from the research. 

2.2. FIELD TESTING SETUP AND METHODOLOGY 

The Whirokino Trestle Bridge (Figure 2-1) was designed and constructed in 1936 as a part of 

the New Zealand State Highway network. Bridges designed during this time did not have any 

specific seismic guidance, with the only requirement being that the bridge be able to resist a 

lateral load equal to 10% of the superstructure weight. The reinforced concrete bridge had an 

overall length of 1.2 km and width of 8.3 m, with 90 spans that supported two lanes of traffic. 

A typical span is 12.2 m long and approximately 5.7 m tall (Figure 2-2). As seen in Figure 2-2, 

Figure 2-3, and Figure 2-4, the superstructure was supported by piers consisting of four 

rectangular reinforced concrete columns of 457 mm x 406 mm with a centre to centre spacing 

of 1.63 m, connected to a 406 mm x 558 mm pier cap. The column reinforcement consisted of 

four 28 mm diameter longitudinal bars and 12 mm diameter transverse reinforcement at 152 mm 

spacing. The column and pile cap intersection consisted of 20 mm diameter inclined long 

reinforcement bars (Figure 2-3). All the pier columns were connected to a 533 mm x 990 mm 

pile cap at the bottom of the pier and were supported by five precast reinforced concrete piles. 

The pile cap reinforcement consisted of three layers of 25 mm diameter longitudinal bars and 

12 mm diameter transverse reinforcement at 254 mm spacing (Figure 2-3). Smooth 



Chapter 2. Lateral Behaviour of Reinforced Concrete Bridge Piles with Smooth Reinforcement  

12 

reinforcement was used for all reinforcement in the construction of the bridge. A preliminary 

assessment of the bridge pier with pile foundations (Figure 2-3) showed that plastic hinging was 

expected to first occur in the piles. Therefore, it was important to study the piles under large 

demands in order to understand their response in the post-yield range.   

The current field testing program to isolate and test a number of piles was carried out during the 

demolition of the Whirokino Trestle Bridge. In the sections that follow, the characteristics of 

the bridge and the geotechnical site characterisation are first presented, followed by a description 

of the test setup, instrumentation setup, and the field-testing methodology. 

2.2.1. Pile Foundation Characteristics and Preparation 

Each precast reinforced concrete pile had an octagonal cross section 406 mm wide and a length 

of approximately 9.2 m from the base of the pile cap. The pile reinforcement consisted of eight 

22 mm diameter longitudinal bars and 4 mm diameter spiral transverse reinforcement at 50 mm 

pitch along the length of pile (Figure 2-4). All reinforcement was smooth reinforcement, with a 

yield strength (fy) of 288 MPa. Piles were driven into the soil profile and the top 1.0 m of the 

piles had the cover stripped following installation before they were cast into the pile cap during 

construction. 

 

Figure 2-1: The Whirokino Trestle Bridge in Foxton, NZ prior to demolition. 
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Figure 2-2: Elevation of a typical bridge span of the Whirokino Trestle Bridge. 

The pile testing location was determined using the soil profile along the length of the bridge. 

The initial soil profile along the length of the bridge was based on a set of cone penetration tests 

(CPT) and rotary boreholes with Standard Penetration tests (SPT) that were conducted 

previously. The soil profile comprised of an upper layer of peat and the thickness of this layer 

gradually increased from north to south of the bridge, as shown in Figure 2-7. The pile testing 

location was chosen in the northern region of the bridge due to the thinner upper peat layer and 

better accessibility to the site. For precise soil profiles at test locations, four CPTs and two 

seismic CPTs were conducted within few metres from the test piles, as discussed in detail in 

section 2.2.2. Five piers from Pier 80 to Pier 76 were chosen for the field testing program at the 

Whirokino Bridge (Figure 2-5 and Figure 2-7). The three middle piles from both Pier 77 and 

Pier 79 were isolated and selected for testing, with Piers 80, 78 and 76 left intact and used as 

reaction pile groups during testing. To prepare the site for testing, the bridge superstructure was 

first demolished down to the top of each pile cap. The soil around the test pile groups was 

excavated to remove soft surface soil layers and to expose the top of each pile, removing any 

interaction effects between the pile cap and the surrounding soil. Each test pile was isolated 

from the other piles in the pile group by saw cutting between each pile, creating a clear gap of 

0.4 m between piles. The test piles after the demolition of the superstructure and saw cutting can 

be seen in Figure 2-6. The eastern piles of Pier 77 and Pier 79 were labelled as Pile 1 and Pile 

4, the middle piles were labelled as Pile 2 and Pile 5, and the western piles were labelled as Pile 

3 and Pile 6. 
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(a) 

 

(b) 

 

(c) 

Figure 2-3: Reinforcement details of the Whirokino Trestle Bridge along with its foundations (a) 
elevation view; (b) side view; (c) plan view of a typical pier. 
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(a) 
 

(b) 

Figure 2-4: Whirokino Trestle Bridge (a) typical pier dimension details; (b) pile dimensions details. 

 

 

 

 

Figure 2-5: Plan view of test site showing locations of the test piles, reaction pile groups and geotechnical 
investigation locations. 
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Figure 2-6: Test piles after isolation from the pile group and reaction pile group at test site. 

 

Figure 2-7: Variation of the soil profile along the length and depth of the Whirokino Trestle Bridge.   

 

2.2.2. Geotechnical Site Characterisation 

Four cone penetrometer test (CPT) soundings and two seismic CPT (sCPT) soundings were 

conducted within a few metres of the test piles at the locations shown in Figure 2-5. The CPT 

tip resistance (qc), shear wave velocity (Vs) and soil behaviour type index (Ic) at both piers are 

summarised in Figure 2-8 and Figure 2-9. The zero depth level in these figures was around 

200 mm below the bottom of pile cap for a typical test pile. At both Pier 77 and Pier 79, silty 

sand to sandy silt were present from the ground level to a depth of 2 m. The silty sand to sandy 
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silt was relatively soft with an average tip resistance of 2-5 MPa and a maximum shear wave 

velocity between 100-135 m/s. Below this depth the soil profile transitioned to clean sands that 

likely extended to the base of the pile based on other investigations in the vicinity of the test 

area. The tip resistance rapidly increased in the clean sand layer to 25-30 MPa and the maximum 

shear wave velocity increased to 165-175 m/s at a depth of 4 m. The lower stratum that forms 

the bearing layer for the pile had a tip resistance of above 32 MPa, transitioning into very dense 

sands with CPT refusal. 

2.2.3.  Test Setup 

The setup used to test each isolated test pile is presented in Figure 2-10. To load a test pile, the 

adjacent pile groups were used as reaction pile groups. Piles 1-3 at Pier 77 were tested using 

Pier 76 and 78 as reaction pile groups, while piles 4-6 at Pier 79 were tested using Pier 78 and 

80. A steel loading frame was secured with post-installed anchors at the top of the test pile and 

reaction pile groups. Two 19 mm wire ropes were then attached between the steel loading frames 

at the test pile and reaction pile groups.  

 

Figure 2-8: Geotechnical site investigation data at Pier 77: (a) Cone tip resistance profile; (b) Shear 
wave velocity profile; (c) Soil behaviour type index.  
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Figure 2-9: Geotechnical site investigation data at Pier 79: (a) Cone tip resistance profile; (b) Shear 
wave velocity profile; (c) Soil behaviour type index. 

 

To apply lateral loads to the test piles a hydraulic jack with 30 ton capacity and 300 mm stroke 

was placed inside the steel frame at the reaction pile group and pushed a sliding block between 

the steel loading frames to tension the wire ropes as can be seen in Figure 2-10. Through this 

setup, the load was applied to each test pile by pulling them towards the reaction pile group 

using the wire ropes. The loading was always first applied in the northern direction. The 

hydraulic jack was then extended to start the testing and applied until the target load or 

displacement was reached. The cycles with larger displacements required the wire ropes to be 

detached and reattached multiple times to reset the stroke of the hydraulic jacks and increase the 

displacement. Once each target load or displacement was reached, the wire ropes were then 

detached from the reaction pile group and attached the reaction pile group on the other side of 

the test pile to continue the loading in the opposite direction. The wire ropes were attached and 

detached at the reaction pile group locations in order to minimise any disturbance of the soil 

adjacent to each test pile. Prior to the start of every test and test setup installation, the test pits 

were dewatered down to the ground surface. The soil profile was therefore saturated to the 

ground surface at all test piles during the entire testing process. 

Prior to demolition, the in-service axial load ratio on each pile due to the dead load of the bridge 

was less than 3.5%. As this axial load ratio was low, and due to the difficulty involved in 
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applying additional axial load to the top of the test pile in the field, there was no axial load 

applied during the testing. Previous testing by  Marder et al. (2018) has demonstrated that for 

reinforced concrete elements with low axial load ratios, that the omission of the axial load has 

a negligible impact on the response of the element.  

2.2.4. Instrumentation 

The instrumentation layout used during testing is summarised in Figure 2-11. Displacements 

were recorded using two draw-wires positioned at the top of the test pile, and one draw-wire 

positioned at the bottom of the test pile just above the ground surface. All the draw-wires were 

attached to a rigid reference frame that was embedded in the surrounding soil outside the zone 

influenced by soil movement during the testing (shown in Figure 2-10a). A unidirectional 

accelerometer was installed near the ground surface on each side of the pile to capture the pile 

rotation at this location. The distance between the top of the pile cap and the ground level varied 

between test specimens between 1080 mm and 1200 mm. A 25-tonne load cell was connected 

to the hydraulic jacks inside each loading frame to measure the applied load. 

2.2.5. Testing Sequence 

To understand the influence of loading sequence on the response of the test piles, a range of 

different static cyclic loading protocols presented in Table 2-1 were used. A single cyclic test 

was performed to characterise the monotonic response in the first loading direction, and the 

influence of large displacement on the response in the opposite direction. The target 

displacements for Pile 1 and Pile 4, measured relative to the initial location of the pile, are 

summarised in Table 2-1. One of the characteristics identified from the monotonic response was 

the point where significant softening of the pile-soil system started, considered as the yield point 

in the context of this testing. As discussed in subsequent sections, a yield point of 60 kN was 

used to inform the development of the multi-cycle loading protocols in Table 2-1. For these 

protocols, the cycles below the yield point were force controlled and the cycles beyond the yield 

point were displacement controlled. Both Pile 2 and Pile 5 were subjected to increasing cyclic 

loading to characterise the cyclic response of a typical pile at each pier. Pile 3 was loaded up to 

the yield point in its first cycle and then tested under increasing cyclic loading (similar to Pile 

2), to assess the effect of higher initial loading on the response of the pile. Pile 6 was tested with 

large post-yield point displacements and was loaded twice at each target displacement level to 

understand the effect of repeated loading. 
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Table 2-1: Target peak load/displacement values at the end of cycle at the top of pile. 

Cycle 
Pier 77 Pier 79 

Pile 1 Pile 2 Pile 3 Pile 4 Pile 5 Pile 6 

1 250 mm 20 kN 60 kN 300 mm 20 kN 50 mm 

2 - 40 kN 20 kN - 40 kN 50 mm 

3 - 60 kN 40 kN - 60 kN 100 mm 

4 - 50 mm 60kN - 50 mm 100 mm 

5 - 100 mm 50 mm - 100 mm 150 mm 

6 - 150 mm 100 mm - 150 mm 150 mm 

7 - - 150 mm - - - 

 

 

(a) 

 

(b) 

 

(c) 

Figure 2-10: Summary of test setup details: (a) plan view at test pile and right reaction pile; (b) top view 
at test pile; (c) top view at right reaction pile. 
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(a) (b) 

Figure 2-11: Locations of instruments on the test pile: (a) South face; (b) North face. 

2.3. FIELD TESTING OBSERVATIONS 

The field testing observations from all the single cycle and multi-cycle pushover tests of the 

isolated piles are discussed in this section. The results are presented in terms of the load-

displacement response at the top of the pile cap using the average of the displacements from 

both the draw-wires at the top of the pile. In all the load-displacement plots, the displacements 

and loads corresponding to northern loading direction were shown on the positive axes.  

2.3.1. Single Cycle Pushover Testing 

The load-displacement response at the top of the pile cap for the single cycle pushover testing 

of Pile 1 is presented in Figure 2-12, and the load-displacement response for Pile 4 is presented 

in Figure 2-13. Pile 1 remained elastic until a load of approximately 60 kN when loaded in the 

northern direction. Beyond this load a rapid reduction in stiffness was observed, likely 

corresponding to the development of a plastic hinge in the pile below the ground level as no 

cracking was observed below the pile cap at the surface. The pile-soil system reached a load of 

78 kN, and beyond this point the deformation increased without any strength degradation up to 

the target peak displacement of 220 mm in the northern direction. The pile was then pushed in 

the southern direction to a peak displacement of 227 mm and the pile-soil system reached a load 

of 67 kN. When the pile was unloaded, there was a residual displacement of 175 mm and 

170 mm in the northern and southern directions respectively.  
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Figure 2-12: Load-displacement measured at the top 
of the pile cap in Pile 1  

Figure 2-13: Load-displacement measured at the top 
of the pile cap in Pile 4 

When testing Pile 4, the pile had to be loaded and unloaded multiple times, due to lack of stroke 

in the hydraulic jack. The load-displacement response was similar to that of Pile 1, except that 

Pile 4 remained elastic until approximately 70 kN loading when loaded in the northern direction. 

The pile-soil system reached a peak load of 94 kN in the northern direction and 87.5 kN in the 

southern direction both at a pile head displacement of 170 mm. No strength degradation was 

observed in either loading direction and a peak displacement of 303 mm and 293 mm was 

achieved in northern and southern directions respectively. The nominal capacity of Pile 4 was 

considerably higher when compared to the Pile 1, likely due to the compaction of the upper soil 

layer (top 200 mm - 300 mm) at Pile 4 that occurred during the specimen preparation, increasing 

the soil strength and nominal capacity of system. 

For both Pile 1 and Pile 4, the stiffness of the pile-soil system during unloading and reloading 

was similar to the initial stiffness of the pile-soil system until the soil gap was closed (Figure 

2-14). The reloading path and the amount of residual displacement, when unloaded and loaded 

in the southern direction, were identical between Pile 1 and Pile 4. This response suggests that 

the pile cross-sectional characteristics was dominating the response of the pile-soil system in 

these ranges. 
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Figure 2-14: Soil gapping observed around test pile at ground level during testing. 

2.3.2. Multi-Cycle Pushover Testing 

The pile response from Pile 1 and Pile 4 were used to inform the development of the loading 

protocols of multi-cycle pushover testing of the piles within each respective pile groups. The 

response of Pile 1 was used to inform the protocol for Pile 2 and Pile 3, and the response of 

Pile 4 was used to inform the protocol for Pile 5 and Pile 6. In multi-cycle tests, the average 

cycle stiffness was used to demonstrate the change in stiffness of the system and to make 

comparisons across different loading cycles. The average cycle stiffness was equal to the slope 

of a line connecting the peak positive and negative displacement values and their corresponding 

loads for a given cycle of loading.  

2.3.2.1. Increasing Cyclic Loading 

The cyclic load-displacement response at the top of Pile 2 subjected to increasing cyclic loading 

is presented in Figure 2-15 and the load-displacement response of Pile 5 with the same loading 

protocol is shown in Figure 2-16. Both pile-soil systems exhibited a similar response in which 

there was a loss of approximately 35% cycle stiffness in second cycle when compared to that of 

first cycle due to soil gapping and soil nonlinearity. Pile 2 reached a maximum load of 75 kN in 

the north direction and 67 kN in south direction and Pile 5 reached 75 kN in both the directions. 

A slight reduction in strength was observed in the sixth cycle in the southern direction of Pile 2, 

while no strength degradation was observed in Pile 5. Based on the observations from Pile 4 it 

is likely that there would be a slight increase in the strength of the pile-soil system if the pile 

was pushed to greater displacements. The slight strength degradation in Pile 2 is more likely due 
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to incomplete closure of cracks in the pile due to the large rotations and low axial load as was 

also observed in smooth reinforcement column tests by Verderame et al., (2008). Based upon 

previous testing of columns with smooth reinforcement and low axial load (Di Ludovico et al., 

2014; Goksu at al., 2014), these pile-soil systems are likely to continue to have displacement 

capacity due to the confinement provided by the surrounding soil, reducing spalling at the sub-

surface plastic hinge and preventing any bar buckling. Additionally, even though the transverse 

reinforcement is relatively small at 4 mm diameter, the pile volumetric reinforcement ratio is 

twice that which is required to provide anti-buckling restraint to the longitudinal bars by the 

New Zealand Concrete Standard, NZS 3101 (Standards New Zealand, 2006). Finally, a higher 

peak loading value in the southern direction in the sixth cycle of Pile 5 was also observed. 

Similar to Pile 4, this increase is likely due to relatively stiffer soil conditions in southern 

direction compared to northern direction resulting from compaction of the soil around the pile 

head. 

2.3.2.2. Initial Pre-Yield Load Cycle Followed by Increasing Cyclic Loading 

Pile 3 was subjected to an initial cycle that was slightly less than the yield point load and then 

repeated the loading protocol used by Piles 2 and 5 in order to study the effects of initial soil 

gapping and non-linearity on the cyclic response. The cyclic load-displacement response at the 

top of the pile from the testing of Pile 3 is presented in Figure 2-17. The response of the pile-

soil system in first cycle was similar to the response of Pile 2 and Pile 5 at similar loading levels 

(third cycle) in all the measurable aspects. After the initial loading cycle, the cycle stiffness of 

the system did not vary significantly until the fourth cycle, as the peak load applied in the second 

and third cycle did not exceed the peak load in the first cycle. This response can be attributed to 

the soil gap that developed in the initial cycle remaining open and the response of the system 

being dominated by the pile properties. Once the peak displacement from the first cycle was 

exceeded, the load-displacement response of the Pile 3 was similar to that observed in Pile 2 

and Pile 5, with a maximum load of 83 kN and 59 kN achieved in the north and south directions 

respectively and no strength degradation observed during loading. The peak loading in the 

northern direction was considerably higher when compared to the southern direction, due to the 

presence of a buried log in front of the north face of the pile that was unable to be extracted prior 

to testing. The log provided an increase in passive resistance to the pile-soil system in this 

direction increasing the effective system strength.  
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Figure 2-15: Load-displacement measured at the 
top of pile cap in Pile 2. 

Figure 2-16: Load-displacement measured at the 
top of pile cap in Pile 5. 

2.3.2.3. Repeated Loading Cycles  

Pile 6 was subjected to large post-yield point displacements and was loaded twice at each target 

displacement level. The cyclic load-displacement response at the top of pile from the testing of 

Pile 6 is presented in Figure 2-18. In the first cycle, the pile-soil system remained elastic until 

64 kN, corresponding to an average peak displacement of 30 mm at yield and then there was a 

gradual reduction in stiffness in both the loading directions. The peak load at the end of the first 

cycle and second cycle was 73 kN and 62 kN respectively. This strength was maintained in both 

directions out to the maximum tested displacement of 150 mm. At each displacement increment, 

there was a 10-15% loss in strength during the second cycle compared to the initial cycle. The 

amount of degradation during the second cycle at each displacement increment was reduced as 

the target displacement increased. Because no strength degradation was observed when the pile-

soil system exceeded previous displacement increment, the strength degradation during the 

second cycle is likely due to incomplete closure of flexural cracks in the pile from previous 

loading cycles resulting from low axial load and elongation of the longitudinal reinforcement in 

the pile. A similar response was observed in high aspect ratio columns with smooth 

reinforcement and no axial load tested by Di Ludovico et al. (2014). 
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Figure 2-17: Load-displacement measured at the top of pile cap in Pile 3. 

2.3.3. Discussion of Pile Test Results 

This section discusses the common trends observed across all the pile tests. The load-

displacement characteristics from previous sections suggest that all pile-soil systems behaved 

elastically until 80% of the peak load or up to a pile head displacement of 7% of pile diameter 

(around 30 mm). After this point, a plastic hinge developed, leading to a reduction in the 

stiffness of the system.  

In the Pile 2, Pile 3, and Pile 5 tests, a clear yield point was observed in both the loading 

directions, while in the Pile 1, Pile 4 and Pile 6 tests, a clear pile-soil system yield point was 

observed in the north direction only. All pile-soil systems will have yielded in both the loading 

directions, with the absence of a clear yield point for loading in the south direction for Piles 1, 

4 and 6 most likely due to the application of loading above the pile-soil system yield point in 

the initial loading cycle in the northern direction. Irrespective of the pile location, loading 

protocol and the number of load cycles a pile had experienced, the unloading path and the 

residual displacement in all the pile-soil systems were similar when the pile was unloaded from 

similar peak displacements values. The unloading and reloading stiffness of the system was 

slightly lower than the initial elastic stiffness of the system, likely due to the pile cross-sectional 

characteristics dominating the response of the system and the slight reduction in stiffness could 

be due to soil gapping and cracking. 
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Figure 2-18: Load-displacement measured at the top of pile cap in Pile 6 

A response similar to these pile tests has been observed in column tests with smooth 

reinforcement (Dekker, 1992; Di Ludovico et al., 2014; Goksu et al., 2014; Maffei, 1996), where 

the columns retained their strength through large displacements and multiple cycles of loading. 

In these column tests, during unloading of the columns, there was no lateral resistance offered 

by the column due to large bar slip in critical areas, causing marked pinching in the load-

displacement hysteresis loops. Interestingly, there was no such pinching behaviour observed in 

the load-displacement hysteresis loops from these pile tests, despite the likely development of 

bar slip in the region of the pile experiencing the maximum bending moment, which effectively 

allowed the pile section to rock back and forth. The lack of pinching behaviour could be due to 

additional confinement provided by the surrounding soil to the cover concrete thereby limiting 

spalling, as well as due to the shift in the peak bending moment location with an increase in 

peak loading as observed by Aguirre et al., (2018), Ting (1987), Matlock (1970) and Snyder 

(2004). Allotey and El Naggar (2008) and Budek et al. (2004) showed soil confinement effects 

for undamaged piles can be low, but for damaged piles, the extra confinement provided to the 

damaged zone by the cave-in of soil (especially in sandy soils) could contribute significantly to 

the improvement of the pile-soil system performance. The confining pressure provided by the 

soil in the plastic hinge regions can significantly increase the effective confinement of the 

section and prevent the development of high levels of localized plastic rotation. This results in 

an elongated hinge region and a sizable increase in ductility capacity of the pile-soil system. 

Additionally, because the pinched hysteretic behaviour is attributed to a single crack opening in 
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concrete elements with smooth reinforcement, the shift in maximum bending moment would 

encourage multiple cracks to form and reduce pinching in the hysteresis.  

For an integrated pile group with a pile cap beam, the response of the pile group will be different 

in the direction along the width of the pile cap beam and in the direction perpendicular to the 

pile cap beam width. In the direction along the width of the pile cap beam, the deflection capacity 

of the pile group would be much lower while the lateral load capacity of the pile group per pile 

will be higher than the isolated single pile due to the additional rotational restraint provided by 

the pile cap beam. In the direction perpendicular to the pile cap beam width, the deflection and 

lateral load capacity of the pile group per pile will be similar to that of isolated single pile due 

to the formation of a single plastic hinge. In addition to the above, if the pile cap is embedded 

into the soil, the deflection and lateral load capacity of the pile group will be increase in both 

the directions as the contact area is increased.  

The variation of average cycle stiffness with normalised average peak cycle displacement 

(NAPCD) at top of pile cap is presented in Figure 2-19. NAPCD for a cycle was defined as the 

average of the peak displacement reached in the positive and negative loading direction for a 

given cycle divided by the pile diameter. Due to the high initial loading in the first cycle in Pile 3 

and Pile 6, their initial cycle stiffness was around 60% and 70% of the initial cycle stiffness of 

Pile 2 and Pile 5.The stiffness of the pile-soil system degraded rapidly in the lower NAPCD 

range (below 0.07), where the stiffness contribution to the system was from both soil and pile. 

This stiffness degradation was due to the plastic deformation of the soil, along with degradation 

of pile stiffness due to cracking in this load range. At higher NAPCD (above 0.07), the rate of 

stiffness degradation reduces. At this point, the stiffness of pile dominates the system stiffness 

and the degradation of pile stiffness only contributes to the pile-soil stiffness degradation in this 

load range. Irrespective of the soil profile and loading protocol, the relationship between average 

cycle stiffness with NAPCD was similar across all tests. This indicates that the pile properties 

are dominating the response of the pile-soil system, with little influence from the variability in 

the soil profile characteristics. 

The variation of normalised residual displacement at the ground level and residual rotations with 

respect to the normalised peak displacement at the ground level is summarised in Figure 2-20. 

Normalised residual displacement is the residual displacement in each direction of a load cycle 

divided by the pile diameter, and normalised peak displacement is the peak displacement in each 

direction of a load cycle divided by the pile diameter. Below the yield point (a normalised peak 
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displacement of approximately 0.035) no clear residual displacement or rotations developed, 

with the system returning back to a similar location after each loading cycle. In this range soil 

nonlinearity and gapping dominated the response, with the effects in each loading direction 

cancelling each other out and preventing residual displacements and rotations from developing.    

Above the yield point there was an abrupt increase in the normalised residual displacements at 

ground level and residual rotations, with both demonstrating a linear relationship to the 

normalised peak displacements at ground level. The high normalised residual displacements and 

residual rotations post-yield point could be due to the incomplete closure of flexural cracks in 

the pile resulting from low axial load and elongation of the longitudinal reinforcement in the 

pile, as the response of the pile dominates the response of the system at the higher loading levels. 

Irrespective of the soil profile and loading protocol, the relationship between the normalised 

residual displacement, residual rotations and normalised peak displacement was similar across 

all tests. 

 

Figure 2-19: Variation of average cycle stiffness with normalised average peak cycle displacement at the 
top of pile cap. 

The variation of equivalent viscous damping of a cycle with NAPCD at the top of pile cap is 

presented in Figure 2-21. The equivalent viscous damping for each half cycle of the load-

displacement hysteretic loop was estimated separately by calculating the area of each half loop 

and considering the corresponding peak displacement and forces based on the recommendations 

of Priestley (2007). The average of both the half cycles was considered as the equivalent viscous 

damping of the overall cycle. Across all piles there was a similar trend in the relationship 

between equivalent viscous damping and the NAPCD.  The equivalent viscous damping varied 
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between 5-8 % before the pile-soil system yielded (NAPCD below 0.07). In this range, the 

equivalent viscous damping was controlled by the nonlinear response of the soil surrounding 

the pile. The equivalent viscous damping varied between 7-18% beyond the yield point 

(NAPCD above 0.07), with equivalent viscous damping significantly higher than those prior to 

the yield point. At these higher loading levels equivalent viscous damping was likely dominated 

by plastic hinge development and bar slipping in the critical areas within the pile, and as a gap 

had already developed on both sides of the pile, the soil would have a smaller contribution to 

the equivalent viscous damping. As Pile 3 was tested using an initial pre-yield load cycle 

followed by increasing cyclic loading, the equivalent viscous damping of the system reduced 

from an equivalent viscous damping value of ~7% in the high initial loading cycle to a value of 

~5% in the three subsequent cycles where the load was equal to or less than that applied in the 

first cycle. This could be due to lack of additional soil gapping and crack formation in the pile-

soil system after the high initial loading cycle, with the equivalent viscous damping increasing 

only increasing after the load in the initial cycle had been exceeded. The variation of equivalent 

viscous damping with NAPCD was similar to Priestley`s (2007) recommendations for the 

damping variation in a pinned head pile in sand.  

 

Figure 2-20: Variation of normalised residual displacement at the ground level (circle) and residual 
rotations (star) with normalised peak displacement at the ground level. 
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Figure 2-21: Variation of equivalent viscous damping of a cycle with normalised average peak cycle 
displacement at the top of pile cap. 

2.4. CONCLUSIONS 

Cyclic pushover tests were performed on a total of six isolated piles at two test locations of the 

Whirokino Trestle Bridge to determine the behaviour of the isolated piles with smooth 

reinforcement in sandy soils. The test site and loading protocols were chosen in order to capture 

the response of piles under different loading conditions and to study the effects of variation in 

stiffness due to soil nonlinearity, gapping, cracking and yielding of the pile. Based on the field 

testing results, the following conclusions can be drawn: 

 The pile-soil systems likely behaved elastically up to 80% of the peak load and a 

displacement equal to 7% of the pile diameter. At this load level the pile-soil system 

response was controlled by the response of the soil and was sensitive to loading protocol 

with a reduction of 60-70% in initial cycle stiffness depending on the intensity of initial 

loading applied. 

 Beyond yield, the pile-soil system response was governed by the structural properties of 

the pile with similar cyclic stiffness, energy dissipation, and residual displacement 

regardless of loading protocol or soil properties.  

 The pile-soil systems were able to maintain strength through large displacements and 

multiple cycles without any pinching in their hysteretic response. This behaviour is 
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attributed to the confining effect of the soil surrounding the pile, preventing spalling of 

the cover concrete and bar buckling.  

 Despite of being designed with no explicit seismic detailing, the field testing suggests 

that these older pile foundations are expected to have sufficient strength and deformation 

capacity in the event of an earthquake.  
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Numerical Modelling of Reinforced Concrete Bridge Piles 

with Smooth Reinforcement under Lateral Loading 

This chapter is based on: 

Chigullapally, P., Hogan, L. S., Wotherspoon, L. M., Stephens, M., & Evangelio C.D.L. In 

Review. Numerical Modelling of Reinforced Concrete Bridge Piles with Smooth Reinforcement 

under Lateral Loading. Bull Earthquake Eng. 

 

This chapter presents the validation of a numerical modelling approach to replicate the lateral 

response of reinforced concrete bridge pile foundations with smooth reinforcement. To capture 

the variation in the stiffness of the pile-soil system during different cyclic loading protocols, 

models accounted for nonlinear soil response, pile material nonlinearities, and the bond-slip 

effects at the interface between the smooth reinforcing and surrounding concrete. Field testing 

data was used to validate the models, which were shown to effectively capture the experimental 

results across multiple metrics and provide further insights into the observed behaviour. A 

sensitivity analysis of the pile lateral response at different loading levels highlighted the 

influence of the concrete strength and the characteristics of upper soil layers. The incorporation 

of the reinforcing bond-slip into the model was shown to improve the representation of the 

global cyclic response of the pile-soil system and the stiffness and strength degradation. This 

improvement was not as significant as that seen for other structural elements with smooth 

reinforcement despite the pile experiencing large curvatures, likely due to the presence of soil 

and the support it provides along the pile active length.  

3.1. INTRODUCTION 

Foundations of building or bridge structures can be subjected to large seismic demands from 

both ground shaking and liquefaction (Chang et al., 2000; Karkee and Kishida, 1997; 

Madabhushi and Haigh, 2005; Sheppard, 1983; Wei et al., 2008). During previous earthquakes, 
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large deformations have resulted in significant curvatures, plastic hinging and residual 

displacements in some regions of the piles supporting various structures. There are often 

multiple locations that experience high curvatures along the pile length, occurring in regions 

with abrupt stiffness changes such as below the pile cap and at stiff/soft soil layer interfaces 

(Iwasaki et al., 1972; Madabhushi and Haigh, 2005; Mimura, 1996; Park et al., 1984; Umeno, 

2018; Wei et al., 2008). These issues are particularly critical in the foundations of structures 

designed before the 1970`s, due to poor reinforcement detailing and lack of capacity design 

principles (Chang et al., 2000; Hogan et al., 2013; Lew et al., 2020). In addition to lacking 

modern seismic detailing, many structures from before the 1970’s were also constructed using 

smooth reinforcement. Due to all of these factors combined, pre-1970’s structures are typically 

expected to perform poorly even under moderate seismic excitations (Hertanto, 2005; 

Pampanin, Calvi, and Moratti, 2002; Varum, 2003). 

To investigate the lateral response of both single piles and pile groups under different loading 

conditions, a range of numerical modelling approaches have been developed in conjunction with 

field and laboratory studies (Chigullapally et al., 2021; Kramer, 1991; Lalicata et al., 2019; 

Rollins et al., 1998; Sritharan et al., 2007; Stewart et al., 2007). Common modelling approaches 

include the Winkler spring model (Boulanger et al., Curras et al., 1999; Gazetas and Mylonakis, 

1998; Hetenyi, 1946; Mcclelland and Focht, 1956; Novak, 1991; Winkler, 1867), Strain Wedge 

model (Ashour and Norris, 2000), and Finite Element model (Brown and Shie, 1990; Randolph, 

1981; Yegian and Wright, 1973). The Winkler spring model, although approximate, is a simple 

yet powerful technique to model the response of single piles and pile groups under lateral 

loading (Boulanger et al., 2003; El Naggar and Novak, 1995). Previous studies have provided 

improved estimates of the lateral response of pile foundations across a range of pile types and 

soil profile characteristics leading to the development, evaluation and improvement of p-y 

curves for non-linear models (Boulanger et al., 1999; Gazetas and Mylonakis, 1998; Novak, 

1991). Despite of the many experimental and numerical studies focused on the lateral response 

of pile foundations, no studies to date have investigated the lateral response of pile foundations 

with smooth reinforcement. This is a concerning issue, given that many bridges constructed in 

the first half of the 20th century utilized only smooth reinforcement, which will experience 

significant degradation in bond, and this bond degradation has been reported to be a contributing 

cause of damage and collapse in previous earthquakes (Kwak, 1997; Manfredi and Pecce, 1998; 

Melo et al., 2011; Monti and Spacone, 2000; Varum, 2003; Youssef and Ghobarah, 1999).  



Chapter 3. Numerical Modelling of Reinforced Concrete Bridge Piles with Smooth Reinforcement under Lateral 

Loading 

35 

To accurately capture the response of reinforced concrete structures with smooth reinforcement, 

it is important to model the bond-slip effects between steel reinforcement and concrete as the 

perfect bond assumption is only valid in small stresses and strain conditions (Monti and 

Spacone, 2000). Multiple procedures have been developed to explicitly and implicitly 

incorporate bond-slip into reinforced concrete column and beam sections for both deformed 

reinforcement (Cairns, 2021; Eligehausen et al., 1979; Feng & Xu, 2018; Kivell et al., 2015; 

Lowes et al., 2003; Monti & Spacone, 2000) and smooth reinforcement (Cairns, 2021; Melo et 

al., 2011; Melo et al., 2020). The inclusion of bond–slip effects in numerical models improved 

their ability to represent the behaviour of reinforced concrete elements in aligned experimental 

studies.  

This paper presents the validation of a numerical modelling approach that captures the lateral 

response of reinforced concrete bridge pile foundations with smooth reinforcement. First, an 

overview of the validation experiments which consisted of the large-scale field testing of piles 

with smooth reinforcement under different lateral loading conditions are presented. Next, the 

numerical modelling approach to account for nonlinear soil response, soil gapping, pile material 

nonlinearities and the bond-slip effects at the interface between the smooth reinforcing and 

surrounding concrete is summarised. The accuracy of the numerical model is first assessed using 

the experimental results from a single cycle of loading and a sensitivity analysis undertaken to 

identify the key parameters controlling the response of the pile-soil system. Experimental cyclic 

loading results are then used to further explore the performance of the model, particularly related 

to the effect of bond-slip, the characteristics of the reinforcing bond-slip model, and repeated 

loading cycles on the cyclic response of the pile-soil system. Finally, the observations from all 

numerical modelling results are discussed and key conclusions drawn. 

3.2. FIELD TESTING SETUP AND METHODOLOGY 

To investigate the performance of in-service bridge pile foundations with smooth reinforcement, 

an experimental program was undertaken at the Whirokino Trestle Bridge in Foxton, New 

Zealand. The Whirokino Trestle Bridge was constructed in 1936 and during its demolition in 

2020 a testing program was carried out. The field testing details and results are presented in 

detail in Chigullapally et al. (2021b), with key aspects relevant to this paper summarised in the 

following sections.  
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3.2.1. Pile Foundation Characteristics and Preparation 

The details of reinforced concrete test piles are summarised in Figure 3-1. The piles were 

octagonal with a diameter of 406 mm and a length of 9.2 m. The reinforcement in each pile 

consisted of eight 22 mm diameter (fy = 280 MPa) longitudinal bars and spiral transverse 

reinforcement 4 mm in diameter (fy = 280 MPa) at 50 mm pitch along the length of pile. Smooth 

reinforcement was used for both the longitudinal and transverse reinforcement, typical of 

construction at that time.  

To prepare the site for testing, the bridge superstructure was demolished down to the top of each 

pile cap. The soil around the pile cap was excavated and the top of pile was exposed to mount 

instrumentation. The layout of the site is summarised in Figure 3-2, Figure 3-3 and in 

Chigullapally et al. (2021b). A total of six piles from two different piers of the bridge were tested 

as part of the wider experimental program, with the results from one of the pile group discussed 

in this paper (Pile 1, 2 and 3). 

Two draw wires were installed at the top of the pile cap and one draw-wire at top of pile just 

below the base of the pile cap to measure the lateral response. Two unidirectional accelerometers 

were installed near the ground level on both the faces of the pile in the loading direction to 

capture the rotations of the pile as shown in Figure 3-1.  

 

Figure 3-1: Soil profile characteristics, pile dimensions and pile cross sectional details of the Whirokino 
Trestle Bridge test pile. 
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Figure 3-2: Plan view of the test site with the locations of test piles, reaction pile groups and geotechnical 
site investigation 

 

 

 Figure 3-3: Test piles after isolation from the pile group and one of the reaction pile group at the test 
site 

3.2.2. Geotechnical Site Characterisation 

Two cone penetration tests (CPTs) and one seismic CPT (sCPT) were conducted adjacent to the 

test piles. Cone tip resistance (qc), shear wave velocity (Vs) and soil behaviour type index (Ic) at 

the test pile locations are summarised in Figure 3-4. The ground level (zero depth) was 
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approximately 200 mm below the top of the pile (below base of the pile cap shown in Figure 

3-1). The properties of Layers 1 to 4 in Figure 3-4 are used in the development of models 

discussed in subsequent sections of this paper. Layer 1 consists of relatively soft sandy silt with 

a qc of 2-5 MPa and shear wave velocity of up to 90 m/s to a depth of 1.5 m. The profile 

transitions to medium dense sands in Layer 2 with qc ranging between 6 and 12 MPa and Vs 

equal to 95 m/s. Sands in Layer 3 extend from 2.5 m to 4.5 m, with qc increasing to 24-28 MPa 

and Vs of 100-170 m/s. The bearing layer for the pile, Layer 4, consists of dense sand with qc > 

32 MPa and a Vs > 170 m/s. 

 

      (a)                                       (b)                                              (c) 

Figure 3-4: Geotechnical site investigation data at the pile test location (a) Cone tip resistance; (b) Shear 
wave velocity; (c) Soil behaviour type index 

3.2.3. Loading Protocols 

Each pile was tested under different static cyclic loading protocols to evaluate the effect of 

loading history on the pile response. To characterise the monotonic response of the piles, a single 

cycle test with large peak displacements was first performed. This was used to determine the 

system softening point (the point where significant softening of the pile-soil system initiated), 

which aided in development of the multi-cycle loading protocols. Pile 2 was tested under 

increasing cyclic loading to characterise the cyclic response under progressively increasing 

displacements. To study the effects of higher initial loading on the response of the pile, Pile 3 

was subjected to loading up to the system softening point in its first cycle and then tested under 

increasing cyclic loading similar to Pile 2. The details of the test set up are provided in 
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Chigullapally et al. (2021b). The peak displacements measured at the top the pile cap during 

each loading protocol are summarised in Table 3-1.  

Table 3-1: Target peak displacement values obtained in the positive/negative loading directions at the end 
of a cycle, at the top of pile 

Cycle Pile 1 Pile 2 Pile 3 

1 218/224 mm 3.5/4.8 mm 22.5/38.5 mm 

2 - 11.5/15 mm 5/16.5 mm 

3 - 30/33.5 mm 13.5/29 mm 

4 - 50/53 mm 24/45 mm 

5 - 100/103 mm 52/52.5 mm 

6 - 150/122 mm 102/104 mm 

7 - - 138/126 mm 

3.3. MODEL DEVELOPMENT   

Finite element models (FEM) of the test piles discussed in the previous section were developed 

based on a Nonlinear Beam on Winkler Foundation approach using the open-source analysis 

software OpenSeesPy (Zhu et al., 2018). The models were developed to replicate the lateral 

response of reinforced concrete bridge pile foundations with smooth reinforcement under 

various loading conditions whilst accounting for material nonlinearity and the influence of the 

smooth reinforcement.  

3.3.1. Model Overview 

A schematic representation of the pile-soil system is presented in Figure 3-5. The pile elements 

were modelled using displacement based distributed plasticity beam-column elements with three 

integration points per element, with a convergence study undertaken to determine the number 

of elements required to adequately capture the response in terms of both pile and soil response. 

The pile cap was discretised into 5 equal length elements while the pile was divided into 47 

elements, with smaller elements in the top 4 m to capture the behaviour in the active pile length 

region (Davies and Budhu, 1986). No P-delta effects were considered when modelling these 

experiments, as there was no additional axial load applied to the piles during testing. 

Displacement controlled lateral loading histories were applied to the top of the specimen using 

the displacement histories recorded during the experiments. All loading cycles were modelled 
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sequentially in order to capture any of the residual deformations that developed. The maximum 

displacement applied at the end of each loading cycle were equal to the values summarised in 

Table 3-1. 

 

Figure 3-5: OpenSeepy model representation of pile-soil interaction, displacement based beam-column 
elements and fibre section. 

 

3.3.2. Pile-Column Modelling  

The nonlinear behaviour of the pile-column was modelled using a fibre-based approach with 

cross-sectional characteristics summarised in Figure 3-1. A convergence study was used to 

define the appropriate discretization of the fibre meshing as this controlled the deflection when 

loaded into the nonlinear range. The core concrete was divided into 30 radial divisions and into 

36 circumferential divisions, with the cover concrete divided into 10 radial division and 

36 circumferential divisions. The discretisation of fibre meshing exceeded the discretisation 

recommended by Berry and Eberhard (2008) to capture both the response of the pile under large 

displacements and the smaller changes in stiffness at lower loads due to cracking.  

Unconfined and confined concrete fibres were modelled using the Kent-Scott-Park material 

model with linear tension stiffening (Concrete02 in OpenSeesPy). The properties for each 

concrete material model are summarised in Table 3-2 with confined concrete properties defined 

using the Mander et al. (1988) model. The characteristic concrete strength (f’c) used in the 

numerical models was determined based on compressive strength tests performed in the 
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laboratory on core samples collected on site, and concrete tensile strengths (fct) were defined 

using Standards New Zealand (2006) guidance. Steel reinforcement fibres were modelled using 

a Giuffré-Menegotto-Pinto formulation implemented by Menegotto and Pinto (Steel02 in 

OpenSeespy) with a yield strength of 280 MPa based on recommendations from Maffei (1996) 

and the NZ Seismic Assessment Guidelines (2018). A rupture strain of 20% (Andriono and Park, 

1986) was applied using the “MinMax” material in OpenSeespy.  

Table 3-2: Material properties used in the OpenSeesPy model for confined and unconfined concrete.   

Region f’c (MPa) Peak strain Tensile strength (MPa) 

Unconfined 40.0 0.0028 4.2 

Confined 45.2 0.0046 4.2 

 

3.3.2.1. Bond-Slip Modelling 

Fibre sections in OpenSees follow the assumption that plane sections remain plane, meaning 

perfect bond is assumed between the steel reinforcement and surrounding concrete. To account 

for the influence of bond slip on the stress-strain response of smooth reinforcement, a modified 

bilinear steel reinforcement material model was used. The original material model is shown in 

Figure 3-6 and is based on initial stiffness (E), strain hardening ratio (b), steel yield strain (εsy), 

and ultimate steel strain (εsu) parameters. The modified version of this material model is referred 

to as the bond-slip material model herein. The bond-slip material model is shown in Figure 3-6 

with a reduced initial stiffness (E’), a modified value of steel yield strain (ε’sy), and a modified 

value of ultimate steel strain (ε’su). The yield (fy), the strain hardening ratio (b), and rupture 

stress (fu) values remain unchanged in this approach. The process of determining these changes 

is discussed below in this section.  

The bond-slip material model was incorporated into the fibre sections using a ‘distributed’ bond-

slip modelling approach that modified the properties along the entire length of the pile. This 

approach was used because the variation in the location of the peak bending moment in a 

laterally loaded pile embedded in soil is dependent on the applied load. This is contrary to 

‘lumped’ bond-slip modelling, where a zero length fibre section based on the bond-slip material 

model is added at the location of the peak bending moment. This lumped approach is commonly 

used when modelling concrete columns where the peak bending moment location is fixed,  

generally occurring at column connections (Lowes et al. 2003; Zhao and Sritharan 2007). Also, 

as the critical location of the pile is few metres below the ground level and not at the connection 
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with the pile cap, it was not critical to capture the pull out type of failure. To capture 

reinforcement pull out, a 3D FEM modelling approach with interface modelling between steel 

reinforcement and concrete would be required. 

As there are no readily available bond-slip material models for plain round bars that can be 

implemented using the distributed bond slip modelling approach, the bond-slip material model 

parameters were estimated based on the procedures developed by Dehestani and Mousavi (2015) 

for deformed bars. The validity of using the deformed bar model for plain-round bars was 

assessed using the laboratory testing of column specimens from Melo (2015). The parameters 

of the bond-slip material model determined based on Dehestani and Mousavi (2015) were 

compared with the parameters of the bond-slip material model developed based on an iterative 

procedure proposed by Feng and Xu (2018) for modelling bond-slip using the lumped approach 

at reinforced concrete column-to-connection interfaces. The iterative procedure utilised a 

bilinear strain profile proposed by Feng and Xu (2018) and a bond slip model for smooth 

reinforcing developed by Cairns (2020), and iterated on the transmission length over which the 

stress and strain in the reinforcing decreased to zero. A detailed overview of this methodology 

is described in Evangelio (2021). The bond-slip material parameters determined using both this 

procedure, and the procedure proposed by Dehastani and Mousavi (2015) resulted in bond slip 

material parameters that were within 10% of the test results from Melo (2015). The final bond-

slip material model parameters used for the Whirokino Trestle Bridge piles were calculated to 

be E’ of 125 GPa and ε’su of 0.236 per the recommendations in Dehstani and Mousavi (2015). 
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Figure 3-6: Comparison of original constitutive relationship and the modified (including bond-slip 
effects) constitutive relationship for steel material 

3.3.3. Soil Modelling  

Soil was modelled using nonlinear p-y springs in OpenSeesPy (Boulanger, 1999) and 

implemented using zero length elements (Figure 3-5) with cyclic load-displacement 

relationships. The non-linear behaviour of the p-y spring was modelled using elastic, plastic and 

gap components in series and can be seen in Figure 3-5. The gap component consists of a non-

linear closure spring in parallel with non-linear drag spring, to represent soil drag along the side 

of the pile. The CPT tip resistance (qc) was used to define the friction angle and soil unit weight 

for each of the soil layers (1-4) shown in Figure 3-4 based on the correlations of Robertson and 

Campanella (1983) and Robertson (2010). The average friction angle and soil unit weight for 

each layer were used to define the ultimate capacity of the p-y springs (pult) and the displacement 

at which 50% of pult was mobilised (y50) within that layer based on the API recommendations 

(1987) for sand. As the loading was applied in the lateral direction only, no t-z or q-z springs 

were included in the model.  

3.4. MODELLING RESULTS  

The initial model validation included the comparison of OpenSeesPy models with field tests 

using the lateral load-displacements at the top of specimen, as well as rotations at the ground 

level from Pile 1 testing. In addition to the above comparison, the bending moment distribution 

along the depth of the pile and the soil gapping depth were presented to provide additional 

insights into pile-soil system response at specific points during the loading. A parametric study 
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was conducted to identify the key parameters controlling the response of the pile-soil system. 

Results from the multi-cycle pushover experimental testing were then used to further explore 

the performance of the model, with more emphasis on the effect and extent of bond-slip, and the 

characteristics of the reinforcing bond-slip model on the cyclic response of the pile-soil system. 

3.4.1. Single Cyclic Pushover Testing 

The load-displacement response from field testing and the numerical model at the top of Pile 1 

are compared in Figure 3-7(a) and Figure 3-8(a) along with the key points of the hysteretic 

response. In general, the numerical model of Pile 1 was able to provide a satisfactory match with 

the observed field testing response in terms of peak loads, residual displacements, overall 

hysteretic path and rotations at the top of pile. The global response of the pile-soil system was 

fairly linear through to the first yield of pile reinforcement (referred to as first yield), with the 

softening of the system through this range a result of soil nonlinearity and gap opening. The 

stiffness values of the pile-soil system at some key points before reaching its nominal moment 

capacity can be seen in Table 3-3. When the nominal moment capacity was reached, there was 

a significant softening of the pile-soil system both in the model and field testing results. Nominal 

moment capacity of the pile section was defined as the moment at which the crushing of cover 

concrete was initiated in the compression region. After reaching the peak load in the positive 

direction, the deformation of the pile-soil system increased without any strength degradation up 

to the target peak displacement. The peak load values, the residual displacements when the pile 

was unloaded and the rotations at the top of the pile from the numerical model were all between 

5-8% of the field test values in both the loading directions. There was no suggestion of bar 

buckling based on the numerical modelling results as the tension strains in the reinforcement 

were within the limits prescribed by Feng et al., (2014).  

Figure 3-7(b) and Figure 3-8(b) presents the variation of the bending moment profile from the 

Pile 1 numerical model at key points of the hysteretic response. The location of peak bending 

moment varied between 2.2D and 3D, (where D= diameter of the pile) between the cracking 

and first yield moments and remained at this depth until the nominal moment capacity of the 

pile section was reached. At this point, the location of peak bending moment had moved down 

to 3.5D and remained at this position as the applied displacement increased. This location then 

stayed relatively stable for the remainder of the loading cycle through to the target peak loading 

in the negative direction. The depth of the peak bending moment location observed here is 

consistent with the range of 2D to 7.5D reported by other researchers, with this depth dependent 
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on the applied load, pile diameter and other site conditions (Allotey and El Naggar, 2008b, 

2008a; Chai and Hutchinson, 2002; Chigullapally et al., 2021; Wood and Phillips, 1989). The 

depth of soil gapping from the model remained relatively consistent at approximately 0.9D 

(0.35 m) below the peak bending moment depth after the nominal moment capacity in the 

positive loading direction had been reached. A similar gap depth opened up during loading in 

the negative direction, with this depth also stabilising at 0.9D below the peak bending moment 

depth.  

The influence of the softening of the pile-soil system due to cracking of pile, soil nonlinearity 

and gap development was demonstrated by the changes in the bending moment distributions for 

the positive and negative loading directions. Larger displacements in the negative direction were 

needed to develop a bending moment distribution with absolute values similar to that in the 

positive direction, increasing from approximately 30 mm in the positive direction to 

approximately 240 mm in the negative direction. This demonstrates the value of cyclic testing 

and subsequent modelling, with the expected demands and performance of the pile cyclic 

loading likely less than that estimated based on monotonic testing results alone. It also 

demonstrates the importance of modelling the influence of gapping and nonlinearity of near-

surface soil properties.   

(a)  (b)  

Figure 3-7: Single cycle pushover results of Pile 1 (a) Comparison between field test and numerical 
model load-displacement behaviour at the top of pile cap; (b) Bending moment distribution along the 

depth of the pile at different load points from numerical model. 
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(a) (b) 

Figure 3-8: Single cycle pushover results of Pile 1 before pile yielding (a) Comparison between field test 
and numerical model load-displacement behaviour at the top of pile cap; (b) Bending moment 

distribution along the depth of the pile at different load points from numerical model. 

Table 3-3: Stiffness variation of the pile-soil system at different load points before pile yielding from 
numerical model during Pile 1 static pushover loading.   

 Load (kN) Displacement (mm) Stiffness (kN/mm) 

Cracking 12.4 2 6.2 

First Yield 51.6 13 4.0 

Pile Yielding 67.7 27 2.5 

 

3.4.1.1. Sensitivity Analysis 

To evaluate the influence of key parameters on the pushover response of the pile-soil system a 

parametric study was conducted using the validated numerical model of Pile 1 when subjected 

to a peak displacement of 5 mm and 33 mm respectively at the top of pile cap. These values 

were used to demonstrate the influence of input parameters at displacements above and below 

the displacement where the nominal moment capacity of the pile was reached (referred to as 

pre-yield range and post-yield range in this section). 

The parameters assessed in the sensitivity study were f’c, pult, and y50 values of the p-y springs, 

and bond stress values from the bond slip model of Cairns (2021). The concrete compressive 

strength was varied from 50% to 125% of the reference value, with the upper bound observed 
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in some regions of the bridge piers and beams and the lower bound being the specified concrete 

strength of 20 MPa on the construction drawings. For each soil layer pult was varied directly, 

while the y50 value was modified by varying the strain50 value. The sensitivity to both these 

parameters was assessed using 50% to 200% of the reference value based on recommendations 

by the Building Seismic Safety Council (1997). The bond stress values from the bond slip model 

of Cairns (2021) was varied by 50% to 150% of reference value. The lower bound bond stress 

values represented the values corresponding to the bond slip model of Melo et al., (2020) and 

the upper bound bond stress values corresponded to bond stress of a rebar when it was corroded 

prior to casting (Cairns, 2021). 

The sensitivity analysis highlighted that concrete strength and the properties of the upper soil 

layers had the most influence on the lateral response of the pile. The combined results of the 

sensitivity analysis with respect to the change in secant stiffness, first yield load, maximum 

moment, depth to maximum moment, soil gapping depth, and soil gapping width at ground level 

are summarised in Figure 3-9 for the most relevant parameters. In this figure, there are no first 

yield load values corresponding to the pre-yield range as first yield of pile reinforcement had 

yet to occur in this range. The model was insensitive to changes in pult values of the bottom two 

soil layers (Layer 3 and 4). Only the soil gapping depth and width were sensitive to the variation 

of y50 values of the top soil layer in the pre-yield range, with the y50 for other layers having no 

influence on the response. The variation in bond stress values from the bond slip model had no 

influence on the pushover response of the pile-soil system for either the pre- or post-yield ranges, 

as the variation in the bond-slip parameters (E’, b’, and ε’su) across the range considered was 

not significant. As such, the sensitivity of these parameters are not presented in Figure 3-9. 

When lower bound concrete strengths were used the parameters in Figure 3-9(a) varied by up 

to 35% and for upper bound concrete strengths the variation was up to 20%. The lower bound 

and upper bound concrete strengths had a more significant influence on the secant stiffness, 

maximum moment, and first yield load than the other metrics for both the pre- and post-yield 

ranges. In general, all the parameters were sensitive to changes in the concrete strength, with 

parameters slightly more sensitive in the pre-yield range. 

The pult parameters of the top two soil layers (Layer 1 and 2) are presented in Figure 3-9. When 

the lower bound and upper bound pult values for the top two soil layers were considered there 

was a variation of less than 22% for all the parameters in the pre and post-yield ranges. When 

the lower bound pult values for the top two soil layers were considered, the stiffness of the system 
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was reduced, leading to a reduction in secant stiffness, first yield load and maximum moment 

values. This trend was reversed when the upper bound pult values for the top two soil layers was 

considered as the stiffness of the system increased. The influence of the strength and stiffness 

of the near surface soil layers on the overall response was consistent with the observations made 

by other researchers (Boominathan, 2006; Fleming et al., 2016).   

  

Figure 3-9: Sensitivity of the specimen secant stiffness; first yield load; maximum moment; depth to 
maximum moment; soil gapping depth; and soil gapping width at ground level (in percentage) to 
variation in (a) concrete strength; (b) pult of the top soil layer; and (c) pult of the second soil layer. 

3.4.2. Multi-Cycle Pushover Testing 

The validated model from the single cycle pushover testing was assessed under increasing cyclic 

loading and initial pre-yield load cycle followed by increasing cyclic loading using the loading 

protocol and results from the Pile 2 and Pile 3 tests respectively. The soil spring characteristics 

were modified based on the CPT and shear wave velocity profile of the test pile location.  

3.4.2.1. Increasing Cyclic Loading 

Comparison of the load-displacement response from field testing and the numerical model at 

the top of Pile 2 is presented in Figure 3-11(a). The load-displacement response in Figure 

3-11(a) was different in both loading directions during the field testing, which could have been 

due to slightly different soil conditions on each side of the pile. As the model could not 

incorporate these variations in soil conditions in both the loading directions, the modelling 

results better capture the response in the positive loading direction. In general, the numerical 

results compared well with the experimental observations in terms of peak loads, the residual 
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displacements, the rotations measured at the top of the pile, hysteretic path and secant stiffness. 

The peak loads, the residual displacements, and the rotations measured at the top of the pile 

from the numerical model were within 10% of the field testing values in both loading directions 

and across all loading cycles. The global response of pile-soil system demonstrated little 

softening in the first three loading cycles, similar to the field testing results. At this loading level 

below the nominal moment capacity, the model had higher secant stiffness and a smaller area 

within the hysteretic loops compared to field testing results. The flattening of the hysteretic 

response occurred once the system reached the nominal moment capacity at a pile head 

displacement of 0.07D (around 30 mm), similar to Pile 1. After reaching the peak load in both 

the loading directions during the fourth cycle, the deformation of the pile-soil system increased 

without any strength degradation in the remaining two loading cycles, showing the model was 

able to maintain strength through large displacements and multiple cycles without any pinching 

in their hysteretic response. This was likely due to presence of soil and the support it provides 

along the pile active length region. The kink in the hysteretic response of the model was 

observed from the fourth loading cycle onwards as a result of the soil gapping modelling 

approach and the large gap that was present at this level of loading. Once the gap closed, the 

hysteretic path of the model joined up with the path of the field testing response. This kink was 

not observed in the single cycle pushover test modelling as there was no pre-existing gap present 

from earlier loading cycles. This suggests that there could be some further improvements of the 

modelling approach in order to better represent the change in stiffness of the system during the 

opening and closing of gaps around the pile.  

Figure 3-12(a) summarises the variation of the bending moment profile from the Pile 2 

numerical model. The location of peak bending moment after the first cycle was around 2D and 

it moved down to 3.5D at the end of third cycle, where the peak bending moment reached 

nominal capacity and remained at this position as the displacement increased in both the loading 

directions. The location of the peak bending moment moved down by 0.8D (0.3 m) during the 

unloading of pile after reaching the peak loading. The location of peak bending moment was at 

this depth until the pile reached its initial position (before application of loading in first cycle), 

this occurred during all the load cycles and can be due to increased unsupported length of the 

pile. Larger displacements were required during or after the sixth loading cycle in the negative 

direction to develop a bending moment distribution with absolute values similar to sixth loading 

cycle in the positive direction or fifth loading cycle in the negative direction. 



Chapter 3. Numerical Modelling of Reinforced Concrete Bridge Piles with Smooth Reinforcement under Lateral 

Loading 

50 

The depth of the soil gapping after the first cycle was 0.25D, which moved down to 4D after the 

third cycle and further down to 4.5D during the fourth cycle and remained unchanged as the 

applied displacement increased. The depth of soil gapping from the model remained relatively 

consistent at approximately 1D (0.4 m) below the peak bending moment depth after reaching 

the nominal moment capacity in the both the loading directions. 

The numerical model of Pile 2 (Figure 3-11(a)) had a clear system softening point in both the 

loading directions (end of third cycle) while in Pile 1 (Figure 3-7(a)), it was observed only in 

the positive direction (around 30 mm displacement) even though the pile reached full nominal 

capacity in both the loading directions. This was due to Pile 1 experiencing larger loads in the 

positive direction prior to loading in negative direction, meaning the peak bending moments 

were greater than first yield moment for the entire duration of negative direction loading (Figure 

3-7(b)). 

3.4.2.2. Initial Pre-Yield Load Cycle Followed by Increasing Cyclic Loading 

The load-displacement comparison between field testing and numerical model at the top of 

Pile 3 is presented in Figure 3-10(a). During the testing of the Pile 3, there was a buried log in 

front of the north face of the pile which was unable to be extracted prior to testing. The log 

provided an increase in passive resistance to the pile in this direction increasing the effective 

system strength and this resulted in a considerably higher peak loading value in the positive 

loading direction. The model could not incorporate these variations in soil conditions in both 

the loading directions, so the modelling results were close to field testing results only in negative 

loading direction. In general, the numerical results compared satisfactorily with the 

experimental observations in terms of peak loads, the residual displacements, the rotations 

measured at the top of the pile, hysteretic path and secant stiffness. 

The global response of pile-soil system demonstrated little softening in the first four loading 

cycles, similar to the field testing results. There was a slight reduction in the stiffness of the pile 

between first and fourth loading cycles during the field testing and it was well captured by the 

numerical model. The flattening of the hysteretic response occurred once the system reached the 

nominal moment capacity at a pile head displacement of 0.07D (around 30 mm), similar to Pile 1 

and Pile 2. After reaching the peak load in both the loading directions during the fifth loading 

cycle, the deformation of the pile-soil system increased without any strength degradation in the 

remaining two loading cycles, similar to Pile 2. The load-displacement comparison showed that 

the model was able to capture the response of the pile satisfactorily in the negative loading 
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direction, but was able to capture only the trend between different loading cycles in the positive 

loading direction. The kink in the hysteretic response of the model was observed from the fifth 

loading cycle onwards as a result of the soil gapping modelling approach and the large gap that 

was present at this level of loading. Once the gap closed, the hysteretic path of the model joined 

up with the path of the field testing response. 

(a)  (b)  

Figure 3-10: Initial pre-yield load cycle followed by increasing cyclic pushover results of Pile 3 
(a) Comparison between field test (solid lines) and numerical model (dashed lines) load-displacement 

behaviour at the top of pile cap; (b) Bending moment distribution along the depth of the pile at different 
load points 

Figure 3-10(b) provided an indication of the variation of bending moment profile from the Pile 3 

numerical model. The location of the peak bending moment in the first cycle was 4.7D in the 

negative loading direction, slightly higher when compared to Pile 2 at the similar loading 

(60 kN) levels. The peak bending moment location then moved to 6.4D in the second cycle, this 

was significantly lower when compared to Pile 2 at similar loading levels (first cycle) and can 

be due to the soil gapping formation from the high initial loading in the first cycle. The peak 

bending moment location moved up to 4.7D in the third cycle and to 4.2D in the fourth cycle, 

where the peak bending moment reached nominal capacity and remained at this position as the 

displacement increased in both the loading directions. When larger displacements were applied 

in the sixth loading cycle in the negative direction the bending moment distribution with 

absolute values was higher than the fifth loading cycle in the negative direction.  
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The depth of soil gapping after the first cycle was at 4.3D and remained at this position until the 

end of fourth loading cycle. The depth of soil gapping increased to 4.6D in the fifth loading 

cycle, when the peak displacements were slightly higher than the first cycle and remained 

unchanged as the applied displacement increased. The depth of soil gapping from the model 

remained relatively consistent at approximately 0.4D (0.15 m) below the peak bending moment 

depth after reaching the nominal moment capacity in the both the loading directions. 

3.4.2.3. Influence of the Bond-Slip Material Model 

To evaluate the influence of the bond-slip material model on the response of the pile-soil system, 

the Pile 2 numerical model was analysed without a bond-slip implementation. The load-

displacement response of Pile 2 numerical model without a bond-slip implementation and the 

field testing results is presented in Figure 3-11(b) and the variation of the bending moment 

profile from this model is presented in Figure 3-12(b). The secant stiffness of the model without 

bond-slip implementation in the first three loading cycles was 15-20% higher than the model 

with bond-slip. The peak loading values across all cycles were 5-10% higher compared to the 

model with bond-slip. Although the model without bond-slip had similar loading and unloading 

path shape to the model with bond-slip, the amount of energy dissipated, represented by the area 

inside the hysteresis loop for the model without bond-slip was around 10-20% higher than model 

with bond-slip. The numerical model without bond-slip was not able to capture the reduction in 

stiffness and flattening of the hysteretic response after reaching the system softening point even 

though the model had reached the nominal moment capacity in Cycle 3. The nominal moment 

capacity of the system without bond-slip was 25% higher and the location of peak bending 

moment was 0.5D lower, when compared to the system with bond-slip (Figure 3-12(b)). The 

length of the pile above the nominal moment capacity was also higher in model without bond-

slip when compared to the model with bond-slip for similar pile head displacements, likely 

resulting from the increased stiffness of the pile.  

Figure 3-11 suggests the global cyclic response of model without bond-slip moved further away 

from the response of model with bond-slip, showing that the bond-slip model implementation 

was able to improve the ability of the model to better capture the global cyclic response of the 

pile-soil system and the stiffness and strength degradation. However, this improvement was not 

as significant as that observed in other structural elements (like beams and columns) with 

smooth reinforcement. This is because the response of system and hysteretic shape for other 

structural elements are governed by the bond-slip behaviour in the plastic hinge regions. Even 
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though the response of pile-soil system and its hysteretic shape is influenced by the properties 

of the pile in the plastic hinge regions, the presence of the soil and the resistance it provided in 

the pile active length regions seems to reduce the influence of bond-slip. This was evidenced by 

the non-pinched hysteretic response observed despite curvatures from the field testing and 

numerical models exceeding the limits proposed by the Dhakal and Fenwick (2008) and that 

observed during the laboratory testing of Whirokino Trestle Bridge columns with smooth 

reinforcement by Dekker (1992) and Maffei (1996). 

The sensitivity of the model to the bond-slip model implementation was further explored by 

varying the length of pile over which the model was applied. The extent of bond-slip was 

determined using the recommendations of CEB-FIP (2000). The influence of extent of bond-

slip model implementation on the response of pile-soil system was studied by implementing the 

bond-slip material model only in the regions of bond-slip occurrence (1 m above and below the 

location of maximum moment, which is 0.5 m to 2.5 m below the ground level), and by 

implementing the original bilinear steel reinforcement material model along the rest of the pile 

length. The response of this pile-soil system was similar to the response of Pile 2 model with 

bond-slip implementation, suggesting that the implementation of the bond-slip model in the 

regions of bond-slip occurrence will be able to capture the global cyclic response. 

 

(a)  

 

(b)  

Figure 3-11: Comparison between field test (solid lines) and numerical model (dashed lines) load-
displacement behaviour at the top of pile cap under increasing cyclic pushover results of Pile 2 (a) with 

bond-slip; (b) without bond-slip. 
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(a)  

 

(b)  

Figure 3-12: Comparison of bending moment distribution along the depth of the pile at different load 
points under increasing cyclic pushover results of Pile 2 numerical model (a) with bond-slip; (b) without 

bond-slip. 

3.5. CONCLUSIONS 

The results from the pile tests performed at the Whirokino Trestle Bridge under different loading 

protocols were used to validate the numerical modelling approach to replicate the response of 

the pile with smooth reinforcement using OpenSeesPy. The models developed account for the 

nonlinear soil response, pile material nonlinearities, and the bond-slip effects at the interface 

between the smooth reinforcing and surrounding concrete. Based on the numerical modelling 

results comparison with field test results and sensitivity studies performed on the key parameters 

controlling the response of the pile, the following conclusions can be drawn: 

 The procedures developed to model the stress-strain response of smooth reinforcement 

accounting for reinforcement bond-slip were successful in replicating the response of 

the piles with smooth reinforcement.  

 The global response of the pile-soil system with smooth reinforcement in numerical 

models was fairly linear until the system reached the nominal capacity, after which 

significant softening of the system was observed. These pile-soil systems were able to 

maintain their strength through large displacements and multiple cycles without any 

pinching in their hysteretic response due to the confining effect of the soil surrounding 

the pile, preventing spalling of the cover concrete and bar buckling. 
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 Incorporating reinforcing bond-slip into the model enabled it to better capture the global 

cyclic response of the pile-soil system and the influence of repeated loading cycles on 

the stiffness and strength degradation. There was around 10% variation across different 

metrics when bond-slip was not considered.  

 The strength and stiffness of the top two soil layers had a significant effect on the 

response of the pile-soil system, reinforcing the need for good characterisation of the 

near surface soil profile in order to capture the behaviour of the pile-soil system. 
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Experimental and Numerical Analysis of the Lateral 

Response of Full Scale Bridge Piers 

This chapter is based on: 

Chigullapally, P., Hogan, L.S., Wotherspoon, L.M., Stephens, M., Pender, M.J, Accepted. 

Experimental and numerical analysis of the lateral response of full-scale bridge piers. Bulletin 

of the New Zealand Society of Earthquake Engineers. 

 

This chapter presents the results of in-situ testing of two integrated pile-columns of a partially 

demolished bridge located in Auckland, New Zealand. A series of tests involving lateral 

monotonic pushover and subsequent dynamic free vibration snapback tests were used to 

quantify the variation in the stiffness and damping behaviour of the pile-column specimens over 

a range of lateral load levels. Each testing sequence consisted of incrementally increasing peak 

monotonic loads followed by the dynamic snapback, with a series of varying peak loads at the 

end of the testing sequence to evaluate the influence of loading history on the monotonic and 

dynamic response. The secant stiffness between the monotonic pushover tests performed to the 

same loading levels before and after the maximum load was applied, reduced by up to 40% in 

both the pile-columns, primarily due to soil gapping effects, highlighting the significant 

potential softening of the system prior to pile or column yielding. Progressive reduction in the 

damping of the system during each snapback test was evident, due to the varying contributions 

of different energy dissipation mechanisms, and the level of damping varied depending on the 

peak load applied. These results highlighted the significant influence of soil gapping and 

nonlinearity on the dynamic response of the system. Numerical models were developed in the 

open source structural analysis software OpenSeesPy using a Nonlinear Beam on Winkler 

Foundation approach to further investigate the response of the pile-columns. Models of both the 

pile-columns using existing p-y curves for clay soils showed good agreement with the 

experimental data in load-displacement, period and snapback acceleration time histories. 



Chapter 4. Experimental and Numerical Analysis of the Lateral Response of Full Scale Bridge Piers 

58 

Sensitivity analysis showed that the surface soft clay layer had a significant effect on the lateral 

response and dynamic characteristics of the model, reinforcing the need for good 

characterisation of the near surface soil profile to capture the behaviour of the system. 

4.1. INTRODUCTION 

The importance of accounting for soil-foundation-structure interaction (SFSI) in the seismic 

response of bridges has been widely acknowledged for many years (Novak, 1991; Paulay and 

Priestley, 1992; Mylonakis et al., 1997; Gazetas and Mylonakis, 1998; Mylonakis and Gazetas, 

2000). An important part of the assessment of SFSI effects is the definition of the stiffness and 

damping characteristics of foundations. One of the inherent difficulties in accounting for these 

effects, particularly in a design setting, is this small number of large-scale pile foundations tests 

that have been performed relative to the wide range of structural and geotechnical characteristics 

that can be encountered in practice. This limitation means that there is often insufficient field 

test data to constrain the nonlinear stiffness and damping behaviour of the numerical models 

used to design and analyse pile foundations and wider bridge structures.  

The lateral response of pile foundations has been previously studied using a range of different 

loading methodologies. The most widely used approach is static or pushover loading, where a 

gradually increasing load is applied to the pile head or at a location above the ground surface on 

an extension of the pile shaft. Using this approach, the load can be applied either monotonically 

or cyclically, with both methods typically applying loads of progressively larger magnitudes. 

Static loading of piles of various cross-sectional characteristics have been investigated in clay 

soils by Matlock (1970), Kramer (1991), Rollins et al. (1998), Gerber and Rollins (2008), 

Sritharan et al. (2007) and Sa’don (2012), in sands by Chik et al. (2009), Nasr (2014), 

Madhusudan Reddy and Ayothiraman (2015), Khari et al. (2015), Abadie (2015) and Aguirre 

et al. (2018), in silts by Kramer (1991) and Lalicata et al. (2019), and in multi-layered profiles 

by Rollins et al. (2003), Snyder (2004) and Stewart et al. (2007). 

To capture the effects of damping in pile foundations, dynamic loading is required. In prior 

studies which have implemented dynamic loading, a range of excitations of increasing 

magnitude have been applied using an eccentric mass shaker, hydraulic actuator, or by quick 

release of the load at the end of a pushover loading cycle. Dynamic loading of piles of various 

cross-sectional characteristics have been investigated in clay soils by Blaney and O’Neill 

(1989), Crouse et al. (1993), Boominathan (2006), Sa’don et al. (2014) and Fleming et al. 
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(2016), in sands by Scott et al. (1982), Ting (1987), Chai and Hutchinson (2002), Boulanger et 

al. (2003), Boominathan (2006) and Chang and Hutchinson (2013), in silts by Scott et al. (1982), 

Ting (1987), Boominathan (2006), and in multi-layered profiles by Boulanger et al. (1999) and 

Boominathan (2006).  

Statnamic loading is another common testing method, where the duration of the load from the 

statnamic device is longer than a dynamic loading test and shorter than a static loading test, 

characterising a response that is somewhere between static and dynamic behaviour (Brown, 

1994; El Naggar, 1998). Statnamic loading of piles of various cross-sectional characteristics has 

been investigated in clayey soils by Brown (1994, 2007), Brown et al. (2006) and Brown and 

Hyde (2006), in sands by Brown (1994), El Naggar (1998) and Tobita et al. (2008), in silts by 

Brown (1994), Brown et al. (2001) and Tobita et al. (2008), and in multi-layered profiles by 

Brown et al. (2001), Bowles (2005) and Broderick (2007).  

In general, the outcomes from previous research have provided designers with improved 

estimates of dynamic lateral stiffness and damping of pile foundations in several types of soil 

profiles along the depth of pile. Previous testing has enabled the development, evaluation and 

improvement of static and dynamic p-y curves for non-linear models and improved the existing 

theoretical equations for estimating SFSI effects. However, even with the significant number of 

large-scale pile tests in existing literature, there are few tests in soil profiles with soft surface 

layers underlain by much stiffer soils, as can often be found in the alluvial conditions at bridge 

river crossings. Due to the limited amount of in-situ test data, the design of piles in these soil 

conditions usually ignores the top soft layers if they are in locations prone to scour (S. Wang et 

al., 1998). 

This paper presents the results of in-situ testing of integrated pile-columns of a partially 

demolished bridge located in Auckland, New Zealand. A test sequence involving static pushover 

and dynamic free vibration snapback tests was used to capture the change in dynamic response, 

stiffness and damping of the system due to pile cracking, soil gapping and soil nonlinearity. The 

characteristics of the bridge and the field-testing methodology are first presented, and the field 

testing results are discussed. To further explore the results from the field testing, a numerical 

model of each specimen was developed using the open-source structural analysis software 

OpenSeesPy (Zhu et al., 2018). Modelling results are compared to the field response and the 

sensitivity of key parameters controlling the response of the integrated pile-columns are 

evaluated and discussed. 
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4.2. FIELD TESTING SETUP AND METHODOLOGY 

To investigate the performance of in-service bridge foundations, an experimental program was 

undertaken at Henderson Creek in Auckland, New Zealand. The Henderson Creek site consisted 

of two separate five span, reinforced concrete bridges that traverse a tidal creek, with this study 

focussing on Henderson Creek Bridge No. 2. This bridge was constructed in 1962, with an 

overall length of 93 m and a width of 9.35 m that supported two lanes of traffic. The 

superstructure of the bridge was supported by piers consisting of four 990 mm diameter 

reinforced concrete extended pile-columns with a centre to centre spacing of 2.24 m, connected 

by a 1.8 m x 1.09 m pier cap (Figure 4-1). The above and below ground sections of the extended 

pile-columns had the same diameter, with the pile extending to a depth of 15.1 m, and no pile 

cap at the ground surface. The reinforcing steel layout is summarised in Figure 4-2 and consisted 

of twenty-four D32 longitudinal bars (32 mm diameter, fy = 300 MPa) and a spiral transverse 

reinforcement of 19 mm diameter (fy = 300 MPa) at 114 mm c/c. On the day of testing, the 

ground level was 6.55 m below the top of pile cap and water was present above the ground level 

during the testing. 

The field testing programme focussed on the response of two of the extended pile-columns from 

one of the piers, referred to herein as Specimen 1 and Specimen 2. To isolate the test specimens 

the bridge deck and the longitudinal beams were removed, then the pile-columns were isolated 

by saw cutting through the pier cap at the locations shown in Figure 4-1, creating a clear gap of 

1 m to prevent any interaction between the Specimens and other parts of the pier during testing.  

The soil profile at the testing locations were characterised using a set of cone penetration tests 

(CPT) and rotary boreholes with Standard Penetration Tests (SPT). A total of four boreholes 

and eleven CPTs were used to characterise the soil profile at the test locations. These profiles 

are summarised in Figure 4-2. At the location of Specimen 1, a 4.5 m thick layer of soft alluvium 

was present at the ground surface, with a CPT tip resistance (qc) of 0.6 MPa and SPT N60 values 

of 2-8. Beneath this surface layer was a 1.5 m layer of highly-to-moderately-weathered East 

Coast Bays Formation (ECBF) sandstone and siltstone with a qc of 6 MPa throughout the layer. 

At the location of Specimen 2, an 8.1 m thick layer of soft alluvium was present at the ground 

surface, with qc of 0.4 MPa and SPT N60 values of 2-8. This surface layer was underlain by a 

3 m layer of highly-to-moderately-weathered ECBF with qc of 5 MPa throughout the layer. The 

lower stratum for both Specimen 1 and Specimen 2 was slightly weathered ECBF with qc of 30 
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MPa, transitioning to unweathered ECBF over a depth of a few metres, with CPT refusal at this 

point. This unweathered ECBF formed the bearing layer for each specimen. 

 

 

Figure 4-1: Section view of the Henderson Creek Bridge pier dimensions, including the location of saw 
cuts used to separate each extended pile-column for testing. 

 

 

 

Figure 4-2: Soil profile characteristics, pile-column dimensions and pile-column cross sectional details 
for: (a) Specimen 1; and (b) Specimen 2. 

 

4.2.1. Testing Sequence 

Testing was conducted to capture the change in dynamic response, stiffness and damping of the 

specimens. The testing of each specimen was performed in two parts: 1) a monotonic pushover 

(referred to as pushover herein) in which a horizontal load was applied slowly until a target load 

was reached and 2) a snapback in which the horizontal load was released at the target load, 
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allowing the specimen to undergo free vibration. Table 4-1 summarises the loading sequence 

applied to each test specimen. A similar loading sequence was applied for both specimens, with 

a gradual increase in the target load up to Test 5, followed by a sequence of fluctuating target 

loads to assess the effect of past loading on the response. 

4.2.2. Testing Methodology 

The lateral load was applied to the top of each specimen using two pre-stressing strands that 

extended between steel loading frames attached to the top of the specimen and to the 

longitudinally adjacent bridge pier as shown in Figure 4-3, Figure 4-4, and Figure 4-5, similar 

to those used in bridge pier testing by Wood and Phillips (1989). The pier cap of the adjacent 

bridge pier was unaltered and acted as a reaction pier during testing. Each loading frame was 

hooked behind the back of the specimens and the reaction pier and secured with concrete 

anchors. Lateral load was applied 6.55 m above the ground level using a hydraulic actuator 

attached to the pre-stressing strands. The actuator was located inside the loading frame on the 

reaction pier and pushed a sliding block within the loading frames to tension the pre-stressing 

strands, as shown in Figure 4-4 and Figure 4-5. The pre-stressing strands were installed with an 

initial slack to allow unrestrained movement of the specimens during free vibration. An electric 

pump was used to perform the static pushover test, increasing the horizontal load up to the target 

level for each pushover test. At the end of each pushover test, a snapback test was performed by 

dumping the hydraulic fluid from the actuator into a reservoir by remotely triggering a solenoid 

valve, creating a sudden release of load and allowing free vibration response.  

4.2.3. Instrumentation 

To measure the force-displacement response of the specimen during pushover testing, a Linear 

Variable Differential Transformer (LVDT) was positioned at the top of the specimen and 

connected to a reference frame supported by the adjacent pile. A load cell was connected to the 

actuator inside the loading frame at the reaction pier. To measure the dynamic response of the 

specimen during snapback testing, accelerometers were placed along the height of the specimen 

as indicated in Figure 4-3. An additional accelerometer was installed at the top of specimen in 

the direction perpendicular the loading direction to capture any out-of-plane accelerations. 

Throughout the duration of testing, the water level varied by up to a metre above the ground 

level, so it was not feasible to provide instrumentation near the ground surface.    
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Table 4-1: Test sequence for each specimen and the maximum load applied in each pushover test.  

  Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 

Specimen 1 
Load (kN) 47 51 97 142 166 50 148 97 48 

Test ID S1_T1 S1_T2 S1_T3 S1_T4 S1_T5 S1_T6 S1_T7 S1_T8 S1_T9 

Specimen 2 
Load (kN) 52 52 98 149 150 48 103 101 50 

Test ID S2_T1 S2_T2 S2_T3 S2_T4 S2_T5 S2_T6 S2_T7 S2_T8 S2_T9 

 

 

Figure 4-3: Schematic of the test setup with loading frames and accelerometers (ACC) attached to the 
specimen and the reaction pier (not to scale). 

 

 

Figure 4-4: Plan view of the test setup with loading frames and accelerometers (ACC) attached to the 
specimen and the reaction pier (not to scale). 
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(a) (b) 

Figure 4-5: Details of the test equipment layout with: (a) Load frame attached to the specimen; (b) Load 
frame and actuator attached to the reaction pier. 

 

4.3. FIELD TESTING OBSERVATIONS 

4.3.1. Static Pushover Testing 

During the static pushover testing, specimens were pushed into the soil, and this resulted in 

plastic deformation on one side of the pile and opening of a gap on the other side as there was a 

separation between the pile and soil. At the end of a loading cycle when the load was released, 

there was a gap in front of the pile due to the plastic deformation of the soil, which along with 

the gap behind the pile reduced the stiffness of the system. This can be seen in the load-

displacement response for Specimen 1 and Specimen 2 are shown in Figure 4-6. The load-

displacement response for Specimen 1 is shown in Figure 4-6(a) with the drift between the top 

of the pile and the ground level. Specimen 1 remained elastic during the first two low level 

pushover tests. A slight change in the secant stiffness was observed during S1_T3 at 

approximately 50 kN when the cracking moment of the pile section (Mcr = 310 kN-m) was 

exceeded in the critical sections of the specimen. At the start of S1_T5, there was a residual 

displacement of approximately 8 mm at the top of the specimen. This residual displacement can 

be attributed to: (1) small residual rotations at and below the ground level due to incomplete 

closure of cracks and the low axial load on the specimen (Marder et al., 2018); (2) soil plastic 

deformation and the development of a gap between the pile and the surrounding soil during the 

previous pushover and snapback tests. While the gapping could not be observed directly due to 

the water level of the river, the load-displacement response in S1_T5 shows signs of gapping 

similar to other large scale pile test studies (Novak, 1991; Fleming et al., 2016). Namely, the 

secant stiffness at the beginning of the monotonic push was lower than the previous tests due to 
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the loss of contact with the surrounding soil, and as the gap closed it put the pile in contact with 

a larger area of soil, increasing the stiffness of the system. After the gap fully closed, the S1_T5 

curve aligned with the backbone curve from S1_T4. A similar behaviour of increasing secant 

stiffness at the later stages of the static pushover loading was observed in S1_T7. The load-

displacement response of the specimen after S1_T5 remained linear, as all subsequent load 

levels following S1_T5 were less than the maximum load achieved in S1_T5, meaning it is 

unlikely additional gapping or soil nonlinearity developed.  

The load-displacement response of Specimen 2 is shown in Figure 4-6(b). The specimen 

response was elastic up to a load of approximately 30 kN during S2_T1. At the start of S2_T4 

there was some residual displacement that developed through the same mechanisms described 

for Specimen 1 previously, and the load-displacement response was similar to that observed for 

Specimen 1 in S1_T5. A similar behaviour of increasing secant stiffness during gap closing was 

also observed in S2_T5. The load-displacement response of the specimen after S2_T5 remained 

linear as the load levels were less than the maximum load applied in S2_T5 and are similar to 

the response in the same tests in Specimen 1, except that 5 mm of additional residual 

deformation was observed following S2_T5. Note that Specimen 2 exhibited approximately half 

the stiffness of Specimen 1 during Tests 1-4 as well as larger residual displacement following 

Tests 4-6. These phenomena are likely due to more extensive cracking of the pile section prior 

to the start of testing and lower strength and stiffness of the soil layers at the location of 

Specimen 2 respectively.  

Even though the load levels in Test 3 were twice that of Test 6 for both specimens, the peak 

displacements were very similar. This is a clear demonstration of the influence of gap formation 

between the pile and surrounding soil, reducing the overall stiffness of the specimen. For both 

the 100 kN tests (Test 3 and Test 8) there was a reduction in the secant stiffness of approximately 

40%. The reduction in secant stiffness can be attributed to both an increase in soil gapping 

around the specimen and an increase in cracking of the pile section after the maximum target 

load was reached in Test 4 and Test 5. During the testing of both the specimens, the peak load 

levels were not large enough to exceed the yield bending moment of 1630 kN-m. The maximum 

load levels during the testing sequence were representative of the serviceability limit state design 

loads for this bridge.   
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4.3.2. Snapback Testing 

Following the monotonic push to each target load in Table 4-1, a snapback test was performed 

to determine the dynamic properties of the specimens. The free vibration response of snapback 

tests for Specimen 1 and Specimen 2 are shown in Figure 4-7 and Figure 4-8 respectively. A 

summary of all the snapback test results is provided in an electronic supplement to allow for 

brevity here.  

For both specimens, the peak to peak amplitude decay during free vibration occurred at a 

relatively slow rate for tests with release loads lower than 100 kN (as illustrated by Figure 4-7a 

and 6d, and Figure 4-8a and 7d). In contrast, tests with release loads greater than 100 kN 

displayed a free vibration response with two distinct stages. Initially, there was a large reduction 

in amplitude during the first one to two cycles, which was followed by subsequent decay rates 

similar to that of the tests with lower initial release loads (as illustrated by Figure 4-7b and 6c, 

and Figure 4-8b and 7c).  

  

(a) (b) 

Figure 4-6: Summary of the load-displacement behaviour of test specimens during static pushover 
loading for all target loads: a) Specimen 1; b) Specimen 2. 
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(a) (b) 

  

(c) (d) 

Figure 4-7: Acceleration time histories of Specimen 1 during snapback testing: (a) S1_T1; (b) S1_T4; (c) 
S1_T5; (d) S1_T9 

 

  

(a) (b) 

  

(c) (d) 

Figure 4-8: Acceleration time histories at the top of Specimen 2 during snapback testing: (a) S2_T1; (b) 
S2_T4; (c) S2_T5; (d) S2_T9 
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The natural period of the two specimens was estimated for each snapback test using a 

combination of peak picking from Fast Fourier Transformation (FFT) and peak to peak intervals 

from the time series data. The resulting natural periods for each specimen are summarised in 

Figure 4-9. The range of natural period varied from 0.19 s to 0.24 s for Specimen 1 and 0.2 s to 

0.29 s for Specimen 2. The natural period for Specimen 1 increased from 0.19 s to 0.22 s 

between tests S1_T1 and S1_T5 and then reduced to 0.2 s in S1_T9. Similarly, the natural period 

for Specimen 2 increased from 0.2 s to 0.29 s between test S2_T1 and S2_T5, and then reduced 

to 0.265 s in S2_T9. The natural period for both specimens increased as the peak load increased 

until the maximum peak load in Test 5, and then reduced with a reduction in peak load in 

subsequent tests. The natural periods were higher in tests after maximum peak load application 

compared to the same load levels before the application of the maximum peak load application 

in Test 5. This variation in natural period can be attributed to an increase in the formation of a 

gap between specimen and surrounding soil and specimen cracking. Tests with release loads 

above 100 kN had a 5% increase in the natural period between the initial rapid amplitude decay 

and the slow amplitude decay in later stages of the test. The range of natural periods for 

Specimen 2 were larger than the range of natural periods for Specimen 1 due to more significant 

cracking in the pile section in Specimen 2 prior to the start of testing and the lower strength and 

stiffness of soil layers surrounding Specimen 2. 

 

Figure 4-9: Variation of the natural period for Specimen 1 and Specimen 2 with respect to the maximum 
load at release for each test. 

The time series data in Figure 4-7 and Figure 4-8 indicate that damping was not consistent 

throughout the duration of the free vibration, being influenced by a combined mechanism 
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including the impact between the pile and the surrounding soil and soil gapping around the pile. 

The contribution of each component to the total damping depends on the magnitude of the 

snapback release load and this contribution changes as the number of cycles of vibration 

increases.  

To assess the variation in damping of each specimen throughout the response histories, 

equivalent viscous damping was determined using the logarithmic decrement method (Chopra, 

1995). Multiple damping values were calculated from each test using sets of acceleration peaks 

from several stages of the response histories. This enabled a simplified equivalent viscous 

damping representation of the complex damping contributions from the previously discussed 

phenomena. The calculated equivalent viscous damping values are plotted in Figure 4-10 as a 

function of acceleration. The range of the maximum equivalent viscous damping estimates 

across all tests varied from 3.3% to 15% for Specimen 1 and 6% to 25% for Specimen 2. The 

maximum damping for Specimen 1 increased from 3.3% to 14% from S1_T1 to S1_T5 and then 

reduced to 6% in S1_T9. Similarly, the damping for Specimen 2 increased from 6% to 25% 

from S2_T1 to S2_T5, then reduced to 17% in S2_T9. The damping values of  10% and 15% 

suggested by the New Zealand Transport Agency (2014), for pier piles in granular and sandy 

soils and clay soils respectively, were conservative when compared to the damping values 

obtained from the dynamic snapback testing of isolated single pile-columns. Changes in the 

specimen properties meant that there was an increase in damping from the start to the end of the 

test sequence. The higher initial damping at low load levels in Specimen 2 compared to 

Specimen 1 could be due to the different soil profile characteristics and/or cracking of 

Specimen 2 prior to the start of testing.  

From Figure 4-10, it is clear there is a relationship between acceleration and the calculated 

equivalent viscous damping value. The maximum equivalent viscous damping in both 

specimens increased as the initial acceleration levels increased. The damping in subsequent tests 

were lower than the maximum viscous damping calculated for Test 5 but were higher than 

damping calculated for equivalent loads in tests conducted prior to Test 5. The high initial 

equivalent viscous damping for higher initial accelerations can be attributed to the dissipation 

of energy through the impact between the pile and the surrounding soil which occurs during the 

first half cycle of the free vibration response. The high initial equivalent viscous damping values 

would increase further when the specimen is pushed closer to the design level event demands. 

After this first half-cycle, the gap formation between the pile and soil influences the level of 
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radiation damping of the foundation system. With the multiple mechanisms of energy 

dissipation that vary throughout the test and influence damping, it is not possible to represent 

damping throughout the entire response history using a single value of equivalent viscous 

damping. These variations in equivalent viscous damping were consistent with the observations 

made by other researchers (Crouse et al., 1993; M Sadon, 2012). 

4.4. FINITE ELEMENT MODELLING OF TEST BEHAVIOUR 

The experimental results were used to validate numerical modelling procedures for integrated 

pile-columns using a Nonlinear Beam on Winkler Foundation approach. The open-source 

structural analysis program OpenSeesPy (Zhu et al., 2018) was used to simulate the monotonic 

and dynamic snapback response of the integrated pile-columns tested in the experimental 

program whilst accounting for material and soil nonlinearity. This model calibration included 

the comparison of OpenSeesPy models with field tests in lateral load-displacements at the top 

of specimens during static pushover tests, the acceleration time histories at the top of specimens, 

and the variation in natural period of the specimen-soil system during free vibration. The 

validated numerical modelling procedures were then used to perform a sensitivity analysis study 

to identify the key parameters controlling the monotonic and dynamic response of the pile 

columns. 

 

(a) 

 

(b) 

Figure 4-10: Variation of equivalent viscous damping with respect to acceleration using the free 
vibration response of (a) Specimen 1; (b) Specimen 2 
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4.4.1. Model Overview  

The integrated pile column models were modelled using displacement based distributed 

plasticity beam-column elements with three integration points. The column (above the ground 

level) was discretised into 40 equal length elements while the pile (below the ground level) was 

divided into 71 elements with smaller elements near the ground surface to capture the behaviour 

in the active pile length region. A convergence study was used to determine the number of 

elements within the column, as the natural period was sensitive to the number of elements above 

ground level. Mass corresponding to the tributary length of the pile-column cross section was 

lumped at the nodes between elements using a concrete density of 2400 kg/m3. An additional 

mass of 200 kg was lumped at the top of the column to account for test equipment. No P-delta 

effects were considered in the modelling as the peak drifts experienced during field testing were 

less than 1% and no additional axial load was applied to the test specimens. 

Lateral loads were applied to the top of the column as static pushover loads. Force controlled 

loading was used to load all the specimens at the top of the specimen to replicate the field test 

loading conditions. All tests were modelled sequentially to ensure residual deformations in the 

system were captured. The snapback tests were modelled by releasing the lateral load and 

allowing free vibration. The rate of loading during all the tests was kept constant and the 

maximum load applied at the end of each cycle matched those summarised in Table 4-1.   

Rayleigh damping was varied between different snapback tests, and within each snapback test 

based on the acceleration levels, to replicate the variation in damping observed in the field 

testing. Higher Rayleigh damping was used in the initial stages of each test to represent the 

damping when impact effects were dominant, and lower Rayleigh damping was used in the final 

stages of each test when radiation damping was dominant. During the testing, there was less 

than 0.1 m of free water above the ground level, such that any contribution to damping from the 

influence of the water surrounding the pile was likely to be negligible. The range of the initial 

damping estimates across all tests varied from 3.3% at initial accelerations of 2.8 m/s2, up to 

25% for initial accelerations of 6.2 m/s2. Damping reduced down to 1% during the later stages 

of free vibration when the accelerations were below 0.5 m/s2. The target frequency used for 

defining the Rayleigh damping parameters were the natural frequency and three times the natural 

frequency for all tests. The Rayleigh damping provided to the system here was in addition to the 

hysteretic damping from soil and structural nonlinearity.  
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4.4.2. Pile-Column Modelling  

The nonlinear behaviour of the pile-column was modelled using a fibre based approach with 

displacement based distributed plasticity beam-column elements. A convergence study was used 

to define the appropriate discretization of the fibre meshing, as it controlled the deflection of the 

pile-column post cracking. For every pile-column section, the core concrete fibre area was 

divided into 50 radial divisions and into 12 circumferential divisions, and the cover concrete 

area was divided into 20 radial division and 16 circumferential divisions.  

Unconfined and confined concrete fibres were modelled using the Kent-Scott-Park material 

model with linear tension stiffening (Concrete02 in OpenSeespy). Steel reinforcement fibres 

were modelled using a bilinear material model with kinematic hardening (Steel01 in 

OpenSeespy) with a yield strength of 300 MPa and strain hardening ratio of 0.01. The properties 

for each concrete material model are summarised in Table 4-2. Unconfined compressive 

strength was modified to account for ageing effects (NZSEE 2006) and confined concrete 

properties were defined using the Mander et al. (1988) model. For Specimen 1, uncracked 

concrete sections were considered for the entire length of specimen. Based on the pushover test 

results, Specimen 2 had a lower initial stiffness which was attributed to initial cracking. To 

represent the effect of the reduced stiffness in the model, cracked concrete sections were 

considered in the pile active length region, which was up to 3m below the ground surface 

(Davies and Budhu, 1986), as this region was most likely to have been cracked during the service 

life of the specimen. The reduced stiffness values were based on Paulay and Priestley`s 

recommendations for cracked concrete sections (Paulay and Priestley, 1992). In this region, the 

initial cracked properties were applied to the entire cover region along with the exterior regions 

of the core concrete areas to achieve the recommended reduced stiffness values. The initial 

cracking was incorporated by using zero tensile strength in the concrete material model. 

Table 4-2: Concrete material properties used in OpenSeesPy modelling for different regions of a section. 

Region f’c (MPa) Peak strain Tensile strength (MPa) 

Unconfined 52.5 0.0028 5.3 

Confined 61.5 0.0052 5.3 

Cracked 52.5 0.0028 0 
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4.4.3. Soil Modelling  

Soil was modelled using nonlinear p-y springs in OpenSeesPy (Boulanger, 1999) and were 

implemented using zero length elements with cyclic load-displacement relationships. The non-

linear behaviour of the p-y spring is modelled using elastic, plastic and gap components in series. 

The gap component consists of a non-linear closure spring in parallel with non-linear drag spring 

as shown in Figure 4-11. The p-y soil springs for soft alluvium, highly-to-moderately-weathered 

ECBF and slightly weathered ECBF soil layers were defined using recommendations from 

Reese and Welch (1975) for over consolidated stiff clay. The ultimate capacity of the p-y springs 

(pult) were defined based on undrained shear strength derived from CPT tip resistance based 

correlations (Lunne et al., 1997). The displacement at which 50% of pult is mobilised (y50) were 

defined based on the pile diameter and the recommended range of strain50 values for Auckland 

clays (0.0015-0.002) from Sa’don (2014) et al. The general formula for undrained shear strength 

can be written as:  

                                   su = (qc − σv0)/Nk                                    (1)               

Where: 

su =  undrained shear strength 

qc =  CPT tip resistance 

σv0 = total overburden stress 

Nk = empirical cone factor, it varies between 11 and 19 

 

 

Figure 4-11: Characteristics of a non-linear p-y spring. 
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4.5. NUMERICAL RESULTS   

4.5.1. Static Pushover Tests 

The experimental and numerical load-displacement responses for each specimen are compared 

in Figure 4-12. In general, the numerical results compared well with the experimental 

observations for both specimens in terms of soil gapping, displacements at peak loads, and 

stiffness. Numerical and experimental results were similar up until S1_T3 for Specimen 1 in 

Figure 4-12(a), with results diverging at loads greater than 100 kN. The lack of additional gap 

development during Tests 6-9 was also evident in the numerical results. The model for 

Specimen 2 in Figure 4-12(b) was able to capture the response up to test S2_T5. However, the 

numerical results for Specimen 2 did not accurately capture soil gapping following the 

maximum applied load during Test 5, as soil gapping was significantly underestimated by the 

model for Tests 6-9 (as shown in Figure 4-12).  This may have been a result of the variability of 

the soil at the site, however further refinement of the model was not warranted. 

To further explore the pushover response of each specimen, the variation of bending moment 

along the specimen height is presented in Figure 4-13. The location of the peak bending moment 

shifted downwards with an increase in the peak loading from Test 1 to Test 5 for both specimens, 

and varied between approximately 1-3 pile diameters below the ground surface for Specimen 1 

and for Specimen 2 which is consistent with observations made by other researchers (Wood and 

Phillips, 1989; Chai and Hutchinson, 2002; Allotey and El Naggar, 2008b, 2008a; Aguirre et 

al., 2018). The location of peak bending moment in Specimen 1 in Figure 4-13(a) shifted from 

a depth of 0.85 m for the 50 kN tests performed before peak loading (S1_T1 and S1_T2) to a 

2.75 m depth for those tests performed after peak loading (S1_T6 and S1_T9). This is a result 

of gapping between the soil and pile, which influences the effective unsupported length of the 

integrated pile-column. A similar shift in the location of peak bending moment was observed 

between S1_T3 and S1_T8 and between S1_T4 and S1_T7. The peak bending moment locations 

for Specimen 2 in Figure 4-13(b) showed a similar trend. These shifts in the bending moment 

profiles throughout the test sequence, and the differences between tests with similar load levels 

clearly demonstrates the influence of gapping around the pile and its importance in 

understanding foundation demands. 
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(a) (b) 

Figure 4-12:  Comparison of the load-displacement behaviour during static pushover loading for the 
field test and OpenSeesPy models for (a) Specimen 1; (b) Specimen 2 

 

 
 

(a) (b) 

Figure 4-13: Variation of the bending moment profiles for the OpenSeespy models for a) Specimen 1; b) 
Specimen 2 
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4.5.2. Snapback Tests  

The snapback tests were used to evaluate the accuracy of the acceleration response predicted by 

the model. The experimental and numerical periods are shown in Figure 4-14 while the response 

histories from selected snapback tests have been plotted in Figure 4-15 (the full set of response 

histories is summarised in the electronic supplement). The natural period of the two specimens 

from OpenSeesPy models was estimated for each snapback test by identifying the peak in the 

Fast Fourier Transformation (FFT) of the time series data. In general, there is a good comparison 

between the experimental and numerical periods and dynamic response histories, with most of 

the periods from the numerical models within 10% of periods calculated from field testing. The 

models were able to replicate the snapback behaviour of both the specimens across all levels of 

loading. The model captured the acceleration response history well during the initial low level 

snapback tests of S1_T1 and during low level snapback test S1_T9, after the application of 

maximum loading in S1_T5. In both these tests the specimens have low initial acceleration and 

the acceleration decay was gradual throughout. The model also captured the acceleration 

response history well during the high level snapback tests of S1_T4 and S1_T5. In these tests 

the specimens had large initial accelerations with high acceleration decay due to the impact, 

followed by lower accelerations with gradual decay.  

 

 

Figure 4-14: Comparison of natural period from field tests and the OpenSeesPy models for both 
specimens. 
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(a)  (b)  

  

(c)  (d)  

Figure 4-15: Comparison of the snapback acceleration response histories from field testing and 
OpenSeesPy models for Specimen 1 (a) S1_T1; (b) S1_T4; (c) S1_T5; (d) S1_T9 

 

4.6. SENSITIVITY ANALYSIS   

To evaluate the influence of key parameters on the pushover response of the integrated pile 

columns, a limited sensitivity analysis was conducted using Specimen 1 with the application of 

a 100 kN load as a reference. Specimen 1 was chosen for the sensitivity study as OpenSeesPy 

models were able to closely match the observed field testing response at this load level, 

including the lateral displacements, soil gapping, fundamental periods and acceleration time 

histories. For the loading range being assessed the parameters that were the focus of the 

sensitivity study were the initial tangent modulus of concrete, the ultimate capacity of the p-y 

springs (pult) and the displacement at which 50% of pult is mobilised (y50). The initial tangent 

modulus of concrete was modified by varying the concrete compressive strength, with values 

76% to 125% of the reference value. This range is perhaps much larger than the overall 

uncertainty expected for structural properties, however the effects of ageing could account for 

the upper bounds of the uncertainty range, and the lower bound provides an analogue for 

accounting for the cracked stiffness of the pile-column. For each soil layer pult was varied 

directly, while the y50 value was modified by varying the strain50 value. The sensitivity to both 
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these parameters was assessed using 50% to 200% of the reference value (Building Seismic 

Safety Council, 1997).   

 

 

(a)  

 

(b)  

Figure 4-16: Effect of initial tangent modulus of concrete on (a) Specimen head displacements; (b) Peak 
bending moment profiles 

The influence of the initial tangent modulus of concrete on the pushover response is illustrated 

in Figure 4-16, with six different modulus values used to demonstrate the variation in response. 

There was a 29% reduction in secant stiffness for a 24% reduction in the initial tangent modulus, 

while there was a 42% increase in secant stiffness for a 25% increase in the initial tangent 

modulus. As the initial tangent modulus increased, the rate at which the secant stiffness of the 

integrated pile-column increased slowed. At some point further increases in the initial tangent 

modulus will have little effect on the specimen head deflections and system period, with the 

behaviour of the system dictated by the soil properties. The location of the peak bending moment 

was not influenced by the initial tangent stiffness of the concrete as indicated in Figure 4-16 b.  

The influence of the variation of soil properties for each soil layer on the pushover response is 

shown in Figure 4-17 and Figure 4-18 for pult and y50, respectively. In general, only the properties 

of the top soil layer (ground level to 4.5 m) influenced the static force-displacement response 

and bending moment distribution along the height, with minimal influence on response observed 

when the properties of the middle (4.5 m to 6 m from top of ground level) and bottom layers 

(6 m to pile bottom from top of ground level) were varied. Modifying pult in the top soil layer 
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resulted in a 22% reduction in secant stiffness when the top layer pult was reduced to 50% of the 

reference model while there was an increase of 22% in secant stiffness when the top layer pult 

was increased to 200% of the reference model. The peak bending moment location shifted 

0.35 m upwards compared to the reference model when the top layer pult was increased by 200% 

and moved 0.55 m downwards when the top layer pult was reduced by 50%. 

Similarly, there was a 10% increase in secant stiffness when the top layer y50 was reduced to 

50% of the reference model while there was a 10% reduction in secant stiffness when the top 

layer y50 was increased to 200% of the reference model. The peak bending moment location 

shifted 0.1 m upwards towards the ground level from the reference peak moment location of 

1 m when the top layer y50 was reduced to 50% of the reference model. The peak bending 

moment location moved 0.2 m downwards when the top layer y50 was increased to 200% of the 

reference model. 

 

(a)  

 

(b)  

Figure 4-17: Effect of pult value of soil p-y springs on a) Specimen head displacements; b) Peak bending 
moment profile 
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(a)  

 

(b)  

Figure 4-18: Effect of y50 value of soil p-y springs on a) Specimen head displacements; b) Peak bending 
moment profile 

 

 

Figure 4-19: Sensitivity of the specimen secant stiffness to variation in soil layer properties and concrete modulus. 
The range of variation for each parameter is summarised in brackets in the vertical axis. 

4.7. CONCLUSIONS    

Static pushover and snapback tests were performed on two concrete integrated pile-column 

specimens of the Henderson Creek Bridge No. 2 to determine the static and dynamic behaviour 
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of each specimen. The test sequence was chosen in order to capture the change in dynamic 

response, and variation in stiffness and damping of the specimen due to soil nonlinearity, 

gapping and cracking of the pile-column. The experimental results were used to validate a 

nonlinear model developed in OpenSeesPy, using a Nonlinear Beam on Winkler Foundation 

approach. Based on the field testing and modelling results, the following conclusions can be 

drawn: 

 Loading history has a significant influence on the secant stiffness of integrated pile-

columns, with reduction in secant stiffness of up to 40% observed, primarily due to soil 

gapping around the piles.  

 Damping during the dynamic response of integrated pile-columns is influenced by a 

combination of mechanisms, including impact between the pile and surrounding soil and 

gapping. These mechanisms vary depending on the level of excitation and loading 

history, suggesting that constant equivalent viscous damping values should not be used 

when accounting for soil-foundation-structure interaction effects as part of detailed 

component modelling. The values suggested by NZ Transport Agency Bridge Manual 

for piles seem to provide a conservative estimate of the damping that these components 

can provide. 

 The existing p-y curves for clay type of soils can accurately predict the static and 

dynamic response of the integrated pile-columns, when appropriate soil and concrete 

material properties according to site conditions are provided.  

 Even when the top soil layer consists of soft alluvial soils, the strength and stiffness of 

this layer has a significant effect on the lateral specimen head deflection, secant stiffness, 

period and the peak bending moment location of specimen-soil system. This reinforces 

the need for good characterisation of the near surface soil profile in order to capture the 

behaviour of the system. 
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Recorded and Modelled Response of the Thorndon 

Overbridge during Multiple Earthquakes 

This chapter is based on: 

Chigullapally, P., Wotherspoon, L. M., Stephens, M., & Hogan, L. S. In Review. Recorded and 

Modelled Response of the Thorndon Overbridge during Multiple Earthquakes. Earthquake 

Spectra. 

 

This chapter presents the recorded and modelled strong-motion response of a long (1.35km) 

bridge located in Wellington, New Zealand during multiple sequential earthquakes. These were 

some of the first recordings of this kind for a New Zealand highway bridge and add to the limited 

database of bridge superstructure strong-motion responses recorded worldwide. The bridge 

experienced little damage during the earthquakes, however analysis of the recorded responses 

showed the fundamental period of the bridge varied by up to 15% across these events, 

highlighting the system softening that can develop without any significant structural damage. 

Numerical models of a single bridge pier using a p-y spring foundation modelling approach 

were able to effectively capture the recorded bridge pier response across multiple response 

metrics for each event, suggesting that system softening was primarily due to non-linear soil 

response and concrete cracking. A sensitivity analysis showed that concrete strength and the 

characteristics of top soil layers had the largest influence on the model response. Given the 

bridge length and the presence of a number of strong motion stations in close vicinity, the 

sensitivity to ground motion input was also explored. This was shown to have a more significant 

influence on the modelled response than the other modelling uncertainties evaluated here, with 

the variability in estimated deformations highlighting the difficulties involved in the back-

analysis of the response of structures and the importance of accounting for ground motion spatial 

variability when assessing the response of long bridges. 
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5.1. INTRODUCTION 

A number of bridges around the world are instrumented with monitoring systems that are able 

to capture in-service dynamic response characteristics, providing information that helps improve 

our understanding of the response of bridge systems, the validity of design assumptions, and 

track progressive changes in condition and performance over time. Monitoring systems typically 

record continuously, providing long-term records of low-amplitude ambient response, while 

also capturing the response during shock events such as storms and earthquakes.  

Ambient records are often used to characterise modal characteristics using system identification 

approaches, with application to long-term records revealing how these characteristics can 

change as a function of environmental and bridge conditions (Abdel-ghaffar and Scanlan, 1985; 

Cunha et al., 2001; Fujino et al., 2000). Studies focussed on the effects of seasonal temperature 

fluctuation (Montejo et al., 2008; Plotnikova, 2021; Steenackers and Guillaume, 2005) on bridge 

response incorporated data from temperature sensors to show how modal periods varied with 

respect to temperature (Moser and Moaveni, 2011; Wang et al., 2011). Studies on the influence 

of damage (Ali et al, 2019; Peiris et al., 2020) and collision impact detection (Peiris et al., 2020) 

on bridge response showed that damage to bridges is not restricted to changes at material level, 

but could be extended to the boundary conditions and system connectivity. Brownjohn et al., 

(1992), Jones and Spartz (1990), Brownjohn et al. (1989), and Omenzetter et al. (2013) showed 

that bridge damping can be sensitive to the presence of wind flow around the structure and the 

vibrational intensity of the bridge. Although data from ambient response can provide 

information relevant to the bridge dynamic response characteristics, it does not provide any 

information on the bridge response for loading approaching or exceeding the design level 

resulting from strong and sudden excitation during shock events. 

The response of bridges during strong earthquake motions has had less attention in previous 

research due to the limited number of events recorded at instrumented bridge locations (Smyth 

et al., 2003). Previous analyses of the recorded response of bridges focussed on understanding 

the nonlinearity of bridge response showed the abutments and embankments were the major 

contributors to the transverse response characteristics (Ganev et al., 1998; Smyth et al., 2003; 

Werner et al., 1987). Studies focussed on the influence of soil–structure interaction showed there 

can be a change in fundamental period of bridge due to the changes in boundary conditions that 

are not necessarily associated with structural damage (Ganev et al., 1998; Gomez et al., 2013; 

Mccallen and Romstad, 1994). Siringoringo and Fujino (2008) and Siringoringo et al. (2014) 
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showed that damage of the connections between structural elements can result in the nonlinear 

response observed during the earthquakes. Some studies on bridge monitoring data have shown 

that the stiffness of the structure can change following earthquake loading due to structural 

damage as well as soil gapping and soil nonlinearity, altering the dynamic response of the 

structure (Beskhyroun et al., 2015; Ganev et al., 1998). In general, the recorded bridge 

monitoring data can inform updates of bridge seismic design codes, improve the accuracy of the 

existing numerical models and the criteria for ground motion selection. However, this review 

suggests, there are a limited number of examples related to the recorded response of bridges 

during moderate or higher intensity excitation during earthquakes, and no examples of this level 

of excitation across multiple earthquakes.  

This paper presents the recorded and modelled response of the Thorndon Overbridge in 

Wellington, New Zealand during multiple earthquakes with moderate excitation levels. The 

characteristics of the bridge and instrumentation locations are first presented. The free field 

ground motions and the response of an instrumented bridge pier within the Thorndon 

Overbridge during multiple earthquakes is then discussed. The details of numerical models of 

the bridge pier using a p-y spring foundation modelling approach to account for nonlinear soil 

response, soil gapping, and pier material nonlinearities in the open-source structural analysis 

software OpenSeesPy (Zhu et al., 2018) is summarized. The performance of the models across 

multiple response metrics is then presented through comparisons with the recorded data. A 

sensitivity analysis of the key parameters controlling the dynamic response of the bridge pier is 

then conducted across material models and varying sources of input excitation. Results across 

these analyses are then discussed and key conclusions summarised.   

5.2. THORNDON OVERBRIDGE 

The Thorndon Overbridge, located on State Highway 1 (SH1) in central Wellington, New 

Zealand (Figure 5-1), is a reinforced concrete structure designed and constructed between 1967 

and 1972. It is located in a region of high seismicity, crossing the Wellington-Hutt Valley 

segment of Wellington Fault, and is a critical lifeline route into central Wellington. The 

Thorndon Overbridge is comprised of two parallel bridges, each made up of 36 simply supported 

spans with an overall length of 1.35 km. The span lengths vary between 19.8 to 41.5 m, each 

with a width of 11.5 m. These two parallel bridges were linked through earthquake ties in the 

northern section of the bridge, while they were independent in the southern section of the bridge. 

The superstructure of the bridge is supported by precast concrete I-beams that are pre-stressed 
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and tied to a monolithic concrete deck using long linkage bolts, with an overall superstructure 

depth of 2.55 m. Two superstructure expansion joints per span, which can rotate in plan, are 

provided to enable the piers to respond independently to seismic loading in the transverse 

direction (Beskhyroun et al., 2015; Maffei, 1996; Presland, 1999). A typical pier cross section 

is shown in Figure 5-2. Most of the bridge spans are supported on concrete box type pier caps 

and 2.44 m diameter circular single column piers, with the height of the pier columns in southern 

section of the bridge equal to approximately 11 m. Typical pier reinforcement consists of thirty 

six 58 mm dia longitudinal bars grouped in three bars (a total of one hundred eight bars) and 

four 19 mm dia bars at 100 mm pitch along the length of pier column. Each pier is supported on 

a pile cap with a two by two pile group (typical) of 17.25 m long and 1.525 m diameter piles 

with a centre to centre spacing of 5.49 m. Typical pile reinforcement consists of sixteen 38 mm 

dia longitudinal bars grouped in two bars (a total of thirty two bars) and four 12 mm dia bars at 

300 mm pitch along the length of pile. The pile cap is 8.5 m square in plan with a depth of 

2.44 m, and a 0.6 m soil layer is present above the top of pile cap (Figure 5-2). Additional images 

showing the Thorndon Overbridge general layout, typical bridge pier with foundation and 

superstructure expansion joints, and superstructure expansion joint linkage bolts details can be 

seen in Appendix C. A more detailed description of the bridge can be found in Huizing et al. 

(1968), Maffei (1996), and  Presland (1999).   

The Thorndon Overbridge was designed using preliminary ductile standards that were 

introduced in the mid-1960s. To determine the base shear for design, these standards 

recommended multiplying the weight of the bridge using a seismic coefficient defined based on 

a smoothed elastic response spectrum representative of the largest horizontal component of the 

1940 El Centro earthquake (refer to Figure 5-4) (Chapman et al., 1974). Bridges designed using 

these standards were assumed to have a global ductility of four when the necessary 

reinforcement detailing was provided and local ductility at plastic hinges potentially larger than 

four (Hogan et al., 2013).  

Seismic assessment of the Thorndon Overbridge in the 1980’s suggested that there was 

inadequate confinement reinforcement in the lower sections of the pier columns, and in 1988 

seismic strengthening was undertaken to prevent premature shear failure at the terminal points 

of longitudinal reinforcement. All the pier columns were jacketed with 10-12 mm thick steel 

plate to provide additional shear strength (Figure 5-3), while not contributing any additional 

flexural strength. The critical section for the column was at the junction of the column and pile 
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cap, while the critical section for the pile was at the junction of the pile and pile cap. 

Additionally, to prevent the development of any plastic hinging in the pile caps, they were 

retrofitted using post tensioned side beams (Figure 5-3). A detailed description of the seismic 

strengthening work can be found in Wood (2014). 

 

Figure 5-1: (a) The central region of New Zealand showing location of the epicentres of the earthquakes 
presented in this paper; (b) inset view of the Wellington Central Business District with the location of 
the Thorndon Overbridge and the nearby strong ground motion stations shown by circle symbols (the 

name of each is labelled in the figure). 

 

 
 

Figure 5-2: Structural and geotechnical characteristics of Pier 25 of Thorndon Overbridge (a) Elevation 
view of the pier and foundation geometry and plan view from below the superstructure; (b) cross section 

details of the pier column; and (c) cross section details of the piles.  
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Figure 5-3: Steel jacketing around Pier 25 and post-tension of pile caps of the Thorndon Overbridge as 
part of seismic retrofitting of the bridge. 

5.2.1. Bridge Instrumentation  

A seismic monitoring system was installed in two zones on a group of consecutive piers in the 

northern and southern sections of the Thorndon Overbridge in March 2011 as part of the GeoNet 

Structures Instrumentation Programme (Beskhyroun and Navabian, 2020; Wood, 2014). Within 

each zone multiple accelerometers were installed on the superstructure of the bridge, with a 

single accelerometer at the ground level 50 mm from the base of the middle pier column (at 

Pier 25 and Pier 14 shown in Figure 5-1). In each zone, the typical locations of the 

accelerometers on the superstructure of the bridge were the east and west sides of pier cap 

(Figure 5-2), centre of pier cap (on end piers of each zone), and centre of the spans. Both the 

zones are located far away from the abutments (refer to bridge layout in Appendix C), so the 

influence of abutment on the response of the piers in these zones is minimal and can be ignored. 

The recorded response of the bridge pier in southern section (Pier 25) was considered in this 

study as the piers in this section of the bridge did not have any connection with the piers of the 

parallel bridge structure. The acceleration response recorded by all accelerometers on the 

superstructure of the bridge pier were similar across all events, with the data from the top of Pier 

25 presented herein. 
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5.2.2. Geotechnical Site Characterisation  

The Thorndon Overbridge is constructed over reclaimed land and has similar near-surface soil 

profile characteristics along the entirety of its length. A simplified representation of the soil 

layers and their depths at Pier 25 is summarised in Figure 5-2. The soil profile at Pier 25 was 

defined based on cone penetrometer test (CPT) soundings from a location close to the pier (30 m 

approximately) as well as information from construction drawings. At Pier 25, the top soil layer 

consisted of a 3 m thick layer of silty sand layer at the ground surface, with a CPT tip resistance 

(qc) of 8 MPa. Beneath the top surface layer was a 3 m layer of soft clay with a qc of 0.5-1 MPa 

throughout the layer. Below this was a 4.5 m sand layer with a qc of 6 MPa. The top sandy soil 

layers are prone to liquefaction under ultimate limit state loading, while liquefaction was not 

expected under serviceable limit state loading. The lower stratum that forms the bearing layer, 

has a tip resistance of above 20 MPa, transitioning into very dense sands with CPT refusal. 

5.3.  RECORDED RESPONSE AND DYNAMIC CHARACTERISTICS 

Since the installation of instrumentation, the Thorndon Overbridge has experienced three 

earthquakes with moderate levels of shaking and one with lower levels of shaking (for a total of 

four earthquakes). The epicentre locations for these earthquakes are shown in Figure 5-1, while 

characteristics of each of the earthquakes are summarised in Table 5-1.The Cook Strait 

earthquake and the Lake Grassmere earthquakes occurred on the 21st July and 16th August 2013, 

respectively; both were part of the Cook Strait earthquake sequence (Holden et al., 2013). The 

largest peak ground accelerations (PGA) in central Wellington during the Cook Strait and Lake 

Grassmere earthquakes were 0.26g and 0.2g respectively, with minor structural and 

infrastructure damage evident in the surrounding area following these earthquakes. The 2014 

Eketahuna earthquake (Abercrombie et al., 2017) resulted in lower levels of shaking and no 

damage in Wellington. This event was included in this paper as good quality recordings of the 

ground motions at Pier 25 were captured, allowing for an assessment of the response of the pier 

at low excitation levels. The most recent earthquake that resulted in shaking in Wellington was 

the 2016 Kaikōura earthquake that led to substantial damage to mid-rise to high-rise buildings 

and infrastructure networks in central Wellington. Even though there was damage evident across 

central Wellington in multiple of these events, the Thorndon Overbridge performed well with 

no observed structural damage. The acceleration demands on the bridge during these 

earthquakes were well above the acceleration demands the bridge was designed for (demands 

during the Kaikōura Earthquake were more than twice the design demands). Figure 5-4 presents 
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the acceleration response spectra for 3% equivalent viscous damping (the procedure followed 

to determine damping is discussed in section 5.4.4) for the four free field ground motions 

recorded at Pier 25 and the design response spectrum for 5% equivalent viscous damping used 

in bridge design assuming a ductility of four (Chapman et al., 1974; Hogan et al., 2013). The 

influence of the characteristics of the response spectra is discussed below in more detail. 

Table 5-1: Details of major earthquakes experienced by Thorndon Overbridge since 2011.  

Event Date 
Magnitude 

(Mw) 

Max PGA (g) 
in Wellington 

CBD 

Distance from 
Wellington, 

NZ 

PGA (g) at 
Thorndon 

Overbridge 

Cook Strait 21st July 2013 6.6 0.26a 50 km 0.12 

Lake Grassmere 
16th August 

2013 
6.6 0.2a 80 km 0.05 

Eketahuna 
20th January 

2014 
6.2 0.05b 140 km 0.02 

Kaikōura 
14th November 

2016 
7.8 0.24c 60 km 0.12 

a Holden et al. (2013), b https://www.geonet.org.nz/earthquake/story/2014p051675, c Bradley et al. (2017) 

The fundamental period of Pier 25 in the transverse direction during each earthquake was 

estimated using a combination of peak picking from Fast Fourier Transformation (FFT) and 

peak to peak intervals from the acceleration time histories recorded at the top of Pier 25. Based 

on this approach, the fundamental period of the pier varied between 0.7 s to 0.81 s across all of 

the earthquakes. The changes in fundamental period can be explained through a comparison of 

the spectral accelerations for each earthquake within the range of fundamental periods shown in 

Figure 5-4. The fundamental period during each record increased with increasing spectral 

acceleration, suggesting that there was softening of the bridge-pier system without evidence of 

structural damage. The fundamental period was 0.72 s during the Cook Strait earthquake and 

increased to 0.78 s during the Lake Grassmere earthquake where slightly higher spectral 

accelerations were measured. During the Eketahuna earthquake the significantly lower spectral 

accelerations meant that the system likely experienced little softening, resulting in a 

fundamental period estimate of 0.7s. This suggests that the softening experienced during 

previous earthquakes was not permanent, likely due to the soil surrounding the foundation 

system regaining stiffness. The Kaikōura earthquake has the largest spectral accelerations in this 

period range, resulting in the largest estimated fundamental period of 0.81 s. The measured 

acceleration time histories at the top of Pier 25 and the corresponding acceleration response 

spectra are presented later in the paper where they are compared with the numerical model 

response. 
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Figure 5-4: Acceleration response spectra at 3% damping for the free field ground motion records at Pier 25 
of Thorndon Overbridge during the four earthquake of interest. The dashed lines show the range of 

fundamental periods of the bridge pier. 

5.4. MODELLING OF THORNDON OVERBRIDGE 

To provide a more in-depth understanding of the response of the Thorndon Overbridge, 

numerical models were developed based on a Nonlinear Beam on Winkler Foundation approach 

using the open-source structural analysis software OpenSeesPy (Zhu et al., 2018). A single pier 

model was appropriate as the bridge pier studied was not influenced by the bridge abutments or 

its neighbouring piers and has two superstructure expansion joints that allowed the pier to 

respond independently to seismic loading in transverse direction (refer to images in Appendix 

C).. The single pier model was developed using recommendations from the New Zealand 

Transportation Agency (2018) and Priestley et al. (2007) to replicate the recorded response of 

the bridge in the transverse direction during the aforementioned earthquakes whilst accounting 

for material and soil nonlinearity.  

5.4.1. Model Overview  

A centre line modelling approach was used to represent the single pier model and the schematic 

representation of the model is presented in Figure 5-5. The pier cap was modelled as a single 

elastic beam column element extending from the centre of mass of the pier cap, which is 

1020 mm above the top of column, to the top of the column. Regions of the column between the 

bottom of the pier cap and the top of the pile cap were modelled using displacement based 

distributed plasticity beam-column elements with three integration points per element. Thirty-
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nine elements were used along the length of the column, with finer meshing towards the bottom 

of the column. A convergence study was undertaken to determine the required number of 

elements for column, pile, and pile cap to adequately capture the response. The piles were 

modelled using displacement based distributed plasticity beam-column elements with three 

integration points up to 7 m below the ground surface (representative of the pile active length) 

(Davies and Budhu, 1986) and elastic beam column elements below this. Each pile was divided 

into 40 elements with finer meshing towards the top of pile. A fine mesh at the bottom of column 

and top of pile was necessary to capture the behaviour of column, pile and soil in detail in the 

maximum bending moment regions, where inelastic material response was most likely to occur. 

To represent the pile cap cross sectional characteristics, elastic beam column elements were used 

to connect the bottom of the column and the top of each pile. .  

Mass corresponding to the tributary length of a cross section was lumped at the nodes between 

elements using a concrete density of 2400 kg/m3. The mass of the pier cap, which was estimated 

to be 375 tonnes, along with its rotational mass moment of inertia was lumped at the centre of 

mass of the pier cap. Because of the large axial loads at the top of pier cap, P-delta effects were 

considered in the modelling, however these effects were expected to be minor given that the 

peak drifts experienced by the bridge were less than 1%.  

The recorded free field ground motions were used as input ground motions in the model, and 

were applied as a uniform excitation. Using uniform excitation, the same ground motion 

excitation was applied to all the fixed end nodes. Here, the fixed end nodes were present at the 

end of soil springs (Figure 5-5), and the amplification of free field ground motion along the pile 

depth was ignored. Analysis focusses on the transverse response of the pier, with only the 

transverse component of each ground motion applied during the analysis.  
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Figure 5-5: OpenSeesPy model representation of pile-soil interaction and displacement based beam-
column elements for Pier 25 of Thorndon Overbridge. 

5.4.2. Structural Components Modelling 

To capture the nonlinear behaviour of the pier, critical regions of pile and column were modelled 

using a fibre based approach with cross-sectional characteristics summarised in Figure 5-2. A 

convergence study was used to define the appropriate discretization of the fibre meshing for 

both column and pile sections. For each pile and column section, the core concrete fibre area 

was divided into 50 radial divisions with 12 circumferential divisions, and the cover concrete 

area was divided into 20 radial division with 16 circumferential divisions. The discretisation of 

fibre meshing exceeded the discretisation recommended by Berry and Eberhard (2008) to 

adequately capture the response of bridge pier subjected to seismic loading, with this finer 

discretisation needed in order to capture the changes in the fundamental period of the pier and 

the peak displacements of the structure post cracking. 

Unconfined and confined concrete fibres were modelled using the Kent-Scott-Park material 

model with linear tension stiffening (Concrete02 in OpenSeespy). The column and pile concrete 

material model properties are summarised in Table 5-2 with confined concrete properties 

defined using the Mander et al. (1988) model. The characteristic concrete strength (f’c) used in 

the numerical models was based on the as-built concrete strength measured during the 

construction of the bridge accounting for ageing effects (New Zealand Society for Earthquake 

Engineering, 2006) and was assigned to the unconfined regions of concrete sections. Steel 

reinforcement fibres were modelled using a bi-linear formulation with kinematic hardening, 
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implemented using a non-linear evolution equation (Steel01 in OpenSeesPy) with a yield 

strength of 430 MPa and a strain hardening ratio of 0.01. All the elastic members of the bridge 

were modelled using a concrete compressive strength of 42 MPa and the sectional properties 

were defined using the gross sectional properties of the members calculated based on the 

structural drawings. The steel casing around the pier column was not included in the modelling 

as these were designed to increase the shear carrying capacity of the columns without 

influencing the flexural characteristics (J. Wood, 2014). 

Table 5-2: Concrete material properties used in OpenSeesPy modelling for different column section and 
pile section regions.  

Element Region f’c (MPa) Peak strain 
Tensile strength 

(MPa) 

Column 
Unconfined 42 0.0028 3.8 

Confined 67 0.011 3.8 

Pile (active 
length region 

only) 

Unconfined 42 0.0028 3.8 

Confined 46 0.0041 3.8 

 

5.4.3. Soil Modelling  

Soil in the pile region of the bridge pier was modelled using nonlinear p-y, t-z and q-z springs 

to capture the expected response of the system accounting for soil-structure interaction. The 

non-linear cyclic load-displacement response in the lateral direction was modelled using p-y 

springs with elastic, plastic and gap components in series (Boulanger et al., 1999). The gap 

component consists of a non-linear closure spring in parallel with non-linear drag spring to 

represent soil drag along the side of the pile. To represent the vertical contribution of the soil to 

pile response, t-z and q-z springs were implemented.  

The p-y soil springs for soft clay were defined using recommendations from Reese and Welch 

(1975), with the ultimate capacity (pult) defined based on undrained shear strength derived from 

CPT tip resistance based correlations (Lunne et al., 1997). The nonlinear t-z and q-z soil springs 

were modelled similar to p-y soil springs. The t-z and q-z soil springs for soft clay were defined 

using recommendations from Reese and O`Neill (1987). For the soft clay the displacement at 

which 50% of pult (y50), tult (z50), and qult (Z50) was mobilised were defined based on the pile 

diameter and the recommended range of strain50 (ε50) values from Matlock (1970). 
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For sand layers the p-y spring properties were based on the API recommendations (1987) and 

the t-z and q-z soil spring properties based on the recommendations from Mosher (1984). CPT 

tip resistance based correlations of Robertson and Campanella (1983) and Robertson (2010) 

were used to define the friction angle and soil unit weight respectively for each of the sand soil 

layers. The p-y, t-z and q-z springs were based on the ultimate capacity of the p-y springs (pult), 

t-z springs (tult), and q-z spring (qult) and the displacement at which 50% of pult (y50) was 

mobilised based on API recommendations (1987) and 50% of tult (z50) and 50% of qult (Z50) was 

mobilised based on the recommendations from Mosher (1984).  

The top of ground level was 1830 mm above the centre of pile cap (zero level) in the model. 

Due the large dimensions of the pile cap, the pile cap- soil interaction in the region representing 

the pile cap (1220 mm above and below centre of pile cap) was modelled using a hyperbolic 

force- displacement (HFD) relationship representative of a bridge abutment (Khalili-Tehrani et 

al., 2010; Shamsabadi et al., 2010). Soil properties were based on the estimates for silty sand 

described in Shamsabadi et al. (2007). These properties were distributed across the soil springs 

in the pile cap region based on the tributary area of each spring. Soil above the top of pile cap 

was modelled similar to the soil in the pile regions using nonlinear p-y and t-z springs based on 

the cross-sectional characteristics of pier column. 

5.4.4. Rayleigh Damping  

Equivalent viscous damping of the bridge during the earthquakes was estimated using the 

acceleration response spectra of the recorded free field ground motions, the estimated 

fundamental periods of the pier, and peak acceleration values from the acceleration time 

histories recorded at the top of the Pier 25 (Chopra, 1995). Initially, the acceleration response 

spectra of the free field ground motion recorded during Cook Strait earthquake for various 

equivalent viscous damping values were obtained. The acceleration values corresponding to the 

bridge fundamental period from the different acceleration response spectrums were compared 

against the peak acceleration recorded at the top of Pier 25. The peak acceleration value matched 

well with the value corresponding to an acceleration response spectrum of 3% equivalent 

viscous damping. This process was repeated for other earthquakes and all their peak acceleration 

values matched well with the acceleration response spectra of 3% equivalent viscous damping. 

This was consistent with the observations made by Mccallen and Romstad (1994), Atkins and 

Wilson (2000), and Narita and Yokoyama (1991), where they found using an equivalent viscous 

damping value of less than 5% predicted the peak accelerations of the bridges in each study. 
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Considering the equivalent viscous damping calculated using the method described above as an 

upper bound value for total damping (including hysteretic damping), a constant Rayleigh 

damping of 2% was provided to the numerical model for all the earthquakes. The Rayleigh 

damping value was based on the validation of numerical models and recommendations from 

Atkins and Wilson (2000) and Chigullapally et al. (2021). The target frequencies used for 

defining the Rayleigh damping parameters were the natural frequency and three times the natural 

frequency for each model. 

5.5. MODELLING RESULTS  

Numerical modelling results were compared to the recorded data by applying the recorded free 

field ground motions as input ground motions to the model, and key parameters were assessed 

to evaluate the model performance. The model was later used to conduct a sensitivity study to 

identify the key parameters controlling the dynamic response of the bridge pier during the Cook 

Strait earthquake and to study the influence of the spatial variability of the input motions using 

ground motion recordings taken from different strong motion stations during the same event.  

5.5.1. Modelled Response of Bridge Pier during Multiple Earthquakes 

The numerical model and recorded response at the top of Pier 25 during multiple earthquakes 

was compared using acceleration time histories (Figure 5-6), displacement time histories (Figure 

5-7), acceleration response spectra (Figure 5-8), displacement response spectra (Figure 5-9), and 

peak acceleration, peak displacement, and fundamental period values (Table 5-3). All ground 

motions were applied in chronological order to the model to ensure that damage progression and 

residual deformations in the system were retained following each earthquake, thereby 

influencing the response in subsequent earthquakes.  

The model was able to capture the key aspects of the recorded response of the bridge across all 

parameters evaluated. The acceleration response spectra and the displacement response spectra 

from the numerical and recorded acceleration and displacement time histories respectively were 

similar for all the earthquakes, and the numerical models were able to effectively capture the 

variation in the periods at which peak spectral accelerations occurred with limited differences 

in the numerical and experimental results. The fundamental period of the bridge (estimated using 

the same approach described previously for the recorded response) and the variation in the 

fundamental period between the earthquakes was well represented in the numerical results, 

showing the models were able to capture the system softening. Using the maximum flexural 
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demands in the piles and columns from the numerical model, it is clear the softening of the 

structure following the sequential earthquakes is a result of concrete cracking and soil 

nonlinearity rather than structural damage. During the earthquakes studied, the pier column was 

cracked during the Cook Strait Earthquake, while the piles were cracked only during the 

Kaikōura Earthquake. Therefore, the periods of the bridge pier during the first three earthquakes 

were corresponding to a cracked pier column only, while the period of the bridge pier during 

the Kaikōura Earthquake was corresponding to cracked pier column and piles. During the 

earthquakes studied, the curvature demands experienced by the pier column and piles were a 

maximum of 1.1 rad/km and 0.9 rad/km respectively (refer to Appendix C for the pier column 

and pile moment curvature response). 

The numerical and recorded acceleration and displacement time histories in the superstructure 

are shown in Figure 5-6 and Figure 5-7 respectively. The numerical models were able to 

effectively capture the acceleration and displacement time histories in the bridge superstructure 

accounting for the sequential ground motions. Discrepancies in the numerical and recorded data 

increased in each subsequent ground motion, with maximum errors in peak acceleration and 

fundamental period across all ground motions of 20% and 5% during the Kaikoura earthquake 

respectively. Errors increase as the ground motion sequences progresses which is reflective of 

compounding uncertainties and errors from one ground motion to the next. The discrepancies 

between numerical model and recorded response could also be due to the close proximity of the 

accelerometer to the bridge piers, meaning the recorded acceleration records may have been 

affected by the response of the bridge pier itself during the earthquakes.   
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Figure 5-6: Comparison between recorded and modelled acceleration time histories at the top of Pier 25 
during the (a) Cook Strait; (b) Lake Grassmere; (c) Eketahuna; and (d) Kaikōura earthquakes. 

 

 

Figure 5-7: Comparison between recorded and modelled displacement time histories at the top of 
Pier 25 during the (a) Cook Strait; (b) Lake Grassmere; (c) Eketahuna; and (d) Kaikōura earthquakes. 
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Figure 5-8: Comparison between recorded and modelled acceleration response spectra (from the 
acceleration time histories) at the top of Pier 25 during the (a) Cook Strait; (b) Lake Grassmere; (c) 

Eketahuna; and (d) Kaikōura earthquakes.  
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Figure 5-9: Comparison between recorded and modelled displacement response spectra (from the 
acceleration time histories) at the top of Pier 25 during the (a) Cook Strait; (b) Lake Grassmere; (c) 

Eketahuna; and (d) Kaikōura earthquakes.  

 

Table 5-3: Comparison of peak accelerations at the top of Pier 25 and fundamental period between the 
recorded and modelled responses of Pier 25 during the Cook Strait, Lake Grassmere, Eketahuna, and 

Kaikōura earthquakes. 

 Cook Strait Lake Grassmere Eketahuna Kaikoura 

 Recorded Model Recorded Model Recorded Model Recorded Model 

Peak 
Acceleration 

(g) 
0.23 0.22 0.2 0.17 0.05 0.04 0.4 0.32 

Fundamental 
Period (s) 

0.72 0.71 0.78 0.77 0.7 0.73 0.81 0.79 

Peak 
Displacement 

(mm) 
38 27 23 26 3 4 48 58 
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5.5.2. Sensitivity Analysis of Material Properties 

To evaluate the influence of key material properties on the dynamic response of the Thorndon 

Overbridge, a sensitivity analysis was conducted using the Cook Strait earthquake record at Pier 

25 as the input motion. This motion was used for this study as it was the first of the earthquakes 

in this series. The sensitivity of the model was assessed using the following dynamic response 

metrics: 

 Peak superstructure acceleration 

 Peak superstructure displacement 

 Fundamental period 

 Maximum pier bending moment   

 Peak superstructure spectral acceleration  

The material parameters assessed in the sensitivity analysis included the concrete compressive 

strength, pult, and y50 values of the p-y springs, and force and displacement values of the HFD 

springs in the pile cap region. The concrete compressive strength was varied from 70% to 125% 

of the reference value, with the upper bound defined in some regions of the bridge piers and 

beams based on core sample testing and the lower bound representative of the concrete strength 

at the time of construction. For the top soil layer (Layer 1), the force and displacement values 

of the HFD springs in the pile cap region were varied between 50% and 200%. The same 

percentages were used for the p-y springs applied towards the base of the column. For the soil 

layers along the length of the piles (Layer 2, 3 and 4), the pult was varied directly, while the y50 

value was modified by varying the ε50 value. The sensitivity to both these parameters was 

assessed using 50% to 200% of the reference value (Building Seismic Safety Council, 1997). 

The sensitivity analysis highlighted that concrete strength and top soil layer properties have the 

most influence on the dynamic response of the system. Figure 5-10 summarises the results of 

the sensitivity analysis across the dynamic response metrics for the concrete compressive 

strength and pult of the top soil layer. Among all the soil layers, only the soil in the regions 

surrounding the column and pile cap, influenced the dynamic response of the bridge pier. Results 

for the pult and y50 values of the bottom three soil layers (Layer 2, 3 and 4) are not included in 

Figure 5-10 as there was a variation of less than 4% in peak superstructure acceleration, peak 
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superstructure spectral acceleration, and peak superstructure displacement values, and no 

variation in fundamental period and maximum pier bending moment values.  

Modifying the concrete strength had a significant influence on all the dynamic response metrics, 

with a variation of up to 25% in the strength range considered. For an increase in the concrete 

strength, the stiffness of the bridge pier increased, reducing the values of all the parameter 

considered, except for peak superstructure spectral acceleration. When concrete strength was 

reduced, the flexibility of the bridge pier increased, increasing the values of all the parameter 

considered, except maximum pier bending moment which reduced by 3%.  

 

Figure 5-10: Sensitivity of Pier 25 dynamic response metrics to variation in (a) concrete strength and (b) 
pult of top soil layer for the Cook Strait earthquake record. 

 

Modifying the pult and y50 values in the top soil layer inversely impacted changes in the dynamic 

response metrics (e.g. increasing pult and decreasing y50 values had similar effect), but resulted 

in the same net changes, so only the pult plot is included in Figure 5-10(b). When lower bound 

values of pult values of top soil layer (or upper bound values of y50 values of top soil layer) were 

considered there was an increment of up to 22% in all the parameters considered due to increased 

flexibility of the bridge pier. When upper bound values of pult values of top soil layer (or lower 

bound values of y50 values of top soil layer) were considered there was a decrease of up to 15% 

in all the parameters considered due to increased stiffness of the bridge pier as the soil 

surrounding the pile cap has increased stiffness and strength. The sensitivity analysis showed 

the soil strength and stiffness of the near surface soil layers has a significant influence on overall 
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response. This was primarily due to the large dimensions and stiffness of the pile cap, because 

of which the soil below in the pile regions was not engaged during the ground motion.   

5.5.3. Ground Motion Station Selection 

The influence of the spatial variability of the recorded input motions on the estimated response 

was evaluated using ground motion recordings taken from different strong motion stations in 

the vicinity of the bridge during the same event. The influence of the spatial variability and the 

effect of input ground motion on the dynamic response of bridges is important and limited 

studies have evaluated these effects. Based on the damage patterns observed in previous 

earthquakes and analytical studies, spatial variability of earthquake demands can have 

undesirable effects on the seismic response of long bridges (Burdette et al., 2006; Mylonakis et 

al., 1999; Novak et al., 2015). This can be due to wave arrival delay, incoherence effects, or 

difference in local site conditions at the bridge piers (Harichandran, 1999). Despite these issues, 

post-earthquake assessments (in the absence of instrumentation on a structure) typically make 

use of the free field ground motions recorded from the nearby ground motion stations, and the 

general recommendations for ground motion station selection for assessments focus on spatial 

distance of the structure and station to the epicentre and the local site conditions (ASCE, 2017; 

Standards New Zealand, 2004). The efficacy of this approach is evaluated here for the Thorndon 

Overbridge. 

In this study, a total of five free field ground motion recording locations in the vicinity of the 

Thorndon Overbridge were used to evaluate the influence of the spatial distribution of ground 

motion recordings on the estimated structure response. Pier 25 of the bridge was taken as the 

reference station, and free field ground motion recordings for the earthquakes studied were 

additionally obtained from Pier 14 of the Thorndon Overbridge (400 m from Pier 25), PIPS 

(150 m from Pier 25), TFSS (1k m from Pier 25), and WEMS (1 km from Pier 25) ground 

motion stations, with their locations with respect to Pier 25 shown in Figure 5-1. The Eketahuna 

earthquake was not considered in this discussion as the TFSS station did not trigger a recording 

during this earthquake. Each recording station had a site subsoil class of D according to the New 

Zealand standard for seismic structural design actions (NZS1170.5) (Standards New Zealand, 

2004), with a site period (fundamental period of the soil profile above bedrock) greater than 0.6 

seconds. The ground motion records were processed to align with the orientation of the bridge 

and the transverse component of each ground motion was applied during the analysis. All ground 

motions were applied in the same sequential order as previously discussed to ensure that damage 

progression and residual deformations in the system were captured for each earthquake (the 
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removal of the Eketahuna earthquake was not expected to influence these results given the low 

intensity excitations from this event).  

The acceleration response spectra of the free field ground motions during the Cook Strait, Lake 

Grassmere and Kaikōura earthquakes across all ground motion stations are presented in Figure 

5-11. The response spectra obtained from different ground motion stations during an earthquake 

had different spectral shapes, peak spectral acceleration values, and spectral periods. This is 

most likely due to the influence of local site conditions on the recorded free field ground 

motions, highlighting the importance of selecting the appropriate input motion. In particular, 

large discrepancies in structural response would be expected in cases where different ground 

motion recordings have different spectral acceleration values at the fundamental period of the 

structure. This can be observed during the Lake Grassmere earthquake at PIPS and TFSS 

stations as shown in Figure 5-11.  

The same dynamic response metrics discussed in section 5.5.2 are shown in Figure 5-12 across 

all the ground motions recorded at each ground motion recording station. The variation in these 

dynamic response metrics was not significant during the Cook Strait earthquake, while the 

differences were substantial during the Lake Grassmere and Kaikōura earthquakes. This was 

due to each recording having similar spectral shape and accelerations (Figure 5-11) at the bridge 

fundamental period for the Cook Strait earthquake, while the spectral shapes and accelerations 

were significantly different during the other two earthquakes. The ratio of the response values 

recorded at top of Pier 25 using input motions from the different ground motion stations to the 

response values recorded at top of Pier 25 using the input motions recorded at the base of 

Pier 25, varied between 0.5 and 2.6 for peak superstructure acceleration, peak superstructure 

displacements, and maximum pier bending moment values, between 0.35 and 4.5 for peak 

superstructure spectral accelerations, and between 1 and 1.1 for fundamental period. The lower 

bound of the ratios were measured when using the WEMS recording from the Kaikōura 

earthquake due to low spectral accelerations at the fundamental period of the bridge pier. The 

upper bound of the ratios were measured when using the PIPS recording from the Lake 

Grassmere earthquake due to the fundamental period of structure being closer to the period 

corresponding to the peak acceleration of the free field ground motion acceleration response 

spectrum from PIPS. It should be noted that although the PIPS station is only 30 m away from 

Pier 25, the largest differences were recorded at this station because of the constructive 

interference of basin-generated surface waves, amplifying the free field ground motion at the 
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PIPS station due to its close proximity to the basin edge (McGann et al., 2020). However, the 

amount of variability in the recorded response parameters across all the ground motions 

evaluated highlights the difficulties involved in the back-analysis of the response of structures 

following events when ground motion stations close to the structure and from same soil subclass 

are selected. 

A sensitivity study on an MDOF model of the Thorndon Overbridge including the influence of 

spatial variability would have only minimal effect on the response of the bridge. This is due to 

the presence of two superstructure expansion joints at each pier, minimal influence of 

neighbouring piers on the dynamic response in long span bridges (New Zealand Transportation 

Agency, 2018), and no influence of abutments on the piers studied as they are at least 11 spans 

away from abutments.  

 

Figure 5-11: Comparison of acceleration response spectra of the input ground motion records recorded 
at multiple ground motion recording stations during the (a) Cook Strait; (b) Lake Grassmere; and (c) 
Kaikōura earthquakes along with the estimated fundamental periods (from recorded response) of the 

bridge pier during these earthquakes (shown by vertical black dashed lines in each figure). 
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Figure 5-12: Comparison of (a) Peak superstructure accelerations; (b) Peak superstructure 
displacements at the top of Pier 25; (c) Peak superstructure spectral accelerations from the acceleration 

response spectra of response at top of Pier 25; (d) Fundamental periods of Pier 25; and (e) Maximum 
pier bending moment under the free field ground motions recorded at Pier 25, Pier 14, PIPS, TFSS and 

WEMS ground motion stations during Cook Strait, Lake Grassmere, and Kaikōura earthquakes. 

 

5.6. CONCLUSIONS  

The seismic monitoring system installed on Thorndon Overbridge recorded the strong-motion 

response during multiple earthquakes. This recorded data was analysed and further used to 

validate the numerical models developed in OpenSeesPy, using a p-y spring foundation 

modelling approach. Based on the analysis of the recorded data and numerical modelling results, 

the following conclusions can be drawn: 

1. The Thorndon Overbridge bridge experienced little damage during the earthquakes 

studied, however analysis of the recorded responses showed the fundamental period of 

the bridge varied by up to 15% across the earthquakes studied, highlighting the softening 

that could develop within the system prior to the onset of any significant structural 

damage.  

2. Numerical models of a single bridge pier developed using existing p-y curves were able 

to effectively capture the recorded bridge pier response across multiple response metrics 

and suggested that system softening was primarily due to non-linear soil response and 

concrete cracking.  
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3. A sensitivity study performed showed the response of the bridge was sensitive to the top 

soil layers, reinforcing the need for good characterisation of near surface soil profile.  

4. The variation in different dynamic response metrics of bridge pier model under free field 

ground motions recorded at different ground motion stations in close vicinity to the 

bridge pier highlighted the importance of accounting for spatial variability in ground 

motions on the response of long bridges. 

5. The sensitivity of bridge pier response due to input ground motion (between 100-160%) 

was significantly higher than the material sensitivity (less than 30%), highlighting that, 

in addition to uncertainties in material properties, the uncertainty in the ground motion 

should be considered when performing back-analysis of bridge piers subjected to 

earthquakes when ground motion recordings at the location of the structure are not 

available.   
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Conclusions and Further Recommendations 

 

In spite of significant advancements in the seismic design of bridges, there is still gaps in our 

understanding of the performance and characteristics of in-service bridges. Though researchers 

in the past have recorded response of in-service bridges during earthquakes and tested bridges 

and components, this database is limited compared to the range of parameters encountered, 

making it difficult to characterize them with confidence. The objective of this thesis was to 

characterize the in-situ behavior of reinforced concrete bridges and components that are typical 

of the New Zealand bridge stock through the field test and monitored data and suggest modelling 

approaches that can effectively capture this in-situ response. 

Improving the understanding of the response at a component level was based on the field testing 

and modelling of the Whirokino Trestle Bridge and the Henderson Creek Bridge pile 

foundations during their demolition. The Whirokino Trestle Bridge was designed and 

constructed in 1936 using smooth reinforcement and without any seismic design guidelines. The 

foundations of this bridge were subjected to different lateral cyclic loading protocols to quantify 

the variation in the stiffness of the piles over different loading ranges. The Henderson Creek 

Bridge No. 2 was constructed in 1962 using deformed bars and the pile foundations of this 

bridge were tested under a sequence of incrementally increasing peak monotonic loads followed 

by the dynamic snapback response, with a series of varying peak loads at the end of the testing 

sequence to understand their effect on the static and dynamic behaviour. An improved 

understanding of the bridge pier response focused on the recorded free field ground motions and 

superstructure response of the Thorndon Overbridge pier during multiple earthquakes and the 

development of representative numerical models. 
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The experimental results from individual pile tests were used to validate the numerical models 

of single piles and the recorded responses of the bridge pier during the earthquakes were used 

to validate the numerical models of single piers. All numerical models were developed in 

OpenSeesPy using a Nonlinear Beam on Winkler Foundation approach accounting for nonlinear 

soil response, soil gapping, and material nonlinearities. Model performance was assessed using 

multiple response metrics and parametric studies were carried out to highlight the key 

parameters controlling the response.  

A summary of the main conclusions based on the field and modelling results presented in the 

main chapters of this thesis are grouped and presented in this chapter. This is followed by 

suggestions for possible extensions of the scope of work for future research.  

6.1. RESULTS FROM FIELD TESTING OF ISOLATED SINGLE PILES  

Chapters 2 and 3 studied the field testing response of isolated single piles with smooth and 

deformed reinforcement respectively using a range of loading protocols and in differing soil 

conditions. The key outcomes are summarized as follows: 

 The pile-soil systems with smooth reinforcement were able to maintain their strength 

through large displacements and multiple cycles without any pinching in their hysteretic 

response in spite of experiencing large curvatures in the plastic hinge region, likely due 

to the presence of soil and the support reaction it provides over the pile active length 

region. 

 The field testing of the pile foundations with smooth reinforcement suggested that these 

foundations were expected to have sufficient strength and deformation capacity in the 

event of an earthquake, despite being designed without any seismic design guidelines. 

This suggests that the seismic evaluation of similar bridge foundations in low seismic 

zones may be given less priority.  

 In a pile-soil system with smooth reinforcement, the pile-soil system response once a 

plastic hinge had developed was governed by the structural properties of the pile. The 

response of the system had similar cyclic stiffness, energy dissipation, and residual 

displacement regardless of the loading protocol or soil properties.  
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 More than 50% of bridge foundations were constructed using smooth reinforcement 

prior to the mid-1960`s, as deformed bars had yet to be introduced. These bridge 

foundations with smooth reinforcement are similar to the Whirokino Trestle Bridge 

foundations. The field testing results from the Whirokino Trestle Bridge can be used 

during these bridge assessments for a better understanding of their behaviour.  

  During dynamic snap-back testing the level of damping provided by the pile-soil system 

showed significant variation depending on the peak load applied in the absence of any 

pile nonlinearity. This suggests that constant equivalent viscous damping values should 

not be used when accounting for soil-foundation-structure interaction effects in design. 

The damping values suggested by NZ Transport Agency Bridge Manual for bridge 

design were shown to be a conservative estimate of the damping that these bridge 

components could provide in this case. 

6.2.  RECORDED RESPONSE OF BRIDGE PIER  

Chapter 5 studied the recorded free field and superstructure response of the Thorndon 

Overbridge during multiple earthquakes. These recorded responses were some of the first 

recordings of this kind for a New Zealand highway bridge and add to the very limited database 

of bridge superstructure strong-motions response recorded worldwide. The key outcomes are 

summarized as follows: 

 In the bridge transverse direction, the natural period varied by up to 15%, despite 

experiencing little damage during the earthquakes studied. The variation in the period 

was primarily due to non-linear soil response and concrete cracking. This highlighted 

the significant softening of the bridge-foundation system that was possible prior to onset 

of any significant structural damage. 

6.3. NUMERICAL MODELLING OF ISOLATED SINGLE PILES AND BRIDGE PIER 

Chapter 3 presented the development of numerical models to replicate the response of isolated 

single piles with smooth reinforcement presented in Chapter 2. In Chapter 4, numerical models 

were developed to replicate the response of piles with deformed reinforcement and in Chapter 5 

the numerical models were developed to replicate the recorded response of the Thorndon 

Overbridge during multiple earthquakes. The key outcomes are summarized as follows: 
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 The procedures developed to model the stress-strain response of smooth reinforcement 

accounting for reinforcement bond-slip were successful in replicating the response of 

the pile-soil system. Implementation of the reinforcing bond-slip within the model 

improved the representation of the global cyclic response of pile-soil system with smooth 

reinforcement and the influence of repeated loading cycles on the stiffness and strength 

degradation compared to models without bond-slip implementation. However, this 

difference was not as significant as that seen for other structural elements with smooth 

reinforcement due to presence of soil and the support it provides in the pile active length 

region.  

 Preliminary assessment of pile foundations with smooth reinforcement could be 

performed without incorporating bond-slip effects as incorporating bond-slip effects had 

a small effect on global response. If the preliminary assessment results are close to the 

target values, a detailed assessment including bond-slip may be considered. For bond-

slip modelling, simple procedures modifying the stress-strain response of reinforcement 

may be used.  

 Existing p-y curves for clay and sand soils were able to accurately predict the static and 

dynamic response at the system and component levels under a range of loading 

protocols. These were important for capturing the initial stiffness of the soil-pile system, 

prior to yielding of the pile, highlighting the importance of the inclusion of models that 

can capture soil nonlinear response and gapping.  

 The parametric studies conducted highlighted the influence of the characteristics of top 

soil layers on the static and dynamic response at system and component levels. Despite 

having low stiffness or strength, the top soil layers had a significant influence on multiple 

metrics such as lateral displacement, secant stiffness, period and the peak bending 

moment location, reinforcing the need for good characterization of the near surface soil 

profile to capture the behavior of the system. 

 The parametric studies conducted showed that of all the material properties considered, 

concrete strength had the most influence on the static and dynamic response metrics at 

system and component levels. In order to estimate the static or dynamic response of the 

bridge accurately, an accurate estimation of the concrete strength values based on field 

data is recommended, especially for the assessment of existing structures. 

 A parametric study on the influence of input ground motion recorded in close vicinity to 

the bridge showed the significant variability of these input motions and the effect it has 
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on the dynamic response of a bridge pier and the associated demands. The study showed 

the dynamic response of bridge pier was more sensitive to input ground motions 

characteristics than material sensitivity. As most of the bridges around the world are not 

instrumented this highlights the difficulty in identifying input motions for post-

earthquake back-analysis. Given the variability in the motions along the bridge it also 

highlights the importance of accounting for spatial variability in ground motions for the 

response of long bridges.  

 Numerical models demonstrated that a refined fibre mesh or discretization for member 

sections was needed to effectively capture different metrics of the static and dynamic 

responses of piles and bridge piers adequately under different loading conditions. 

6.4. MODELLING GUIDANCE 

Based on the numerical modelling performed in Chapter 3, Chapter 4, and Chapter 5, numerical 

guidance is provided to replicate the response of bridge pier and components efficiently. The 

key guidance are: 

 Existing modelling procedures are able to capture the static and dynamic response of 

single piles and piers under different static and dynamic loading conditions effectively 

when appropriate material (especially concrete) and soil properties (especially upper soil 

layers) are provided.  

 Simple concrete models capable of capturing tension stiffening in concrete are able to 

capture the static and dynamic response of bridge piers and piles (in terms of secant 

stiffness and natural period).  

 Implementing soil gapping effects improves a models ability to capture the static and 

dynamic response of the pile under cyclic or dynamic loading. The models will be able 

to capture characteristics such as the variation in period, stiffness degradation, and 

damage propagation between earthquakes effectively.  

 A refined fibre mesh for member sections will improve the ability of the model to capture 

the behaviour prior to yield, as a coarser mesh cannot capture the concrete cracking and 

exhibits sudden variation in stiffness once a fibre cracks.  

 Modifying the reinforcing steel modelling approach was successful in capturing the 

global response of piles with smooth reinforcement, especially the stiffness and strength 

degradation. More research is required to verify the validity of this approach across a 
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range of pile types and site conditions. Although this approach was capable of capturing 

the response of the pile with smooth reinforcement, the variation in different metrics 

when bond-slip was not considered was only around 10%.  

 Spatial variability in ground motions should be included in modelling or studying the 

response of long bridges due to its significant influence on the response of the structure. 

6.5. RECOMMENDATIONS FOR FUTURE RESEARCH 

Based on the research conducted in this thesis and the outcomes that have been summarized, the 

following recommendations for future research have been proposed: 

 More field tests need to be performed for the static cyclic and dynamic lateral response 

of single piles, pile groups, and bridge spans with smooth and deformed reinforcement. 

This will increase the relatively small existing database of test results and expand on the 

understanding of the factors influencing the lateral response of foundations such as pile 

properties, various soil types and soil profile characteristics, and the influence of 

different loading schemes. 

 An increased field testing database can help validate the existing modelling approaches 

that are used to predict the lateral response of the foundations under different loading 

conditions and soil profiles. This is important as most of these modelling approaches 

were validated using laboratory tests that do not fully capture the in-situ conditions.  

 Field testing of piles beyond the development of plastic hinges is needed to continue the 

development of calibrated numerical models and understand the behavior of foundations 

under significant loading conditions. 

 Although the existing p-y springs were able to replicate the response of the bridge and 

components satisfactorily, there is a need for further calibration at low loading levels. 

Currently, at low loading levels p-y springs behave elastically causing the numerical 

models to have lower energy dissipation compared to field testing. The soil springs can 

also be better calibrated to capture the stiffness of pile-soil system during the opening 

and closing of gaps around the pile. 

 The procedures developed to incorporate smooth reinforcement by accounting for 

reinforcement bond-slip needs to be validated with more field test data from the testing 
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of in-service bridge pile foundations with smooth reinforcement or by testing 

instrumented piles with smooth reinforcement. 

 More bridges in seismically active regions can be instrumented to gather an increased 

database of the recorded response of brides during earthquakes. This can help validate 

numerical models and study the influence of input ground motion on the dynamic 

response characteristics. 

 NZTA bridge assessment studies can be used for initial screening and short listing of 

bridges for future testing and monitoring. This list can be further narrowed down by 

studying the historic performance of bridges (prioritizing poorly performed bridges) in 

past earthquakes. Among these, high priority should be given to typical bridge and 

foundation types present in high seismic zones and especially which are part of important 

lifeline transportation networks. 
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Appendix A 

This appendix is a supplement to Chapter 2– Lateral Behaviour of Reinforced Concrete Bridge 

Piles with Smooth Reinforcement and Chapter 3- Numerical Modelling of Reinforced Concrete 

Bridge Piles with Smooth Reinforcement under Lateral Loading. 

This appendix provides: 

1. Image related to field testing 

2. Numerical model and field test results comparison across different metrics (additional) 

3. Sensitivity analysis results performed on the calibrated numerical models due to variation 

in soil material properties and steel yield strength. 

 

Figure A-1: Locations of instruments on the south and north faces of the test pile during field testing. 
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Figure A-2: Pile with a log in front of pile and soil gapping formation during the testing of pile. 

 

 

Figure A-3: Load-displacement measured at the top of the pile cap during all the pile tests 
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(a) (b) 

(c) (d) 

Figure A-4: Sensitivity of the specimen secant stiffness, first yield load, maximum moment, depth to 
maximum moment, soil gapping depth, and soil gapping width at ground level (in percentage) to 

variation in pult of (a) top layer; (b) second layer; (c) third layer; and (d) fourth layer   
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(a) (b) 

(c) (d) 

Figure A-5: Sensitivity of the specimen secant stiffness, first yield load, maximum moment. depth to 
maximum moment, soil gapping depth, and soil gapping width at ground level (in percentage) to 

variation in y50 of (a) top layer; (b) second layer; (c) third layer; and (d) fourth layer   
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(a) (b) 

Figure A-6: Sensitivity of the specimen secant stiffness, first yield load, maximum moment, depth to 
maximum moment, soil gapping depth, and soil gapping width at ground level (in percentage) to 

variation in (a) concrete strength; and (b) yield strength of steel reinforcement.   
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Appendix B 

This appendix is a supplement to Chapter 4– Experimental and numerical analysis of the lateral 

response of full-scale bridge piers. 

This appendix provides the comparison between the experimental and numerical response 

histories of both Specimen 1 and Specimen 2 in all the snapback tests performed. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

(i) 

Figure B-1: Comparison of the snapback acceleration response histories from field testing and 
OpenSeesPy models for Specimen 1 (a) S1_T1; (b) S1_T2; (c) S1_T3; (d) S1_T4; (e) S1_T5; (f) S1_T6; 

(g) S1_T7; (h) S1_T8; (i) S1_T9 
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(a)  (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

 

(i) 

Figure B-2: Comparison of the snapback acceleration response histories from field testing and 
OpenSeesPy models for Specimen 2 (a) S2_T1; (b) S2_T2; (c) S2_T3; (d) S2_T4; (e) S2_T5; (f) S2_T6; 

(g) S2_T7; (h) S2_T8; (i) S2_T9 
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Appendix C 

This appendix is a supplement to Chapter 5 – Modelling of Thorndon Overbridge response 

during the Cook Strait to Kaikoura Sequence of Earthquakes. 

This appendix provides: 

1) The free field ground motions recorded at Pier 25 of Thorndon Overbridge and other 

ground motion stations during all the earthquakes studied. 

2)  The acceleration response spectrums from the response at the top of Pier 25 under the 

free field ground motions recorded at all the ground motion stations.  

3) All the sensitivity analysis results of Pier 25 model under the Cook Strait earthquake due 

to variation in concrete and soil material properties. 

 

 

Figure C-1: Moment curvature response of the Thorndon Overbridge pier column. 
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Figure C-2: Moment curvature response of the Thorndon Overbridge foundation piles. 

 

 

Figure C-3: Elevation of the Thorndon Overbridge pier with superstructure expansion joints (Wood, 
2014). 
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Figure C-4: Linkage bolt details at the superstructure expansion joint of the Thorndon Overbridge piers 
(Presland, 1999). 

 

 



Appendix 

130 

 

Figure C-5: General layout of the Thorndon Overbridge showing the southern abutment and Pier 25. 
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Figure C-6: General layout of the Thorndon Overbridge showing the norther abutment and Pier 14. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure C-7: Recorded free field ground motions during the Cook Strait earthquake at (a) Pier 25 of the 
Thorndon Overbridge; (b) Pier 14 of the Thorndon Overbridge; (c) PIPS station; (d) TFSS station; and 

(e) WEMS station. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure C-8: Recorded free field ground motions during the Lake Grassmere earthquake at (a) Pier 25 of 
the Thorndon Overbridge; (b) Pier 14 of the Thorndon Overbridge; (c) PIPS station; (d) TFSS station; 

and (e) WEMS station. 

 

 

 

 

 

 



Appendix 

134 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure C-9: Recorded free field ground motions during the Kaikōura earthquake at (a) Pier 25 of the 
Thorndon Overbridge; (b) Pier 14 of the Thorndon Overbridge; (c) PIPS station; (d) TFSS station; and 

(e) WEMS station 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure C-10: Modelled acceleration time series at the top of Pier 25 during the Cook Strait earthquake 
based on the input ground motions from (a) Pier 14; (b) PIPS station; (c) TFSS station; and (d) WEMS 

station 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure C-11: Modelled acceleration time series at the top of Pier 25 during the Lake Grassmere 
earthquake based on the input ground motions from (a) Pier 14; (b) PIPS station; (c) TFSS station; and 

(d) WEMS station 
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(a) (b) 

(c) (d) 

Figure C-12: Modelled acceleration time series at the top of Pier 25 during the Kaikōura earthquake 
based on the input ground motions from (a) Pier 14; (b) PIPS station; (c) TFSS station; and (d) WEMS 

station 

 

 

Figure C-13: Comparison of acceleration response spectra at the top of Pier 25 for various free field 
ground motion inputs during the (a) Cook Strait earthquake; (b) Lake Grassmere earthquake; and (c) 

Kaikōura earthquake. The estimated fundamental period of the bridge pier during these earthquakes is 
shown by the vertical black dashed lines. 
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(a) (b) 

(c) (d) 

Figure C-14: Sensitivity of Pier 25 peak acceleration; period; peak displacement; maximum moment (in 
percentage) to variation in pult of (a) top layer; (b) second layer; (c) third layer; and (d) fourth layer 

under the Cook Strait earthquake. 
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(a) (b) 

(c) (d) 

Figure C-15: Sensitivity of Pier 25 peak acceleration; period; peak displacement; maximum moment (in 
percentage) to variation in y50 of (a) top layer; (b) second layer; (c) third layer; and (d) fourth layer 

under the Cook Strait earthquake. 
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