
ABSTRACT 

FENG, YUHAO. Numerical Simulation and Analysis of Circular Reinforced Concrete 

Bridge Columns for Investigating the Effect of Seismic Load History on Longitudinal Bar 

Buckling. (Under the direction of Dr. Mervyn Kowalsky). 

 

This dissertation discusses research work conducted to investigate the seismic load 

history effect on performance limit states of reinforced concrete bridge columns, and to 

achieve a design approach to identify strain limits for bar buckling. This dissertation presents 

the numerical portion of an associated research project at North Carolina State University 

(NCSU). The experimental work consists of 30 large scale tests on reinforced concrete 

circular columns which are not conducted by the author.  

In well-detailed reinforced concrete structures, reinforcing bar buckling and subsequent 

bar rupture serve as common failure mechanisms under extreme seismic events. Engineers 

often use a strain limit state which is associated with bar buckling as the ultimate limit state, 

but the relationship between the strain demand and resultant bar buckling is not well 

understood. Past research has indicated large impact of the cyclic loading history on the 

strain demand to achieve reinforcing bar buckling. On the other hand, sectional analysis is 

widely implemented by engineers to relate strain to displacement. However, the cyclic load 

history also has potential impact on the relationship between strain limits and displacement 

limits. As a result, it is important to study the seismic load history effect on the strain limit 

state of reinforcing bar buckling and on the relationship between local strain and structural 

displacement. In addition, Performance-Based Earthquake Engineering (PBEE) strongly 

depends on an accurate strain limit definition, so a design methodology needs to be 

developed to identify the strain limit for reinforcing bar buckling including the seismic load 

history effect.  

Two independent finite element methods were utilized to accomplish the goal of this 

research work. First, fiber-based analysis was utilized which employed the Open System for 

Earthquake Engineering Simulation (OpenSees). The fiber-based method was selected 

because of its accuracy in predicting strains and its computational efficiency in performing 

nonlinear time history analysis (NTHA). The uniaxial material models in fiber-based sections 

were calibrated with data from material tests. In addition, strain data and force-deformation 



response from large scale testing assists selection of element types and integration schemes 

to ensure accuracy. The advanced beam-column elements and material models in OpenSees 

resulted in a very accurate prediction of strain at local sections as well as global dynamic 

response of structures. A number of nonlinear time history analyses with 40 earthquake 

ground motions were conducted to investigate the effect of seismic load history on 

relationship between structural displacement and strain of extreme fiber bars at the critical 

section. 

The second finite element model was established with solid elements to predict bar 

buckling. The model included a segment of reinforcing bar and its surrounding elements, 

such as spiral turns and concrete. This model separates itself from previous bar buckling 

research by utilizing actual sectional detailing boundary conditions and plastic material 

models instead of the simplified bar-spring model. The strain history is considered as the 

demand on this model. A series of strain histories from the experimental tests and fiber-based 

analyses were applied to the finite element model to study their impacts on the strain limit for 

reinforcing bar buckling.  

Initial analytical investigations have shown significant impact of load history on the 

strain demand to lead to reinforcing bar buckling in the plastic hinge region. This is also 

confirmed in the experimental observation which only included a limited number of load 

histories. The parametric study extended the range of load history types and also studied the 

effect of reinforcement detailing on bar buckling. On the other hand, analyses with fiber-

based models showed that the load history rarely impacts the relationship between local 

strain and structural displacement. A design approach was developed to include the load 

history effect on the strain limit state of bar buckling. 
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Chapter 1: Introduction  

1.1 Background ï Reinforced Concrete Bridges 

Reinforced concrete (RC) bridges are commonly used in the highway construction 

industry. Although steel piers have their place in the history of highway bridge construction, 

reinforced concrete columns always serve as the first choice of a bridge engineer with its 

obvious benefits, including low cost and ease of joint construction compared to a steel pier 

bridge. Circular section columns are often chosen by bridge engineers in design due to its 

uniform reaction under any lateral loading direction. The state of Alaska has a large 

inventory of existing reinforced concrete bridges throughout the entire state. In general, the 

state of Alaska is a high seismic region, and the state frequently encounters structural damage 

problems during seismic events. Highway bridges bear the brunt. Although RC bridge 

columns are often well detailed in seismic regions, damage is still consistently observed after 

earthquakes, mostly in terms of reinforcing bar buckling and concrete crushing. Curiosity on 

the mechanism leading to bar buckling has motivated engineers to investigate it. A number of 

researchers have conducted studies in order to identify the seismic effect on reinforcing bar 

buckling. 

Presented in this dissertation is the research work aiming to evaluate the seismic load 

history effect on performance limit states of RC concrete bridge columns, especially the limit 

state related to bar buckling. Single column cantilevers with circular section are considered 

primarily. Shown in Figure 1.1 is the typical highway bridge constructed with single column 

piers in Alaska. Figure 1.2 displays a double column pier bridge. In a seismic event, both 

bridge columns would be subjected to a bending moment gradient with the maximum 

moment at the base of the column. Therefore, a plastic hinge is often generated at the base of 

the column. Extensive damage occurs in the plastic hinge region, including cover concrete 

spalling, core concrete crushing, reinforcing bar buckling and rupture. Longitudinal 
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reinforcement buckling is a common form of damage mechanism in modern well-detailed 

sections. Previous research (Restrepo-Posada et al. (1994)) has demonstrated that the buckling 

of reinforcement led to early rupture of the affected reinforcing bars. Therefore, engineers 

often utilize the steel strain limit for bar buckling as the damage limit state which, however, 

have minimal experimental basis. To address these problems, this dissertation attempts to 

relate the strain limit states to the common damage mechanism ï reinforcing bar buckling. 

Furthermore, the seismic load history effect on the limit state is investigated.  

 

 

Figure 1.1  Construction of RC Bridge Columns (Compliments AKDOT) 
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Figure 1.2  Existing RC Bridge 
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1.2 The Need for Research 

The goal of Performance Based Earthquake Engineering (PBEE) is to design a structure 

to achieve a prescribed performance level under a prescribed seismic event.  The 

performance limit states are usually defined on the basis of structural damage levels, 

including reinforcement yielding, cover concrete spalling, reinforcement buckling and 

rupture, as well as collapse.  Given the variability in ground motion characteristics, the 

loading history demand on a structural is not predictable and would contain drastically 

different characteristics from earthquake to earthquake.  Figure 1.3 and Figure 1.4 show two 

load histories for a reinforced concrete column. The Chichi Load History has a limited 

number of cycles and a unique one-sided response. The Japan earthquake (2011) is a large 

subduction event which, therefore, generated a load history with significant number of 

reversing cycles. It is observed that the characteristics of seismic loading demand vary 

significantly.  In addition, recent research (El-Bahy et al. 1999a, El-Bahy et al. 1999b, Moyer 

and Kowalsky 2003, Ingham et al. 2001, Ingham et al. 2002) has illustrated the significant 

impact of load history on the major performance limit states.  Therefore, there is a pressing 

need to investigate the effect of load history on the limit states which are currently used by 

engineers.  

The research presented in this dissertation is the analytical portion of the load history 

research project funded by the Alaska Department of Transportation and Public Facilities and 

the Alaska University Transportation Center. The experimental portion of the project 

(Goodnight et al. 2012) has shown that load history has large impact on the strain limit 

related to reinforcing bar buckling. Therefore, finite element methods are utilized to specify 

different mechanisms of bar buckling under a variety of load histories. The details of finite 

element models are shown in Chapter 3 and 5. In addition, the impact of load history on the 

relationship between strain and displacement are investigated.  
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Figure 1.3  Displacement Response of a RC Column under Chichi Earthquake (1999) 

(Goodnight et al. 2012)  

 

 

Figure 1.4  Displacement Response of a RC Column under Japan Earthquake (2011) 

(Goodnight et al. 2012) 
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1.3 Research Goals and Scope 

The scope of the research in this dissertation is to study the seismic load history effect on 

the strain limit, particularly the strain limit at the onset of reinforcing bar buckling, as well as 

the relationship between the strain and the displacement. This research assumes that the RC 

section in a flexural member fails by reinforcing bar buckling which is observed in lots of 

damaged concrete bridges after seismic events. Previous research (Moyer and Kowalsky 

(2003)) has illustrated that the load history had a significant impact on the displacement 

demand, and the strain demand as well, to generate reinforcing bar buckling. Moyer and 

Kowalsky (2003) explained that the bar buckling is likely to occur during the reversal from a 

large tensile strain which is a function of load history. However, engineers often utilize strain 

limits associated with reinforcing bar buckling without considering the load history effect. 

There is an apparent need to quantify the load history effect on the strain limit at the onset of 

bar buckling. On the other hand, engineers utilize monotonic sectional analysis to relate 

displacement to strain which also does not include the load history effect either. To ensure 

the accuracy of a design procedure, it is necessary to study the impact of load history on the 

relationship between the strain and the displacement.  

An extension of the this research is to investigate the effect of structural variables on the 

reinforcing bar buckling, which include transverse steel detailing, longitudinal steel detailing, 

aspect ratio, and axial load ratio of the RC column. In current design procedure, the 

utilization of strain limits associated with bar buckling have minimal experimental basis. The 

PBEE requires engineer to prescribe a target performance level which is indicated by a strain 

limit considering bar buckling. To accurately identify the performance level with different 

structural detailing, it is of importance to also study the impact of structural variables on the 

strain limit related to bar buckling.  
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In order to quantify the load history effect on the strain limits and the relationship 

between strain and displacement, the numerical method implemented should be able to 

capture the global non-linear behavior of a reinforced concrete bridge column as well as the 

local damage such as reinforcing bar buckling. In the case of investigating the load history 

effect on the relationship between strain and displacement, a finite element method with 

fiber-based elements was utilized because of its capability in providing strain information. In 

addition, as a simplified method compared to a finite element model with solid elements, the 

fiber-based model significantly reduces the computational cost of the nonlinear time history 

analysis (NTHA). This will allow a large number of NTHAs to be conducted with a variety 

of earthquake ground motions and RC columns. However, for the purpose of capturing local 

non-linear damage, especially reinforcing bar buckling, a portion of the plastic hinge region 

is model with solid elements. Non-linear material behavior is determined by material tests 

and assigned to both finite element models. 

1.4 Layout of Dissertation 

It is worth noting that this dissertation is prepared in a special layout. The chapter 2 after 

this chapter is the typical literature review. However, a self-contained journal paper serves as 

the chapter 3 which introduces the development of fiber-based model. As a consequence, the 

language in the chapter 3 considers it as an independent paper instead of a chapter in this 

dissertation. The word ñthis paperò appears several times in the chapter 3 refers to the chapter 

3 itself. Subsequently, the chapter 4 is a regular chapter but not a paper as the chapter 3. 

Therefore, the language in the chapter 4 considers it as a part of this dissertation. Again, the 

chapter 5 and 6 are two independent journal papers respectively. Similar to the chapter 3, the 

language in these chapters considers each chapter to be a self-contained paper instead of the 

portion of this dissertation. Some of the content in the chapter 3, 5, and 6 may repeat the 

other parts of this dissertation because they are self-contained papers. In the end, the chapter 
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7 goes back to a normal conclusion chapter in the dissertation rather than an independent 

paper.  
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Chapter 2: Literature Review 

2.1 General Discussion 

The literature review consists of a discussion on experimental investigation of load 

history effect and non-linear bar buckling, as well as another independent discussion on 

numerical simulation of RC members. El-Bahy et al. (1999) and Ingham et al. (2001) studied 

the effect of load history or load path on the non-linear behavior of RC columns. Little 

research work directly relates the load history effect to localized damage, especially 

reinforcing bar buckling. Given the difficulty in obtaining plastic strain of the reinforcement 

in a RC member, a series of bar buckling models were established with experimental results 

from uni-axial rebar tests. A more reliable method to predict bar buckling in RC members 

was generated by Berry and Eberhard (2005) which statistically summarized results from a 

large number of RC column tests.  

As mentioned previously, this chapter will also review the numerical methods to 

simulate RC members and to capture the nonlinear behavior. In the case of global force 

deformation response of a concrete structure, a frame element is often utilized to model the 

RC member. Frame elements are defined on the basis of moment of inertia (bending and 

torsion), elastic modulus, and cross sectional area, among other parameters. In the case of 

nonlinear analysis, section hysteretic rules, such as the Modified Takeda Degrading Stiffness 

model (Otani (1974)), are defined to address non-linearity. However, if local behavior or 

damage is sought, a finite element method with solid or shell elements is utilized. Frame 

elements have apparent advantage on computational cost compared to a finite element 

models and it is significantly implemented in nonlinear time history analysis (NTHA). 

Nevertheless, engineers and researchers often acquire strain information in a NTHA to 

evaluate the damage under a seismic event. Fiber-based element models then fulfill this 

requirement and also ensure reliable dynamic behavior as shown by Petrini et al. (2008).  
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2.2 Relevant Articles on Experimental Investigations 

2.2.1 Studies of Load History Effect on RC Structures 

Little research has had been conducted focused on the cyclic load history effect on the 

damage of a typical reinforced concrete column. Kunnath and El-Bahy (1997) studied the 

cumulative damage from various load histories, including arbitrary cyclic load history and 

earthquake load history, as shown in Figure 2.1. Damage was considered on the basis of low-

cycle fatigue and was quantified with a proposed damage index related to stiffness 

degradation. Presented in the conclusion was an assessment method to evaluate the damage 

of designed concrete column.  

The most valuable aspect of this research is the experimental observations from the tests. 

Though none of the local strain data was analyzed, Kunnath and El-Bahy (1997) still 

expressed a series of important findings on the force deformation response and direct 

observation of damages. One of the important findings is that load histories with a large 

number of load cycles (>100) at low ductility level (around ductility 2) fail to generate severe 

damage or deterioration in a reinforced concrete column, such as reinforcing bar buckling or 

core concrete crushing. In contrast, while the load history contains cycles at ductility levels 

larger than 3 or 4, the likelihood of severe damage is profoundly increased. To be more 

specific, test A2 in Figure 2.1 imposed 150 load cycles of ductility 1.4 on the specimen 

which only produced spalling of cover concrete. However, while cycling the specimen at 

ductility level of 5, severe damages including bar buckling and spiral necking was observed 

after 3 cycle of loading. As shown in Table 2.1, the required number of load cycle to cause 

bar buckling and spiral damage was significantly reduced with a larger displacement ductility 

level in load histories with cycle at constant deformation levels.  

Another important finding by Kunnath and El-Bahy (1997) was that the typical 

earthquake imposes a limit number of inelastic load cycles, and the energy demand is 
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significantly different from the demand imposed by standard cyclic testing which often leads 

to fatigue failure of longitudinal bars instead. A standard cyclic test imposes a large number 

of loading cycles on a structural component which is likely to generate low cycle fatigue 

damage in longitudinal reinforcement. However, based on numerous analytical simulations, 

it was observed that few large amplitude cycles in a typical earthquake load history often 

resulted in confinement failure after reinforcing bar buckling, rather than low cycle fatigue 

damage in reinforcement. However, it is somehow contradictory that Kunnath and El-Bahy 

(1997) still develop a Performance Based Design method based on the proposed fatigue 

damage model instead of the bar buckling which is the actual damage mechanism under real 

earthquake load history. 

There is not a specific limit state considered by Kunnath and El-Bahy (1997). Instead, a 

damage index was introduced to quantify the damage level in the RC member. Scaling from 

0 to 1, the index represents no damage to failure, which includes cracking, concrete spalling, 

reinforcing bar buckling or rupture, and fracture of the spiral. Kunnath and El-Bahy (1997) 

proposed a method to relate the load history demand to the resultant damage index, as shown 

in Eq. 2.1 In Eq. 2.2, each drift ratio had a required number of cycles to reach complete 

failure corresponding to damage index of 1.This relationship was derived from a fatigue 

based strain cycle number relationship, as shown in Eq. 2.3 where ʁp, fʁô, and 2Nf represent 

the plastic strain amplitude, a material constant to be determined from fatigue testing, and 

number of complete cycles to failure, respectively. While converting the strain to drift ratio, 

Kunnath and El-Bahy (1997) over-simplify the sectional response by considering a 

symmetric strain distribution with the neutral axis located at the center of section. It is 

apparently more accurate to use sectional analysis to accomplish the same goal. Summary of 

all damage indexes by each individual cycle in an earthquake represents the damage level the 

structure reaches after the earthquake. Kunnath and El-Bahy (1997) only investigated the 

load history effect on the general damage of a RC column without specifically considering to 

reinforcing bar buckling or any other limit states. 



  Chapter 2: Literature Review  

 

 

 

 

12 

 
0.285

2(%) 10.6( )fDrift N -=  2.1 

 
2

. . di

f

n
D I

N
=ä  2.2 

 pʁ = fʁô(2Nf)
c
 2.3 

 

 

Table 2.1. Summary of Damage at Tests from Kunnath and El-Bahy (1997) (only 

showing tests with constant deformation amplitude) 

Specimen No. 
Ductility 

Level 

Load Cycle 

No. 
Damage Observed 

A1 8.2 Monotonic 20-30% Strength Lost 

A2 4 (Ramp-up) 30 Bar buckling, spiral rupture 

A3 1.4 150 Cover concrete spalling 

A4 2.9 26 Bar buckling, spiral rupture 

A5 3.9 9 Bar buckling, spiral necking 

A6 5 3 Bar buckling, spiral necking 
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Figure 2.1  Test Matrix from Kunnath and El -Bahy (1997) 
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2.2.2 Studies of Load History Effect on Reinforcing Bar Buckling 

Moyer and Kowalsky (2003) conducted a series of experimental tests to directly 

investigate the impact of load history on the strain limit to generate bar buckling. Arbitrary 

load histories were applied to a series of identical RC columns for the purpose of exposing 

the impact of load history on reinforcing bar buckling.  

 

 (a) (b) 

 

 (c) (d) 

Figure 2.2  Load Histories from Test 1 to 4 of Moyer and Kowalsky (2003) 
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Presented in Figure 2.2 are the load histories implemented in the experimental tests. The 

standard 3-cycle-set load history shown in Figure 2.2(a) had three complete cycles at each 

displacement ductility level which ramps up until the desired damage achieved. Figure 2.2(b) 

displays an asymmetric 3-cycle-set load history where only the displacement in one direction 

ramped up while the deformation in the other direction remained at yield. This load history 

will cause significantly different strain demand on each side of the specimen which could 

potentially achieve different damage levels. Figure 2.2 (c) and (d) represent the simplest one 

cycle load history at different target displacement levels. It is also worth noting that the 

resultant strain histories on the two sides of the column are different.  

The onset of bar buckling was specifically monitored in all the tests since it may occur 

soon upon reversal from a tensile strain. Especially in Tests 3 and 4, with the one large load 

cycle, the tests were paused to observe damage at each incremental displacement level to 

precisely monitor buckling. Figure 2.3 shows the force-deformation responses with onset of 

bar buckling denoted. Table 2.2 summarizes the displacement demand to generate bar 

buckling under various load histories. Two important observations from the test results were 

offered as follow. First, the buckling of reinforcing bars is directly related to the tension 

strain. The tension-based buckling mechanism recognizes that the bar is the sole source of 

compression zone stability upon reversal because of the formation of large concrete cracks 

during the tensile cycle. In other word, the bars are prone to buckling prior to crack closure. 

Second, loading cycles at low levels of response accumulate tensile strain in the bar which 

could lead to buckling eventually.  

Moyer and Kowalsky (2003) described the tension-based buckling mechanism which 

explained the observations regarding the impact of load history on bar buckling. Figure 2.4 

(a) displays an idealized reinforced concrete cantilever and location of its extreme fiber bars. 

The bar on the left side of the column will be subjected to tensile demand under a load 

toward the right. In contrast, the bar on the right side of the column will experience a 
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compressive demand. Bars on both sides of the column have maximum demand at the base of 

the column where the moment is a maximum. The uniaxial demand in reinforcing bar alters 

their direction upon reversal of the lateral loading.  

Figure 2.4 (b) represents the force-deformation relationship of a complete loading cycle. 

As shown in Figure 2.4 (c), bar 2 is under tension when the column is loaded from origin to 

state A. Upon the loading from state A to state E, bar 2 is now in compression, while bar 1 is 

in tension. Large flexural cracking on the tensile side of the column will occur. Bar 2 

represents the only source for compression stability at State B, and bar buckling was 

observed under these conditions.  
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 (a) (b) 

 

 (c) (d) 

Figure 2.3  Force-Deformation Responses from Test 1 to 4 
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Table 2.2.  Test Observation Regarding Bar Buckling in Moyer and Kowalsky (2003) 
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Figure 2.4  Parameters of Tension-Based Buckling Mechanism from Moyer and 

Kowalsky (2003) 

 

Syntzirma et al. (2008) also studied the load history effect on the deformation capacity 

of flexural members which is limited by reinforcing bar buckling. This was a completely 

theoretical study. In order to utilize Eulerôs critical buckling load to be the bar buckling 

criteria, Syntzima et al. (2008) assumed that bar buckling occurred between two consecutive 
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ties. Therefore, the unsupported length of the bar is the spacing of the transverse steel. The 

buckling stress was converted to the strain considering the hysteretic model of reinforcing 

steel. The load history effect was then captured in terms of the cyclic strain history on the 

rebar. The relationship between strain and displacement was established with the plastic 

hinge method proposed by Priestley et al. (1996). The load history considered in this research 

only contained one major cycle which imposed a tensile strain in the bar and a subsequent 

compressive strain which produced bar buckling. In the conclusion, Syntzirma et al. (2008) 

quantified the impact of negative displacement demand, which imposed tension in the bar, on 

the required compressive strain to initiate bar buckling.  

2.3 Relevant Articles on Numerical Simulation 

2.3.1 Fiber-Based Modeling of Reinforced Concrete Members 

This research work implements fiber-based modeling elements to simulate the RC bridge 

columns. The fiber-based elements are able to provide the strain information in a RC section 

which serves as an indicator of the damage limit state, such as longitudinal bar buckling. To 

investigate the seismic load history effect, it is convenient to utilize the fiber-based model for 

conducting NTHA and evaluating the structural performance with the strain information. 

This research applies the Open System for Earthquake Engineering Simulation (OpenSees) to 

conduct analysis with fiber-based models. 

Conventional frame elements utilize Euler-Bernoulli beam theory to distribute the lateral 

and axial displacement based on cubic Hermitian polynomials and linear Lagrangian shape 

functions respectively.  The beam theory represents the exact solution for a deformed 

member with linear distribution of curvature and constant axial strain. In structural members 

with higher order curvature and axial strain distributions, such as nonlinear RC members, the 

theory will fail to capture the actual structural behavior.  Weiler (1990) and Neuenhofer 

(1993) stated that this limitation can be overcome with higher-order displacement 
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interpolation functions in connection with internal element nodes. As a result, multiple 

displacement-based elements are required to model a nonlinear RC member.  

Spacone et al. (1996), and Neuehofer and Filippou (1997) developed a new nonlinear 

frame finite-element based on force interpolation functions as opposed to the displacement 

fields or shape functions in traditional finite elements. The external force or moment 

distributions on a beam or column are often known in the typical engineering problem, such 

as the linear moment distribution under lateral loading in RC bridge columns. The actual 

distribution of force can be implemented as the force interpolation function directly without 

any further assumptions. As a result, the solution from the flexibility (force)-based element is 

exact for this force distribution. Since the flexibility-based elements are based on exact force 

interpolation functions, the solution involves limited numerical integration error even with a 

small number of elements or integration points. By contrast, the displacement interpolation 

functions deviate from the exact solution, so that a finer mesh with a large number of 

displacement-based elements is required to compensate for the assumption on displacement 

field.  

Neuehofer and Filippou (1998) proposed the curvature-based displacement interpolation 

(CBDI) to enhance the functionality of the force-based element. This modification takes full 

advantage of the force interpolation field. Since the force distribution of a structural member 

is often known in actual engineering problems, only one force-based element with the exact 

force interpolation function is required. The CBDI allows locating multiple integration points 

within a force-based element to assess the high order deformation shape. Instead of multiple 

force-based elements, one element with multiple integration point allows the model to be 

more efficient. The curvature-based interpolation procedure permits the consistent 

linearization of the governing compatibility equations for force-based elements.  

The localization of response in reinforced concrete members modeled by continuum 

finite elements was studied by de Borst et al. (1994) and Bazant and Planas (1998). Similar to 
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their findings, the displacement-based element approach also causes localization of response 

over a single element while the force-based element suffers from the localization of 

deformation at a single integration point. Scott and Fenves (2006) found that the strain 

softening behavior of concrete could cause a softening section in fiber-based element. In this 

case, the localization of deformation in the force-based element is significant. To address this 

issue in the force-based element, Scott and Fenves (2006) developed a force-based element 

with adjustable integration weight at the ends of the element. The integration weight can be 

selected based upon the length of plastic hinges for the purpose of spreading the plasticity. A 

modified Gauss-Radau plastic hinge integration method was implemented in this force-based 

element to allow the control of the integration weight. The proposed element was 

recommended for the nonlinear analysis of frame structures when softening and degradation 

of the members is expected.  

The approach of using one integration point to represent the plastic zone was adopted 

and improved by Lee and Filippou (2009). A new force-based element was developed to 

capture the development of the plastic zone depending on the moment gradient along the 

element. Figure 2.5 showes the inelastic zone length, which depends on a portion of the 

moment diagram where the moment magnitude exceeds the plastic moment capacity of the 

section. This method is able to capture the growth of the inelastic zone under incremental 

loading at the strain hardening section. However, a strain softening section during post peak 

behavior may not reach the plastic moment capacity of the section, but may still result in the 

spread of plasticity. Therefore, the approach using moment magnitude to define the extent of 

plasticity is not applicable with the strain softening section. Lee and Filippou (2009) then 

assumed the inelastic zone is fixed and time independent which is identical to Scott and 

Fenvesô (2006) assumption.  

As discussed, several methods have been developed to overcome the response 

localization in the force-based element with a strain softening section. However, these 
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approaches fail to converge in the case of strain hardening response. In order to have a single 

element type which accurately predicts both strain hardening and softening behavior, Scott 

and Hamutcuoglu (2008) applied a numerically consistent regularization on the force-based 

elements. The force-based element was regularized by utilizing interpolatory quadrature with 

two integration points of prescribed characteristic lengths at the element ends. As shown in 

Figure 2.6, a standard quadrature rule (Gauss Lobatto) is modified with two additional 

integration points within the plastic hinges at each end. Scott and Hamutcuoglu (2008) 

showed that this regularization ensured the accuracy for strain softening sections and 

maintained a convergent solution for the spread of plasticity under strain-hardening behavior. 

Alemdar and White (2005) studied the difference between displacement-based and 

flexibility -based elements. A mixed beam-column finite element formulation was also 

proposed for distributed plasticity analysis. Both the force field and displacement field were 

applied to the mixed beam-column element whose algorithm converts all residual 

displacements at the section and element levels to residual forces and then transfers them to 

the global level.  
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Figure 2.5 Sizes of Inelastic Zones in the Element from Lee and Filippou (2009) 

 

 

Figure 2.6 (a) Standard five-point GaussïLobatto integration rule and (b) five-

point GaussïLobatto rule regularized by addition of two integration points just inside 

the element ends from Scott and Hamutcuoglu (2008) 
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2.3.2 Finite Element Method for Reinforcing Bar Buckling 

It is difficult to numerically simulate a RC structural member including the inelastic 

buckling of reinforcing bars. Modeling localized nonlinear behavior and the complicated 

boundary conditions as well as its interaction with the reinforcing bar requires extensive 

computational effort. Convergence failure often occurs during the analysis. However, the 

localized behavior must be simulated appropriately to study the effect of loading history and 

sectional detailing on bar buckling. Numerous modeling approaches have been developed to 

capture bar buckling in previous studies. Mau and El-Mabsout (1989) developed a beam-

column element to carry out inelastic analysis of reinforcing bars to generate the stress-strain 

behavior of buckled bars. Dhakal and Maekawa (2002) utilized the fiber-based technique in 

the finite element method to establish the average stress-strain relationship including post 

buckling behavior. Masukawa et al. (1999) presented the bar buckling model in which a 

beam-column element simulated the bar, and springs modeled the boundary condition at the 

hoops. The stress-strain behavior including bar buckling was implemented in a 3D finite 

element column model where the reinforcement and concrete were simulated with shell 

elements. Zong and Kunnath (2008) compared the stress-strain behavior of reinforcing bars 

in both a full column finite element model and an independent bar-with-springs model. Bar 

buckling over multiple spiral gauges was considered in this study. However, the full column 

finite element analysis assumed the concrete to be elastic which is fails to capture the plastic 

elongation of core concrete under compression. Calladine (1972) and Bae et al. (2005) both 

studied the impact of imperfections on inelastic bucking of longitudinal bars. An analysis of 

local bar buckling was conducted by Urmson and Mander (2012) to precisely predict the 

average stress and strain relationship after buckling. The ratio of hoop spacing and bar 

diameter was found to affect the crippling strength of a buckled bar which was governed by 

the compressive plastic ultimate strength of the bar section and the eccentricity of the bar 

respectively. 
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In most cases, the goals of these studies are to investigate the effect of reinforcing bar 

buckling on stress-strain behavior, or the force-deformation response of the structural 

member. Independent bar buckling models were developed to include the post-buckling 

behavior on the stress-strain relationship. The typical modeling approach simulated the bar 

with one or multiple beam-column elements with fixed ends and converted the hoops or 

spirals to springs to restrain out-of-plane deformation. The beam-column elements behaved 

uniaxially until the buckling load was reached. The out-of-plane deformation activates the 

restraining spring. Therefore, the buckled bar retains load carrying capacity because of the 

presence of the lateral restraint. These models provided a general idea of the post buckling 

behavior and a coarse prediction of buckling load in some cases, but the simplified boundary 

conditions do not consider the dilation of the concrete core and its effect on bar buckling. In 

addition, the effect of cyclic load history and reinforcement detailing, such as spacing of 

hoops and bar diameter, has not been quantified. 

 

2.4 Chapter Summery 

Past research has shown that the bar buckling is a common damage mechanism in RC 

bridge columns and the load history has obvious impact on the deformation limit state for bar 

buckling. However, the effect of seismic load history on the strain limit for bar buckling and 

the relationship between strain and displacement has not been quantified. As a result, the 

research discussed in this dissertation focuses on defining the impact of the seismic load 

history on the relationship between strain and displacement as well as the bar buckling strain 

limit itself. Fiber-based and finite element models are developed and utilized to conducted 

analysis.  
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Chapter 3: Fiber-Based Modeling of 

Circular Reinforced Concrete Bridge 

Columns 

Please note that this chapter is a self-contained paper submitted to Journal of 

Earthquake Engineering. It describes the development of fiber-based model for the purpose 

of studying the seismic load history effect on the relationship between strain and 

displacement.  

3.1 Abstract 

Presented in this paper is the application of fiber-based analysis to predict the nonlinear 

response of reinforced concrete bridge columns. Specifically considered are predictions of 

overall force-deformation hysteretic response and strain gradients in plastic hinge regions. 

The paper discusses the relative merits of force-based and displacement-based fiber elements, 

and proposes a technique for prediction of nonlinear strain distribution based on the modified 

compression field theory. The models are compared with static and dynamic test data and 

recommendations are made for fiber-based modeling of RC bridge columns. Results suggest 

that a combination of force-based fiber elements, strain penetration elements, and post-

processing with the modified compression field theory can accurately predict the strain 

gradient in the plastic hinge region of RC column members 

3.2 INTRODUCTION AND BACKGROUND  

The ability to predict the non-linear response of reinforced concrete structures is 

essential to meet the objective of performance-based seismic design. As a result, several 

methods have been used for the nonlinear analysis of reinforced concrete bridge columns, 

ranging from simple hand calculations, to frame element analysis, fiber-based element 
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analysis, and solid/shell based finite element analysis. In the case of fiber-based analysis, the 

primary advantage is the local strain information that it provides at relatively low 

computational cost. Such information is important for Performance-Based Earthquake 

Engineering where the objective is to control structural performance (usually defined on the 

basis of strain) under prescribed seismic events. However, in order to implement fiber-based 

analysis, several modeling choices must first be made, and the implications of each fully 

understood.  

Discussed in this paper is a brief primer on fiber-based modeling theory followed by a 

discussion of force and displacement-based elements. A method is then proposed for 

predicting the strain gradient in plastic hinge regions using the modified compression field 

theory. The subsequent section then discusses the importance of including strain penetration 

in the analysis model. The last section of the paper demonstrates the accuracy of combining 

force-based elements, strain penetration elements, and the proposed strain gradient prediction 

method for accurate assessment of strain profiles in the plastic hinge region of bridge 

columns. The accuracy of the model to predict overall force-deformation response is also 

presented. All fiber-based analysis results in this paper were conducted using the Open 

System for Earthquake Engineering Simulation (OpenSees). 

Some of the experimental data referenced later in this paper was obtained from physical 

column tests conducted at North Carolina State University (Goodnight et al., 2012) as part of 

a large research program on the impact of load history on the behavior of reinforced concrete 

bridge columns. Through the implementation of an optical 3D measurement system 

(Optotrak), it was possible to obtain the engineering strain in the longitudinal reinforcement 

in the tests well into the nonlinear range. A series of LED markers were attached to the 

exposed reinforcement and the sensors (Optotrak cameras) captured the movement of the 

LED markers in 3D space. The elongation between two LED markers was utilized to 

calculate the average strain in each gauge length. This technique provides strain histories 
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along the longitudinal direction of the bar. However, there are two basic assumptions in the 

strain calculation with Optotrak data: (1) the longitudinal reinforcement behaves uniaxially 

and (2) significant localization of strain does not occur inside one gauge length. Therefore, 

the strain calculated from Optotrak data are not considered to be valid after bar buckling or 

necking occurs. The Optotrak system and its operating mechanism are displayed in Figure 

3.1. 

 

 

Figure 3.1. The dual camera Optotrak system, coordinate system, and LED markers on 

the reinforcement 

 

3.3 THEORY OF FIBER -BASED MODELING  

Fiber-based analysis is well established for modeling structural members undergoing 

primarily flexural deformation. The difference between fiber-based elements and frame 

elements lies in the method to define the global structural behavior. Frame elements are 
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defined on the basis of moment of inertia (bending and torsion), elastic modulus, and cross 

sectional area, among other properties. In the case of nonlinear analysis, section hysteretic 

rules, such as the Modified Takeda Degrading Stiffness model (Otani, S. (1974)) shown in 

Figure 3.2, are defined to address non-linearity. In the case of a fiber-based element, the 

cross section is divided into a series of fibers that follow prescribed constitutive relationships. 

As a result, the global force-deformation behavior of a fiber-based element depends on the 

individual material responses. A key advantage of fiber-based elements is that strain, stress, 

and curvature can be directly obtained whereas they may only be inferred with frame 

analysis. 

 

 

Figure 3.2. Modified Takeda Degrading Stiffness (Otani (1974)) Force-Deformation 

Response for RC Beams and Columns (drawing from Carr (2007)) 

 

For the convenience of users, OpenSees provides a number of community developed 

constitutive models. A few parameters, such as steel yield strength and concrete compressive 

strength, are usually required to define both monotonic and cyclic stress-strain behavior. For 

this research, the steel model developed by Filippou, et al. (1983) and the concrete model 
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developed by Yassin (1994) were selected for analysis. The steel material allows the user to 

control the cyclic behavior by defining a pair of hardening ratios in addition to an adjustable 

yield strength and elastic modulus. The concrete constitutive model has an inherent cyclic 

behavior which depends on user defined strength parameters. 

Fiber sections are assumed to remain plane throughout the analysis. For reinforced 

concrete, sections are divided into a number of concrete and steel segments as shown in 

Figure 3.3. Strain compatibility between reinforcement and the surrounding concrete is 

assumed. The sectional deformations consist of a moment and axial load resultant from the 

sectional deformations, including axial strain at the center of the section and the curvature. A 

unique solution of this deformation combination will be obtained based on a cyclic sectional 

analysis. 

 

 

Figure 3.3. Material Fibers in a Section 
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To establish a fiber-based element, a number of fiber-based sections are spread along the 

length of the element with each section located at an integration point. A predefined 

interpolation function of the force or the displacement is required to convert the global 

demand to sectional demands, which will be in terms of sectional moment or curvature 

demands. The sectional responses will be calculated, and then integrated to obtain the global 

response which will be either deformation or the reaction force. Therefore, the accuracy of 

the fiber-based element depends on 1) the force or displacement interpolation function 2) and 

the order of exact integration of the integration scheme which relates to the number and 

location of integration points. 

The integration scheme determines the locations of integration points where fiber 

sections are placed. In addition, the integration scheme is utilized to obtain either the global 

stiffness or flexibility matrix along with the interpolation function based on the displacement 

or force field. The type of integration scheme and the number of integration points determine 

the degree of polynomials up to which the numerical integration is exact. Various integration 

schemes are available in elements, including the Gauss-Lobatto, Gauss-Legendre, Gauss-

Radau integration (Hildebrand (1974)).   

Fiber-based elements are separated into two categories depending on the interpolation 

functions used. The force(flexibility)-based element utilizes the force interpolation function 

to distribute the nodal concentrated force to each section where a moment and axial force are 

assigned. The sectional response is then obtained in terms of a combination of axial strain 

and curvature. Subsequently, the curvature and axial strain are integrated to obtain the lateral 

displacement and axial elongation. In an engineering problem, the distribution of the force 

and moment are often known. For the case of seismic forces in bridges, the distribution of 

bending moment is triangular with a point load at the center of the superstructure (usually, 

inertia weight of the columns is either ignored or a portion of it is combined with the 

superstructure weight). The force-based element utilizes this linear load distribution to obtain 
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the loading demand at each section. Therefore, there is no assumption on the force 

interpolation function and equilibrium is satisfied at each section and end node. On the other 

hand, the displacement-based element applies a displacement shape function to distribute the 

nodal deformation to each section. As a result, each section will be forced to accommodate 

the tributary deformation. Each section will react with the moment and axial load. The global 

force will be obtained by extrapolating the sectional force to the node. A shortcoming of 

displacement-based elements is that the displacement shape function may not reflect the real 

deflected shape of a structural component. As a result, a finer mesh is often required with 

multiple displacement-based elements to increase the accuracy of the deformation shape. 

Moreover, equilibrium is only satisfied at the nodes and the distribution of moment along the 

column element is not ensured to be linear as it is in a bridge column. 

The displacement-based element utilizes a displacement interpolation function to 

distribute the nodal deformation along the element length. The nodal force is related to 

sectional behavior by integrating the sectional stress along with the interpolation function. 

Equilibrium is satisfied by a weighted integral sense as expressed in Eq. 3.1 from Alemdar 

and White (2005). 

 
0

( )
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N(x) is constructed with the displacement interpolation functions. Matrix D, Q, and L 

are the stress-resultant section force, the external force at the nodes, and the length of the 

element respectively. Neuenhofer and Filippou (1998) proposed the force-based element 

where a prescribed force field is assigned instead of the displacement interpolation function. 

The element adapted a governing compatibility equation derived from the principle of virtual 

work as shown in Eq. 3.2 Alemdar and White (2005). 
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NF(x) represents the force interpolation functions, the sectional strain is represented by 

d, and the matrix q is referred to as the nodal displacement. Curvature-Based Displacement 

Interpolation (CBDI) was used to account for geometric nonlinear effects. At a coarse mesh 

level, the CBDI method ensures that the distribution of deformation has a relatively high 

order of accuracy. 

The force-based element satisfies equilibrium on a section-by-section basis. The force-

based element, however, suffers from localization of deformation under strain-softening 

behavior which results in the response changes as a function of the number of integration 

points. The reinforced concrete section in fiber-based element tends to exhibit localization of 

deformation because of the post-peak softening of concrete and low post-yield hardening of 

steel. The force field in the element causes the maximum moment to always be located at the 

same section. In the extreme load case, the critical section may deform to pass the peak 

capacity point while other sections are still approaching the peak. This will cause continuous 

softening of the critical section and will prevent other sections from reaching their peak 

capacity. Consequently, the deformation will concentrate at the integration point associated 

with the critical section. The computed response is determined by the spread of the 

deformation implied by the integration weight. As discussed, a unique solution does not exist 

and is mesh dependent. In general, the force-based element sacrifices the inter-sectional 

compatibility to enforce the inter-sectional equilibrium. There is no compatibility restriction 

on the deformation gradient between two adjacent sections. 

 Alemdar and White (2005) stated that the displacement-based element satisfies 

equilibrium in a weighted integral sense at element nodes only. The imposed linear curvature 

field in the element is an assumption which may not capture the real behavior in structural 

components. To compensate for this potential shortcoming, a fine mesh with multiple 

elements is usually required for the displacement-based element thus increasing the 

computational cost. However, localization of deformation could also occur in the case of 
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modeling one structural member with multiple displacement-based elements. The nodal 

displacements at each element satisfy compatibility and continuity while a displacement field 

is also imposed within a single element. However, there is no inter-element restriction on 

sectional deformation. Therefore, the curvature could also concentrate in a single 

displacement-based element while the sections have strain softening responses. As a result, 

this requires special awareness on the number of displacement-based elements and number of 

integration points of a force-based element while modeling a reinforced concrete member. 

To evaluate the accuracy of both force and displacement-based elements, the analytical 

results are compared to test data. The experiments include a series of cyclic column tests 

subjected to controlled reversed cyclic loading as well as real earthquake time histories. The 

reinforced concrete columns were 8 ft (2.44m) in height and 2 ft (0.61m) in diameter. The 

reinforcement consisted of 16 0.75 in (19mm) diameter bars and a 0.375 in (9.5mm) spiral at 

2 in (51mm) pitch. As shown in Figure 3.4, the force-based element, denoted FB, generates a 

better prediction of the force-deformation relationship for a cyclic test result. It is also 

observed that the displacement-based element, denoted DB in Figure 3.4, overestimates the 

strength of the specimen. Though a finer mesh with multiple displacement-based elements 

can improve the accuracy, an over-meshed model can also lead to localization of the 

deformation at a single element.  

The force-based element was selected because of its accuracy in predicting the force-

deformation response of the specimen. However, there are multiple variations of force-based 

elements. One such element (termed óbeam with hingesô) was developed by (Scott and 

Fenves (2006)) to overcome the óloss of objectiveô problem. The óbeam with hingesô element 

utilizes a plastic hinge integration method which defines the integration weight of the critical 

section with a plastic hinge length. The element involves a modified Gauss-Radau integration 

rule where the weight of the end integration point is adjustable, as shown in Scott and Fenves 

(2006). A numerically consistent regularization is placed on the force-based element by Scott 
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and Hamutcuoglu (2008) to resolve the dichotomy of the solutions from strain hardening and 

strain softening problems. This method will increase the accuracy when modeling a structural 

member with unknown sectional behavior or different post-yielding sectional behavior from 

one member end to the other end. Lee and Filippou (2009) proposed an element which has 

variable inelastic end zones.  Similar to the óbeam with hingesô element, its inelastic zone at 

member ends is represented by the characteristic length of the end integration point, which 

will vary depending on the magnitude of moment distribution. 

 

 

Figure 3.4. Comparison between model predictions and test data 

 

3.4 Proposed methods for simulating RC bridge columns 

3.4.1 Experimental Observation 

It is usually not suggested to place multiple integration points in the plastic hinge region 

for a force-based element due to potential strain-softening behavior of the concrete section. 

Localization of deformation in RC members modeled by the finite element method was 

discussed by Borst et al. (1994) and Bazant and Planas (1998). Scott et al. (2004) stated that 
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three to five Gauss-Lobatto integration points along the element would accurately represent 

the material nonlinear behavior, which results in using one integration point to represent the 

behavior of the plastic hinge. However, the distribution of strain in the plastic hinge region is 

not available without multiple integration points. Considering the case with a strain-

hardening section, such as a circular RC section, nine Gauss-Lobatto integration points were 

placed along the element. In addition, a strain penetration model serves as an extra 

óintegration pointô at the end of the element. The strain penetration model is discussed later in 

this paper. A post-processing method of the strain information was proposed to include the 

ñtension shift effectò, described below and illustrated in Figure 3.5, on the distribution of 

strain and its application on post-processing strain data from a fiber-based model. 

The strain profile in the reinforcement within the plastic hinge region was obtained with 

the Optotrack 3D position measurement position measurement system. Figure 3.6 displays 

typical strain profiles at different displacement ductility levels where the compressive strain 

is usually lumped at the bottom of the column, but the tension strain fans out and extends to a 

section higher up in the column. This type of strain distribution occurred consistently during 

all column tests. It is believed that the tension shift effect causes the strain on the tension side 

of a flexural member to spread to higher levels without influencing the compressive strain. 
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Figure 3.5. Tension Shift Effect 

 

 
Figure 3.6. Strain Profiles of Longitudinal Reinforcement in Plastic Hinge Region 

 

Figure 3.7 shows the propagation of the inclined flexure-shear cracks for increasing 
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flexural-shear crack in Figure 3.5. The moment is linear and shear is uniform along the 

length of the column. The inclined flexural-shear crack results in a cracked inclined section 

where the tensile zone is higher than the compressive zone. To maintain moment equilibrium 

of the free body, the tensile force from the reinforcement is related to the moment at the 

height of the compressive zone which refers to M1 instead of M2 in Figure 3.5. This causes a 

concentration of the compressive strain at the lower level of the column while the tensile 

strain propagated further up the column as shown in Figure 3.6. 

  

 

Figure 3.7. Crack Propagation from Experimental Tests Conducted at NCSU 
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In the force-based element the predefined force interpolation function governs the 

moment and the axial load at each integration point. Sectional analysis provides resultant 

deformations due to this moment and axial load distribution. As shown in Figure 3.5, 

assuming an integration point IP0 is located at the same level of the compressive zone of the 

inclined section, sectional analysis will provide strain at the extreme tension fiber bar 

according to the magnitude of M1. However, the predicted strain represents the behavior of 

the longitudinal rebar at a higher level than the location of IP0. Therefore, the section at IP0 

provides compressive strain at its level and tensile strain at a higher column level.  

It is well established that the cracking angle is required to quantify the tension shift 

effect. It has been observed that for a flexural member, the crack angle varies from the tensile 

side of the column to the compressive side of the column. At any specific point of the crack, 

the direction of the principal tensile strain depends on the combination of the longitudinal 

strain component from flexural behavior and the shear strain component. A simple example 

is the horizontal crack at the extreme tensile fiber which is caused only by the large uniaxial 

strain from flexure. However, as the crack propagates into the mid-section, shear stress 

increases while the tensile strain decreases. Therefore, cracks become steeper at the center of 

a column, as shown in Figure 3.7.  

3.4.2 Proposed Method to Predict Strain Gradient  

Crack angles vary due to the unique strain condition at each location of the section. The 

Modified Compression Field Theory (MCFT) developed by Vecchio and Collins (1986) is 

utilized to compute the crack angle distribution along the section. Vecchio and Collins (1988) 

utilized lay-up analysis to calculate the shear strength of a shear member. The MCFT is 

utilized in this paper since it accounts for impact of the longitudinal and transverse 

reinforcement on the cracking angle of concrete. Sectional analysis is conducted to obtain a 

strain distribution along the section. A shear stress distribution will be assumed based on the 
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flexural behavior. A combination of the strain distribution and the shear stress distribution 

will be applied to the section, as shown in Figure 3.8. A unique solution of the crack angle 

distribution can be obtained which will be integrated to derive the tension shift height in an 

inclined section. To apply this method, the following assumptions are made. 

1. The influence of flexural-shear interaction on sectional analysis is neglected. 

2. Cracks propagate from extreme tensile fiber to the neutral axis of a flexural section. 

3. No bond slip between the concrete and the reinforcement occurs (from MCFT). 

4. Both longitudinal and transverse reinforcing bars are uniformly distributed over the 

element (from MCFT). 

Several modifications were made to the method from Vecchio and Collins (1988) to 

increase the accuracy of the crack angle prediction. First, the longitudinal strain is used as the 

demand instead of reinforcing bar stress. Cracking of concrete occurs when the principal 

strain exceeds the cracking strain. As a section deforms into nonlinear range, stress in the 

reinforcement may not vary significantly while the strain will keep increasing with the 

deformation. Therefore, it is more reliable to utilize the strain for the crack angle calculation. 

Second, the three point Gauss-Legendre integration scheme is utilized to reduce the 

computational effort. Crack angles of the section in three locations from the extreme tensile 

fiber to the neutral axis are derived. Locations and weights of integration points are 

determined by the Gauss-Legendre rule. The complete procedure to calculate the tension 

shift height is shown in Figure 3.9.  
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Figure 3.8. Crack Angle ɗ from Longitudinal Strain and Shear Stress at Location 

óAô of a Section 
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Figure 3.9. Method of Predicting Tension Shift Height 

The purpose of obtaining the tension shift height is to then allow the prediction of tensile 

strain gradient in the plastic hinge region. Fiber-based models provide longitudinal strain 

information at each section. The strain and the assumed shear stress at the three sectional 

integration points are extracted. A unique combination of shear stress and longitudinal strain 

at each point will results in a unique crack angle under MCFT. Three crack angles, ɗ1, ɗ2 and 
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ɗ3, are derived for each fiber-based section. The tension shift height can be calculated 

utilizing Eq. 3.3 and 3.4 where w1, w2, and w3 are the integration weights of the angles 

respectively. Hts, DC, and C represent tension shift height, column diameter and neutral axis 

depth of a section respectively. For the convenience of calculating the tension shift height, 

this paper uses the angle between crack and longitudinal direction, as shown in Figure 3.9.  

A deformation gradient can be established with multiple element integration points 

placed in the plastic hinge region. Sections along the force-based element directly provide 

multiple points on the distribution of compressive strain. The tensile strain distribution can 

then be obtained by considering the tension shift effect. The implementation of this method 

will be shown later. 

D -C

ts 1 1 2 2 3 3
0

H  = tanɗdx = wcotɗ +w cotɗ +w cotɗ
C

ñ  3.3 

 

1 2 3D -C = w +w +wC
 3.4 

 

3.4.3 Method to Include Strain Penetration 

Cracking was observed on the footing surface during experimental tests as expected and 

shown in Figure 3.10. When the column was subjected to large flexural deformation, a crack 

initiated near the tensile side of the column. This is due to the strain penetration of the 

longitudinal reinforcement into the footing. Because the longitudinal reinforcement has large 

tensile strains in the plastic hinge region, a strain gradient will exist inside the footing to 

allow the reinforcement strain to maintain strain compatibility. Globally, the reinforcement 

will slip from the footing by a certain amount of displacement which depends on the strain 

gradient level in the footing. A small portion of the footing surface concrete, which is bonded 

to the reinforcement, cracks to accommodate this bond slip displacement.  
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In experimental tests, the bond slip displacement of reinforcement can be obtained by 

monitoring the vertical movement of the LED markers. Figure 3.11 portrays the bond slip 

hysteretic response at the lowest LED marker level on the reinforcement. Since the 

monitored marker is located about 1.0 in (25.4 mm) above the footing surface, the bond slip 

displacement may include a portion of plastic elongation of the reinforcement.  

 

 

Figure 3.10. Crack on the footing near the tension side 

 

 

Figure 3.11. Bond slip hysteretic response  
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In the fiber-based analysis, a zero length section element is located at the base of the 

column element to include the bond slip behavior, as presented in Figure 3.12. The zero 

length element serves as a nonlinear rotational spring which accounts for the additional 

rotation at the base column section due to bond slip. The behavior of the zero length element 

depends on the associated fiber section. The fiber section consists of regular concrete fibers 

and special reinforcement fibers which are represented by a bond slip material. Zhao and 

Sritharan (2007) developed the bond slip material which implemented a stress-slip 

relationship to account for strain penetration. Both monotonic and cyclic stress-slip 

relationships were developed on the basis of experimental tests results. The bond slip is 

represented by the slip displacement in the material which depends on the stress in the 

reinforcement, as shown in Figure 3.13. Zhao and Sritharan (2007) had shown the bond slip 

materialôs highly accuracy on predicting the debonding behavior of reinforcement.  

 

 

Figure 3.12. Model Lay-out with the zero section element 
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Figure 3.13. Stress-slip relationship from Zhao and Sritharan (2007)  

 

3.4.4 Benchmark Method to Capture Nonlinearity in RC Member with Fiber-

Based Model 

A common approach to capture nonlinearity in reinforced concrete members is to use the 

plastic hinge integration methods, as developed by Scott and Fenves (2006). The plastic 

hinge integration methods lumps the plasticity at a single integration point which is often at 

the end of the element, as shown in Figure 3.14. This method is very reliable for obtaining 

force-deformation response and maximum strain since it avoids the localization of plasticity 

ï a common problem in simulation of RC members. A typical plastic hinge integration 

method ï óbeam with hingesô element is selected to be the benchmark method because it is 

computationally efficient and dynamically robust, as shown later in this paper. The model 

with nine integration point force-based element is evaluated by comparing its performance to 

this benchmark method. To reduce the computational cost, an elastic region is defined at the 

interior portion of the óbeam with hingesô element. The elastic properties, such as elastic 

modulus, cross sectional area and moment of inertia, are required within the interior region. 
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It has been observed in the experimental tests that cracked regions cover most of a reinforced 

concrete column. As a result, a cracked section moment of inertia was used to model the 

elastic portion of the element. 

 

 

Figure 3.14. Beam with Hinges Element from (M. Scott and F. Fenves (2006)) 

 

3.5 Calibration  and Application of the Fiber Model  

Two independent fiber-based models were established both of which combine a force-

based column element and a zero length section element for the strain penetration. One of the 

models utilized a nine integration point force-based element for the purpose of obtaining 

distributed plasticity in the plastic hinge, while the other model implemented the óbeam with 

hingesô element. The material constitutive models were calibrated with recorded data from 

material tests. Predictions of large-scale static column tests, and shake table tests were 

conducted. The model combining the óbeam with hingeô element and strain penetration 

simulation is the solution with high computational efficiency in predicting the force-

deformation response, maximum strain at the critical section, and dynamic response. Its 

performance was assessed with test data. However, to produce the strain distribution in the 

plastic hinge region, the reinforced concrete column is simulated with the nine integration 
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point force-based element (Gauss-Lobatto integration). The strain data was then post-

processed to provide the strain gradient within the plastic hinge.  

3.5.1 Calibration on Material Constitutive Models 

A number of bar cyclic tests were conducted to ensure proper steel material behavior 

modeling. The steel constitutive material model from Filippou et al. (1983) was defined with 

the yield strength of 68 ksi (469 MPa) from monotonic material test result. The tensile and 

compressive hardening ratio in the steel model is adjusted to ensure the prediction matched 

the cyclic bar test result, as illustrated in Figure 3.15. The concrete compression strength was 

obtained from cylinder tests. The monotonic behavior of confined concrete was derived with 

the stress-strain model proposed by Mander et al. (1988). The concrete cyclic behavior was 

simulated using the constitutive model developed by Yassin (1994), as presented in Figure 

3.16. The tensile strength of concrete was neglected. 

 

 

Figure 3.15. Comparison of steel Material  behavior in fiber model and tests 
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Figure 3.16. Cyclic behavior of unconfined concrete 

 

3.5.2 Prediction on Force and Strain from Static Tests 

Both models were utilized to predict test data from the eighteen column tests where the 

strain information is available up to reinforcement buckling. Definition of bond slip material 

in the zero length element ensures appropriate moment capacity compared to the column 

section. With the bond slip material, the zero length section element allows the correct 

amount of deformation to propagate into the element and avoids localization of deformation 

at the strain penetration model. In the case of a strain penetration model with underestimated 

strength, most of the deformation will migrate into the zero length section element. 

Therefore, the fiber-based model could underestimate curvature and the resultant strain at the 

plastic hinge of the column element.  

The plastic hinge length controls the extent of plasticity in the óbeam with hingesô 

element. The plastic hinge length can be specified by an empirical relationship proposed by 

Priestley et al. (2007), as shown in Eq. 3.5 to 3.7 
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where LSP , LP and LC are the strain penetration length, the plastic hinge length, and the 

column length, yf  , uf  and bld  are yield strength in MPa, ultimate stress in MPa and 

diameter of longitudinal reinforcement in mm respectively.  

Shown in Figure 3.17 is the comparison of force-deformation responses of the fiber-

based model using the óbeam with hingesô element and bond slip model, with test data 

from a 3-cycle-set load history and three earthquakes ( 

Table 3.1). Information on the experimental tests is listed in Table 1. The section-by-

section-based equilibrium in the force-based element ensured an accurate prediction of 

response. The bond slip model contributes to the proper unloading and reloading stiffness of 

the model. However, the cycle to cycle strength degradation in the 3-cycle-set is not captured 

because of the absence of the cumulative damage in concrete. Figure 3.18 shows the 

predictions from the proposed model which has a force-based element with nine integration 

point as well as a zero section element. This model also has robust nonlinear behavior.  
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Table 3.1. Test Information 

Test Load History 
D 

(mm) 
L/D [ƻƴƎΦ {ǘŜŜƭ όˊl) {ǇƛǊŀƭ 5ŜǘŀƛƭƛƴƎ όˊs) 

9 3-Cycle-Set 610 4 16 #6 bars (1.6%) #3 at 2" (1%) 

10 Chichi 1999 610 4 16 #6 bars (1.6%) #3 at 2" (1%) 

11 Kobe 1995 610 4 16 #6 bars (1.6%) #3 at 2" (1%) 

12 Japan 2011 610 4 16 #6 bars (1.6%) #3 at 2" (1%) 

#6 and #3 bars have 19 mm and 9.5 mm diameter respectively 

ĺ = longitudinal reinforcement ratio 

ś =  volumetric ratio of transverse reinforcement 
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Figure 3.17. Comparison of force-deformation responses from the fiber model and 

test data 
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Figure 3.18. Comparison of strain hysteretic response from the fiber model and test 

data 

 

The force-based element with nine integration points is combined with strain penetration 

simulation to predict the strain gradient in the plastic hinge region. Implementation of the 

proposed method allows the tension shift height to be calculated. The shear stress is assumed 

to have a parabolic distribution across the section.  

The tensile strain profile is plotted including the tension shift. As shown in Figure 3.19, 

the predicted strain gradient is plotted against the strain profile from Test 9 to12. Tensile 
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