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ABSTRACT 

 

Bowman, Brandon (M.S Civil Engineering) 

Modeling of Post-Tensioned Rocking Bridge Columns 

Thesis directed by Assistant Professor Petros Sideris 

 

Two separate columns were studied for this thesis. The first column was a column designed 

and tested by Marriot (2009) this column had energy dissipating (ED) links (or dissipators) and 

four internal unbonded tendons which served as a self-centering mechanism for the rocking 

column. The second column was a column designed and tested by (Sideris, 2012). This column 

did not include ED links and had eight internal unbonded tendons that served as a self-centering 

mechanism for the rocking column. The column by Sideris also included sliding at the segmental 

joints, which was not considered herein, as this thesis focuses solely on rocking columns. Two 

analytical models were created for each column with two modeling approaches for the contact 

interface (at the rocking joint), calibrated through parametric studies in this thesis. Parametric 

studies were also performed for design parameters to investigate their effect on the overall response 

of the columns.  

The column by (Sideris, 2012) was further subjected to an Incremental Dynamic Analysis 

(IDA). The far-field record set from FEMA-P695 was used and scaled to the model/experimental 

domain through similitude analysis, since the column was not the prototype structure. The IDA 

looked at the effect of assuming that tendons fracture at a strain of 7.00% (typical design 

assumption), compared to experimental data gathered, which concluded that the individual wires 

start to fracture at 2.41% (Sideris, Aref, & Filiatrault, 2014) Damage measures (DMs) were 

recorded for each IDA and the probability of them exceeding specified limit states (LSs, threshold 

values representing damage states) under given seismic intensity, represented by a selected 

intensity measure (IM), was calculated. With this data, fragility curves were produced to compare 

the responses of the two separate IDA’s.  
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INTRODUCTION 

1.1. Literature Review on Post-tensioned Bridge Columns 

During major earthquakes, the transportation system is extremely vulnerable and is mostly 

designed to prevent collapse. Interstate bridges that sustain large residual displacements following 

an earthquake can lose functionality. If a major corridor leading into a city becomes impassable, 

the social and economic effects become catastrophic. The first responders after an earthquake must 

be able to use the main corridors for quick access to the city. Seismic structural systems capable 

of low structural damage, and reduced downtime after a design-level earthquake are imperative. 

(Marriott, Pampanin, & Palermo, 2009). Post-tensioned rocking structural systems are an emerging 

technology that will help prevent large residual displacements. Post-tensioned rocking columns 

are essentially rigid bodies allowed to rotate at the base. Because there is no continuous 

longitudinal reinforcement at the base, the column is allowed to rock. The post-tensioned tendons; 

however, are continuous from the foundation to the top of the column. The tendons are situated in 

ducts that are roughly twice the diameter of the tendon. The tendons are typically unbonded to 

spread locally induced deformations over larger lengths and reduce residual displacements by self-

centering the column with the post-tensioned force. Rocking post-tensioned columns have been 

proposed and studied by numerous researchers. (Hewes & Priestley, 2002) (Mander & Cheng, 

1997) (Ou, Chiewanichakorn, Aref, & Lee, 2007) (Roh & Reinhorn, 2010) (Lee & Billington, 

2011). (Marriott, Pampanin, & Palermo, 2009)  

1.2. Modeling Challenges – Literature Review 

Many challenges can be faced when modeling rocking columns, involving modeling of post-

tensioned tendon fracture, contact and opening at the rocking joint, constraining of the tendon 

inside the ducts, and application of initial strains (initial post-tensioning) to the tendons. To model 

the tendons in OpenSEES, (Trono, 2014) used a gap material to prevent compression in series with 

an initial strain material to apply the initial post-tensioning. This approach did not take into account 

fracture of the tendon. The material would remain elastic and never fracture.   

Modeling the contact surface is the most challenging part of modeling rocking systems. Two 

approaches were taken when modeling this system. The first was a multi-spring contact surface, 
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which is one of the more common approaches to modeling rocking systems. (Marriott, Pampanin, 

& Palermo, 2009) used multiple elastic, compression only, spring elements in Ruaumoko. Their 

approach defined the axial stiffness to be a function of the width/depth ratio, concrete properties, 

and cantilevered length of the column. Trono (2014) also used a set of compression only, vertical 

springs, defined as zero length elements (with an internal length). The element was defined with a 

compression-only material enabling uplift of the rocking plane. During rocking one side of the 

column is loses contact (uplift), while the other side is resisted by the compression force of the 

springs. A challenge involved with modeling many springs was the number of springs to have. A 

parametric study was done to find where the results started to converge. It is best to use the least 

amount of springs possible in order to speed up analysis time, but still have enough to capture the 

response of the interface accurately. 

An alternative approach to model the rocking interface was considered by (Salehi & Sideris, 

2016), who introduced a finite length two-node special joint element – termed hybrid sliding-

rocking (HSR) joint element – on the basis of the flexibility-based element formulation. The HSR 

joint is a 2D two-node joint element of finite length that uses an empirical rocking model of the 

equivalent plastic hinge length. Rocking occurs at the mid-length of the element by using material 

models of no tensile strength, similar to the approach of the multi-spring contact surface. The 

strains are integrated using an adaptive weight, which changes, as the joint separation grows based 

on the equivalent plastic hinge length. (Salehi & Sideris, 2016). The plastic hinge length is a model 

parameter that typically varies between 80% to 110% of the cross-section depth. Although this 

element allows both sliding and rocking, it can be used for rocking-only systems by using a high 

friction input value to inhibit sliding.  

Constraining the tendon inside the duct is important so that the actual physical geometry of the 

system is maintained. Typically, zero length gap elements can be used to achieve that (Salehi & 

Sideris, 2016).   

1.3. Research Objectives and Scope 

The objective of this research is investigate and assess the two aforementioned modeling 

strategies for rocking columns and quantify the effect of premature tendon fracture on the 

performance of bridges with rocking columns. Typically, seven-wire monostrands are designed to 

fracture at 7% strain; however, recent research (Sideris, Aref, & Filiatrault, 2014) has shown that 
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for unbonded post-tensioning systems, these monostrands fracture prematurely at the location of 

the anchorage hardware. This fracture occurs wire-by-wire and the first wire fracture may occur 

at strains of 2 % or less.  

Parametric studies were done to investigate the effect of certain design and model parameters. 

The design parameters were of special importance because they are the parameters that can be 

changed in real world applications to obtain better performance for the bridge piers. The parametric 

study for the model parameters was performed to converge to the experimental data and validate 

the model.  

1.4. Thesis Organization 

Following this introductory chapter, Chapter 2 presents analytical models of two separate 

columns. The two columns examined were from a test by (Marriott, 2009) and a test by (Sideris, 

2012). Modeling the contact surface is the most important part of rocking column systems. Chapter 

2 is separated into two sections. Section 2.1 discusses the analytical model for the multi-spring 

contact surface. Section 2.2 describes the analytical model for the HSR joint contact surface. In 

each section, the loading protocol for the separate tests will be discussed, the mass calculations 

will be presented, the materials and their respective material models will be discussed as well as 

the elements used. The gravity analysis and convergence criteria are both presented in Section 2.1 

and left out of Section 2.2 because they are identical procedures. Both sections have a parametric 

study that investigates model and design parameters and their implications to a static pushover 

response. Chapter 3 presents a performance assessment of bridges with rocking columns. This 

chapter investigates the performance of the bridge columns under seismic loading. Chapter 4 

discusses the findings of the research.  
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2. MODELING APPROACHES 

2.1. Multi-spring Contact Modeling 

2.1.1. Implementation for column by Marriott 

2.1.1.1. Model Description 

An analytical model was developed to match the experimental results of a study that Marriott 

et al. (2009) performed. Their test specimens were a 1/3 scale single degree of freedom bridge 

pier. As shown in Figure 1, the bridge pier had a height of 4.8 meters scaled down to roughly 60 

inches and a deck load of 1800kN scaled down to 67 kips. The bridge pier has a square cross 

section of 1.05 m scaled down to roughly 14 inches. Marriott et al (2009) tested 7 bridge piers each 

having different types of energy dissipating links (dissipators) and/or post-tensioning systems. 

Marriott tested internally grouted energy dissipators, internally grouted and threaded dissipators, 

external (replaceable) dissipators, internally threaded (semi-replaceable) dissipators, and 3 

separate columns without dissipations. The analytical model developed in this thesis is a hybrid 

bridge pier with internal unbonded post-tensioning and external (replaceable) dissipators, in the 

form of buckling-restrained steel yielding elements.   

 
Figure 1. Prototype Bridge Pier (Marriott, 2009) 

The post-tensioned bridge pier used in Marriot’s experiment had a 1.6 m (60 in) cantilever 

length with a square cross section of 0.35m (14 in.). The rocking bridge pier had 8 dissipators; 2 

on each face, spaced 115 mm (4.5 in.) apart as shown in Figure 2. The dissipators had a fuse length 

of 115 mm (4.5 in) and a fuse diameter of 8.0 mm (0.315 in). They were fabricated at the Civil 

Engineering Laboratory at the University of Canterbury from 20 mm (0.787in.) mild steel bar. The 

bar was placed in a lathe and the fused length was turned into the desired diameter. A 34 mm (1.34 
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in.) tube was then placed over the fused section of the bar and an epoxy was injected into the tube 

to prohibit buckling. 

 
Figure 2. Construction drawing of the pier with external ED links (Marriott, 2009) 

The column studied has four post-tensioned tendons and eight external dissipators. The 4 

tendons are post-tensioned to 300 kN (67.4 kips), or 75kN (16.86kips) each. This post-tension 

force accounts for both the gravity load and the initial PT force. The post-tensioned tendons are 

essentially seven-wire monostrands of 0.5-inch diameter. Marriott et al (2009) carried out 

monotonic test on the tendons and they reported that the Modulus of Elasticity of the seven-wire 

strand to be 197100Mpa (28500 ksi), with a yield strength of 1560Mpa (226 ksi), with a yield 

strain of 0.00792. Marriott et al. did not test the tendons to rupture; so the data from the material 

testing carried out by the steel distributor were used, which identified the rupture strength to be 

1850MPa (268 ksi). The 8 external mild steel machined dissipators have a fuse length of 115 mm 

(4.5 in) and a diameter of 8 mm (0.314 in). Marriott et al (2009) carried out monotonic tension 

testing on the ED links, which were found to have a modulus of elasticity of 193000 MPa (28000 

ksi) and a yield strength of 320 MPa (46.4 ksi) with a yield strain of 0.00165. The rupture strength 

was found to be 461 MPa (67 ksi) with a rupture strain of 0.2.   

Figure 2 above shows the layout of the dissipators and tendons. The post-tensioned tendons 

are placed in ducts and are not grouted to remain unbonded. With an unbonded post-tensioning 

system, the force in the stressed tendon is transferred to the concrete by the anchors at each end of 

the tendon. Since the anchors transfer most of force from the tendon to the concrete, they become 

very crucial throughout the service life. Unconfined cylinder concrete compression tests were 

carried out by (Marriott, 2009) and the strength of concrete at the first day of testing was found to 

be 54.1 MPa (7850 psi). 
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2.1.1.2. Loading 

A uniaxial quasi-static loading protocol was used to test the columns. The loading protocol 

was adopted from the ACI recommendations “Acceptance criteria for moment frames based on 

structural test” (ACI (2001)). These criteria states: 

“1) Three fully reversed cycles shall be applied at each drift ratio.  

2) The initial drift ratio shall be within the essentially linear elastic response range for the 

module. Subsequent drift ratios shall be to values not less than one and one-quarter times, and not 

more than one and one-half times, the previous drift ratio 

3) Testing shall continue with gradually increasing drift ratios until the drift ratio equals or 

exceeds 0.035” 

The initial post-tensioning for the bridge pier represented the summation of the gravity load of 

the deck and the initial post-tensioned force of the prototype pier. As the lateral load was applied 

the axial force would increase due to the elongation of the tendons. The test set up is shown below 

in Figure 3 by (Marriott, 2009) 

 
Figure 3. Test setup used by Marriott et al. (2009) 

 

2.1.1.3. Seismic Mass 

Marriott gives limited dimensions for the prototype bridge superstructure; therefore, the mass 

and mass moment of inertia of the superstructure were estimated. These approximate values were 

used to calculate the period of the system for dynamic analysis in the transverse direction. The 
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deck properties are shown in Figure 4. The prototype deck properties were converted to the model 

domain using the 1:3 scaling factor, as shown in Figure 5. The unit area of the prototype bridge 

deck is 4.21 m2. The area is scaled down by a factor of 9 and then converted to inches to give a 

total model domain deck area of 725 in2. A thin wall cross-section was then created with the outer 

dimensions equal to the width and height of the model domain cross-section to easily calculate the 

moment of inertia, as shown in Figure 6. The calculations for the mass moment of inertia can be 

found in Appendix I. 

 
Figure 4. Deck properties  

 
Figure 5. Prototype deck conversion to model domain 

 
Figure 6 Approximate cross section  

 

2.1.1.4. Material Models 

Concrete 

When modeling the concrete pier, it is important to model the concrete with two separate 

strengths. The cover concrete (unconfined concrete), can be modeled to replicate the cylinder 

concrete compression tests; however the confined concrete, or the concrete incased inside the 

confining hoops must be modeled accounting for the confining pressure. In low levels of stress, 

the confined concrete acts much like the unconfined concrete; however, when the concrete reaches 
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levels close to its uniaxial strength, the internal fracturing causes the concrete to dilate and bear 

out against the transverse reinforcement, which then causes the confining action. (Reddiar, 2009) 

When designing or modeling for structural concrete members in areas prone to seismic activity, 

that causes the concrete to reach its uniaxial strength, it is important to differentiate between the 

confined and unconfined concrete material. Kent and Park (1971) found out that there was no 

substantial increase in concrete compressive stress due to confinement. Their model didn’t see a 

substantial increase in compressive strength because they were conducting small-scale test. They 

concluded that confinement only affected the slope of the post-peak branch (as shown Figure 7); 

however Scott et al. (1982) ran tests that were conducted at rapid strain rates to simulate seismic 

loading and found that there was a substantial increase in the compressive strength of confined 

concrete as shown in Figure 8. (Reddiar, 2009) 

 
Figure 7 Modified Kent and Park model (Scott et al. 1982) 

 
Figure 8 Stress-Strain Model for confined and unconfined concrete Kent & Park 1971 

The reason that the results were different than the Kent and Park model was because Scott et 

al. ran larger scale tests that were more practical to real world applications as well as implement 
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rapid strain rates. Therefore, modifications were made to the Kent-Park model to incorporate the 

increase in compressive stress. A factor “K” was added to the model, which was a function of the 

transverse steel ratio, yield strength of hoops, and the original unconfined compressive strength of 

concrete. This K value could increase the confined compressive strength by a factor of 1.0-1.5 

(Scott, Park, & Priestley, 1982). 

Unconfined Concrete 

For the unconfined cover concrete, the material Concrete01 from the structural analysis 

program OpenSEES (OpenSees, 2016) was used. Concrete01 is a material model with degraded 

linear unloading/reloading stiffness and no tensile strength. Concrete01 has four parameters that 

must be inputted, namely, the 28-day compressive strength (𝑓𝑐
′), the strain at peak strength (ε0), 

the strength at crushing, and the strain at spalling (εsp). For the cover concrete the peak compressive 

strength 𝑓′𝑐 is given as 54.1 MPa (7850 psi) and the strain at peak strength is assumed to be 0.002. 

The strength, when the cover concrete has completely spalled and ceases to carry any stress, was 

taken as zero. The strain at spalling was found using the following equation from (Mander, Priestly, 

& Park, Theoretical Stress-Strain Model For Confined Concrete, 1988): 

 (fc’ in MPa) (1) 

The material properties for the cover concrete are summarized in Table 1. The response for a 

compression test for the cover concrete is shown in Figure 9 

 
Figure 9 Compression test response for cover concrete using the OpenSees material Concrete01 

'0.012 0.0001sp cf  
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Table 1 Cover Concrete Properties 

 
 

Confined Concrete 

As stated above, it is important to differentiate between unconfined cover concrete and 

confined core concrete. Concrete01 was also used for the confined concrete material model; 

however, different values for the model parameters were used, based on the work of (Mander, 

Priestly, & Park, Theoretical Stress-Strain Model For Confined Concrete, 1988) & (Scott, Park, & 

Priestley, 1982). The material properties and material response that is trying to be achieved can be 

seen in Figure 10.  

 
Figure 10. Material parameters of the confined and unconfined concrete  

The maximum confined concrete stress fcc’ is found using the following equation: 

 (2) 

where 𝑓𝑐
′ is the unconfined concrete compressive strength defined above (in MPa). The lateral 

confining stress (𝑓1
′) is defined by the following equation: 

 (3) 

where the yield strength of the transverse reinforcement (𝑓𝑦ℎ)  must be considered when 

calculating he confined strength of concrete. This causes the transverse reinforcement to yield. 

(Reddiar, 2009) The transverse reinforcement ratio (𝜌𝑣) is calculated by: 

fc' 54.1 Mpa 7850psi

εc0 0.002

εsp 0.00659

Cover Concrete Parameters
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 (4) 

where Ashx is the area of transverse reinforcement providing confinement in the x-direction and 

Ashx=Ashy since we have a square column with equivalent reinforcement in each direction, hcy=hcx 

which is the width of the confined core in the x and y direction, s is the spacing between the 

transverse reinforcement, ke is the confinement effectiveness factor which is found from the 

following equation: 

 (5) 

where the effectively confined area Ae=bex×bey. And the total confined core area Acc= hcx×hcy. 

Error! Reference source not found. illustrates the parameters used to calculate the transverse 

reinforcement ratio and the confinement effectiveness factor.  

 
Figure 11 illustrates the parameters used to calculate the confinement effectiveness factor and the 

transverse reinforcement ratio (Marriott et al.) 

The strain (𝜖𝑐𝑐) at the maximum confined concrete stress was calculating using the following 

equation: 

 (6) 

The ultimate strength was taken as .2fcc’ and the ultimate strain was found using the following 

equation: 
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 (7) 

where 𝜀𝑠𝑢 is the ultimate steel strain of the transverse reinforcement. The material response of the 

confined concrete and unconfined concrete can be seen in Figure 12 and the summary of the 

material properties for the confined concrete can be seen in Table 2. 

 

Figure 12 shows the comparison between the 

confined and unconfined concrete. 

Table 2 Material properties for 

unconfined concrete 

 

 

Tendons 

The tendons used in Marriot’s experiment were seven-wire strands that had a nominal diameter 

of 0.5 in. The modulus of Elasticity was found from a material test to be 28500 ksi with a yielding 

stress of 243 ksi and strength of 273 ksi. The tendon was modeled wire by wire to capture the 

fracture of individual strand wires. The tendon is made up of seven wires consisting of 6 outer 

wires and 1 inner wire. The outer wires have a diameter of 0.167 in. while the center wire, or inner 

wire, has a slightly larger diameter of 0.173 in as shown in Table 3. 

Since rupture of individual wires at the anchorage hardware is the failure mode of unbonded 

tendons, it was determined that in the vicinity of the anchorage hardware, the tendon will be 

modeled by 7 individual corotTruss elements. The wires will fracture at different strains as 

indicated in the study by (Sideris, Aref, & Filiatrault, 2014) on the effects of anchorage hardware 

on the cyclic tensile response of unbonded monostrands. In this study, cyclic tests were conducted 

on five 0.5in-diameter monostrands of length of 53 inches and strains were recorded at each wire 

fracture. The mean strains of each wire failure are recorded in Table 4. Accordingly, an effective 

'

1.4
0.004

v yh su

cu

cc

f

f

 
  

fcc' 76.96 11161.8 Psi

εcc 0.006225

εcu 0.022628

.2fcc' 15.39 MPa 2232.4 Psi

ρv 0.016

fyh 320 MPa 46412.2 Psi

ke 0.75

f1' 3.84 MPa 556.9 Psi

Confined Core Concrete Parameters
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length of 53 inches was considered in the modeling of the tendons for the column by Marriot et al 

(2009). This test was duplicated in an OpenSees model and compared to the actual test data. The 

comparison is shown in Figure 14 and Figure 15.  

For the post-tensioning system, a material model called “uniaxialMaterial PTSteel” created in 

OpenSees by Salehi and Sideris (2016) was used. This is a tension-only material that follows the 

backbone curve of Mattock’s model for PT monostrands (Mattock, Yamazaki , & Kattula, 1969). 

This material has 5 main parameters, namely, the elastic modulus of unbonded monostranded, Ept, 

the nominal yield force of monostrand, fpy, the post-elastic to elastic modulus ratio, rpt, the actual 

yield stress to nominal yield stress ratio, K, and the smoothness factor that controls transition from 

elastic to inelastic range, R. The calibrated values of these parameters for the 0.5 in monostrand 

are shown in Table 5 (Sideris, Aref, & Filiatrault, 2014). The material has an optional input of 

initial strain to apply the initial post-tensioning. A pure tension test was ran in OpenSees to validate 

the tendon model and its capability of capturing the successive wire fractures, as shown in Figure 

13. The tendon model was then validated by comparing its response with the data from the cyclic 

tensile tests by (Sideris, Aref, & Filiatrault, 2014) as shown in Figure 14 and Figure 15. 

Table 3 Geometry of wires 

 

Table 4. Strain at each wire fracture (Sideris, Aref, & Filiatrault, 2014)   
 

 

Table 5 Properties of 0.5in. Tendon 

 
 

Nominal 

Diameter, in.

Outer Wire 

Diameter, in.

Center Wire 

Diameter, in.

Outer Wire Area, 

in
2

Center Wire 

Area, in
2
.

0.5 0.167 0.173 0.02190 0.023506
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Figure 13. Pure tension test of Tendon. 

 
Figure 14. OpenSees model of .5in tendon 

under cyclic tensile loading 

 
Figure 15. Experimental model of .5in tendon 

under cyclic tensile loading (Sideris, Aref, & 

Filiatrault, 2014) 

 

Reinforcing Steel & Dissipater Material 

The mild steel used for the longitudinal reinforcement, confining reinforcement, and 

dissipators had a modulus of elasticity of 193000 MPa (28,000 ksi), yield stress of 320 MPa (46.41 

ksi), ultimate stress of 461 MPa (66.86 ksi), yield strain of 0.001657, and ultimate strain of 0.2. 

To model this material, the bilinear damage model, termed “BilinDamage”, developed by by 
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Salehi and Sideris (2016) was used. This material modelled captures fracture of the elements, 

unlike existing models, e.g. Steel02. The Bilinear damage material model has 3 required input 

parameters and 3 optional input parameters. The required parameters are the yield stress, fy, yield 

strain, εy, and strain hardening ratio, ry. The three optional parameters are the strain at initiation of 

deterioration, eps1, strain at the end of deterioration, eps2, and the post-deterioration stress 

reduction factor, rfmin. The parameters were kept consistent with Marriott et al. experiment and are 

shown in Table 6. A test model was created in OpenSees to validate the response of the dissipaters 

and reinforcing steel under pure tension loading and cyclic loading, as shown in Figure 16 & Figure 

17. 

Table 6 Material properties for Longitudinal Reinforcement and Dissipators 

 
 

 
Figure 16 shows material test of reinforcing 

steel and dissipator steel with BiLinearDamage 

material under pure tension loading 

 
Figure 17 shows material test of reinforcing 

steel and dissipator steel with BiLinearDamage 

material under cyclic loading 

 

Modulus of Elasticity, E 28000 ksi

Yield Strain, fy 46.412 ksi

Ultimate Strength, fu 66.86 ksi

Ultimate Strain, εu 0.2

Yield Strain εy 0.0016576

Post Yield Modulus 103.09 ksi

Strain Hardening Ratio ry 0.00368194

eps1 0.2

eps2 0.21

rfmin 0.001

Longitudinal Reinforcement & Dissipator Steel 

Properties 
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2.1.1.5. Elements 

Reinforced Concrete Column 

The reinforced column is modeled using a force-based fiber element, with fiber sections which 

are composed of separate fibers containing separate uniaxial materials. The section command is 

used to create composite sections. Each fiber section is broken into patch fibers and layer fibers as 

shown in Figure 18. The cover concrete and confined concrete are rectangular patch fibers that are 

discretized into multiple subdivisions. The reinforcing steel is broken up into 5 vertical straight-

line fibers with coordinates equal and area of steel equal to placement of the longitudinal steel. 

Three materials are used to construct the fiber section which include Concrete01 for both the 

confined and unconfined concrete and BiLinDamage for the reinforcing steel. The fiber sections 

are then incorporated into the forceBeamColumn element, which is based on an iterative force-

based formulation. The Gauss-Lobatto integration is used for the forceBeamColumn element and 

2 integration points are used at each end of the element. The column consists of five 12”  

forceBeamColumn elements. The bottom forceBeamElement is connected to the contact element 

 
Figure 18. Cross-section separation into sub-sections with different material properties 

 

Post-Tensioning Tendons 

As mentioned earlier, the tendons are modeled with seven corotational truss elements –  

“corotTruss” elements – each representing an individual wire with separate fracture strains. The 

length of these elements was taken to be 53 inches, as explained earlier. The remaining length of 

the tendons was modeled using truss elements accounting for the entire diameter of the tendons. 

The corotational transformation was chosen because the strands will be inclined by the amount 

approximately equal to the base rotation as the column uplifts. (Trono, 2014). 

The initial post-tensioning was statically applied as an initial strain in the material PTsteel.  
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Dissipators  

The energy dissipators are coupons (dog bone shaped) made of mild steel as shown in Figure 

19. The central fuse is modeled using a truss element. The two ends, which remain elastic, are 

modeled with an elastic beam element. The fuse of the dissipator was confined with a steel tube 

injected with epoxy to inhibit buckling.  

 
Figure 19 shows how the epoxy injected dissipators are connected to the column 

 

Constraint  

The duct constraining the tendon has a diameter of 0.9 inches. The tendon has a 0.5-inch 

diameter, so if the tendon is centered inside the duct it has a tolerance of 0.2inches on each side. 

In order to constrain this tendon inside that duct, a node was placed 0.2 inches away from the 

center of the tendon and connected to the column with a rigid link. A truss element was placed in 

between the nodes with a multi-linear elastic material - elasticmultilinear material in OpenSEES 

library. This material shows a very small stress of 0.1 ksi up to a strain of 1. Beyond that strain, 

the tendon has made contact with the restraining duct and a stress of 100ksi per .005 is applied to 

constrain the tendon inside the duct as shown Figure 20. 
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Figure 20. Multi-linear elastic material model to keep the tendon inside the duct 

 

2.1.1.6. Gravity Analysis 

For the gravity analysis, loads are placed at all the nodes connecting the concrete column 

elements. OpenSEES allows multiple linear equation solvers to find a solution for the linear system 

of equations Ku=P. The analytical model is not a linear system; however, for gravity analysis it is 

treated as such because it hasn’t experienced any nonlinear effects yet. The BandGeneral solver 

was used for the gravity analysis in this model and it is a direct solver for banded unsymmetric 

matrices. The transformation method was used for the constraint equations in the analysis. The 

single-point constraints are done directly when doing the transformation method and the matrix 

equation is not manipulated to enforce them, instead trial displacements are set directly at the nodes 

at the start of each analysis step. Also, for the analysis, a Degree of Freedom numberer must be 

assigned so an RCM numberer was chosen to provide the mapping between the degree-of-freedom 

at the nodes and the equation numbers. The RCM numberer uses the reverse Cuthill-McKee 

scheme to order the matrix equations. This method is frequently used when the matrix being 

generated whose rows and columns are numbered according to the numbering of the nodes. When 

the nodes are renumbered internally it is possible to produce a matrix with a much smaller 

bandwidth which makes the matrix much quicker to solve. During the gravity analysis a 

convergence test is used which is separate from the convergence test used in the pushover and 

cyclic analyses. A normal displacement increment test is used in the model that uses the norm of 
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the left hand side solution vector of the matrix equation to determine if convergence has been 

reached. The NormDispIncr command in OpenSees requires a tolerance and a max number of 

iterations as an input. A very low tolerance of 1.0E-12 was used with 10 iterations to check before 

returning failure condition. The Newton Algorithm was used to solve the nonlinear residual 

equations because of its robust method for solving nonlinear algebraic equations. A static analysis 

was used for the gravity analysis with a load control integrator used with 10 steps of .1 to reach 

the load level. In order to keep the gravity applied through all of the analyses the command 

LoadConst was used which sets the loads constant in the domain and also resets the time in the 

domain which starts all the other analyses at time 0.0 with all the gravitational forces already 

applied.  

2.1.1.7. Convergence Criteria 

The same convergence criteria are used for both the monotonic and cyclic pushover analyses. 

First, the NormDispIncr is used similar to the gravity analysis except a lower tolerance of 1E-6 is 

used and 100 iterations is used. Multiple methods are used to achieve convergence if the original 

convergence test doesn’t work. If convergence is not reached, the analysis step is repeated with a 

smaller time step size. If convergence still is not reached, the energy increment test is used rather 

than the NormDispIncr. This test uses the dot product of the solution vector and norm of the right 

hand side of the matrix equation to determine if convergence has been reached. The Norm 

Unbalance Test is then used, if convergence is still not reached. The last step to try to reach 

convergence is by increasing the tolerance on the NormDispIncr test. The tolerance is increased 

by E+2 then E+4, if convergence is still not achieved. If convergence still fails, analysis is aborted.   

2.1.1.8. Element and Node Recorders 

The purpose of the models is to investigate the response of certain materials and parameters. 

In order to do this, node and element recorders were added to the model. These recorders would 

record variables such as stress, strain, global forces, axial forces, displacements, and eigenvalues. 

A node recorder was placed at the top of the column, which recorded the displacement of the top 

column node. An element recorder was placed at a rigid link that was connected to the top column 

node to the application of the displacement (for static pushover purposes). Calculating the force in 

this element was the same as the summation of all the base forces, which simplified the analysis. 
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An element recorder was placed on the dissipators and the tendons to record the axial force and 

deformation. The cross section of the column had recorders that monitored the stress and strain of 

the reinforcing steel, cover concrete, and confined concrete as shown in Figure 21. 

 
Figure 21 shows the locations of the recorders in the column cross section 

 

2.1.1.9. Multi-Spring Contact Surface  

The contact surface considered to simulate the rocking of a column is the most crucial part of 

modeling rocking columns. Two different contact concepts were implemented in modeling the 

rocking system, the first was a bed of compression contact springs that were added to the base of 

the column as shown in Figure 22. There are three types of springs at the rocking interface, 

accounting for the cover concrete, confined concrete, and longitudinal reinforcment, as shown in 

Figure 23. All springs have zero tensile strength and a compression force that was function of the 

area on which they are acting, number of springs and compressive strength of the concrete or steel.  

The material used for the contact spring was either Concrete01 (for the cover and confined 

concrete springs) or BilinDamage (for the longitudinal reinforcement springs). Concrete01 does 

not have tensile strength; however, the BilinDamage material does have tensile strength and only 

compressive contact springs should be consider. For this reason, the BilinDamage material was 

combined in series with a multi-linear elastic material to ensure that the spring cannot take a 

tension. The longitudinal reinforcement springs are modeled using five springs that are account 

for the five rows of reinforcement. The outer springs have an area equal to five longitudinal 

reinforcing bars, whereas the central springs have an area equal to two longitudinal reinforcing 

bars. The concrete springs have an area equal to the gross area of the columns cross section divided 

by the number of springs choosen.  
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The materials used for the contact springs have by default stress-strain input parameters. The 

springs should have force-displacement parameters; therefore, the stress values were multiplied by 

the area in which they act (depended on the number of springs) and the strain values were 

multiplied by an effect spring length, lc, creating a force displacement relationship. The effective 

spring length and number of contact springs are analyzed in a parametric study presented in a later 

section. An overall summary of the multi-spring column is illustrated in Figure 24 . 

       
Figure 22. Distributed contact springs at the base that allow the system to rock back and forth 

 
Figure 23 shows the 3 types of compression springs and their location in the rocking system 
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Figure 24 Overall summary of the multi-spring model 
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2.1.1.10. Parametric Studies on Model Parameters 

The concrete springs and the steel reinforcing springs were both connected by a zero length 

element at two nodes sharing the same coordinates with one of the nodes fixed and the other free. 

The nodes that were free were connected to the centroid at the column base through rigid links. A 

model was created to see the effect the number of springs has on the response of the column. 

According to Figure 25, as the number of springs was increased, the response converged. It was 

decided that 80 springs would be used to make the model converge even better.  

Another modeling parameter that was tested was the lc length. The springs have zero length; 

however, the material used for the zero-length elements has an effective spring length (lc) built 

into the force-displacement of the material. This effective spring length is analyzed in Figure 26 

with a reference value of 80 contact springs.  

 
Figure 25 shows the effect the number of springs has on the response 
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Figure 26 shows the responses of a varying lc 

 

2.1.1.11. Monotonic Pushover Analysis 

The pushover analysis was performed to provide insight into the column ductility capacity. For 

80 contact springs and an effective spring length of 24 inches, the pushover was conducted by a 

monotonically increasing displacement applied at to the top of the column at a low rate of 0.004 

in/sec to avoid dynamic effects. Figure 27 shows where the displacement application was applied 

for the pushover analysis. The base force was recorded in the rigid links in order to decrease the 

amount of recorders needed. This allowed the base force to be recorded in one element instead of 

summing up the base forces in the dissipators, tendons, and column. The lateral force vs. drift ratio 

curve is plotted in Figure 28. The plot shows distinctive drops in the lateral force at a drift ratio of 

8 and 12 percent. The first drop comes from the far left dissipator fracturing and the second drop 

comes from the left central dissipator fracturing. The material responses from the multicolumn 

pushover can be found in Appendix II. 
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Figure 27. Location of the displacement application 

 

  
Figure 28. Lateral force versus drift ratio response 

 

2.1.1.12. Comparison with Experimental data 

Quasi-static cyclic loading was applied to the multi-spring model and compared to an 

experimental quasi-static cyclic response that was ran by Marriott et al (2009). The experimental 

data from that study are shown in Figure 29. The comparison between our model and these 

Left Dissipator Fracture 

Left-Central Dissipator Fracture 
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experimental data is shown in Figure 30. The cyclic responses for the dissipators, cover concrete, 

confined concrete, and reinforcing steel can be found in Appendix II. 

 
Figure 29. Data from cyclic testing by Marriot et al. (2009)  

 

  

Figure 30. Comparison between Multi-Spring model and Marriott's Experimental Results 

 

2.1.1.13. Parametric Studies on Design Parameters 

The reference model for the parametric study on the column design parameters included the 

effective spring length of 24 inches and 80 contact springs. The design parameters that were 

studied included the initial post-tensioning load and the yielding strength of the energy dissipators.  
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Effect of initial post-tensioning  

The column response to various post-tensioning forces was investigated. The post-tensioning 

force varied from ±20% and ±40%, similar to (Sideris, 2015). The corresponding lateral force vs. 

displacement curves are presented in Figure 31. It can be shown that increasing the PT force ratio 

results in greater lateral strength. With an increase of the post-tensioning force, the tendons will 

begin to yield earlier. Therefore, it is suggested to choose a PT force ratio that gives a value close 

to the peak lateral strength and yielding at large drift ratios.  

The cyclic response for varying post-tensioning forces can be found in Appendix II. The cyclic 

response looks at drift ratios of ±4%.  

 
Figure 31 Lateral force versus displacement response for varying PT forces 

 

Effect of varying dissipator yield strength  

The columns response to varying yield strength of the energy dissipators was investigated. The 

yield strength of the energy dissipators varied from 46.4ksi (value used by Marriott) to more 

common steel yield strengths of 36ksi, 50ksi and 60ksi. The corresponding lateral force vs. 

displacement curves are presented in Figure 32 . It can be shown the increasing the yield strength 

in the dissipator will result in greater lateral strength  
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The cyclic response for varying post-tensioning forces can be found in Appendix II. The cyclic 

response shows drift ratios of ±4%.  

 
Figure 32. Lateral forces versus displacement response for varying dissipator yield strengths 

 

2.2. Continuous HSR Joint Modeling 

2.2.1. Implementation for Column by Marriott 

The second concept that was implemented in the rocking system was the HSRjoint element. 

The HSRjoint simplifies modeling of rocking columns because the rocking interface is modeled 

by a single element (see Figure 33) instead of multiple contact springs. 

 
Figure 33 shows the single element HSRjoint contact 

HSRjoint Element 
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This element is a force-based formulation that satisfies force-equilibrium along the element 

length. A parameter used in this formulation is the number of integration points taken along the 

element. A minimum of 3 integration points is required for the element to run. This is typical for 

elements with shorter lengths. The number of integration points must satisfy the following 

equations:

 

 

and  
(8) 

where N is the number of integration points, L is the element length, and lc is the equivalent plastic 

hinge length due to rocking. Rearranging the equation: 

            (9) 

The element also has separate sections that must be added which are the joint section (where 

the rocking occurs), bottom section, and top section. The bottom and top section are the same 

sections defined earlier in the report that have steel that can take both tension and compression. 

The joint section has longitudinal steel that can only take compression just like how the 

longitudinal reinforcement compression springs were formulated in the multi-spring rocking 

system.  Since the steel cannot take tension, it allows the column to rock when it is acted on by an 

external lateral force. The element also has a few parameters that consider sliding. These 

parameters are the coefficient of friction at the joint interface, initial stiffness of friction hysteretic 

model, and secondary stiffness of friction hysteretic model (usually, very close to zero). Since the 

column is being analyzed as a rocking-only system, those parameters were set to high values to 

inhibit sliding. The major parameter that must be input in the HSRjoint element is the equivalent 

plastic hinge length, lc. The materials, elements, loading, masses, gravity loads, and convergence 

criteria were all identical to those used for the model with the multi-spring contact area, but in the 

model with the HSRjoint element, the zero-length springs were removed and replaced with a single 

HSRjoint element, as shown in Figure 34.  

2cl

x


 1

L
x

N
 



( 1) 2cl N
L

 
2

1
c

L
N

l
 



www.manaraa.com

Modeling Approaches 

Brandon Bowman  30 

 
Figure 34 HSRjoint Model 
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2.2.1.1. Parametric Studies on Model Parameters 

The equivalent plastic hinge length at rocking (lc) was an important model parameter to 

examine, because it can affect the predicted response considerably. A parametric study was 

performed to see how varying values for the victual plasticity spreading affected the predicted 

response. The typical values for lc are usually 80% to 100% of the cross-section depth of the 

column. The column from Marriot et al had a cross-section 14x14 in2. The results for various 

values of lc are shown in Figure 35. As shown, the response does not change much for a plastic 

hinge length larger than the cross-section depth. 

 
Figure 35 shows the effect Lc has on the columns response 

 

2.2.1.2. Pushover Analysis 

The same pushover analysis performed in section 2.1.1.11 was performed on the HSRjoint 

contact column as shown in Figure 36. 
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Figure 36 Lateral Force versus Displacement 

 

2.2.1.3. Comparison with Experimental Data 

Quasi-static cyclic loading was applied to the column model with HSRjoint element and the 

response was compared to the experimental data by Marriott et al (2009). Marriott et al’s lateral 

force vs. displacement response and total PT force vs. lateral displacement response is shown in . 

The comparison between the HSRjoint model and Marriot’s experimental data is shown in Figure 

37. The cyclic responses for the dissipators, cover concrete, confined concrete, and reinforcing 

steel can be found in Appendix III 
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Figure 37 HSR Model versus Marriott Experimental Data 

 

2.2.1.4. Parametric Studies on Design Parameters 

The reference model for the design parameter parametric study included a plastic hinge length 

equal to the diameter. The design parameters that were studied were the initial post-tensioning load 

and the yielding strength of the energy dissipators. The application of the displacement and the 

materials were the same as before.  

Effect of initial post-tensioning  

The column’s response to varying post-tensioning forces was investigated. The post-tensioning 

force varied from ±20% and ±40%, similar to (Sideris, 2015). The corresponding lateral force vs. 

displacement curves are presented in Figure 38. It is observed that increasing the PT force ratio 

results in greater lateral strength. Also, increasing the initial post-tensioning force results in early 

yielding of the tendons.  

The cyclic response for varying post-tensioning forces can be found in Appendix III. The cyclic 

response looks at drift ratios of ±4%.  
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Figure 38 Lateral Force versus Drift Ratio Response of varying initial post-tensioning 

 

Effect of yield strength of the dissipator 

The columns response to various yield strengths of the energy dissipators is investigated. The 

following yield strengths were considered; 36 ksi, 46.4 ksi (value used by Marriott), 50 ksi and 60 

ksi. The corresponding lateral force vs. displacement curves are presented in Figure 39. It can be 

shown the increasing the yield strength in the dissipator will result in greater lateral strength  

The cyclic response for varying post-tensioning forces can be found in Appendix III. The cyclic 

response looks at drift ratios of ±4%.  
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Figure 39 Lateral Force versus Drift Ratio with varying Dissipator Yield Strengths 

 

2.2.2. Implementation for Column by Sideris 

2.2.2.1. Model Description 

A model using the HSRjoint element was created for the HSR bridge pier tested at the 

University at Buffalo – SUNY (Sideris, 2012). The test specimen was a scaled down (1:2.39) 

version of the prototype structure considered by (Megally,, Garg, Seible , & Dowell, 2002). The 

prototype structure is shown in Figure 40. The experimental specimen was a single cell box girder 

precast concrete segmental bridge. The superstructure had a longitudinal length of 61.875ft with 

pier-to-pier distance of 41.875ft. The pier height (which included the cap beam but not the 

superstructure deck) was 11.875ft, as shown in Figure 41. 



www.manaraa.com

Modeling Approaches 

Brandon Bowman  36 

 
Figure 40 Prototype bridge (From Megally,, et al., 2002) 

 
Figure 41 Specimen Model. (Model Domain) From Sideris, 2012 

The elevation view of the specimen structure consisted of the bridge pier (five segments), cap 

beam, and the superstructure, as shown in the Figure 42. The column had eight 0.6”-diameter post-

tensioning tendons that were anchored in the foundation and the top of the cap beam. They are 

placed in the ducts that run through the bridge pier, as shown in the cross section of the bridge pier 

in Figure 42. Each tendon was initially post-tensioned to 20kips. The 61’-10½” superstructure 

rested on the cap beam was supported by two bridge piers. The overall weight of the superstructure 

is split between the two bridge piers and calculated to be 44 kips per pier. The weight of the cap 

beam is calculated to be 3.65 kips.  

The model created in this study focused on the response of the bridge in the transverse 

direction. For this reason, half of the bridge was modeled, including one of the two piers. This 

study solely focused on the rocking response; hence sliding was neglected/restrained. 
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Figure 42 Elevation view of specimen structure and cross section of bridge pier,  (Sideris, 2012) 

 

2.2.2.2. Materials  

Concrete 

As stated in section 2.1.1.4, it is important to model the concrete with two separate strengths. 

The cover concrete (unconfined concrete) can be modeled to replicate the cylinder concrete 

compression tests; however the confined concrete, or the concrete incased inside the confining 

hoops must be modeled separately. 

Unconfined Concrete 

For the unconfined cover concrete the OpenSees material Concrete01 was used. Concrete01 is 

a material with degraded linear unloading/reloading stiffness with no tensile strength. Concrete01 

has four parameters that must be inputted which are the 28-day compressive strength (𝑓𝑐
′), the 

strain at maximum strength (ε0), the strength at crushing, and the strain at crushing (spalling εsp). 

For the cover concrete the maximum compressive strength 𝑓′𝑐 is given as 5000psi and the strain 
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at maximum strength is assumed to be .002. The strength at crushing is taken as 5000psi/1000 and 

the strain at crushing is taken as .008.  

Confined Concrete 

For the confined concrete the OpenSees material Concrete01 was also used. For the concrete 

confined inside the reinforcing bars the maximum compressive strength 𝑓′𝑐 was found to be 

6000psi using the same equations defined in 2.1.1.4. The strain at maximum strength was found 

to be 0.004. The compressive strength at crushing was found to be 3700psi with a crushing strain 

of 0.02.  

The separate materials were defined in a fiber section. Since the columns cross section is 

hollow there was cover concrete on the inside face and the outside face as shown in Figure 43 

 
Figure 43. Cross-section regions of confined and unconfined concrete  

 

Reinforcing Steel  

The mild steel used for the longitudinal reinforcement had a modulus of elasticity of 29,000ksi 

and yield strength of 60ksi. To model this material, the bilinear damage model, BilinDamage, 

described earlier was used. The selected input properties are shown in Table 7 
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Table 7 Longitudinal and Confining Steel Properties for BilinDamage model 

 
 

Tendons 

The tendons used were seven-wire strands that had a nominal diameter of 0.6 in. The seven-

wire monostrands conformed to Gr. 270-ASTM A416. The tendon material has a modulus of 

elasticity of 28500 ksi with a yield stress of 243 ksi. Similarly to the approach followed in section 

2.1.1.4 and 2.1.1.5, the tendon was modeled wire by wire over a length of 53 inches, in accordance 

with the test data by by (Sideris, Aref, & Filiatrault, 2014). The selected fracture strains for the 

0.6”-diameter monostrand are shown in Table 8. The PTSteel material model, described earlier, 

was used. The material properties of the tendon that were parameters for the PTSteel material are 

shown in Table 9.  

Table 8 Individual wire fracture strains 

 
 

Table 9 Properties of 0.6in Tendon 
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2.2.2.3. Element and Node Recorders 

The element and node recorders were set up the same as in previous sections expect for the 

cross section had different recorders due to the hollow cross section. The recorders for the cross 

section are shown in Figure 44.  An overall summary of the HSRjoint column is illustrated in 

Figure 45. 

 
Figure 44 Location of Concrete and Reinforcing Steel Recorders 
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Figure 45 Overall Summary of HSRjoint Model 
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2.2.2.4. Parametric Study on Model Parameters 

The equivalent plastic hinge length at rocking, lc, was an important model parameter to 

examine because it can effect the results considerably. A parametric study was performed to see 

how varying values for lc affect the predicted response. The typical values for lc are usually 80% 

to 100% of the column cross-section depth. The column cross-section is 25”x25”. The results of 

various values of lc are shown in Figure 46 with a zoomed-in response shown in Figure 47. The 

impulsive responses in the pushover curves are generated because of the fracture of the tendon 

wires.  

 
Figure 46 Effect lc has on the columns response 
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Figure 47 Effect of lc has on the columns response (zoomed-in) 

 

2.2.2.5. Parametric Study on Design Parameters 

The reference model for the design parameter parametric study included a plastic hinge length 

equal to the cross-section depth of 25”. The design parameters considered were the initial post-

tensioning load and the gravity load. The application of the displacement and the materials were 

all kept constant.  

Effect of initial post-tensioning  

The columns response to varying post-tensioning forces was investigated. The post tensioned 

force varied from ±20%, similar to (Sideris, 2015). The corresponding lateral force vs. 

displacement curves are presented in Figure 48. It can be shown the increasing the PT force ratio 

will result in greater lateral strength, while increasing the initial post-tensioning force results in 

early yielding of the tendons.  
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Figure 48 Lateral force versus displacement with varying initial Post-Tensioning 

 

Effect of Gravity Load 

The current gravity load being applied to the column is 44kips. This parametric study will look 

at the effects of varying the external vertical load by ±30%. The analysis was performed with three 

external vertical loads, which are: 31kips, 44kips, and 57kips. The peak strength for all three-

pushover curves ranged from 34.9 to 36.1kips at a drift ratio of 7.5% or 9.1in displacement as 

shown in Figure 49.  
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Figure 49 Lateral force vs displacement with varying external loads 
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3. PERFORMANCE ASSESSMENT OF BRIDGES WITH ROCKING COLUMNS 

3.1. Introduction to Incremental Dynamic Analysis 

Incremental dynamic analysis (IDA) was formalized by (Vamvatsikos & Cornell, 2002) as a 

means of assessing the performance of structures under seismic loading. The overall concept is to 

subject a structure to multiple earthquake ground motions under many different intensities. FEMA 

P695 provides far-field and near-fault ground motion sets (FEMA, 2009). These ground motion 

sets were selected by FEMA, based on the criteria shown in Figure 50. Note that no single ground 

motion meets all of the criteria establish in Figure 50, because of the limitations of available data.  

IDA is crucial in the framework of Performance-based earthquake engineering (PBEE), which 

focuses on the estimation of the seismic demand and capacity of structures. IDA curves are plots 

of Damage Measures (DM); such as peak drift ratios or peak cover concrete strain vs. an Intensity 

Measure (IM), which is usually the spectral acceleration at the fundamental mode (Vamvatsikos 

& Cornell, 2005). Limit states (LS) are threshold values to the damage measures in reference to 

selected damage states. Typical damage states include life- safety and collapse prevention.  

 
Figure 50 Criterion for FEMA-P695 Ground Motion Ensemble Selection (FEMA, 2009) 
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3.2. Model Dynamic Properties 

The seismic mass for this model included the gravity load and the mass moment of inertia 

described earlier. Conducting Eigen analysis with OpenSEES, the natural period and the 

corresponding modeshapes are shown in Figure 51.  

 
Figure 51 Mode Shapes of Column 

 

3.3. Earthquake motions 

As shown in Figure 50, certain criteria were used to create an ensemble of 22 far-field ground 

motions, which are shown in Table 10. Each ground motion has X, Y, and Z accelerations 

recorded. In this study, the X and Y motions were taken as separate earthquakes resulting in a total 

of 44 ground motions. However, some of the ground motions did not have vertical, Z, 

accelerations, therefore they were eliminated from the list and only 20 ground motions were used. 

The corresponding X & Y motions used the same vertical, Z-motions. The ground motions are 
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plotted in Figure 52. These ground motions are the exact motions downloaded from the PEER 

website without any scaling. These are the ground motions that would be applied to the prototype 

column.  

Table 10 Far-Field Ground Motions 

 
 

 
Figure 52 Far-Field Ground Motions 
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3.3.1. Similitude Analysis 

Since the model being tested is a scaled down version of the prototype column, the ground 

motions and time step must be scaled as well. A similitude analysis establishes relationships 

between parameters measured in the prototype structure and a scaled down model. (Sideris, 2012). 

The scale factors are expressed by the following equation: 

 (10) 

where SX is the scale factor for the physical parameter X, p and m are subscripts referring to the 

prototype and model domain. The similitude analysis for all the column parameters is found in 

Table 11. Length (L), Force (F), and Time (T) are the quantities that are scaled in this similitude 

analysis. The scaling factor for the length is SL=2.388. Since the model dimensions, model forces, 

and model masses were given the only values that need to be scaled in the dynamic analysis are 

the acceleration and time step of the earthquakes. The scaling factor for acceleration is 0.419. 

Therefore, all of the accelerations in the prototype domain are divided by 0.419 resulting in an 

increase of the spectral accelerations. The time is divided by 2.388 resulting in a smaller time step. 

The resultant ground motions are plotted in Figure 53. The spectral acceleration at the fundamental 

period, (SA(T1)), is an important value for the IDA. The IDA curves include the SA(T1) on the 

vertical axis versus the damage measure on the horizontal axis. The spectral acceleration at the 

fundamental period is shown in Figure 54. 
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Table 11 Scaling Factors for bridge specimen (Sideris, 2012) 

 

 
Figure 53 Earthquake Motions-Scaled to Model Domain 
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Figure 54 Geometric Mean Spectra in the Model Domain with SA(T1) shown 

 

3.3.2. Design Earthquake and Maximum Considered Earthquake 

The geometric mean spectra is plotted versus the design earthquake and the maximum 

considered Earthquake as shown in Figure 55. 

 
Figure 55 DE versus MCE versus Geometric Mean Spectra 
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3.4. Limit States 

Damage Measures (DM), as introduced earlier, are structural parameters that are monitored 

throughout an IDA to rate the performance of the structure. Multiple DMs are monitored in this 

study. Each DM is considered a function of the Intensity Measure (IM). When it comes to PBEE, 

limit states (LS) for the selected DMs can be associated with of certain performance objectives, 

whether it be life safety or collapse prevention. In this study, we only consider limit states for 

collapse preventions, relating to tendon fracture, displacement at 80% of the peak strength in the 

post-peak range, confined concrete failure, and cover concrete spalling. The peak strength on the 

pushover curve is 26.5 kips. At 80% of the peak strength (21.2 kips) in the post-peak range, the 

drift ratio is 10%, which is considered to be the collapse drift ratio. The application of load for the 

pushover in Figure 56 is at the centroid of the superstructure; whereas, the pushovers for the 

parametric studies had an application of load much lower. This was because the pushovers in the 

parametric studies were compared to tests done by (Sideris, 2015) for validation. The pushover 

curve for the entire system must have an application of load at the superstructure mass for a more 

accurate representation of the dynamic analysis. All limit states are shown in Table 12.  

 
Figure 56 Collapse drift ratio 
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Table 12 Limit States 

  

 
 

With these DMs and LSs defined, fragility curves can be determined through Incremental 

Dynamic Analysis. Fragility curves are given by the probability of a DM (engineering demand 

parameter), exceeding a certain LS under given IM, which can be calculated using equation (11): 

 (11) 
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3.5. Incremental Dynamic Analysis  

3.5.1. IDA with Lateral and Vertical Motions & 2.41% First Wire Tendon Fracture 

The first incremental dynamic analysis was conducted with the model that considered 

sequential wire facture, with first wire tendon fracture at 2.41%. The following figures show the 

response of the peak displacement, residual displacement, and post-tensioning force/strain, cover 

concrete, and confined concrete. 

 
(A) 

 
(B) 

 

 
(C)  

 

 
(D) 
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 Figure 57 Incremental Dynamic Analysis for (A) Peak Displacement (B) Residual Displacement (C) 

PT Strain (D) PT Force (E) Cover Concrete Strain (F) Cover Concrete Stress (G) Confined 

Concrete Strain (H) Confined Concrete Stress 

  

 
(E)  

 
(F) 

 

 
(G) 

 

 
(H) 
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3.5.2. IDA with Lateral and Vertical Motions & 7.00% First Wire Tendon Fracture 

The second incremental dynamic analysis was conducted with the model that considered 

simultaneous fracture of all tendon wires at 7.00% strain, which is a common design assumption. 

The following figures show the response of the peak displacement, residual displacement, post-

tensioning force/strain, cover concrete, and confined concrete. 

 
(A) 

  
(B) 

 

 
(C)  

 

 
(D) 

 

 
(E) 

 

 
(F) 
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Figure 58 Incremental Dynamic Analysis for (A) Peak Displacement (B) Residual Displacement (C) 

PT Strain (D) PT Force (E) Cover Concrete Strain (F) Cover Concrete Stress (G) Confined 

Concrete Strain (H) Confined Concrete Stress 

 

3.5.3. IDA Fragility Curve Comparison 

Fragility curves were used to analyze the probability of certain DMs exceeding LSs 

representing the collapse damage state given a certain intensity measure for the two scenarios. The 

first scenario (Section 0) is when successive fracture occurred of the individual wires in the seven-

wire strand tendon. The wires fracture at strains ranging from 2.41% to 9.08% as shown in Table 

8. The second scenario (Section 0) is when each wire is considered to fracture at 7%, which is 

typically assumed in design codes. The DMs considered were the peak column displacement, peak 

post-tensioning strain, peak cover concrete strain, and peak confined concrete strain (representing 

the initiation of plateau in the selected model). The fragility curve for peak displacement is shown 

in Figure 59. The median peak displacement exceeds the selected displacement limit state at 8.9 g 

when the tendon is assumed to fracture at 7.0%, whereas, for first wire fracture at 2.41%, the 

median peak displacement exceeds the selected displacement limit state at 7.2 g. A fragility curve 

for the peak post-tensioning strain for each wire is shown in Figure 60. Note that the dark black 

line shows the fracture strain of all 7-wires with 7.00% fracture strain; whereas, the rest are 7 

separate wires with successive wire fractures ranging from 2.41%-9.08%. The fragility curves for 

both the confined and unconfined concrete seem to follow the same trend for both the scenarios. 

This is because the first wire fracture does not occur until after the concrete failure which explains 

 

 
(G) 

 

 
(H) 
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why there is no difference. The tendons act similarly until the first wire fracture of the first 

scenario. The fragility curves for both the confined and unconfined concrete are shown in Figure 

61. Figure 62 shows all the fragilities plotted against each other with the peak median values shown 

in Table 13.  

 
Figure 59 Fragility curve for max displacement 
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Figure 60 Fragility Curve for Max Post-Tensioning Strain 

 
 

Figure 61 Fragility Curve for Max Confined and Max Unconfined Concrete Strain 
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Figure 62 Fragility curves comparing Model 1 & Model 2 with respect to various damage measures 

 

Table 13 Median Peak Values for two Separate Models 

 
 

 

Median Peak Value

Model 1 Model 2

Tendon Fracture 1.35g's 7.6g's

Displacement 7.2g's 9.0g's

Cover Concrete Strain .63g's .63g's

Confined Concrete Strain 5.3g's 5.3g's

Damage Measure
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4. CONCLUSION 

Two separate columns were studied for this thesis. The first column was a column designed 

and tested by. Marriott et al (2009). This column had energy dissipators and four internal unbonded 

tendons, which served as a self-centering mechanism for the rocking column and simulated gravity 

loads. The second column was a column designed and tested by (Sideris, 2012). This column did 

not include energy dissipators, but included sliding at the joints and had 8 unbonded tendons to 

provide self-centering. Joint sliding was not considered in this study. Two analytical models were 

created for each column with two separate contact surfaces, calibrated through parametric studies 

in this thesis. Parametric studies were also performed for design parameters to investigate the effect 

on the columns overall response.  

An important conclusion made from the monotonic and cyclic pushover analysis was that the 

HSR joint and Multi-Spring contact surfaces responded similarly and provided responses close to 

the experimental data. However, the HSR element was much easier to use. The multi-spring 

contact has many nodes and many elements, while the HSR joint element only has 2 nodes and 1 

element. It was also concluded that increasing the PT force ratio results in greater lateral strength 

and early tendon yielding. Therefore, the PT force ratio should be chosen so that large lateral 

strength is achieved without diminishing the ductility capacity of the column through early tendon 

yielding. Increasing the yield strength of the dissipators was shown to increase the lateral strength 

and energy dissipation capabilities of the column.  

Incremental Dynamic Analyses were performed only for the column by (Sideris, 2012), with 

the sliding being restrained. The far-field ground motion set from FEMA-P695 was used and 

scaled with a similitude analysis, since the column was a scaled model. The IDA investigated the 

effect of assuming tendon fracture at a strain of 7 %, compared to recent experimental data, which 

have concluded that individual wires fracture prematurely at the location of the anchorage 

hardware, with the first wire fracture occurring at 2.4%. Damage measures were monitored 

throughout these analyses and the probability of them exceeding specified limit states under a 

given intensity measure was computed. Through these fragility curves, the effect of premature 

tendon fracture on the seismic performance of the selected rocking columns was quantified.  
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It was concluded that designing the tendons to fracture at a 7.00% strain underestimates the 

probability of failure. This study shows that premature tendon fracture should be considered when 

designing rocking bridge piers, which can be used in order to maintain small residual 

displacements after strong earthquakes. In fact, self-centering is provided by the unbonded PT 

tendons, while adding dissipators help provide hysteretic damping.  
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APPENDICES  

Appendix I. Mass Calculations 

i. Marriott Column 

Note: for Marriott Model Units are kips and inch.  

 

𝐼𝑥𝑥 =
𝑏ℎ3

12
−

𝑏ℎ3

12
=

111.5"∗(19.68")3

12
−

91.23"∗(16.1")3

12
=39094in4 

 

   𝐼𝑦𝑦 =
𝑏ℎ3

12
−

𝑏ℎ3

12
=

19.68"∗(111.5")3

12
−

16.1"∗(92.23")3

12
=1220766in4 

 

Superstructure 

𝐼𝑚 = 𝜌 ∗ 𝐿 ∗ 𝐽𝑜 

𝜌 =
8.68 ∗ 10−5 𝑘𝑖𝑝𝑠

𝑖𝑛3⁄

386.4 𝑖𝑛
𝑠2⁄

= 2.25 ∗ 10−7 𝑘𝑖𝑝𝑠 ∗ 𝑠𝑒𝑐2

𝑖𝑛4⁄  

𝐿 = 39.33𝑓𝑡=471.96in 

𝐽0 = 𝐼𝑥 + 𝐼𝑦 = 39094𝑖𝑛4 + 1220766𝑖𝑛4 = 1259860𝑖𝑛4 

𝐽0 = 1259860𝑖𝑛4 

 

𝐼𝑚 = 𝜌 ∗ 𝐿 ∗ 𝐽𝑜 = 2.25 ∗ 10−7 𝑘𝑖𝑝𝑠 ∗ 𝑠𝑒𝑐2

𝑖𝑛4⁄ ∗ 471.96in ∗ 1259860𝑖𝑛4 = 𝟏𝟑𝟑. 𝟕𝟖𝒌𝒊𝒑𝒔 ∗

𝒔𝒆𝒄𝟐 ∗ 𝒊𝒏 
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Inner Outer 
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ii. Sideris Column 
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Superstructure 

𝐼𝑚 = 𝜌 ∗ 𝐿 ∗ 𝐽𝑜 

𝜌 =
150 𝑙𝑏𝑠

𝑓𝑡3⁄

32.17
𝑓𝑡

𝑠2⁄
= 4.66 𝑙𝑏𝑠 ∗ 𝑠𝑒𝑐2

𝑓𝑡4⁄  

𝐿 =
61.9𝑓𝑡

2
= 30.95𝑓𝑡 

𝐽0 = 𝐼𝑥 + 𝐼𝑦 = 124431𝑖𝑛4 + 1192584𝑖𝑛4 = 1317015𝑖𝑛4 

𝐽0 = 1317015𝑖𝑛4 

Converting Jo to ft4 (units used in model) 

𝐽0 = 1317015𝑖𝑛4 ∗
(1𝑓𝑡)4

(12𝑖𝑛)4
= 63.5𝑓𝑡4 

𝐼𝑚 = 𝜌 ∗ 𝐿 ∗ 𝐽𝑜=4.66
𝑙𝑏𝑠∗𝑠𝑒𝑐2

𝑓𝑡4 ∗ 30.95𝑓𝑡 ∗ 63.5𝑓𝑡4 = 𝟗𝟏𝟓𝟖. 𝟒𝟐𝒍𝒃𝒔 ∗ 𝒔𝒆𝒄𝟐 ∗ 𝒇𝒕 

Cap Beam 

𝐼𝑚 = 𝜌 ∗ 𝐿 ∗ 𝐽𝑜 

𝜌 =
150 𝑙𝑏𝑠

𝑓𝑡3⁄

32.17
𝑓𝑡

𝑠2⁄
= 4.66 𝑙𝑏𝑠 ∗ 𝑠𝑒𝑐2

𝑓𝑡4⁄  

𝐿 = 2′4" = 2.33𝑓𝑡 

𝐽0 = 𝐼𝑥 + 𝐼𝑦 = 51098𝑖𝑛4 + 1224151𝑖𝑛4 = 1275249𝑖𝑛4 (Obtained from AutoCAD) 

𝐽0 = 1275249𝑖𝑛4 

Converting Jo to ft4 (units used in model) 

From Sideris, 2012 
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𝐽0 = 1275249𝑖𝑛4 ∗
(1𝑓𝑡)4

(12𝑖𝑛)4
= 61.50𝑓𝑡4 

𝐼𝑚 = 𝜌 ∗ 𝐿 ∗ 𝐽𝑜=4.66
𝑙𝑏𝑠∗𝑠𝑒𝑐2

𝑓𝑡4 ∗ 2.33𝑓𝑡 ∗ 61.5𝑓𝑡4 = 𝟔𝟔𝟕. 𝟕𝟓𝐥𝐛𝐬 ∗ 𝐬𝐞𝐜𝟐 ∗ 𝐟𝐭 

Appendix II. Multi-Spring Model-Marriott 

i. Pushover Analysis 
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ii. Quassi-Static Cyclic Analysis-Marriott Comparison 
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iii. Parametric Study-Cyclic 
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Appendix III. HSR Model-Marriott 

i. Pushover Analysis 
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ii. Quassi-Static Cyclic Analysis-Marriott Comparison 
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iii. Parametric Study-Cyclic 
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Appendix IV. IDA Analysis for first wire fracture at 2.41% 

i. Max Displacement  
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ii. Max Post-Tensioning Strain 
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IDA Analysis for first wire fracture at 7.00% 

iii. Max Displacement  
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iv. Max Post-Tensioning Strain 
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