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Abstract 

Rethinking Reinforced Concrete Ductility in Compression 

by 

Ian Williams 

Doctor of Philosophy 

in 

Engineering – Civil and Environmental Engineering 

University of California, Berkeley 

Professor Claudia P. Ostertag, Chair 

 

Concrete is the most-used construction material in the world, yet on its own it is not ductile. It relies 

on carefully detailed steel reinforcing bar (rebar) cages to provide the tensile capacity and confinement 

needed to behave in a ductile manner. Building codes supply research-backed provisions that dictate 

how a reinforced concrete (RC) structure should be designed in order to meet ductility demands. 

Observations from seismic events within the last ten years reveal deficiencies in the code provisions 

in cases where large compressive strains are required. Subsequent experimental investigations found 

that in certain cases no practical amount of reinforcing steel could prevent brittle failure. To meet 

these demands it is necessary to stray from conventional paths and search for creative solutions to 

provide the requisite ductility.  

Research presented in this document explores an alternative approach to provide compressive ductility 

in reinforced concrete elements using Hybrid Fiber Reinforced Concrete (HyFRC). This material 

utilizes fiber hybridization to achieve deflection-hardening and a small amount of tensile strain-

hardening. The goal is not to completely replace the steel reinforcing cages embedded in RC elements, 

but to enhance it in such a way that it maintains load-carrying capacity at large deformations. Response 
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of experimental specimens is examined at a global and local level in order to provide a comprehensive 

understanding of the interactions and overall performance. One large-scale and one small-scale 

experiment is performed, and these data are used to construct and validate a predictive computational 

model that can be used to evaluate the behavior in other scenarios.   

Results of a large-scale compression test on a high aspect ratio column representative of a special shear 

wall boundary element demonstrate improved performance when constructed with HyFRC in place 

of conventional concrete. Control specimens lose confinement due to rebar buckling and opening of 

the lateral reinforcement which initiates upon cover spalling. Cover in the HyFRC specimen does not 

exhibit spalling, but instead shows a stable crushing behavior while leaving the cover material intact. 

This retained cover material delays the onset of longitudinal rebar buckling and provides additional 

confinement to the core. Due to this behavior toughness up to failure for the HyFRC specimen is, on 

average, 1.9-times higher than that of control specimens constructed with conventional concrete. 

Rectangular column specimens with embedded rebar are tested to isolate the behavior of longitudinal 

rebar buckling when embedded in HyFRC. Specimens are built with tie spacings of four-, six-, and 

twelve-bar diameters (db) and tested in uniaxial compression until failure. Results show that HyFRC 

slows the progression of buckling compared to conventional concrete and yields a more ductile, 

predicable behavior. At 2% normalized axial displacement the HyFRC specimens with 6-db tie spacing 

exhibited, on average, 34% higher toughness than the control specimens with the same spacing. At 

the same level of displacement, HyFRC specimens with 12-db tie spacing had, on average, 8% higher 

toughness than the control specimens with 6-db tie spacing. These results provide evidence that 

replacing conventional concrete with HyFRC could enable minimum lateral tie spacing requirements 

to be relaxed up to 12-db while still maintaining a ductile response with respect to buckling.  

A computational model is developed to predict the buckling behavior of longitudinal rebar in 

compression. This model accounts for the effects of transverse reinforcement and HyFRC cover. 

Experimental results from the large- and small-scale experiments are used to validate the model, which 

is then used to evaluate test cases with other geometries and materials. These results show that HyFRC 

improves the compressive response of large diameter rebar and high strength rebar with a nominal 

yield strength of 689-MPa (100-ksi).   
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INTRODUCTION 

 

 Structures designed to resist earthquakes rely on ductility to withstand these events, both large 

and small. An earthquake is essentially a release of energy that travels from the tectonic plates, up 

through the soil, and into the foundation before finding its way into the structure. Once it runs out of 

new avenues to disperse energy, it finds them within the structure, whether we like it or not. In the 

worst-case scenario the energy is dispersed in the form of cracks, fracture, and eventual collapse. 

Seismic resistant and resilient design provides new paths for that energy to be safely transformed into 

elastic and plastic strain energy using building components that have a predictable response. Key 

among the characteristics desired in these components is ductility. Ductile materials and structural 

elements provide a buffer between yielding or crack formation and structural collapse.  

Concrete is the most-used construction material in the world, yet on its own it is not ductile. It 

relies on carefully detailed steel reinforcing bar (rebar) cages to provide the tensile capacity and 

confinement needed to behave in a ductile manner. Building codes supply research-backed provisions 

that dictate how a reinforced concrete (RC) structure should be designed in order to meet ductility 

demands. Observations from seismic events within the last ten years reveal deficiencies in the code 

provisions in cases where large compressive strains are required. Subsequent experimental 

investigations found that in certain cases no practical amount of reinforcing steel could prevent brittle 

failure. To meet these demands it is necessary to stray from conventional paths and search for creative 

solutions to provide the requisite ductility.  

SCOPE 

 Research presented in this document explores an alternative approach to provide compressive 

ductility in reinforced concrete elements using Hybrid Fiber Reinforced Concrete (HyFRC). This 

material utilizes fiber hybridization to achieve deflection-hardening and a small amount of tensile 

strain-hardening. The goal is not to completely replace the steel reinforcing cages embedded in RC 

elements, but to enhance it in such a way that it maintains load-carrying capacity at large deformations. 

Response of experimental specimens is examined at a global and local level in order to provide a 

comprehensive understanding of the interactions and overall performance. One large-scale and one 

small-scale experiment is performed, and these data are used to construct and validate a predictive 

computational model that can be used to evaluate the behavior in other scenarios. The aim is that 
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results of this investigation provide sufficient evidence to spark a shift in the way we look at the design 

of ductile reinforced concrete structures.   

ORGANIZATION 

 Three main chapters, a review of past literature, summary of conclusions, and two additional 

appendices are presented in the pages that follow. 

Chapter 1 provides a summary of previous work done in this field. Topics include field 

observations, laboratory experiments of seismically detailed conventional reinforced concrete 

elements, previous studies on the response of FRC elements in compression, isolated buckling 

experiments, and existing computational rebar buckling models.  

 Chapter 2 presents a large-scale, uniaxial, monotonic compression test of a high-aspect-ratio 

rectangular column representative of a seismically-detailed slender shear wall boundary element 

subjected to high compressive demands. Results are compared to conventional RC specimens from a 

previous study and evaluated both globally and locally.  

 Chapter 3 details a small-scale experiment consisting of 12 columns constructed with 

conventional concrete and HyFRC intended to isolate the inelastic buckling response of embedded 

longitudinal rebar with various transverse reinforcement spacings. Specimens are evaluated based on 

the peak load, overall toughness, residual capacity at large axial deformations, strain at which rebar 

buckling initiates, and the rate at which buckling progresses. Results of these tests provide valuable 

data used to validate the subsequent computational model. 

 Chapter 4 evaluates two methods for modeling buckling response of rebar with discrete lateral 

support provided by nonlinear ties and distributed support provided by the HyFRC. The first method 

uses a more mathematical approach to calculate the buckling initiation point and residual behavior. 

The second employs the OpenSees nonlinear structural analysis software to construct an iterative 

model with nonlinear geometry and nonlinear material response. The selected model is compared to 

test results from Chapter 3 and then extrapolated to evaluate other test cases.   

 Chapter 5 summarizes the findings presented in the previous chapters.  

 Appendix A and B provide additional details for Chapters 3 and 4, respectively.  
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GOALS 

This document presents novel research in the area of ductile reinforced concrete design. 

Literature directly related to the experiments conducted is scarce, and no previous studies have looked 

at the compressive behavior of seismically-detailed HyFRC elements with this level of detail. Upon 

reading this work, the reader should gain a better understanding of the benefits offered to RC 

structures by HyFRC or other high-performance FRCs. It is the author’s hope that the evidence 

provided will not only convince the reader that HyFRC increases compressive ductility, but also 

encourages the reader to rethink conventional structural design and construction methods and search 

for better solutions. 



4 
 

CHAPTER 1 | BACKGROUND AND PREVIOUS LITERATURE 

 

Shear walls are used extensively in seismically resilient reinforced concrete building design. 

Their applications range from low rise apartment complexes to skyscrapers. The tallest buildings on 

the West Coast of the United States, the Wilshire Grand Center in Los Angeles, and the Salesforce 

Tower in San Francisco, both rely on core walls to resist seismic shear demands (Curwen, 2014; 

Klemencic et al., 2017). Field observations following the Mw 8.8 earthquake near Santiago, Chile in 

2010 and the Mw 6.2 earthquake in Christchurch, New Zealand in 2011 reported numerous failures in 

slender reinforced concrete shear walls. Though the buildings reported in these events are not on the 

grand scale of the Wilshire Grand Center and Salesforce Tower, they still raise concerns about the 

performance of slender shear walls. Those most affected by the two earthquakes were T- and C- 

shaped walls that experienced high flexural compressive demands. The common failure mode was 

brittle failure initiated in the edge boundary region under high flexural compressive demands 

accompanied by longitudinal rebar buckling and transverse reinforcement opening (Alarcon et al., 

2015, 2014; Kam et al., 2011; Sritharan et al., 2014; Westenenk et al., 2013). Failures observed in the 

field were later validated in laboratory tests by Arteta et al. (2014). All specimens in this program failed 

to achieve the predicted ductility and exhibited brittle failure. This highlighted significant 

shortcomings in the current seismic detailing requirements and indicates the need for innovative 

solutions to this problem.  

1.1 PREVIOUS STUDIES ON SLENDER SHEAR WALLS 

Failures similar to those reported in the Santiago and Christchurch events have been observed 

in laboratory experiments of slender shear walls both with and without confinement in the boundary 

region (Alarcon et al., 2014; Brueggen et al., 2017; Hube et al., 2014; Thomsen IV and Wallace, 2004). 

Most significantly, it was found that boundary element detailing compliant with ACI-318-11 seismic 

provisions had little effect in delaying flexural-compressive failure (Aaleti et al., 2014).  

A study by Arteta et al. (2014) isolated the special shear wall boundary element region and 

tested various reinforcement configurations under uniaxial, monotonic compression. Reinforcement 

layouts tested were all compliant with ACI-318-11 seismic requirements. Results of this study showed 

that neither code-compliant detailing nor enhanced detailing enabled the thin boundary elements to 

respond in a ductile manner. The non-ductile failure observed in these tests was attributed to 

longitudinal rebar buckling which reduced the capacity of the longitudinal bars and reduced 



5 
 

confinement of the section core. This study indicates that a solution other than improved 

reinforcement detailing is required to achieve the ductile response required by a slender shear wall 

subjected to large flexural compressive demands. 

1.2 FIBER REINFORCED CONCRETE (FRC) IN COMPRESSION 

Fiber reinforced concrete (FRC) is known to improve the tensile, flexural, and shear 

performance of a reinforced concrete element when used in place of conventional concrete. Recent 

studies testing reinforced concrete columns constructed with FRC in uniaxial compression indicate 

improved post-peak strength and ductility over their conventional concrete counterparts (Aoude et 

al., 2009; Campione et al., 2010; Paultre et al., 2010; Shin et al., 2011). Most notable in the behavior of 

FRC in compression is slow crushing of the concrete cover rather than the brittle spalling exhibited 

by ordinary concrete columns (Aoude et al., 2014; Hosinieh et al., 2015; Shin et al., 2017).  

A Hybrid Fiber Reinforced Concrete (HyFRC) mix was developed by Blunt and Ostertag at 

UC Berkeley (2009). Panagiotou et al. conducted cyclic lateral tests on columns constructed with this 

material. These columns exhibited a highly ductile response and retained axial load-carrying capacity 

at peak drift ratio of 11.3%. The HyFRC cover capacity was limited by crushing, but no true spalling 

was observed during testing (Panagiotou et al., 2014).  

 A theme among all the specimens tested in compression with FRC is improved confinement 

and ductility, and in many the cover was observed to crush in a stable manner and remain in place 

rather than spall off completely.  

1.3 ISOLATED BAR BUCKLING EXPERIMENTS 

Rebar buckling response has been studied extensively by testing bare rebar in uniaxial loading 

with the rotation fixed at the ends of the specimens. These studies examine the change in axial 

response as the ratio of the length between fixed ends, L, to bar diameter, db, increases.  

Reverse cyclic and monotonic compression tests were conducted in 1992 on FeB44 Italian 

steel rebar with nominal yield strength of 440 MPa. Tests were conducted with fixed end conditions. 

Monotonic tests conducted on bars with L/db ratio of 5 with diameters of 16-mm, 20-mm, and 24-

mm approximately achieve the same response as the monotonic material response with no buckling, 

i.e. tensile coupon tests. At an L/db = 8 these same diameter bars continue to display a small amount 

of hardening before decrease in capacity, and at an L/db = 11 buckling occurs at the yield point and 

capacity drops with no hardening. In the cyclic tests, no buckling was observed for an aspect ratio of 
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L/db = 5 for any of the strain histories tested (Monti and Nuti, 1992). Rodriguez et al. tested ASTM 

A706 compliant steel coupons with minimum yield strength of 415 MPa and minimum tensile strength 

of 550 MPa in axial monotonic and reversed cyclic loading until compressive failure. Tests at 

slenderness ratios of L/db = 2.5, 4, 6, and 8 were conducted where end conditions were fixed from 

rotation and lateral displacement. Coupons were machined down from a bar with 31.8 mm original 

diameter to 16-mm diameter. Full load-displacement curves are not shown, but in monotonic tests 

coupons with L/db = 2.5 buckling was not observed. Those with L/db = 4 buckled at normalized load 

of approximately 1.8fy, those with L/db = 6 at 1.5fy, and those with L/db = 8 at 1.0fy (Rodriguez et 

al., 1999). 56 bars were tested by Bayrak and Sheikh in monotonic compression with fixed end 

rotations. Specimens had nominal diameter of 19.5 mm, with L/db from 4-10. The effect of initial 

eccentricity was investigated in this study, where the top and bottom ends of the specimens were 

misaligned horizontally by an eccentricity with distance e. Specimens were tested with ratio of 

eccentricity to diameter, e/db = 0.0, 0.1, 0.2, and 0.3. Specimens with L/db = 4 and 5 reached yield 

strength for all eccentricities and had stable post-buckling behavior. With L/db = 6, e/db = 0.0 and 

0.1 reached yield strength prior to buckling, and e/db = 0.2 and 0.3 failed to reach yield strength. For 

the remaining ratios of L/db with e/db = 0.0, yield strength was achieved prior to buckling, with 

decreasing peak load with increasing eccentricities for the remaining tests (Bayrak and Sheikh, 2001).  

1.4 BUCKLING OF BARS EMBEDDED IN CONVENTIONAL RC 

Brown et al. tested eight 1/3-scale reinforced concrete cantilever columns (ACI 318 and 

AASHTO LRFD Code compliant) with circular cross-section were tested under constant axial load 

and cyclic drift history to investigate buckling of embedded bars. This study examined the influence 

of the presence of cover concrete, drift history, spiral reinforcement stiffness, spiral reinforcement 

strength, and the longitudinal rebar end embedment conditions. Transverse reinforcement was 

provided by smooth wire spirals. Wire with 0.244-in diameter and 90-ksi yield strength was used in 

five of the tests. In one test this same wire was annealed to lower the yield strength to 30-ksi. In the 

final two specimens a 0.102-in diameter high strength wire with a yield strength of 280-ksi was used. 

One of these two specimens used two strands of wire, and the other used only one. Spirals were 

spaced at 1¼-in. 10 Gr. 60 No. 5 bars were used as longitudinal reinforcement. Bars were observed 

to buckle over a length of 5- to 7-in (8db – 11.2db), corresponding to 5-6 tie spacings (Brown et al., 

2008).  
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The experimental program from which the control specimens presented in Chapter 2 were 

taken provides observed buckled lengths for longitudinal bars both directly restrained by the seismic 

hook or corner of a transverse tie or hoop and those supported only by the long leg of a transverse 

hoop. Bars were observed to buckle over 4.5db – 9.5db when directly in contact with seismic hooks, 

and 14db – 18db when only restrained by the long leg of transverse hoops (Arteta, 2015).  

1.5 BUCKLING OF BARS EMBEDDED IN FRC 

 No studies were found that solely investigate the buckling response of rebar embedded in 

FRC, but observed buckling behavior is recorded in a handful of experiments. In the tests conducted 

by Aoude et al. buckling was explicitly observed in specimens with 16db tie spacing, accompanied by 

large sections of cover being pushed out by the bars (Aoude et al., 2009). Delayed buckling of 

longitudinal bars was also noted in the experiments performed by Campione et al. (Campione et al., 

2010). Another series of tests performed by Aoude et al. noted that buckling was not completely 

prevented, but did occur over a shorter length than columns with no fibers (Aoude et al., 2009) 

Previous studies of steel reinforced FRC columns investigate the global behavior of the 

columns and analyze the effect of FRC on ductility or post-peak behavior. Although delay of buckling 

is mentioned, no further experimentation is performed to isolate the rebar response. Buckling has 

been shown to play an important role in the ductile capacity of structural RC elements. A designated 

study that investigates replacing conventional concrete with a ductile, strain-hardening FRC to delay 

buckling response of embedded bars must be conducted in order to fully evaluate the behavior of 

HyFRC or other FRCs in compression. 

1.6 PREVIOUS INELASTIC BAR BUCKLING MODELS 

Various analytical methods exist to predict nonlinear plastic bar buckling. Timoshenko and 

Gere have one of the earliest methods which uses the plane section assumption to create a strain 

profile for a given curvature and using the material constitutive model to determine the location of 

the neutral axis. This is then coupled with the Euler-Bernoulli bending moment equation to find a 

relationship between the strain profile and effective stiffness. This relationship is then used to 

numerically integrate along the length of the buckled bar and find the displaced shape under a given 

axial load. The axial load is then incremented until it is found that there are two points of equilibrium. 

Such a condition is unstable and indicates buckling. This theory derives the reduced modulus, 𝐸𝑅, 

based on the elastic stiffness modulus, 𝐸𝑠, and the instantaneous tangential stiffness modulus, 𝐸𝑇. The 
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equation, 𝐸𝑅 =
4𝐸𝑠𝐸𝑇

(√𝐸𝑠+√𝐸𝑇)
2, has been used in numerous subsequent models (Timoshenko and Gere, 

1961).  

More recent studies have developed buckling models that consider the effect of transverse ties. 

Papia et al. have one of the earliest models to include ties in the analysis (Papia et al., 1988). Ties are 

modeled as perfectly elastic, but the hoop geometry of the lateral reinforcement is taken into account 

in their studies. Ten years later Pantazopoulou explored inelastic buckling through the lens of seismic 

detailing (Pantazopoulou, 1998). Bayrak and Sheikh take pressure from the confined concrete into 

account and propose an equation to determine the displaced shape due to this pressure based on tie 

forces and tie spacing (Bayrak and Sheikh, 2001).  

Falk and Govindjee were among the first to introduce an energy-based method to predict 

inelastic buckling response with uniform supports (Falk and Govindjee, 2000). Dhakal and Maekawa 

employed a similar energy method in their model two years later (Dhakal and Maekawa, 2002). Talaat 

and Mosalam later re-derived this method to include inelastic tie response and give a better 

approximation for the post-peak response (Talaat and Mosalam, 2008).  

 Kunnath et al. realized the crucial role that the material model plays in fast and accurate 

buckling analysis. To this end they developed a uniaxial material model for reinforcing bars for cyclic 

bar buckling response including material degradation and low-cycle fatigue (Kunnath et al., 2009).  

 Following the experimental study used as the control group for Chapter 1, Arteta developed 

an OpenSees model to further investigate the synergy between lateral ties and the longitudinal bars 

during buckling progression (Arteta, 2015).  

Numerous models exist that examine or predict the buckling response of a bare bar or a bar 

embedded in conventional reinforced concrete. There are, however, no models that include the 

influence of a ductile material like HyFRC providing distributed support along the length of the bar. 

A model that predicts the behavior of rebar embedded in HyFRC or other fiber reinforced 

cementitious composites is necessary for accurate analysis of RC structures that employ these materials.  
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CHAPTER 2 |HYFRC SPECIAL SHEAR WALL BOUNDARY ELEMENT 
IN COMPRESSION 

 

2.1 INTRODUCTION 

Seismic design of reinforced concrete uses proper detailing of the steel reinforcement to 

provide ductility to an otherwise quasi-brittle material. The primary source of compressive ductility 

comes from triaxial confinement imposed on the concrete in the core of the element by transverse 

steel hoops and ties. ACI-318 seismic codes have extensive requirements for the transverse steel layout 

that aim to achieve enough compressive and strain capacity in the core concrete to support the 

structure after the cover has spalled. This behavior is important not only for uniaxial ductility but also 

for the flexural performance of beams, shear walls, and other elements. At high drift ratios slender 

shear walls often experience large compressive strains in the outer regions, or boundary elements. As the 

main lateral force resisting system in many buildings, underperformance of slender shear walls can 

lead to catastrophic failure of the structure.  

This study explores an alternative solution to provide compressive ductility to slender shear 

wall boundary elements. Randomly distributed steel and polymer fiber reinforcement is most 

commonly used to improve the tensile, flexural, and shear performance of concrete. Results from 

recent studies indicate that Fiber Reinforced Concrete (FRC) also contributes enhancement in 

compression. In this investigation, a full-scale shear wall boundary element is constructed with ACI-

318-11 code-compliant seismic reinforcement detailing, cast with Hybrid Fiber Reinforced Concrete 

(HyFRC), and tested in uniaxial monotonic compression until failure.  

2.2 REBAR BUCKLING 

Rebar buckling is a critical consideration in the design of a reinforced concrete structure for 

seismic resistance. Seismic code provisions exist to ensure enough lateral support is in place to delay 

buckling from the elastic range of response of the steel into the plastic regime. The current provision 

in ACI-318 limits the lateral tie spacing in ductile compression elements to a minimum of 6db (ACI-

318-14). This limit is intended not only to delay buckling, but to enable the steel to harden and prevent 

a sudden drop in load at the point of buckling. As evidenced by laboratory results of shear wall 

boundary elements, this provision appears unable to adequately restrain buckling due to the tendency 

for buckling to occur across multiple lateral ties, as shown schematically in Figure 2-1(a). In addition 

to the loss in capacity due to buckling, the tendency to cross multiple ties also appears to reduce the 
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confinement effectiveness of the lateral steel. These two phenomena combine to reduce the ductility 

of the element in compression. The deflection-hardening properties of HyFRC and evidence from 

compression tests suggest that the material provides support along the entire length of the longitudinal 

rebar in addition to the lateral reinforcement, as shown in Figure 2-1(b). The question remains 

whether this distributed support is enough to delay buckling, enable the longitudinal steel to strain 

harden, and to improve the confinement of the concrete core. 

 

Figure 2-1: (a) Longitudinal rebar buckling in conventional reinforced concrete in compression, (b) 
expected distributed support provided by intact HyFRC cover material 

 

2.3 EXPERIMENTAL PROGRAM 

2.3.1 Test specimens 

This study is an extension of a previous experimental study performed by Arteta et al. which 

examined the influence of cross-section detailing on the uniaxial compressive response of shear wall 

boundary elements. A total of twelve ACI-318-11 code-compliant rebar configurations were tested to 

failure to study their ductility response. Three specimens with similar detailing and the least brittle 

performance are chosen as control specimens for this study, identified as C1, C2, and C3. Cross-

sections of these specimens and the experimental specimen for this study are shown in Figure 2-2, 

with specific details of the geometry and material properties tabulated in  
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Table 2-1. Specimens C1 and C3 have the same rebar configuration, but C1 uses rebar with 

13-mm [1/2-in] diameter for the transverse reinforcement, and C3 uses rebar with 16-mm [5/8-in] 

diameter. One notable aspect of the lateral reinforcement is the use of 135-degree seismic hooks on 

both sides of all the cross-ties. Code provisions allow for one seismic hook and one 90-degree hook 

in alternating directions for constructability, but here seismic hooks are used on both ends to provide 

the best possible confinement and buckling restraint. The experimental specimen in this study, H1, 

uses the reinforcement layout of C1 but cast with HyFRC in place of conventional concrete. This 

specific layout was chosen due to it having the lowest lateral reinforcing ratio of the three control 

specimens. Specimens are pre-loaded to 445-kN [100-kip] and unloaded prior to testing. They are then 

loaded in uniaxial, monotonic compression at a rate of 667-kN/min [150-kip/min] until failure.  

 

Figure 2-2: Cross section notation (left), and detail drawings for specimens C1, C2, C3, and H1 (right) 
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Table 2-1: C1, C2, C3, and H1 material properties and design detailing 

ID 

f’c fy fyt db rl s 
s / 
db 

h’x dbt rtx rty rt,ACI1 rt,ACI2 

MPa 
[ksi] 

MPa 
[ksi] 

MPa 
[ksi] 

mm 
[in] 

% 
mm 
[in] 

mm 
[in] 

mm 
[in] 

% % % % 

C1 
30.3 
[4.4] 

468 
[67.9] 

448 
[65.0] 

22 
[7/8] 

2.5 
102 
[4.0] 

4.6 
196 
[7.7] 

13 
[1/2] 

1.1 0.75 0.91 0.6 

C2† 
30.3 
[4.4] 

526 
[76.4] 

492 
[71.5] 

22 
[7/8] 

2.5 
102 
[4.0] 

4.6 196 
[7.7] 

13 
[1/2] 

1.1 0.82++ 0.84 0.56 
9.2+ 

C3 
31.7 
[4.6] 

526 
[76.4] 

484 
[70.3] 

22 
[7/8] 

2.5 
102 
[4.0] 

4.6 
196 
[7.7] 

16 
[5/8] 

1.7 1.16 0.9 0.59 

H1 
34.5 
[5.0] 

477 
[69.3] 

515 
[74.8] 

22 
[7/8] 

2.5 
102 
[4.0] 

4.6 
196 
[7.7] 

13 
[1/2] 

1.1 0.75 0.97 0.65 

 
†Cross section with ties placed on a checkerboard pattern. 
++ Average of two adjacent layers due to the checkerboard pattern used for laying out the ties. 
Ashx: total cross-sectional area of transverse reinforcement within spacing s, in the long direction of 
the section. 
Ashy: total cross-sectional area of transverse reinforcement within spacing s, in the short direction of 
the section. 
bc1: dimension of the long direction of the section core. 
bc2: dimension of the short direction of the section core. 
hx’: center-to-center horizontal spacing of tied bars in the long direction of the section.  
rl = As/Ag longitudinal reinforcement ratio.  
rtx = Ashx/(bc2∙s) and rty = Ashy/(bc1∙s) are the provided transverse reinforcement ratios in the two 
principal directions of the cross section. 
rt,ACI1 = 0.3f’c /fyt (Ag / Ach -1) and rt,ACI2 = 0.09 f’c /fyt are estimated using “as tested” materials 
properties. 
 

 

Specimen H1 is cast in two steps due to volume limitations of the concrete pan mixer available 

in the Davis Hall materials lab at UC Berkeley. The body of the wall representing the boundary element 

region is cast with HyFRC, while the heads are cast with conventional concrete. This procedure is 

followed to reduce the total amount of HyFRC used in this experiment. The largest mixer available in 

the Davis Hall lab has a practical capacity of 0.227-m3 [8-ft3]. Four separate batches of HyFRC are 

required to produce enough material for the body of specimen H1 plus beams and cylinders for 

material tests. 

Reinforcement and formwork for the body section of specimen H1 are assembled as shown 

in Figure 2-3. Dams are constructed with holes for longitudinal reinforcement to protrude through 

to the head region. One of these dams is shown in Figure 2-4. This contains the HyFRC in the body 

region and allows for the body and heads to be cast separately.  
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Figure 2-3: H1 body section reinforcement and 
formwork 

 

Figure 2-4: H1 body section dam 

 

Close-up photos of the as-built reinforcement cage are shown in Figure 2-5. The paint on the 

reinforcing bars denotes locations of embedded sensors. Blue paint represents concrete strain gages 

used to measure core strains, yellow paint shows the location of strain gages attached to the 

longitudinal rebar, and red paint marks the cross-ties to which strain gages are applied.  

 

Figure 2-5: Close-up photos of as-built reinforcement cage 

 

Four consecutive, identical batches of HyFRC are mixed and cast in the formwork in layers 

approximately three inches thick. As one batch is placed, the next mix is already in progress, so the 

time between layers is minimal. Vibrators are used to promote mixing between layers and ensure 

homogeneity. Cylinders and beams are cast from each batch of material to test the mechanical 

properties of the mix. Photos taken during and after placement of the HyFRC are shown in Figure 

2-6.  
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Figure 2-6: Photos during and after placement of HyFRC in body section of specimen H1 

 

Once the formwork is filled the concrete is finished and covered in wet burlap to set. Twenty-

four hours later the dams are removed and the formwork and rebar cage for the heads is constructed 

around the protruding longitudinal rebar. Conventional concrete with a nominal strength of 28-MPa 

[4-ksi] is ordered from a local mixing plant and used to form the heads of the specimen. After two 

weeks of curing the specimen is moved from the lab in Davis Hall to the Richmond Field Station for 

testing, as shown in Figure 2-7. 

 

Figure 2-7: Specimen H1 in place at the Richmond Field Station prior to testing 
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2.3.2 Sensors 

The previous study from which the control specimens are taken occurred in two phases. 

Specimen C1 is tested in the first phase, in which only axial load and displacement are recorded. 

Specimens C2 and C3 are fitted with a network of sensors throughout the specimens to capture the 

behavior of the rebar cage and the interactions between steel and concrete. H1 is fitted with the same 

configuration of sensors as C2 and C3 for accurate comparison. Although the reinforcement in H1 

matches specimen C1, for which the array of sensors is not implemented, the geometry and detailing 

of C3 is the same except the lateral reinforcement is 1 rebar size larger. All specimens use novotechnik 

linear potentiometric transducers to capture axial deformation of the region of interest, ROI. Figure 

2-8 highlights the locations of the strain gages and wire potentiometers used in specimens C2, C3, and 

H1. Concrete strain gages are placed in a vertical line down the center of the East (sCOVE) and West 

(sCOVW) faces and down the center of the core (sCO). Strain gages are placed on the core-side of 

two longitudinal rebars, one in the center of the West face (sLt) and one adjacent bar (sLnt, C3 and 

H1 only). This bar fitted with sLnt gages is not directly restrained by crosstie seismic hooks, but only 

by the flexural stiffness of rectilinear hoops. Specimen C2 does not have these gages as the 

checkerboard pattern of ties means all longitudinal bars have the same lateral restraint. The crossties 

in contact with the center bar are also fitted with strain gages (sH). Wire potentiometers (WP) are 

connected to threaded rods embedded in the specimens and run horizontally to capture out-of-plane 

displacement. Locations of all sensors as measured from the base of the ROI are given in Table 2-2. 

Sensors are identified by the series followed by the number, which can be used to cross-reference its 

position using Table 2-2. For example, the strain gage on the center longitudinal bar at a height of 

1,041-mm [41-in] is sLt-9.  
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(a)  

(b)  

Figure 2-8: Boundary element drawings in (a) elevation view, and (b) plan view highlighting sensor 
locations for specimens C2, C3, and H1 
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Table 2-2: Sensor IDs and location measured from base of ROI (as-built) 

  Distance from base of region of interest 

Sensor 
Number 

 sLt, sLnt  sCO, sCOVE, 
sCOVW 

 sH  WP 

 mm [in]  mm [in]  mm [in]  mm [in] 

1  25.4 [1]  261 [10 2/7]  6.35 [1/4]  0.00 [0] 

2  152 [6]  523 [20 4/7]  178 [7]  114 [4 1/2] 

3  279 [11]  784 [30 6/7]  378 [14 7/8]  419 [16 1/2] 

4  406 [16]  1045 [41 1/7]  584 [23]  673 [26 1/2] 

5  533 [21]  1306 [51 3/7]  778 [30 5/8]  953 [37 1/2] 

6  660 [26]  1568 [61 5/7]  987 [38 7/8]  1194 [47] 

7  787 [31]     1194 [47]  1461 [57 1/2] 

8  914 [36]     1400 [55 1/8]  1753 [69] 

9  1041 [41]     1597 [62 7/8]  1829 [72] 

10  1168 [46]     1781 [70 1/8]    

11  1295 [51]          

12  1422 [56]          

13  1549 [61]          

14  1676 [66]          

15  1803 [71]          

 

2.3.3 Hybrid Fiber Reinforced Concrete (HyFRC)  

Ordinary FRC mixes that use a single fiber-type at a volume ratio of 1.5% commonly exhibit 

softening behavior when tested in tension or flexure due to single-crack localization directly following 

fracture of the matrix concrete. Hybrid Fiber Reinforced Concrete (HyFRC) uses a blend of discrete 

fibers of different sizes and types for multi-scale crack control. The HyFRC mix used in this study, 

developed by Blunt et al. (2009a), achieves diffuse microcracking and deflection hardening with a fiber 

volume ratio of 1.5%. This volume of fibers enables sufficient workability for the mix to flow through 

the dense rebar cages required in seismically-detailed reinforced concrete elements (Blunt and Ostertag, 

2009b). Properties of the three types of fibers used are given in Table 2-3, and the HyFRC mix design 

used in this study is given in Table 2-4. Load-deflection results of a four-point beam test for the 

HyFRC and conventional concrete used in this study are shown in Figure 2-9. As expected, 

unreinforced concrete is brittle in flexure and fails immediately upon reaching its tensile capacity. For 

the HyFRC specimen, however, the capacity continues to increase immediately following matrix 

microcracking. The load-drop commonly observed in typical FRC does not exist due to the smooth 
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transition of stresses between the fibers of increasing size. Normalized stress vs. strain plots for 

conventional concrete and HyFRC compression tests are shown in Figure 2-10. These plots reveal 

that HyFRC offers slightly more ductility in compression, but not the drastic improvement observed 

in flexure.    

Benefits offered by HyFRC in compression have been observed in two previous tests of 

laterally-loaded bridge columns. Panagiotou et al. (2014) noted that the HyFRC column maintained 

axial capacity at 11.3% drift, but did not display cover spalling. In a subsequent test of a rocking 

column constructed with HyFRC spalling was once again prevented, and it was suggested that the 

remaining cover delayed the onset of rebar buckling.   

Table 2-3: Fiber properties 

Designation Material 
Length Diameter Strength Stiffness Aspect 

Ratio mm [in] mm [in] MPa [ksi] MPa [ksi] 

PA PVA 8 [0.32] 
0.04 

[0.0016] 
600 [230] 42 [6090] 200 

S1 
Steel, 

hooked 
30 [1.18] 

0.55 
[0.0217] 

1100 [160] 200 [29000] 55 

S2 
Steel, 

hooked 
60 [2.36] 

0.75 
[0.0295] 

1050 [150] 200 [29000] 80 

 

Table 2-4: HyFRC mix weight proportions 

Cementa Water CAb FAc Superplasticizerd 
Fiber Dosage Vf [%] 

PA S1 S2 

1 0.54 1.83 2.07 0.0017 0.2 0.5 0.8 
a ASTM C150 Type II 
b pea gravel, MSA = 3/8 in. 
c coarse sand, FM = 3.2 
d Glenium 7500 (as weight of solids) 

 



19 
 

 

Figure 2-9: Load-deflection response of HyFRC and typical concrete 

 

Figure 2-10: Normalized stress vs. strain plots for conventional concrete (C1, C2, C3) and HyFRC (H1) 
compression tests 

 

2.4 RESULTS & DISCUSSION 

2.4.1 Global Response 

Global force vs. displacement results are shown in Figure 2-11. On the left is the recorded 

force plotted against the displacement normalized by the height of the ROI, Hw. Given that the 

concrete strength varies between the four specimens, the axial force is normalized by the load at first 

peak, Po, and plotted against the normalized displacement in the right plot. Normalizing the force 

allows for fair comparison of the post-peak behavior. The capacities of specimens C1, C2, and C3 

deteriorated rapidly directly following the first peak and cover spalling. All three control specimens 
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failed to achieve adequate confinement to recover strength and achieve a second peak. As the load 

reached Po in H1 the cover began to crush but no spalling was observed. Specimen H1 demonstrated 

strength recovery following Po and achieves a second, higher peak, Poo, prior to a slow decline in 

capacity up to a normalized displacement of 0.0083. At this point a single diagonal crack formed 

causing rapid loss in strength. Further investigation of this failure mode is presented in a later section. 

Table 2-5 gives the strain at Po for the three control specimens and the strain at Po and Poo for specimen 

H1.  

For this study a specimen is determined to have reached failure when the capacity drops below 80% of Po, or 
at the point of critical crack progression for specimen H1. The toughness of all four specimens is calculated 
by integrating the force vs. displacement response of each specimen up to the point of failure. Failure strains 

and toughness values are given in  

Table 2-6. Specimen H1 exhibits 150% higher toughness than that of C1, 240% higher than 

that of C2, and 182% higher than that of C3. Such a large improvement in toughness over the control 

specimens demonstrates the performance capacity of HyFRC in compression.  

   

Figure 2-11: Axial force vs. normalized displacement (left) and normalized axial force vs. normalized displacement 
(right) for specimens C1, C2, C3, and H1 

Table 2-5: Strain at first peak (Po) for C1, C2, C3, and H1, and strain at second peak (Poo) for H1. (No second 
peak, Poo, observed for C1, C2, or C3) 

Specimen ID Strain at Po Strain at Poo 

C1 0.0035 - 

C2 0.0027 - 

C3 0.0028 - 

H1 0.0035 0.0050 
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Table 2-6: C1, C2, C3, and H1 toughness values 

Specimen 
ID 

Strain at 
failure 

Toughness  

J/m3 [in-lb/in3] 

C1 0.0073 2.190 x 105 [31.77] 

C2 0.0047 1.607 x 105 [23.31] 

C3 0.0055 1.937 x 105 [28.09] 

H1 0.0083 5.470 x 105 [79.34] 

 

2.4.2 Local Response 

Though the improvement to performance provided by HyFRC is clear on the global level, it 

remains to be determined whether the added ductility observed in Figure 2-11 or the added toughness 

in  

Table 2-6 come from residual capacity of the cover, improved confinement of the core 

concrete, or a delay in rebar buckling. Analysis of the material-level sensors throughout the 

progression of the tests may give some insight into the local behavior of the specimens. For this 

analysis, only control specimens C2 and C3 are compared to experimental specimen H1. Since C1 was 

not outfitted with the same sensors as the other specimens, it does not appear in this section. A series 

of key events are chosen as points of comparison between the three specimens. These events are the 

first point of longitudinal rebar yield, first peak, cover spalling or crushing, rebar buckling (C2 and C3 

only), second peak (H1 only), tie yielding, and failure. The normalized displacement at which these 

events take place are tabulated in Table 2-7 and plotted on the normalized force vs. displacement 

response of specimens C2, C3, and H1 in Figure 2-12, Figure 2-14, and Figure 2-16, respectively. 

Values in the sensors listed in Table 2-2 at these events are plotted in Figure 2-13, Figure 2-15, and 

Figure 2-17 for figures C2, C3, and H1, respectively.  

From a global perspective specimens C2 and C3 were observed to fail in a non-ductile manner. 

Event-to-event analysis of the material-level strains and lateral displacement shed light on the cause 

of this poor performance. Strain in the longitudinal rebar in both control specimens remains even up 

to the point of first yielding (Figure 2-13e and Figure 2-15e for C2 and C3, respectively). As they 

approach Po the concrete West cover strains begin to localize between 800-mm – 1,300-mm [31.5-in 

– 51.2-in] in C2 (Figure 2-13a) and 500-mm – 1,000-mm [19.7-in – 39.4-in] in C3 (Figure 2-15a). 

Strains in the longitudinal rebars begin to localize after spalling and the bars begin to buckle at sLt-9 
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in C2 and sLt-6 in C3. Tie strains remain uniform up to buckling initiation, but as the tied longitudinal 

bars displace outward they place additional demand on the ties and lead to first tie yielding at sH-6 in 

C2 and sH-5 in C3. Due to the added demand on the ties due to buckling, their capacity to confine 

the concrete core is compromised and core strains at sCO-3 in C2 and C3 localize. This loss of capacity 

in the core prevents the control specimens from achieving a second peak, resulting in an overall non-

ductile response. Adding to the non-ductile behavior is the out-of-plane displacement observed in 

Figure 2-13f for C2 and Figure 2-15g for C3. In both cases the global buckling behavior initiates due 

to uneven spalling on the East and West sides of the boundary element specimens. The cover on the 

West face of specimen C2 spalls prior to the cover on the East face and leads to a global instability 

that causes the wall to buckle toward the East. The opposite is true of specimen C3, where the majority 

of the cover spalls on the East face first and the wall buckles to the West.  

Table 2-7: Normalized Axial Displacement in C2, C3, and H1 at key events 

Event 

Normalized Axial Displacement 
(Disp/Hw) 

C2 C3 H1 

Rebar Yield 0.0022 0.0019 0.0024 

First Peak 0.0028 0.0025 0.0035 

Spalling/Cover 
Crushing 

0.0031 0.0025 0.0031 

Second Peak - - 0.0050 

Buckling 0.0034 0.0035 - 

Tie Yield 0.0038 0.0038 0.0054 

Failure 0.0048 0.0055 0.0083 
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Figure 2-12: C2 key points shown on normalized force vs. disp. response 

(a)   (b)  (c)   

(d)  (e)   

(cont’d on next page) 
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(f)   

Figure 2-13: C2 sensor data at key points for (a)West concrete cover strain, (b)East concrete cover strain, (c) core 
concrete strain, (d) lateral rebar tie strain, (e) longitudinal tied rebar strain, (f) out-of-plane displacement 

 

 

 

Figure 2-14: C3 key points shown on normalized force vs. disp. response 
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(a)  (b) (c)  

 (d)  (e) (f)   

 

    

(cont’d on next page) 



26 
 

(g)   

Figure 2-15: C3 sensor data at key points for (a)West concrete cover strain, (b)East concrete cover strain, (c) core 
concrete strain, (d) lateral rebar tie strain, (e) longitudinal tied rebar strain, (f) longitudinal non-tied rebar strain, (g) 

out-of-plane displacement 

 

Similar event-to-event analysis of H1 reveals the ways in which HyFRC improves the performance of 

the boundary element specimen. Cover crushing distributed along the height of the wall from 500-

mm – 1,400-mm [19.7-in – 55.1-in] on both the East and West faces begins prior to reaching Po. Strain 

begins to localize in the cover at sCOVW-3 and sCOVE-4 following Po (Figure 2-17a;b), however 

the cover does not spall off completel. Longitudinal rebar strains show localization at sLt-9 and sLnt-

9 beyond Po (Figure 2-17e;f). Despite this localization the strains in longitudinal bars increase evenly 

within the region of crushed cover up to the point of incipient failure. This continued increase in strain 

along the length of the bars indicates that there is no buckling. Further verification of this is presented 

in the following section. Beyond Po the tie strains (Figure 2-17d) and core strains (Figure 2-17c) 

increase evenly as core confinement enables load recovery up to Poo. Furthermore, crosstie yielding 

does not occur until a normalized axial displacement of 0.0054 (Table 2-7), 42% higher than the point 

of tie yielding in C2 and C3. Such low strains in the ties suggest that they are not the only source of 

confinement. The HyFRC itself appears to contribute confining stresses. Strain increase in sH-7 and 

sH-8 at incipient failure occurs due to shear crack formation running across those sets of ties. Global 

buckling is observed in H1 due to the cover on the West face crushing before the East face. In contrast 
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to C2 and C3, H1 resists the internal bending moment due to the buckling action and still achieves a 

ductile response. The large displacement experienced by the section induces high bending moment 

and shear, causing diagonal crack formation and eventually failure. Photos of the West face of 

specimen H1 at each of the key points are shown in Figure 2-18. First signs of cover crushing appear 

just before the first peak at a strain of 0.0031, but there is a limited increase in damage up to the second 

peak. Cover crushing progresses following Poo in a region localized around mid-height of the specimen. 

At incipient failure the sCOVW strain gages indicate the cover material is beyond capacity and almost 

completely unloaded, but remains attached to the surface of the specimen.   

 

 

Figure 2-16: H1 key points shown on normalized force vs. disp. response 
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(a) (b) (c)  

(d) (e) (f)  

 

(cont’d on next page) 
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(g)   

Figure 2-17: H1 sensor data at key points for (a)West concrete cover strain, (b)East concrete cover strain, (c) core 
concrete strain, (d) lateral rebar tie strain, (e) longitudinal tied rebar strain, (f) longitudinal non-tied rebar strain, (g) 

out-of-plane displacement 

 

   

 

   

Figure 2-18: Key points photos - West face 
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2.4.3 Rebar Buckling Analysis 

Event-to-event analysis alone is not enough to determine if rebar strain localization 

corresponds to bar buckling, or to definitively mark the point at which buckling initiates. Further 

analysis of buckling requires examination of the strains in localized gages throughout the whole test. 

Only buckling in C3 and H1 can be reliably compared, as C1 was not outfitted with the requisite strain 

gages and the checkerboard pattern of lateral ties in C2 gives the longitudinal bars different 

unsupported lengths. C3 and H1 use the same rebar layout, differing only in rebar size. C3 uses 16-

mm-diameter bars [5/8-in], which should provide even better buckling restraint than the 13-mm-

diameter [1/2-in] bars used in specimen H1. 

Fully identifying the presence or absence of buckling requires analysis of three adjacent gages. 

As buckling progresses and the bar displaces outward, three plastic hinges form. Strain in the middle 

plastic hinge on the inside, or concave-side, increases relative to the average strain of the buckled 

region. Gages on the inside of the bar at the top and bottom of the buckled region are on the convex-

side of the plastic hinge, and therefore experience decreasing strain relative to the average strain in the 

buckled section. The most localized longitudinal rebar gages in Figure 2-15e,f and Figure 2-17e,f are 

identified as sLt-6 and sLnt-6 for specimen C3 and sLt-9 and sLnt-9 in specimen H1. These strains 

and the strains in the adjacent gages are plotted against the strain in the core gage at the same height 

on the right y-axis in Figure 2-19 and Figure 2-20 for C3 and H1, respectively. Normalized axial 

force vs. core strain is plotted on the left axis in each plot for comparison to the global behavior.  

Inspection of the longitudinal rebar strain behavior for specimen C3 in Figure 2-19 verifies 

the presence of buckling observed in the event-to-event analysis for both the tied and non-tied 

longitudinal rebars. Strains remain even up to yielding, after which they begin to diverge slightly but 

do not indicate buckling. At a core strain of 0.0046, the strain in sLt-6 experiences a sharp increase, 

while the strain in sLt-5 and sLt-8 begin to level out. This also corresponds with a drop in axial capacity 

of the specimen, indicating that buckling indeed takes place at this point. The normalized axial 

displacement at this point is 0.0035, as mentioned in Table 2-7.  

Different behavior is observed in Figure 2-20 for the tied and non-tied longitudinal rebars in 

specimen H1. Rebar strains slightly diverge from the strain in sCO-4 upon yielding but continue to 

approximately follow the core strain. Gage sLt-9 in Figure 2-20a exhibits a slight upward trend 

starting at 0.0050 core strain, but this is not accompanied by any noticeable change in the strain 

behavior in sLt-8 and sLt-10. No apparent load drop appears at this point as is seen in Figure 2-19. 
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This indicates some lateral displacement of the tied bar at this point, but does not definitively indicate 

unstable buckling. The strain in gage sLt-9 does show a strong upward trend as the core strain 

approaches 0.007, however this is more likely attributed to the formation of the shear crack at this 

point. Similar behavior occurs for the non-tied bars in Figure 2-20b as for the tied bars in Figure 

2-20a, except with less localized compressive strain in sLnt-9 than in sLt-9. This demonstrates that 

the residual lateral tensile capacity of the HyFRC cover is enough to delay rebar buckling without the 

assistance of direct lateral tie restraint. Buckling restraint continues up to high strain levels despite 

declining axial capacity of the cover beginning at a strain of 0.0031.  

(a) (b)  

Figure 2-19: Specimen C3: (a) Normalized axial force (left y-axis) and tied rebar strains sLt-5, sLt-6, and sLt-7 (right 
y-axis) vs. core strain sCO-3; and (b) Normalized axial force (left y-axis) and non-tied rebar strains sLnt-5, sLnt-6, 

and sLnt-7 (right y-axis) vs. core strain sCO-3 

 

(a) (b)  

Figure 2-20: H1 (a) Normalized axial force (left y-axis) and tied rebar strains sLt-8, sLt-9, and sLt-10 (right y-axis) vs. 
core strain sCO-4; and (b) Normalized axial force (left y-axis) and tied rebar strains sLnt-8, sLnt-9, and sLnt-10 (right 

y-axis) vs. core strain sCO-4 
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Enlarged photos of the post-testing damaged regions on the West face for specimen C3 and 

H1 are shown in Figure 2-21. The damaged cover on specimen H1 remained attached after testing 

and had to be removed manually using a pry bar. These photos show buckled lengths in C3 of 9.1-db 

for the tied bar and 22.9-db for the non-tied bar. The photo reveals that rebar buckling does occur in 

H1 at some point after shear crack formation, but HyFRC reduced the buckled lengths to 5.7-db for 

the tied bar and 10.3-db for the non-tied bar. 

(a)  

(b)  

Figure 2-21: Post-testing damaged regions of specimens: (a) C3, (b) H1 

2.4.4 H1 Failure Analysis 

Examination of the final failure mode of specimen H1 requires calculation of the bending 

moment and shear in the section along the height of the wall. These values are difficult to extract 

precisely, but can be approximated with a simple, two-dimensional, linear-elastic analysis model. The 

model is built in OpenSees (McKenna et al., 2000) using elastic material properties and the cross-

sectional geometry of the specimen. Out-of-plane displacement values for H1 in WP-1 – WP-9 at the 

point of tie yielding are used for the nodal coordinates of the model. Load-controlled integration is 
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used to analyze the model up to the axial load at tie yielding. Results of the H1 analysis are shown in 

Figure 2-23 along with the measured out-of-plane displacements at the point of tie yielding for 

reference. The shear crack shown in Figure 2-22 crosses through the core of the specimen from 

1,067-mm – 1,422-mm [42-in – 56-in] and spans three layers of lateral reinforcement and a total of 15 

rebars. Figure 2-23c shows that the shear force in the cracked region is 271-kN [61-kips]. This amount 

of shear would have little effect on an undamaged section, however this occurs after the second peak 

when the HyFRC and lateral ties are already at capacity. Because of this, the additional shear force is 

enough to cause a diagonal crack to form and widen. Failure occurs once the crack widens enough to 

cause fiber pull-out. The use of HyFRC enables boundary element H1 to remain stable and maintain 

capacity throughout the progression of global buckling from a normalized axial displacement of 0.0031 

to 0.0083.  

 

Figure 2-22: H1 post-testing side view 
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(a)  (b)   

(c)  

Figure 2-23: (a) Measured Out-of-plane Displacement, and calculated (b) Bending Moment, and (c) Shear diagrams 
for H1 at the point of tie yielding 
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2.5 CONCLUSIONS 

Results of this experiment demonstrate the improved performance of a high-aspect-ratio shear 

wall boundary element with seismic detailing when constructed with HyFRC in place of conventional 

concrete. Specimen H1 achieves the ductile axial response desired from a confined concrete element, 

with higher confined concrete core load capacity, strain capacity, toughness, and longitudinal rebar 

buckling response compared to the control specimens. Conclusions from this study are summarized 

as follows: 

1. HyFRC does not spall like conventional specimens which controls damage early on. Reduced 

damage at strains all the way up to the first peak would reduce the amount of repair needed 

after all but the largest seismic events. The damage at higher strains is also reduced by using 

HyFRC, which would lead to faster repairs and lower likelihood of red-tagging after a major 

earthquake.  

2. HyFRC enables damage to spread along the height of specimen H1 and prevents the damage 

localization observed in specimens C1, C2, and C3. This lack of localization delays rebar 

buckling which reduces demand on lateral reinforcement. Confinement provided by hoop 

stresses in the HyFRC also reduces demand on the lateral reinforcement. H1 maintains axial 

capacity despite global buckling, enables load recovery after Po, and achieves a higher Poo. 

Toughness up to failure of H1 is 150% higher than C1, 240% higher than C2, and 182% higher 

than C3, confirming the improved ductility provided by HyFRC.  

3. Close inspection of gages in specimen H1 shows buckling progression is delayed to a global 

normalized displacement at least 137% higher than in the conventional concrete counterparts, 

but the point of buckling can’t be pinpointed precisely due to the failure mode. Further 

experimentation and modeling are needed to show the exact buckling behavior. Post-test 

inspection of the specimens shows the tied buckling length is reduced by 37.4% and non-tied 

buckling length is reduced by 55.0% compared to the control specimens.   
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CHAPTER 3 | ISOLATED BUCKLING EXPERIMENTS 
 

3.1 INTRODUCTION 

The previous chapter presented a full-scale test of a shear wall boundary element in uniaxial 

compression with seismic detailing constructed with HyFRC in place of conventional concrete. The 

use of HyFRC was shown to prevent cover spalling and improve the ductility of the boundary element 

specimens. Inspection of longitudinal rebar strains throughout the progression of the test indicated 

that buckling initiation was delayed. Due to premature failure of the specimen, the true point of 

buckling initiation in the HyFRC specimen could not be identified. This experiment aims to 

thoroughly investigate the behavior of longitudinal rebar embedded in HyFRC under compression 

with various lateral reinforcement spacings. Results of this experiment are expected to yield a better 

understanding of the rebar-HyFRC interaction and provide data on the load-carrying capacity of the 

longitudinal bars at high compressive strains. These results will then be compared to those of 

conventional concrete specimens and to the behavior observed in the full-scale tests.  

3.2 EXPERIMENTAL PROGRAM 

A typical ductile column designed according to ACI 318 is detailed such that the combined 

capacity of the confined core and the longitudinal steel is greater than or equal to the strength of the 

gross section prior to spalling. The axial response of a column designed according to these code 

provisions is a combination of the confined concrete behavior and the longitudinal steel behavior. For 

this experiment, there is a desire to uncouple these two responses to some extent so that the axial 

response of the longitudinal bars can be properly studied. This is accomplished by reducing the area 

of the core to lower the confined concrete axial strength contribution and emphasize the contribution 

of the rebar. This is not to say that the core behavior is unimportant. One important factor related to 

buckling is dilation of the core concrete. Due to Poisson’s effect transverse expansion in the column 

with increasing axial strain induces outward pressure and eccentricity on the longitudinal bars. Both 

actions increase the likelihood that the bar will buckle. The more obvious relationship between the 

core behavior and the longitudinal rebar response is the transverse reinforcement, which serves both 

to confine the concrete and stabilize the longitudinal bars against buckling. The reduced core area of 

the test specimens is not expected to negate these core effects on the longitudinal rebar behavior. A 

second reason for the reduced core area is to provide adequate cover thickness for the HyFRC in the 

experimental specimens to be effective. The fibers used in the HyFRC go up to 60-mm in length. For 

these to provide an effective amount of transverse reaction to the longitudinal bars, there must be 
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enough cover thickness for the fibers to flow into the cover and maintain anchorage across the plain 

of the longitudinal bars. To this end, the specimens are designed with one inch of clear cover from 

the surface of the longitudinal bars.  

Behavior of the specimens is evaluated based on each column’s axial response and the 

response of the longitudinal rebar, specifically the point of buckling initiation, transverse displacement, 

and displaced shape.  

3.3 SPECIMEN DESIGN 

The tests consist of 12 small-scale columns with three tie spacings. Two specimens are 

constructed using conventional concrete and two with HyFRC for each transverse tie spacing. 

Transverse ties are 4.76-mm diameter steel wire. Columns have a 152-mm x 152-mm square cross-

section and are 457-mm tall. The 457-mm height is chosen to provide a long enough distance to 

accommodate the transverse spacing and allow naturally occurring buckling lengths. This height also 

ensures that the region of interest at mid-height of the column is enough distance from the ends for 

triaxial stresses induced by the loading plates to disperse.  

Four A615 No. 4 Grade 60 (15.875-mm diameter, 414-MPa yield) rebar provide the 

longitudinal reinforcement with one bar placed at each corner of the square cross-section. This detail 

differs from the bars investigated for buckling in the shear wall boundary element specimens, which 

were centered in the long face of the rectangular specimens and restrained by cross ties with seismic 

hooks and the long leg of rectangular hoops. Bars in this test are restrained by a corner of the square 

hoops, which is commonly observed to perform better than cross-ties because they are less likely to 

open under the lateral loads induced by bar buckling. Longitudinal rebars are positioned so that the 

two sides of the bar with a rib running along the length are rotated 90˚ from the corner of the column. 

This ensures the lowest cross-sectional moment of inertia is oriented directly at the corner of the 

column to encourage bars to buckling outward in that direction rather than sideways parallel to the 

legs of the transverse hoops.  

Tie spacings evaluated in this test are 4db, 6db, and 12db. A 4db spacing is common for ductile 

columns, beams, and special shear wall boundary elements where design is controlled by confinement 

requirements. 6db is the current upper limit for confined concrete based on bar buckling requirements. 

Since buckling of bars embedded in HyFRC has not been thoroughly studied, there is no current 

evidence for a maximum allowable tie spacing in a ductile RC element constructed with HyFRC. The 
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last set of specimens in this experiment is designed with a 12db tie spacing to explore the response and 

buckling length of the longitudinal bars with looser tie spacing. Ties are not evenly spaced along the 

height of the columns. The tie spacing considered for each specimen is used at mid-height of each 

specimen. For the specimens with 4db spacing, all other ties above and below the middle two ties are 

spaced at 38.1-mm (3db) on center. This tighter tie spacing is used to encourage buckling to initiate at 

the center of the bar where strain and displacement are being measured, and to keep the buckling 

region as far as possible from the ends of the column. The specimen with 6db spacing uses this spacing 

for the two hoops at mid-height of the column as well as the two adjacent ties on either side of this 

region, beyond which a 38.1-mm spacing is used. This spacing scheme again encourages the bars to 

buckle at mid-height of the column, but the equal spacing on either side ensures that if the displaced 

shape after buckling occurs is longer than 6db there are not excess ties restraining the bar as there 

would be if ties immediately adjacent to the center spacing were placed at 38.1-mm. The same idea is 

used to design the layout for the 12db specimens; however the specimens are not tall enough to 

accommodate a 12db spacing on either side of the middle region, so only a 6db spacing is used.  

The 12 column specimens and their characteristics are tabulated in Table 3-1. The naming 

convention follows BX1X2-#, where B simply stands for buckling specimen, X1 is the ratio of the tie 

spacing, s, to the bar diameter, db, and X2 is either C for conventional concrete, or H for HyFRC. A 1 

or a 2 follows the dash to differentiate between the two otherwise identical specimens. Detailed 

geometry and reinforcement layout of the specimens is shown in Figure 3-1.  

Table 3-1: Buckling Column Specimens 

Test Specimens 

ID s/db Material 

B4C-1 4 Conventional 

B4C-2 4 Conventional 

B6C-1 6 Conventional 

B6C-2 6 Conventional 

B12C-1 12 Conventional 

B12C-2 12 Conventional 

B4H-1 4 HyFRC 

B4H-2 4 HyFRC 

B6H-1 6 HyFRC 

B6H-2 6 HyFRC 

B12H-1 12 HyFRC 

B12H-2 12 HyFRC 
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Figure 3-1: Buckling Column Specimen Reinforcement Layout 

 

3.4 MATERIALS 

Mix proportions for the conventional concrete control mix and HyFRC are shown in Table 

3-2 and Table 3-3, respectively. The HyFRC mix is slightly modified from the standard mix design. 

The only change made was to switch the volumetric ratios of the 60-mm and 30-mm hooked-end steel 

fibers so that the final fiber volume ratios are 0.2% 8-mm PVA fibers, 0.8% 30-mm hooked-end steel 

fibers, and 0.5% 60-mm hooked-end steel fibers. Cracks with smaller widths are expected to be more 

influential to the response of these columns compared to the full-scale boundary element specimens 

from the previous chapter. A higher proportion of 30-mm fibers will have more of an effect in 

controlling these smaller cracks. The reduced volume of long fibers is also important for 

constructability. Specimens have a transverse spacing as low as 38.1-mm, just over half the length of 

the longer fibers. While it’s not impossible for the typical ratio of 60-mm fibers to flow through such 

a tight spacing, reducing the proportion makes it considerably easier to place the HyFRC. Such tight 

transverse tie spacings also raise the question of preferential fiber orientation. Since the long fibers 

cannot pass through the cage if oriented parallel to the longitudinal axis of the column, it was initially 

expected that the majority of the fibers in the columns would be oriented in the transverse direction, 
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which would slightly skew the behavior of the tests. During casting, however, it was observed that 

after the fibers passed through the transverse reinforcement they rearranged what appeared to be 

sufficiently random orientation due to vibration.  

Table 3-2: Control Concrete Mix Proportions (by Weight) 

PC FA CA H2O 

1.000 2.020 1.971 0.540 
 

Table 3-3: HyFRC Mix Proportions (by Weight) 

PC FA CA H2O 
Fibers 

SP 
PVA 30-mm 60-mm 

1.000 2.020 1.971 0.540 0.006 0.149 0.093 0.005 
 

Cylinders cast with the control mix and HyFRC are tested in compression according to ASTM-

C39 (ASTM-C39, 2016). Results of the compressive tests are tabulated in Table 3-4. Specimens 1, 2, 

and 3 for each mix are tested within the +/- 20-hr window allowed for the 28-day compressive 

strength of the mix. Specimens 4, 5, and 6 from each batch were saved to obtain axial stress vs. strain 

response of the mixes closer to the date of column testing. Photos of two specimens from these tests 

are shown in Figure 3-2 and plots of these tests are shown in Figure 3-3. These cylinders were tested 

under load control, which led to rapid failure of the conventional concrete specimens. Because of this, 

the true softening behavior could not be obtained, and a predicted softening slope is shown that drops 

from the last data point to zero load at 1% strain. Fibers in the HyFRC provide enough post-peak 

residual capacity to prevent rapid failure of the cylinders and allow for observation of the softening 

slope. The averaging extensometer (Epsilon Model 3542RA averaging axial extensometer) used to 

capture the response of the cylinders has a 50.8-mm gage length. This gage length is above the 

acceptable minimum gauge length for cylinders with 9.525-mm maximum size of aggregate (MSA), 

but because it is small relative to the height of the cylinder it does not capture the full crack behavior 

in every case. Three different softening slopes are observed in the HyFRC response in Figure 3-3. 

For the specimen with the steepest slope, the crack began within the gauge region but propagated 

diagonally out of that region, causing one side of the specimen to unload. When the displacement 

from both sides is averaged by the testing device this leads to the steeper softening slope that is seen. 

The displacement-measuring device used on these specimens was not available for use around the 

time the columns were tested. Because these cylinders were tested nearly two months after the 

columns, compressive strengths for each of the columns are interpolated from the 28-day and 148-



41 
 

day tests. A plot of the strength interpolation is shown in Figure 3-4, with values tabulated in Table 

3-5.  

(a)  (b)  

(c)  (d)  
Figure 3-2: Compression cylinders: control concrete (a) before and (b) after testing, and HyFRC 

(c) before and (d) after testing 
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Table 3-4: Control mix and HyFRC compressive strengths, standard deviation, and age at testing 

Mix ID # 
Max Load Max Stress Avg. Stress Std. Dev Age 

kN MPa MPa MPa days 

Control Mix 

1            318              39.2  

            39.9  1.11 29 2            318              39.3  

3            334              41.2  

4            373              46.0  

            45.7  0.25 149 5            369              45.5  

6            371              45.8  

HyFRC 

1            295              36.4  

            36.0  0.37 27 2            290              35.8  

3            290              35.7  

4            354              43.7  

            43.7  0.88 147 5            362              44.6  

6            347              42.9  
 

 

 

 

Figure 3-3: Compression test stress-strain curves for Control mix specimens 4, 
5, and 6, and HyFRC specimens 4, 5, and 6 
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Figure 3-4: Plot of concrete cylinder compression test results and lines used 
for interpolation of test specimen strengths on day of testing 

Table 3-5: Interpolated 
strengths of test specimens 

on day of testing 

Spec ID 
f'c Age 

MPa days 

B6C-1       40.5  42 

B12C-2       42.2  78 

B6H-1       39.0  76 

B6H-2       39.0  77 

B4H-1       39.0  77 

B4H-1       39.0  77 

B12H-1       39.0  76 

B12H-2       39.0  77 
 

 

4-point-bending tests are performed to characterize the flexural and tensile behavior of the 

conventional concrete and HyFRC (ASTM-C1609/C1609M-05, 2012; ASTM-C78/C78M, 2002). 

Photos of the test setup and one beam from each mix are shown in Figure 3-5. Results of the flexural 

tests are tabulated in Table 3-6 and plots are shown in Figure 3-6. These flexural tests highlight the 

difference in tensile performance between conventional concrete and HyFRC. The conventional 

concrete fails in a brittle manner at the peak load, while the HyFRC experiences deflection-hardening 

after matrix cracking, and stable softening following the peak load. One thing worth noting is the 

distribution of flexural strengths of the HyFRC beam specimens. Due to the small size of the beams 

tested, the fiber distribution in each beam appears to have a noticeable influence on its performance. 

Based on previous tests of 152- x 152- x 610-mm beams it appears that as the scale of the specimen 

increases this influence diminishes, likely because any flaw induced by the fibers becomes smaller 

relative to the size of the specimen.  
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(a)  

(b)  (c)  

Figure 3-5: 4-pt beam testing (a) setup, (b) control mix after testing, and (c) HyFRC after testing 

 

Table 3-6: Control mix and HyFRC 4-point bending test results, standard deviation, and age 

Mix ID # 
Max Load Max Stress Avg. Stress Std. Dev Age 

kN MPa MPa MPa days 

Control Mix 

1           8.23              4.25  

            4.25  0.26 29 2           7.72              3.99  

3           8.74              4.51  

HyFRC 

1         12.80              6.61  

            8.02  1.63 27 2         14.77              7.63  

3         18.97              9.80  
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(a)  

(b)  

Figure 3-6: Force-displacement curves for control mix and HyFRC 4-pt bending tests. (a) Full curve and 
(b) zoomed in 

 

Longitudinal rebar used in the column specimens are #4 ASTM A615 Grade 60 bars (15.875-

mm diameter, 414-MPa yield) (ASTM-A615/A615M-18, 2018). Three samples of rebar are tested 

according to ASTM A370 to collect the uniaxial stress vs. strain response (ASTM-A370-17a, 2017). 

The extensometer used (Epsilon Model 3543 rugged, long gauge length extensometer) has a 101.6-

mm gauge length and 25.4-mm displacement capacity. The first two bars tested were taken all the way 

until fracture to collect the full material response. The third test was stopped soon after reaching 

ultimate stress and left intact. Photos of the test setup are shown in Figure 3-7. Results are tabulated 
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in Table 3-7, full engineering stress-strain curves are shown in Figure 3-8a, and Figure 3-8b provides 

an enlarged version of the elastic portion and yield plateau of the curves. 

(a)  (b)  

Figure 3-7: (a) Rebar tensile test setup and (b) alternate view showing connection to the rebar 

 

Table 3-7: Longitudinal rebar tensile test results 

ID 

# 

fy fy Avg εy εy Avg fu fu Avg εu εu Avg 

MPa MPa mm/mm mm/mm MPa MPa mm/mm mm/mm 

1 437.9 

440.2 

0.00198 

0.00204 

714.6 

725.2 

0.10103 

0.10 2 443.5 0.00210 731.0 0.10103 

3 439.2 0.00205 730.0 0.09820 

𝑓𝑦: yield stress 

휀𝑦: yield strain 

𝑓𝑢: ultimate stress 

휀𝑢: strain at ultimate stress 
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(a)  

(b)  

Figure 3-8: Stress-strain curves for longitudinal rebar tensile tests. (a) full curves and (b) zoomed in to yield 
plateau. (Note: bar 3 was not tested all the way until failure) 
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3.5 SPECIMEN CONSTRUCTION AND ALTERATIONS TO THE DESIGN 

Proper bar alignment is needed to achieve consistent and comparable buckling behavior 

between all specimens. 19.1-mm thick square plywood end-caps with holes pre-drilled at the 

longitudinal rebar locations are used to hold the bars in place during positioning and fastening of the 

horizontal ties. These plywood end-caps are left in place during casting to ensure the rebars remain 

aligned along the vertical axis, and that they stay centered within the specimen so that the specimen 

maintains uniaxial loading during testing and does not preferentially flex or crush on one side. Photos 

of a completed rebar cage for each tie spacing are shown in Figure 3-9. Photos of a rebar cage with 

each tie spacing placed in 152- x 152- x 610-mm beam molds awaiting casting with spacers to secure 

the cages in place are shown in Figure 3-10.  

Constructability of HyFRC is an issue that is frequently brought up when discussing the 

feasibility of using this material or other FRCs in practice. Especially in the case of seismic reinforced 

concrete design with tight rebar spacings, the issue of HyFRC flowing through the rebar cages is a 

concern. The photos in Figure 3-11 show that even with the 38.1-mm spacing, which is tighter than 

is commonly used in practice, the use of vibration enables the HyFRC to flow easily through the cage 

with only minor prodding from a steel rod.  
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(a)  

(b)  

(c)  

Figure 3-9: Representative rebar cages: (a) 4 db, (b) 6 db, and (c) 12 db 
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(a)  

(b)  

(c)  

Figure 3-10: Representative photos of rebar cages placed in beam molds awaiting casting: (a) 4 db, (b) 6 db, 
and (c) 12 db 
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(a)  (b)  

(c)  (d)  

(e)  

Figure 3-11: Example of HyFRC casting with 4 db (2-in) or smaller tie spacing to demonstrate flowability: 
(a) cage with no material placed, (b) one scoop of HyFRC (no vibration), (c) two scoops of HyFRC (no 

vibration), (d), three scoops of HyFRC (no vibration),, (e) after brief vibration with a vibrating table 

 

 

Hydro-Stone is placed on the bottom of each specimen prior to placement in the testing 

machine, as shown in Figure 3-12. The surface of the Hydro-Stone end-cap is level with the ends of 

the longitudinal rebar so that the bars are directly in contact with steel plates placed between the 

column and testing machine heads. After the specimen is placed in the testing machine a second end-
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cap is cast at the top of the column and a 2.22-kN load is applied by the machine head to create even 

contact. Once the Hydro-Stone is sufficiently hardened, displacement sensors are attached and testing 

commences.  

(a)  (b)  

Figure 3-12: (a) Hydrostone placed at bottom of columns level with ends of longitudinal rebar and (b) after 
drying 

 

Specimen B6C-2 was the first column tested. This test revealed a flaw in the design of the test 

setup. Figure 3-13 shows photos from before and after testing. Failure began in the hydrostone end-

cap at the base of the specimen and propagated upward. This led to buckling at the base of the 

specimen rather than in the region of interest, ROI, at mid-height. Because this failure mode does not 

capture any of the buckling behavior desired, a series of modifications were made to the test setup 

until the correct failure mode was achieved.  

The hydrostone end-caps on the bottom of the specimens were cut off with a circular saw. 

Columns were carefully aligned such that the vertical axis of the column was perpendicular to the saw 

blade. The top surface of the column could not be cut in the same way, as wires from the strain gages 

protruded too close to the surface. Instead, the ends of the rebar were cut off using an angle grinder 

and ground flush to the concrete surface. Photos from this process are shown in Figure 3-14. The 

columns were then placed in the testing machine with compliant rubber pads between the concrete 

and the machine head to prevent stress concentrations. Figure 3-15 shows that this procedure led to 

correct vertical splitting cracks, spalling, and buckling within the ROI for specimen B12C-1. 

Specimens B4C-1 and B4C-2 experienced spalling initiation at the bottom and top of the columns, 
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respectively, and buckling was not captured. Because this testing procedure did not produce repeatable 

results for all specimens, a new method was developed.  

(a)      (b)  

Figure 3-13: (a) Before and (b) after photographs of specimen B6C-2. Note the failure initiation begins in 
the hydrostone at the bottom and spreads upward.  

 

(a)  (b)  

Figure 3-14: (a) Bottom (hydrostoned end) cut off with circular saw, and (b) ends of rebar cut flush to 
concrete surface with angle grinder 
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(a)  (b)  

Figure 3-15: B12C-1 (a) splitting crack formation/spalling and (b) rebar buckling 

 

 (a)  (b)  

Figure 3-16: (a) B4C-1 spalling failure at base of column and (b) B4C-2 failure at top of column 

 

Steel hoops were manufactured from L 2 x 2 x ¼ (50.8- x 50.8 x 6.35-mm) mild steel angle 

welded in a square with 178-mm inner dimensions. The hoops were then attached to the columns 

with grout 152-mm from mid-height leaving 305-mm between the surfaces of the hoops. These stiff 

hoops confine the ends of the columns during testing and prevent failure initiation at the ends of the 

specimen. Since the distance between the two bands is equal to two times the width of the columns, 

there is no confinement induced mid-height and they are not expected to cause an unrealistic response. 

Drawings of the confinement bands are shown in Figure 3-17. Specimens B6C-1, B12C-2, and B4H-
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1 at the end of testing are shown in Figure 3-18 to demonstrate that the correct failure mode was 

achieved, and the test produces repeatable results.  

 

Figure 3-17: Confinement bands 

 

(a)  (b)  (c)  

Figure 3-18: Representative specimens (a) B6C-1, (b) B12C-2, and (c) B4H-1 tested with confinement 
bands showing spalling/crushing within the region of interest and rebar buckling at the desired location 

 

3.6 SENSORS AND MEASUREMENT 

Each buckling specimen is outfitted with strain and displacement sensors. A drawing of all 

these measurement devices is shown in Figure 3-19. Vertical displacement is measured on two sides 
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of the specimens by linear displacement transducers connected to the confinement bands at the top 

and bottom of the specimen. Bar 1 in each column is fitted with a pair of strain gages at mid-height 

of the bar on directly opposing sides. One gage is placed on either side to aid in the identification of 

buckling initiation and progression. In this configuration, the two gages are expected to read identical 

strain values while the bar remains in the elastic range of response and prior to plastic hinge formation. 

A plastic hinge forms near the center of the bar as buckling initiates. The gage on the core-side of the 

bar, SG1, which is the concave side of the plastic hinge if the bar displaces outward, will undergo 

increased compressive strain. On the other side of the bar, the gage on the convex side of the plastic 

hinge, SG2, will show decreased compressive strains. Application of strain gages is occasionally 

criticized due to the removal of material from the cross section during application. Great care was 

taken to grind off only the rebar ribs and remove as little material as possible from the section of the 

bar, and the three bars in each specimen without strain gages had no modification to the cross-sections. 

Thin wire is attached at the mid-height of bars 1 and 2 to measure the lateral displacement of the rebar. 

Thin paper tubes are placed around the wires to ensure no bonding occurs between the wire and the 

cover material. The diameter of these tubes is close to that of the fine aggregate used in each concrete 

mix, creating a small enough flaw that the spalling or crushing behavior of the cover material is not 

affected. These wires are attached to linear displacement transducers during testing to record lateral 

movement of the bar. Cameras set on interval timers are oriented to face the East and West sides of 

the specimen.  
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Figure 3-19: Sensor locations 

 

3.7 TESTING 

Tests are conducted on a 1,334-kN-capacity displacement-controlled universal testing 

machine. The machine is equipped with fixed heads to prevent end rotation and ensure pure uniaxial 

loading throughout the duration of the test. Each specimen is pre-loaded to 4.45kN prior to testing 

to check alignment and ensure the ends of the column are parallel and in even contact with the 

machine heads. Once the specimen passes these checks the testing sequence begins. Displacement is 

applied at a rate of 0.038
𝑚𝑚

𝑠
. This corresponds to a strain rate of 9.09 × 10−5

𝑚𝑚/𝑚𝑚

𝑠
 for the 419-

mm-tall columns. Loading continues until the machine head displacement reaches 0.9-in. at which 

point the test is halted and load is removed. The peak displacement is kept consistent between 

specimens to accommodate accurate comparison of the displaced shapes of the bars across all 

specimens after testing.  

3.8 TEST RESULTS  

As described previously, specimens B6C-2, B4C-1, and B4C-2 failed outside the region of 

interest and no buckling data was recorded. Specimen B12C-1 behaved appropriately, but because the 

confinement bands were not used in this test the results are neglected as they do not provide a fair 
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comparison to the columns tested with end confinement. Results of specimens B6C-1, B12C-2, B6H-

1, B6H-2, B4H-1, B4H-2, B12H-1, and B12H-2 are presented from this point onward.  

Axial load is plotted against the average displacement in the north and south linear transducers 

divided by the gauge length, 305-mm, referred to as the normalized displacement, in Figure 3-20a. 

Adjacent to that plot, in Figure 3-20b, is the same plot except the axial load for each specimen is 

divided by the expected maximum load for that column based on interpolated concrete strength and 

assuming linear-elastic-perfectly-plastic behavior of the longitudinal rebar. This normalization is 

intended to remove any bias in strength due to the age at which they were tested and give a fair 

comparison to the columns. A small kink is observed in the B6C-1 response at 0.025 normalized axial 

displacement. This occurred because a large piece of the cover fell off and nudged the transducer on 

the south side of the column.  
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(a) (b)

 

Figure 3-20: Axial (a) load-displacement and (b) load-displacement normalized by expected max load 

 

Horizontal displacements at mid-height for the longitudinal rebars 1 and 2 are plotted against 

the column’s normalized axial displacement for each specimen in Figure 3-21. The wires attached to 

bar 1 in B6C-1 and B4H-1 broke during curing and the displacement of those bars was not recorded. 

Figure 3-25 will show that the bars do not all buckle directly toward the corner of the column. Because 

of this, the measured horizontal displacement does not have a high degree of accuracy, but it is enough 
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to locate the point at which the bar begins to displace and gives a fair comparison of the rate at which 

buckling progresses.  

 

Figure 3-21: Horizontal midpoint rebar displacement vs. normalized axial 
displacement 

 

A series of seven events are chosen as points of interest which will be used to compare the 

behavior of the specimens. These events are: peak load, yield strain reached in SG2, bifurcation of 

SG1 and SG2, buckling initiation observed in bar 1, buckling initiation observed in bar 2, 2.54-mm 

displacement measured in bar 1, and 2.54-mm displacement measured in bar 2. Buckling initiation 

here is defined as the point at which horizontal displacement of the bar reaches 0.254-mm. The 

normalized displacement and load in the specimens at each of these seven events are tabulated in 

Table 3-8. Displaced shapes shown in Figure 3-25 show that buckling in bar 1 and bar 2 in B6H-2 

progressed between the set of ties above where the wires and strain gages were located, but there is 

still some displacement observed at mid-height. Because of this, bar 1 and bar 2 buckling initiation for 

B6H-2 in Table 3-8 appear valid, but the point at which the bars reach 2.54-mm displacement are 

not. These last two values are shown in grey and not used for further comparison of the specimens.  

The events are shown on plots of axial load vs. normalized axial displacement, lateral displacement in 

bars 1 and 2 vs. normalized axial displacement, and strain in SG1 and SG2 vs. normalized axial 

displacement for specimens B6C-1 and B12C-2 in Figure 3-22 and specimens B6H-1, B6H-2, B4H-

1, B4H-2, B12H-1, and B12H-2 in Figure 3-23. SG2 in specimen B12C-2 appears to experience high 
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compressive strains after bifurcation despite being on the convex side of the plastic hinge. This is 

likely false data caused by failure of the strain gage after buckling initiation, and the data after 

bifurcation should be disregarded. These plots are repeated in Appendix A accompanied with photos 

of the specimens at each of the points of interest in Figure A-1. These photos show that the cover 

on the HyFRC specimens does not spall in the same way as the control specimens, but crushes and 

remains attached to the surface of the column.  

Table 3-8: Normalized displacement and axial load at points of interest 

 B6C-1 B12C-2 B6H-1 B6H-2 

 disp/H P disp/H P disp/H P disp/H P 

 % kN % kN % kN % kN 

Peak 0.38% 1168 0.35% 814 0.81% 1023 0.56% 1115 

SG2 Yield 0.18% 805 0.27% 809 0.36% 852 0.37% 1006 

SG Div 0.39% 1162 0.21% 794 0.42% 898 0.52% 1112 

b1 Buck Init - - 0.30% 812 1.51% 839 0.81% 1039 

b2 Buck Init 0.45% 1083 0.29% 811 1.95% 716 0.81% 1035 

b1 0.1in Disp - - 0.72% 724 2.66% 570 5.94% 261 

b2 0.1 in Disp 1.29% 467 0.71% 732 2.73% 558 3.57% 461 

 

 B4H-1 B4H-2 B12H-1 B12H-2 

 disp/H P disp/H P disp/H P disp/H P 

 % kN % kN % kN % kN 

Peak 0.71% 1180 0.59% 1058 0.55% 902 0.52% 991 

SG2 Yield 0.34% 928 0.12% 458 0.21% 650 0.20% 719 

SG Div 0.46% 1116 0.22% 768 0.31% 805 0.24% 821 

b1 Buck Init - - 0.81% 1032 0.42% 882 0.55% 990 

b2 Buck Init 0.94% 1146 0.65% 1055 0.70% 883 0.46% 985 

b1 0.1in Disp - - 2.14% 749 1.02% 752 1.39% 591 

b2 0.1 in Disp 2.63% 718 1.90% 789 1.57% 485 1.28% 649 
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(a)  (b)  

 

Figure 3-22: Points of interest shown on load, lateral rebar displacement, and rebar 
gage strain vs. normalized axial displacement plots for (a) B6C-1, and (b) B12C-2 
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(a)  (b)  

 

Figure 3-23: Points of interest shown on load, lateral rebar displacement, and rebar gage strain vs. 
normalized axial displacement plots for (a) B6H-1, (b) B6H-2… (cont’d on next page) 
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(c)  (d)  

 

Figure 3-23: Points of interest shown on load, lateral rebar displacement, and rebar gage strain vs. 
normalized axial displacement plots for (c) B4H-1, (d) B4H-2…(cont’d on next page) 
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(e)  (f)  

 

Figure 3-23: Points of interest shown on load, lateral rebar displacement, and rebar gage strain vs. 
normalized axial displacement plots for (a) B6H-1, (b) B6H-2, (c) B4H-1, (d) B4H-2, (e) B12H-1, and (f) 

B12H-2 

 



66 
 

After testing, loose concrete is removed from all the specimens to reveal the extent of the 

damage and the residual displaced shape of the longitudinal bars. The cover material on the 

conventional concrete specimens fell off during testing, and crushed concrete in the core of the 

specimens was loose enough to remove by simply shaking the specimen. Material remaining on the 

HyFRC specimens, however, remained attached via the 60-mm fibers and required significant prying 

to remove. Once the exterior layer of material was removed, the core was scraped to located loose or 

crushed concrete and was removed with further prying. Once the material was removed from all 

specimens and longitudinal rebars were exposed photos were taken of all four sides of the specimens. 

An example photo with selected points along the bar used for computing the spline shape is shown 

in Figure 3-24. These photos are shown in the Figure A-2 in Appendix A. A program was written 

to reconstruct the 3-dimensional displaced shape of the rebars from these four photos. A full 

explanation of this process is outlined in the appendices. The displaced shape observed from two 

angles and the absolute displaced shape are shown in 2D in Figure 3-25. Fully reconstructed 3D 

displaced shapes are shown in Figure 3-26. A dotted line is included at the top and bottom of the 

buckled region for each of the bars.  

 

Figure 3-24: Example point selection for bar spline function 
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(a)  

(b)  

(c)  

Figure 3-25: Longitudinal bar displaced shapes 2D for (a)B6C-1, (b)B12C-2, (c)B6H-1, …  
(cont’d on next page) 
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(d)  

(e)  

(f)  

Figure 3-25: Longitudinal bar displaced shapes 2D for (d)B6H-2, (e)B4H-1, (f)B4H-2, …  
(cont’d on next page) 
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(g)  

(h)  

Figure 3-25: Longitudinal bar displaced shapes 2D for (a)B6C-1, (b)B12C-2, (c)B6H-1, (d)B6H-2, 
(e)B4H-1, (f)B4H-2, (g)B12H-1, and (h)B12H-2 
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(a)  (b)  

(c)  (d)  

(e)  (f)  

(g)  (h)  

Figure 3-26: Longitudinal bar displaced shapes 3D for (a)B6C-1, (b)B12C-2, (c)B6H-1, (d)B6H-2, (e)B4H-
1, (f)B4H-2, (g)B12H-1, and (h)B12H-2 
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Photos after testing also reveal tie behavior. Figure 3-27a shows how a tie opened in specimen 

B6C-1, and Figure 3-27b shows a fractured tie in B4H-1, indicating that because the hoops did not 

open they were able to reach full tensile capacity.  

(a)  (b)  

Figure 3-27: (a) Tie opening in B6C-1 and (b) tie fracture in B4H-1 

 

 

3.9 DISCUSSION 

The axial response of the HyFRC specimens appears more ductile than the conventional 

concrete specimens in Figure 3-20, but does not necessarily reach the expected max load in all cases. 

Maximum loads and expected maximum loads are plotted according to tie spacing ratio, 
𝑠

𝑑𝑏
, in Figure 

3-28a and normalized maximum loads are plotted against tie spacing ratios in Figure 3-28b. These 

plots reveal a decreasing trend in the peak load with increasing tie spacing. This trend is present for 

the HyFRC specimens but is less pronounced at 12db tie spacing.  
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(a)  

(b)  

Figure 3-28: Buckling specimens (a) max loads (pMax) and expected max loads (pMaxex) vs tie spacing and 
(b) max load / expected max load vs tie spacing 

 

Normalized residual load in the BC and BH specimens at 2% and 4% normalized axial 

displacement are plotted on plots of normalized load vs. normalized displacement in Figure 3-29a 

and plotted against the tie spacings in Figure 3-29b. All BH specimens have higher residual load than 

B6C-1 at 2% normalized displacement, including B12H-1 and B12H-2. At 2% normalized 

displacement the average residual load in the B4H specimens is 131% higher than that in B6C-1, the 

B6H specimens have 88% higher residual load than B6C-1, and the B12H specimens have 5% higher 
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residual load than B6C-1. At 4% normalized displacement the average residual load in the B4H 

specimens is 265% higher than B6C-1, the B6H specimens have 236% higher residual load than B6C-

1, and the B12H specimens have 72% higher residual load than B6C-1. Average residual loads and 

their comparison to B6C-1 are tabulated in Table 3-9.  

(a)  

(b)  

Figure 3-29: Residual loads at 2% and 4% strain (a) shown on normalized load-displacement plot and (b) 
plotted against tie spacing 
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Table 3-9: Residual normalized load at 2% and 4% normalized displacement and comparison to B6C-1 

  

Residual 

Normalized Load 

(%) 

  % greater than 

B6C-1 at same 

Norm Disp. 

Norm Disp: 2% 4%   

B6C-1 31.5% 11.2%    

B12C-2 15.9% 9.5%    

B4H 72.7% 40.9%  131% 265% 

B6H 59.3% 37.6%  88% 236% 

B12H 33.1% 19.3%   5% 72% 
 

 

Load vs. normalized displacement responses in Figure 3-20a are integrated and divided by 

the volume of concrete between the confinement bands to determine the toughness of each specimen. 

Toughnesses are calculated up to 2% and 4% normalized axial displacement and plotted against the 

tie spacings in Figure 3-30. As with residual loads, toughness of all six HyFRC specimens is higher 

than B6C-1 at both 2% and 4% normalized axial displacement. At 2% the average toughness of the 

B4H specimens is 49% higher than B6C-1, toughness of the B6H specimens is 34% higher than B6C-

1, and toughness of the B12H specimens is 8% higher than B6C-1. At 4% normalized axial 

displacement the average toughness of the B4H specimens is 89% higher than B6C-1, the toughness 

of the B6H specimens is 65% higher than B6C-1, and the toughness of the B12H specimens is 14% 

higher than B6C-1. The toughness at 2% and 4% in the B12H specimens is higher than B6C-1 even 

though the average normalized maximum load is 18% lower for the B12H specimens. This emphasizes 

how quickly the conventional concrete columns lose strength following the peak load and cover 

spalling. Average toughnesses and their comparison to B6C-1 are tabulated in Table 3-10.  



75 
 

 

Figure 3-30: Toughness up to 2% and 4% normalized displacement vs. tie spacing 

 

Table 3-10: Toughness up to 2% and 4% normalized displacement and comparison to B6C-1 

  
Toughness (N/mm2) 

  

% greater than B6C-1 up 

to same Norm Disp. 
  

Up to Norm Disp: 2% 4%   

B6C-1 6.34 8.41    

B12C-2 5.15 6.55    

B4H 9.43 15.87  49% 89% 

B6H 8.48 13.85  34% 65% 

B12H 6.85 9.58   8% 14% 

 

 

 

Normalized axial displacements in the specimens at buckling initiation, 0.254-mm horizontal 

rebar displacement, and 2.54-mm horizontal rebar displacement are plotted against tie spacing in 

Figure 3-31. Once again, the behavior in all six HyFRC specimens is better than that of B6C-1. 

Buckling initiates 67%, 165%, and 11% later than B6C-1 for the B4H, B6H, and B12H specimens, 

respectively. The horizontal displacement then reaches 2.54-mm 72%, 108%, and 2% later than B6C-
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1 for the B4H, B6H, and B12H specimens, respectively. The values for B6H-1 appear higher than 

expected based on the B4H results. This indicates that these values are anomalous, but if a straight 

line is drawn between the B4H and B12H results, there is still significant improvement over B6C-1.  

Buckling initiates later and progresses more slowly in the B12H specimens than in B6C-1, 

despite having double the tie spacing. Delayed buckling provides one possible explanation for the 

decreasing trend in peak load with increasing tie spacing in the HyFRC specimens observed in Figure 

3-28. As the steel strains bifurcate and the bars begin to displace outward, the rebar puts a lateral 

tensile stress on the HyFRC across the plane between the core and the cover. This creates a triaxial 

stress state with compression in the longitudinal direction and tension in the two horizontal directions. 

Such a triaxial stress state has the opposite effect of confinement, and slightly decreases the axial 

capacity. This effect is more pronounced as tie spacing increases because the horizontal restoring force 

contribution from the HyFRC cover is larger when there are fewer ties present. If the B4C specimen 

tests had behaved correctly, there would likely not be a notable difference in peak axial strength 

between them and the B6C specimens, because once the cover splits and spalls there is no longer any 

lateral tensile stress being exerted on the concrete in the specimens’ core. While a decrease in axial 

capacity is a negative aspect of the behavior, it can be predicted using Mohr’s circle and is easily 

accounted for in design of a reinforced concrete structure. Additionally, as shown in Figure 3-29 and 

Figure 3-30 the HyFRC specimens maintain higher residual loads and have higher toughness, so this 

behavior does not appear to have a negative impact on overall ductility. Average normalized axial 

displacement at 0.254-mm and 2.54-mm horizontal rebar displacement and their comparison to B6C-

1 are tabulated in Table 3-11.  
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Figure 3-31: Normalized axial displacement vs tie spacing at 0.254-mm and 2.54-mm 
horizontal displacement 

 

Table 3-11: Normalized axial displacement at 0.254-mm and 2.54-mm horizontal bar displacement and 
comparison to B6C-1 

  Norm. Axial Disp. 

(%) 

  

% greater than B6C-1 at 

same bar disp 
  

Bar Disp (mm): 0.254 2.54   

B6C-1 0.48% 1.29%    

B12C-2 0.30% 0.72%    

B4H 0.80% 2.23%  67% 72% 

B6H 1.27% 2.70%  165% 108% 

B12H 0.53% 1.32%   11% 2% 

 

 

 

As described and shown previously, rebar buckling negatively impacts the axial ductility of a 

reinforced concrete column or shear wall boundary element in compression. In seismic applications, 

however, elements do not simply undergo pure compressive loading. Buildings must resist cyclic 

loading, and reinforced concrete elements will go back-and-forth between varying magnitudes of 
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tension and compression. At high strain demands the steel rebar experiences low cycle fatigue. The 

Coffin-Manson relation shown in Equation 1 is used to predict the number of cycles to fracture based 

on the plastic strain experienced by the steel. The cumulative damage in the steel for a given number 

of cycles at a particular stress magnitude is calculated according to Miner’s rule, shown in Equation 

2. These equations reveal that higher plastic strain magnitudes reduce the number of cycles to fracture. 

Rebar buckling causes exceptionally high compressive strains in the steel. The steel grains on the 

concave side of the middle plastic hinge experience magnified compressive strain relative to the 

average strain in the specimen. This behavior is visible in the SG1 strains in Figure 3-22 and Figure 

3-23. These magnified strains frequently lead to steel fracture in tension after a minimal number of 

cycles. Because of this phenomenon, minimizing the compressive strain experienced by the rebar 

during buckling extends the life of the structure through more load cycles. Figure 3-32 shows the 

SG1 strains, located on the concave side of the plastic hinge, plotted against the normalized axial 

displacement. There is a clear change in slope in specimen B6C-1’s strain that corresponds to strain 

bifurcation and buckling of the rebar. A few HyFRC specimens experience higher strain than B6C-1 

prior to this point due to the steel taking more load than the concrete for some unknown reason. As 

displacement in all specimens increases, rebar embedded in the HyFRC specimens experiences slower 

strain progression than the control specimen. Normalized axial displacement in the specimens at 1%, 

2%, and 3% SG1 strain and their comparison to B6C-1 are tabulated in Table 3-12. B12C-2 is left out 

of Figure 3-32 and Table 3-12. The longer buckling length in this specimen induces less curvature in 

the plastic hinges and less compressive strain magnification. Because there is little question whether 

the overall performance of this specimen is worse than the others, the results are left out here to 

reduce clutter. Results from B6H-2 should be neglected here because buckling progressed above the 

strain gaged region and the gages did not capture the full plastic hinge behavior.  

Equation 1: Coffin-Manson relation 

Δ𝜖𝑝

2
= 𝜖𝑓

′(2𝑁)𝑐 

Δ𝜖𝑝

2
: plastic strain amplitude 

𝜖𝑓
′ : fatigue ductility coefficient 

𝑁: number of cycles to failure 

𝑐: fatigue ductility exponent (typically ranges from -0.5 to -0.7) 
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Equation 2: Miner's rule 

∑
𝑛𝑖
𝑁𝑖

𝑘

𝑖=1

= 𝐶 

For k stress magnitudes, Si (i = [1,k]) 

𝑛𝑖:  number of stress cycles for Si 

𝑁𝑖: number of cycles to failure under stress Si 

𝐶: cumulative damage fraction, where 1 corresponds to fracture 
 

 

Figure 3-32: Strain in inner strain gage vs. normalized axial displacement 
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Table 3-12: Normalized axial displacement when SG1 reaches 1%, 2%, and 3% and comparison to B6C-1 

  Norm. Axial Disp. (%)   % greater than B6C1 at same 

SG1 strain SG1 Strain (%): 1% 2% 3%   

B6C-1 0.43% 0.57% 0.66%   
  

B12C-2 - - -  

B4H1 0.74% 1.05% 1.32%  70% 85% 100% 

B4H2 0.47% 0.74% 1.02%  7% 31% 54% 

B6H1 0.73% 1.01% 1.21%  69% 77% 83% 

B6H2 1.03% 1.64% 3.17%  137% 190% 381% 

B12H1 0.60% 0.89% 1.11%  39% 57% 68% 

B12H2 0.57% 0.83% 1.10%   31% 47% 67% 
 

(B6H2 values in grey because bar buckling initiates several inches above the location of the 

displacement wires) 

Buckled lengths for the BC and BH specimens calculated from the plots in Figure 3-25, 

normalized by the bar diameter, and plotted according to the tie spacing ratio in Figure 3-33. A 1:1 

slope is included on this plot to show the expected buckling length given the tie spacing. Values for 

the average buckled lengths and the percent difference from tie spacing ratio are tabulated in Table 

3-13. The average buckled lengths of the bars in B12C-2 is nearly equal to the tie spacing, but for B6C-

1 the average is 10.61db, 76.8% greater than the 6db tie spacing. Such a large buckled length is due to 

hoop opening, and further explains the poor ductility of this specimen. B4H and B6H specimens have 

6.59db and 6.64db average buckled lengths, respectively. The B4H rebar has a 64.8% higher buckled 

length than tie spacing due to hoop fracture, which likely occurred near the end of the test and allowed 

the bars to buckle over a greater length. Average buckled lengths in the B6H specimens is only 10.7% 

greater than the tie spacing. This indicates that the HyFRC helps restrain buckling and prevent it from 

progressing across multiple hoops, as in B6C-1. B12H specimens had a 10.06db average buckled length, 

which is 16.2% below the tie spacing and 0.55db less than the buckled lengths in B6C-1. This result 

demonstrates that the HyFRC between the hoops in the B12H specimens did a better job on its own 

at restraining buckling than hoops spaced half as far apart.  
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Figure 3-33: Buckled lengths vs. tie spacing 

Table 3-13: Average buckled lengths 

  
Tie spacing 

ratio (s/db) 

Average 

buckled length 

(LB/db) 

% difference from 

tie spacing ratio 

B6C-1 6 10.61 76.8% 

B12C-2 12 11.55 -3.7% 

B4H 4 6.59 64.8% 

B6H 6 6.64 10.7% 

B12H 12 10.06 -16.2% 
 

 

All specimens were designed not to have significant core confinement in order to emphasize 

the contribution of the longitudinal rebar. The rapid post-peak load drop and low toughness of B6C-

1 indicate that there was, indeed, little to no contribution to the axial capacity from confinement. Tie 

fracture observed in Figure 3-27b along with the residual loads shown in Figure 3-29 and 

toughnesses in Figure 3-30 indicate that the HyFRC specimens did benefit somewhat from 

confinement even though the core area is only 25% of the gross column cross-sectional area. While 

there is some amount of confinement contribution, bar behavior shown in Figure 3-31, Figure 3-32, 

and Figure 3-33 indicates that the longitudinal rebars in the HyFRC specimens maintained significant 

capacity up to high axial displacements. The HyFRC cover delays buckling initiation, slows buckling 

progression, and maintains smaller buckling lengths compared to the conventional concrete specimens, 

all contributing to increased axial capacity of the rebar and improved overall ductility. 
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3.10 CONCLUSIONS 

Lateral reinforcement in reinforced concrete elements detailed for ductile compressive 

response serve a dual purpose. The first is to provide confinement to the concrete in the core of the 

specimen, and the second is to add stability to the longitudinal reinforcement to delay buckling. Full-

scale test results demonstrate that in slender boundary elements and high-aspect-ratio columns, 

conventional lateral reinforcement is unable to perform these tasks, even with exceptionally high 

reinforcement ratios and improved detailing (Arteta et al., 2014). In the control specimens presented 

in the previous chapter, longitudinal rebar buckling occurred shortly after cover spalling, leading to 

excessive stresses on the lateral ties which then caused loss of confinement.  

Specimen B6C-1 presented in this study further verifies that current seismic detailing provisions do 

not adequately restrain rebar buckling and are susceptible to hoop opening. Results of the HyFRC 

specimens constructed with 4db, 6db, and 12db tie spacings are summarized as follows: 

1. At 2% normalized displacement the average residual load in the B4H specimens is 131% 

higher than that in B6C-1, the B6H specimens have 88% higher residual load than B6C-1, and 

the B12H specimens have 5% higher residual load than B6C-1.  

2. At 4% normalized displacement the average residual load in the B4H specimens is 265% 

higher than B6C-1, the B6H specimens have 236% higher residual load than B6C-1, and the 

B12H specimens have 72% higher residual load than B6C-1.  

3. Up to 2% normalized displacement the average toughness of the B4H specimens is 49% 

higher than B6C-1, toughness of the B6H specimens is 34% higher than B6C-1, and toughness 

of the B12H specimens is 8% higher than B6C-1.  

4. Up to 4% normalized axial displacement the average toughness of the B4H specimens is 89% 

higher than B6C-1, the toughness of the B6H specimens is 65% higher than B6C-1, and the 

toughness of the B12H specimens is 14% higher than B6C-1.  

5. The toughness at 2% and 4% in the B12H specimens is higher than B6C-1 even though the 

average normalized maximum load is 18% lower for the B12H specimens. 

6. Buckling initiates 67%, 165%, and 11% later than B6C-1 for the B4H, B6H, and B12H 

specimens, respectively.  

7. The horizontal displacement reaches 2.54-mm 72%, 108%, and 2% later than B6C-1 for the 

B4H, B6H, and B12H specimens, respectively. 
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8. Compressive strain in B4H specimens reaches 1%, 2%, and 3% at an average of 39%, 58%, 

and 77% higher displacement than B6C-1, respectively.  

9. Compressive strain in B6H-1 reaches 1%, 2%, and 3% at an average of 69%, 77%, and 83% 

higher displacement than B6C-1, respectively. As mentioned previously, B6H-2 is neglected 

because the strain gages did not capture the full plastic hinge response.  

10. Compressive strain in B12H specimens reaches 1%, 2%, and 3% at an average of 35%, 52%, 

and 67% higher displacement than B6C-1, respectively.  

11. B6H buckled lengths are 37.4% lower than B6C-1. 

12. B12H buckled lengths are 12.9% lower than B12C-2, and 5.2% lower than B6C-1. This 

demonstrates that the HyFRC cover by itself restrains buckling better than hoops with seismic 

hooks.  

These results show that HyFRC improves ductility and buckling response compared to 

conventional concrete. Evidence from the B12H specimens shows that using HyFRC may allow the 

maximum tie spacing for ductility in ACI-318 to be increased to 12db with respect to buckling, 

potentially cutting the number of ties in half. This would reduce construction costs to make up for 

the added cost of HyFRC and reduce rebar congestion that is a frequent issue with seismic-resistant 

reinforced concrete structures. Although the increased tie spacing reduces the axial load due to triaxial 

tensile stresses, this is a behavior that can be predicted with Mohr’s circle and accounted for in design. 

The following chapter will use results from this study to calibrate a computational buckling model that 

can be used to evaluate different test cases.  

3.11 FUTURE RESEARCH  

Conventional confinement relies on lateral hoops and ties to provide triaxial stresses. Due to 

the discrete nature of this type of reinforcement, the spread of stresses from the hoops to the core 

results in arching action, which reduces the confinement effectiveness. The distributed reinforcement 

provided by fiber reinforcement means a more continuous flow of stresses rather than all the stresses 

flowing to discrete points. This free flow of stresses acts to prevent the arching action observed in 

conventional reinforced concrete. Without arching, the column can take advantage of the entire core 

area, giving it a boost in performance. Future investigation of this phenomenon may lead to lower 

required reinforcing ratios for ductile reinforced concrete elements with rectilinear hoops constructed 

with HyFRC.  
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CHAPTER 4 | COMPUTATIONAL BUCKLING MODEL WITH 
NONLINEAR HYFRC SPRING ELEMENTS 

 

4.1 INTRODUCTION 

Buckling of an element under compressive loading is an ever-present issue in structural 

engineering. Euler’s classical solution shown in Equation (1) the critical elastic buckling load, Pcr, to 

the modulus of elasticity of the material, E, the second moment of area of the cross section, I, and an 

effective length corresponding to the inflection points of the displaced shape of the element, Le 

(Timoshenko and Gere, 1961).  

𝑃𝑐𝑟 =
𝜋2𝐸𝐼

𝐿𝑒
2        (1) 

While this solution is elegant in its simplicity, it is rarely applicable in reinforced concrete 

design, as code provisions are put in place to prevent elastic buckling from taking place. It was 

originally proposed that as the material enters the nonlinear range of response, the critical buckling 

load becomes dependent on the instantaneous tangent modulus of the material, ET (Engesser, 1891). 

It was later noted that the tangent modulus gives a lower bound. As buckling progresses in the 

nonlinear range of material response, the region of the section placed in further compression as the 

element deforms takes on the tangent material modulus, while the region on the other side of the 

neutral axis begins unloading with original stiffness, E, as shown in Figure 4-1.  

 

Figure 4-1: Illustration of material behavior during plastic buckling for 
an arbitrary cross section 

Due to this behavior a reduced modulus, ER, was proposed. The formula for the reduced modulus of 

a circular cross section based on ET and the elastic modulus, Es, and  is given in Equation (2) 

(Timoshenko and Gere, 1961).  
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𝐸𝑅 =
4𝐸𝑠𝐸𝑇

(√𝐸𝑠+√𝐸𝑇)
2         (2) 

This theory is effective for rods with known end conditions, but does not accurately account 

for the interaction between lateral ties and cover. The experimental tests in Chapters 1 and 2 

demonstrate the important role that lateral deformation and interaction with the cover and ties play 

in the overall response of the structural system. Two methods are employed in this chapter to analyze 

the buckling response of embedded bars – a mathematical formulation and an iterative, nonlinear 

analysis model using the software package, OpenSees (McKenna et al., 2000).  

4.2 MATERIAL RESPONSE 

Accurate constitutive material models make up the basis of both the mathematical method 

and nonlinear analysis method used in this study. Components of the material response are tested and 

shown in Chapter 3. Conventional concrete and HyFRC uniaxial compressive responses are given in 

Figure 3-4, and the flexural responses of both materials are given in Figure 3-6. Figure 3-8 gives the 

tensile stress-strain response of ASTM-A615 #4 Grade 60 rebar (ASTM-A615/A615M-18, 2018).  

4.2.1 Steel 

The Giuffré-Menegotto-Pinto (GMP) model with isotropic strain hardening, Steel02 in 

OpenSees, is used as the steel constitutive model. This steel model is continuously differentiable, 

which is necessary for numerical stability (Filippou F.C., Popov E.P., 1983). Figure 4-2 shows the 

uniaxial tensile response of a coupon test performed in Chapter 3 and the GMP constitutive model.  

 

Figure 4-2: Uniaxial steel tensile response and GMP constitutive model 
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4.2.2 HyFRC 

In a previous study on the development of green ultra-high-performance fiber-reinforced 

cementitious composites Aghdasi and Ostertag tested HyFRC dog-bone specimens with special 

geometry and constraints to remove the impact of stress-concentrations on the response. The 

specimens used a two-step cross-section reduction and a long gage length to apply tensile load without 

inducing significant stress-concentrations. Results of this specimen with a 101.6- x 101.6-mm cross-

section and 355.6-mm gage length are given in Figure 4-3. The material behavior in tension is 

characterized by brief tension hardening following crack formation in the cementitious matrix from 

0.06% strain to peak stress at 0.31% strain, followed by tension softening up to failure (Aghdasi and 

Ostertag, 2019).  

 

Figure 4-3: HyFRC uniaxial tension test of dogbone 
specimen with a 101.6- x 101.6-mm cross-section and 355.6-

mm gage length 

 

The HyFRC tensile stress-strain curve displays trilinear behavior. A constitutive model that 

captures the trilinear response would be ideal for analysis. ECC0 is the only trilinear material model 

in OpenSees, but the formulation is not continuously differentiable, which prevents convergence of 

the nonlinear solution scheme. Numerical stability has been demonstrated with the GMP steel 

constitutive model. This model is modified to somewhat fit the response of HyFRC in tension where 

the material is modeled as bilinear with an elastic slope followed by a pleateau . Softening behavior of 

the material is lost, which is an issue that can be solved in the future by writing a new OpenSees 
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material function that accounts for the trilinear behavior and is numerically stable Both material 

models are plotted over the test data in Figure 4-4.  

 

Figure 4-4: HyFRC tensile constitutive models 

 

4.3 MATHEMATICAL APPROACH 

Nonlinear buckling initiation is commonly predicted using the Euler buckling formula in 

Equation (1) by replacing the elastic modulus with the instantaneous reduced modulus calculated 

using Equation (2). As previously mentioned, this method does not account for all the interactions 

at play in the system. Falk and Govindjee outlined a buckling analysis method that includes distributed 

lateral restraints with finite stiffness (Falk and Govindjee, 2000). Dhakal and Maekawa used this 

method to construct a model that accounts for cover fracture and lateral tie stiffness (Dhakal and 

Maekawa, 2002). Talaat and Mosalam derived a similar model that accounts for nonlinear material 

response in both the longitudinal rebar and the ties (Talaat and Mosalam, 2008). This last model is 

adjusted to include the nonlinear tensile response of the HyFRC cover distributed along the length of 

the bar. Only selected parts of the derivation that pertain to the updated equations are shown here; 

the full derivation can be found in the PEER Report by Talaat and Mosalam (2008). Free-body 

diagram drawings are updated to include the HyFRC cover, shown in Figure 4-5.  
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Figure 4-5: Buckling bar geometry and forces 

𝒔𝒕: tie spacing 

𝑳𝒃: bar length 

𝜹𝒏: mid-height 

horizontal 

displacement 

𝑷: axial force 

𝑽: shear force 

𝑴: bending 

moment 

 

The distributed spring stiffness variable, 𝛽𝑒, is updated to include the effect of the tensile 

response of the cover in Equations (3), (4), and (5) along with an adjustment to the lateral tie 

component of distributed stiffness that allows the critical buckling length, 𝐿𝑐𝑟,𝑚𝑖𝑛, to be less than the 

tie spacing, 𝑠𝑡.  

𝛽𝑒 = 𝛽𝑡 + 𝛽𝑐        (3) 
where  

𝛽𝑡 =

{
 
 

 
 

𝑘𝑡

𝑠𝑡
𝑅𝑡                  𝑖𝑓 𝐿𝑐𝑟,𝑚𝑖𝑛 ≥ 2𝑠𝑡

𝑘𝑡

𝑠𝑡
(
𝐿𝑐𝑟,𝑚𝑖𝑛

𝑠𝑡
− 1)𝑅𝑡  𝑖𝑓 𝑠𝑡 < 𝐿𝑐𝑟,𝑚𝑖𝑛 < 2𝑠𝑡

0                    𝑖𝑓 𝐿𝑐𝑟,𝑚𝑖𝑛 ≤ 𝑠𝑡

    (4) 

and  

𝛽𝑐 =
𝐸𝑐𝑤

𝑏

1

𝑅𝑐
       (5) 



89 
 

Where 𝑘𝑡 is the tie spring stiffness; 𝑤 is the tributary cover width for the longitudinal bar; and 𝑏 is the 

distance from the center of the specimen core to the interface between core and cover. 𝑅𝑐  is a 

reduction factor used to calibrate the cover, where 𝑅𝑐 ≥ 1. For the case of conventional concrete 

where cover tensile strength is neglected, the cover stiffness modulus is set to 0.  This definition of 

𝛽𝑒  also uses a linear approximation of 𝛽𝑡  for 𝑠𝑡 < 𝐿𝑐𝑟,𝑚𝑖𝑛 ≤ 2𝑠𝑡 . Along with this definition, the 

external work, Δ𝑊𝑒𝑥𝑡, is left as 

Δ𝑊𝑒𝑥𝑡 = 𝑃Δ𝐿 = 𝑃 ∫ (√1 + (
𝑑𝑦

𝑑𝑥
)
2
− 1)𝑑𝑥

𝐿𝑏
0

    (6) 

where the derivative of the initial shape function, 
𝑑𝑦

𝑑𝑥
, is given as 

𝑑𝑦

𝑑𝑥
=

𝛿𝑖

2
(
2𝜋

𝐿𝑏
sin (

2𝜋

𝐿𝑏
𝑥))         (7) 

The integral form of Δ𝐿 is solved using numerical integration, and the resulting internal and external 

work equality is then 

Δ𝑈𝑒 = Δ𝑊𝑒𝑥𝑡       (8) 

where  

Δ𝑈𝑒 = Δ𝑈𝑏𝑎𝑟 + (Δ𝑈𝑡𝑖𝑒𝑠 + Δ𝑈𝑐𝑜𝑣𝑒𝑟) =
𝐸𝑟𝐽𝑏𝜋

4

𝐿𝑐𝑟
3 𝛿𝑖

2 +
3𝛽𝑒𝐿𝑐𝑟

16
𝛿𝑖
2

   (9) 

and 

Δ𝑊𝑒𝑥𝑡 = 𝑃𝑐𝑟Δ𝐿      (10) 

which is rearranged to find 𝑃𝑐𝑟 

𝑃𝑐𝑟 =
Δ𝑈𝑒

Δ𝐿
 .            (11) 

𝑃𝑐𝑟 is minimized numerically with respect to 𝐿𝑐𝑟 to obtain the buckling onset load and buckling length,  

𝑃𝑐𝑟,𝑚𝑖𝑛 and 𝐿𝑐𝑟,𝑚𝑖𝑛, respectively. The buckling onset stress is then 

𝜎𝑐𝑟,𝑚𝑖𝑛 =
𝑃𝑐𝑟,𝑚𝑖𝑛

𝐴𝑏
𝑅𝑠      (12) 
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where 𝐴𝑏  is the cross-sectional area of the longitudinal bar and 𝑅𝑠  is a reduction factor used to 

calibrate the model.  

 The other significant change is the calculation of initial stress-free strain after yielding, 휀𝑓𝑖
ℎ . 

Here the full definition is used rather than approximating this term as 휀𝑓𝑖
ℎ ≈ −휀𝑦. This yields the 

equation 

휀𝑓𝑖
ℎ = −휀𝑦 +

𝑓𝑖

(1−
𝜎𝑖
ℎ

𝜎𝑐𝑟
)

2      (13) 

where 𝜎𝑖
ℎ = −𝜎𝑦  ; 휀𝑦 =

𝜎𝑦

𝐸𝑠
 ; and 휀𝑓𝑖 = −

𝜋2𝛿𝑖

4𝐿𝑐𝑟
. Retaining this last term means the response is 

sensitive to initial deformation, 𝛿𝑖, which allows the model to be used to test the sensitivity of buckling 

to the magnitude of initial imperfections in the bar geometry.  

 The response is calibrated using the results from Chapter 3 and the model is then run for tie 

spacings 4𝑑𝑏, 6𝑑𝑏, 8𝑑𝑏, 10𝑑𝑏, and 12𝑑𝑏 with longitudinal bar diameter, 𝑑𝑏= 12.7-in, and tie diameter, 

𝑑𝑡= 4.763-in. Results of the model run with these five tie-spacings are plotted in Figure 4-6 for cases 

with and without HyFRC cover. Softening curves of the tests run with 6𝑑𝑏, 8𝑑𝑏, 10𝑑𝑏, and 12𝑑𝑏  and 

HyFRC cover are observed to overlap, which gives a minimum axial buckling response for longitudinal 

bars with 𝑠𝑡 ≥ 6𝑑𝑏.  

 

Figure 4-6: Mathematical nonlinear buckling response 
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4.4 OPENSEES MODEL DEVELOPMENT 

The analysis outlined in the previous section and shown in Figure 4-6 gives a reasonably good 

approximation for the buckling response of embedded bars but requires considerable calibration and 

does not capture all the influential factors. A static nonlinear model is constructed in OpenSees to 

further investigate the behavior of bars embedded in HyFRC. A two-dimensional model with three 

degrees-of-freedom (DOFs) is used as opposed to a 3-D model with six DOFs. Using a 2-D model 

reduces the number of variables in the model and helps the sensitivity of the response to each 

parameter, plus reduces the run-time for each test case. Performance is evaluated based on three 

criteria: (1) computational stability, (2) the ability to accurately predict the response of embedded bars 

as compared to the experiments in Chapter 3, and (3) computational cost (speed).  

4.4.1 Model Setup 

Geometry of the model used for evaluation and calibration is taken from the experiments 

conducted in Chapter 3. Figure 4-7 outlines the process used to convert the physical geometry to 

the analytical setup, with variables described in Table 4-1 and boundary conditions given in Table 

4-2. Once the geometry is chosen, the system is simplified to an isolated longitudinal rebar supported 

by horizontal springs. Rebar buckling lengths observed in previous experiments rarely exceed three 

tie-spacings (3𝑠𝑡). As such, only a chosen region of interest (ROI) 3𝑠𝑡-long is modeled using the 

computationally expensive force-based nonlinear beam column with corotational nonlinear geometric 

transformation. Linear geometry and a simple uniaxial cross-section with nonlinear steel constitutive 

model are enough to model the remainder of the longitudinal bar. Boundary conditions BC-3 shown 

in Figure 4-7 restrict buckling to the 3𝑠𝑡 -long ROI. If the analysis shows the buckled length 

approaches 3𝑠𝑡, the ROI is updated to 5𝑠𝑡 and the model is re-run.  

The longitudinal bar is modeled with the OpenSees forceBeamColumn element (now the 

nonlinearBeamColumn element). The bar is divided into 𝑛𝑑𝑖𝑣 elements between each tie. Deformation is 

calculated using the Gauss-Lobatto numerical integration method and fiber section at each integration 

point, represented in Figure 4-7(e) and (f). The number of integration points, 𝑛𝐼𝑛𝑐𝑟𝑃𝑡𝑠, radial section 

division, 𝑟𝑑𝑖𝑣, and circumferential section divisions, 𝑐𝑑𝑖𝑣, are varied as part of the parametric study. 

Large deformations due to buckling are accounted for using the corotational geometric transformation.  

Truss elements with linear geometry and nonlinear material models are used to represent the 

ties and concrete. Ties are assumed to have a circular cross-section with area 𝐴𝑡 = 𝛼𝑡 (
𝜋

4
𝑑𝑡
2). Test 
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results in Chapter 2 and Chapter 3 indicate that the full capacity of the ties is not reached in specimens 

using conventional concrete due to the ties opening. A reduction factor, 𝛼𝑡 , is included in the 

definition of 𝐴𝑡 to account for this behavior. Transverse ties in the HyFRC specimens are revealed to 

reach their full tensile capacity, as indicated by the fractured ties observed in Figure 3-27. The 

reduction factor 𝛼𝑡 is set to 1 for analysis test cases using HyFRC cover and is calibrated using test 

data from Chapter 3 for test cases without cover. Tie steel is modeled with the GMP constitutive 

equation shown in Figure 4-2 with yield stress, 𝑓𝑡.  

Cross-sectional area of the concrete springs is 𝐴𝑐 =
1

2
𝑤 (

𝑠𝑡

𝑛𝑑𝑖𝑣
) . This area represents the 

tributary area shown in Figure 4-8, with a factor of ½ to account for an assumed triangular tensile 

deformation profile indicated by the shaded region in Figure 4-9 due to horizontal displacement of 

the longitudinal bar at mid-height, 𝑑𝑖𝑠𝑝ℎ. Concrete elements shown in Figure 4-7 and Figure 4-8 are 

depicted on the +X-side of the longitudinal bar for clarity, but in the actual model they are on the -X-

side of the bar. In this arrangement tension on the springs induced by displacement in the +X-

direction represents tension placed on the cover material in the physical element, and compression 

induced by displacement in the -X-direction represents compression acting on the specimen’s core. 

In tension the elements use the GMP constitutive model shown in Figure 4-4 with initial stiffness 

𝐸𝑐,𝑡 = 3.447𝐺𝑃𝑎. Early versions of the model used a ‘yield’ stress equal to the matrix cracking stress 

𝑓𝑐,𝑡 = 2.07𝑀𝑃𝑎  and hardening slope 𝛽ℎ = 1.5%.  In the absence of a softening slope this small 

hardening slope caused the model to quickly develop unrealistic tensile stresses as the bar reaches large 

horizontal deformations. This issue is mitigated by setting the ‘yield’ stress to the peak stress, 𝑓𝑐,𝑡𝑚𝑎𝑥 =

2.41𝑀𝑃𝑎, and reducing the hardening slope to 𝛽ℎ = 0.001%, or effectively perfectly-plastic. This fix 

yields suitable results in lieu of a trilinear model that includes softening and is continuously 

differentiable. Tensile stiffness is set to 0 to turn the cover off for the case of conventional concrete. 

Future iterations of this model may test the response of conventional concrete with slight tensile 

capacity rather than neglecting it completely.  

Concrete elements are elastic in compression with stiffness 𝐸𝑐 = 27.58𝐺𝑃𝑎 for test cases with 

and without HyFRC. This simulates the reaction provided by the concrete core and prevents the bar 

from assuming S-shaped or W-shaped buckling modes as opposed to the D-shaped modes observed 

experimentally. Linear geometric element transformation ensures the forces applied on the 

longitudinal elements by the transverse elements remain horizontal and do not rotate as the model 

reaches large deformations. 
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Buckling is induced in the model by an initial deformed shape with magnitude, 𝛿𝑖 , and 

horizontal force, 𝑃ℎ, shown in Figure 4-7(d). Load 𝑃 is applied at the top node and a displacement-

controlled integrator solves for the load factor 𝜆 at each displacement increment. Displacement is 

applied up to 5% axial strain in 𝑛𝑖𝑛𝑐𝑟 increments, giving an incremental strain Δ휀𝑖𝑛𝑐𝑟 =
5%

𝑛𝑖𝑛𝑐𝑟
. Other 

authors suggest using an arc-length integrator instead of displacement-controlled to evaluate buckling 

because it captures snap-back behavior which displacement-control cannot (Leon et al., 2011). Early 

tests are run using an arc-length integrator. When successful it captures the buckling response in fewer 

steps than the displacement-controlled method, but the increased arc-length used to achieve speed 

often results in convergence on higher-energy modes. This tendency to skip lower-energy modes yields 

unrealistically high buckling initiation strains and loads and displaced shapes of higher harmonics. 

Displacement-control is the chosen integrator because the results are more consistent, and the method 

appears more stable for the test cases run in this study. As no snap-back is observed in experimental 

results nor in simulations using the arc-length method, there is no apparent need to use this method.  

Table 4-1: Model parameters 

𝑷 Axial load 

𝝀 Axial load factor 

𝒔𝒕 Tie spacing 

𝒃 Distance from center of core to cover-core interface 

𝒘 Distance between longitudinal rebars 

𝑳𝒃 Total bar length 

𝑷𝒉 Constant horizontal load (to initiate buckling) 

𝜹𝒊 Initial mid-height deformation (to initiate buckling) 

𝒄𝒅𝒊𝒗 Circumferential fiber section divisions 

𝒓𝒅𝒊𝒗 Radial fiber section divisions 

𝒅𝒃 Longitudinal rebar diameter 

𝒅𝒕 Tie rebar diameter 

𝒏𝒅𝒊𝒗 Number of elements between ties 

𝒏𝒊𝒏𝒄𝒓 Number of increments used in solution 

𝒏𝑰𝒏𝒕𝒈𝒓𝑷𝒕𝒔 Number of Gauss-Lobatto integration points 

𝑻𝒐𝒍 Convergence tolerance (incremental) 

𝜶𝒕 Tie reduction factor 
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Table 4-2: Boundary conditions 

 X 
(translation) 

Y 
(translation) 

Z 
(rotation) 

BC-1 Fixed Free Fixed 

BC-2 Fixed Fixed Fixed 

BC-3 Fixed Free Fixed  

BC-4 Fixed Fixed* - 

*Truss elements have linear geometry, forces acting on longitudinal bar 

remain horizontal 

 

 

Figure 4-7: OpenSees model development 
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Figure 4-8: Cover spring assignment 

 

 

Figure 4-9: Assumed cover strain profile 

 

4.4.2 Convergence Study 

 With a skeleton for the model complete, a study can be conducted to determine the set of 

values for the various parameters that achieves stability and accuracy without compromising speed. 

Values tested in this study are tabulated in Table 4-3. Testing every possible combination of values in 

Table 4-3 would require 1,216,512 runs of the analysis. Running a batch of this magnitude on a 

personal laptop with 8.00-GB of RAM and a dual-core 2.70-GHz processor would take on the order 

of 70 continuous days of dedicated computation. Since the researcher was unlikely to go this amount 

of time without wanting to browse the internet or watch movies, and was not familiar with using a 
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supercomputer, a smaller set of relevant combinations is selected that represents reasonable 

combinations of the variables. A total of 136 cases are chosen for evaluation – 44 with the cover off, 

and 92 with the HyFRC cover on. Values for all 136 cases are tabulated in Table B-1 and Table B-2 

in 5.4Appendix B for cases with the cover off and on, respectively. Run #1 on each table has the 

finest mesh, smallest incremental strain, and smallest convergence tolerance. These runs are used as 

the control cases against which all other runs on their respective tables are compared. Values used in 

Run #1 with cover off and cover on are given in Table 4-4 and Table 4-5, respectively.  

Table 4-3: Values used in parametric study 

𝒄𝒐𝒗𝒆𝒓 
𝒅𝒃 𝒅𝒕 𝒔𝒕

𝒅𝒃
 

𝒘 𝒃 
𝒏𝒅𝒊𝒗  𝒏𝒊𝒏𝒄𝒓 𝒏𝑰𝒏𝒕𝒈𝒓𝑷𝒕𝒔 

𝜹𝒊 𝑷𝒉 
𝒄𝒅𝒊𝒗 𝒓𝒅𝒊𝒗 𝜶𝒕 𝑻𝒐𝒍 

(mm) (mm) (mm) (mm) (mm) (kN) 

off 12.7 4.76 4 102 38.1 2 10 4 0.635 0.11 4 4 1 10-6 

on      4 20 6 1.27 0.22 8 8  10-3 

      8 30 8 1.905 0.44 16 16   

      12 40 10 2.54 0.89 32    

      16 50  3.175 1.78 64    

      32 100  3.81 3.56 128    

       200  4.445 7.12     

       400  5.08 14.23     

       500        

       800        

       3000        

 

Simulations are compared based on the Axial Load-Displacement response, Displaced Shape, 

Horizontal Displacement-Axial Displacement response, Mid-height Surface Strains-Axial 

Displacement response, Run Time, Toughness, and Buckled Length. Results of the 44 test runs with 

the cover off are shown in Figure 4-10. Two runs are highlighted in each plot – the control case, Run 

#1; and the case with selected parameters, Run #44. Values used in both these cases are tabulated in 

Table 4-4. Run time is reduced from 844-s to 2-s with little discernible difference in response. Results 

of the 92 test runs with HyFRC cover are shown in Figure 4-11. Again, the control case, Run #1, and 

the case with selected parameters, Run #92, are highlighted in each of the 7 plots, and values for those 

two cases are given in Table 4-5. 9 cases achieved convergence with faster run times, but Run #92 

was more accurate and more stable when run with other bar diameters, tie spacings, or yield strengths.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 
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(g) 

 

Figure 4-10: Parametric test results – cover OFF 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

 
(g) 

 

Figure 4-11: Parametric test results – cover ON 
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Table 4-4: Values for the control case and final selected values – cover OFF 

Run 

# 
cover 

fy db dt 

s/db solver 

initDef 

nDiv incr 

hLoad 

nIntgrPts rDiv cDiv αt 

[MPa] [mm] [mm] [mm] [kN] 

1 off 440.2 12.7 4.76 4 disp 2.54 48 3000 0.44 4 16 64 1 

44 off 440.2 12.7 4.76 4 disp 2.54 12 50 0.44 4 4 64 1 

 

Table 4-5: Values for the control case and final selected values – cover ON 

Run 

# 
cover 

fy db dt 

s/db solver 

initDef 

nDiv incr 

hLoad 

nIntgrPts rDiv cDiv αt 
[MPa] [mm] [mm] [mm] [kN] 

1 on 440.2 12.7 4.76 4 disp 2.54 48 3000 0.44 4 16 64 1 

92 on 440.2 12.7 4.76 4 disp 2.54 12 50 0.44 4 4 64 1 

 

4.5 CALIBRATION 

 Now that the model is set up and parameters chosen it can be compared to the test results 

from Chapter 3 to evaluate the need for calibration. Ten test cases are chosen for comparison with 

the same parameters as Run # 44 in Table 4-4 but with tie reduction factors ranging from 𝛼𝑡 = 0.1 −

1.0 in increments of 0.1. These ten cases are tabulated in Table 4-6. Results of these test cases are 

shown in Figure 4-12. Figure 4-13 shows the midpoint horizontal bar displacements from these cases 

and specimen B6C-1 from Chapter 3. Data for B6C-1 has been adjusted to account for the high 

compressive cracking strain observed during the experiment. Cover spalling initiated at 휀 = 0.38%, 

for conventional concrete whereas spalling is usually predicted at 휀 = 0.2%. The data has been shifted 

left by 0.18% in Figure 4-13 to compensate for this and aid in comparison of the two data sets. These 

results show buckling initiates slightly earlier in the analysis model, which is due to the GMP 

constitutive model used for the steel. This model exhibits some amount of softening prior to the actual 

yield point of the material. While this leads to slight inaccuracy in the analysis, it provides 

computational stability not found in constitutive models with sharp corners. Horizontal deflection 

results from the analysis also show a steeper increase in displacement compared to the physical test 

specimen. Despite this more rapid increase in deflection, the model appears to have a reasonable axial 

load-displacement response, shown in Figure 4-12(a).  
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 Lateral deflection comparison plots are created for each of the successful test specimens in 

Chapter 3. Parameters for test cases B13a-5, B13b-1, B13b-2, and B13b-5 are shown in Table 4-7. 

Plots of these test cases are shown with their respective physical counterparts in Figure 4-14. Figure 

4-14(a) and (c) over-estimate the horizontal displacement of the bars. For Figure 4-14(c) this could 

have something to do with the fact that the buckling in the test specimen B6H-1 was delayed much 

farther than any of the other HyFRC specimens, which indicates that there may have been some other 

factor contributing to the response in the physical test. The sharp upward turn on the data for B6H-

1 at strain of 0.028 likely indicates strain gage failure rather than some physical phenomenon. Figure 

4-14(b) and (d), however, show these test cases match the experimental data much more closely. It is 

possible to match the test data move closely through calibration, but the ability of this model to closely 

estimate real behavior without calibration is one of its main benefits.  

Table 4-6: Tie reduction factor analysis test cases 

Run # αt 

B12-1 0.1 

B12-2 0.2 

B12-3 0.3 

B12-4 0.4 

B12-5 0.5 

B12-6 0.6 

B12-7 0.7 

B12-8 0.8 

B12-9 0.9 

B12-10 1.0 

 

 



102 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 
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Figure 4-12: Influence of tie reduction factor with cover off 

 

 

Figure 4-13: Horizontal disp. vs. normalized axial disp. for tie reduction factor results and specimen B6C-1 
from Chapter 3 
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(a) 

 
(b) 
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(c) 

 
(d) 

Figure 4-14: Horizontal displacement response for analysis and physical test specimens 

4.6 OTHER TEST CASES 

 The previous section demonstrates the buckling model’s efficiency and accuracy for a single 

set of geometries and material properties. Other test cases can now be evaluated to compare the 

response with HyFRC cover to that without.Four new cases are selected with a range of longitudinal 

and transverse tie diameters, tie spacings, and one case testing the effect of using high strength rebar 

with nominal yield strength of 689MPa. Each case is given an initial deformation equal to 𝛿𝑖 = 0.3𝑑𝑏 

and evaluated for tie spacings 
𝑠𝑡

𝑑𝑏
= 4, 6, 8, 10, 𝑎𝑛𝑑 12 both with and without HyFRC cover. Details of these 

test cases are tabulated in Table 4-7.  
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Test cases in the set B13 evaluate buckling for the original case of 𝑑𝑏 = 12.7-mm  and 𝑑𝑡 =

4.763-𝑚𝑚, but now with all five tie spacings. B13’s results are plotted in Figure 4-15. The axial load-

displacement response in Figure 4-15(a) shows significant strain hardening is achieved for 
𝑠𝑡

𝑑𝑏
= 4 

when HyFRC cover is used (B13b-1). The counterpart without cover, B13a-1, does not strain harden, 

although the response is adequate for ductility. Tie and hoop opening are not accounted for in this 

model, which were shown to be partly responsible for the non-ductile response of the control 

specimens in both Chapter 2 and Chapter 3. As tie spacing increases to 
𝑠𝑡

𝑑𝑏
= 6  (B13a-2) the 

performance of the bar without HyFRC cover deteriorates considerably. With HyFRC the bar 

buckling load is higher for tie spacings up to 
𝑠𝑡

𝑑𝑏
= 12 (B13b-5). Cases with HyFRC achieve better 

control of horizontal deflection, as shown in Figure 4-15(b) and (c), and shorter buckled lengths for 

𝑠𝑡

𝑑𝑏
≥ 6, as shown in Figure 4-15(f).  

Longitudinal bar diameter 𝑑𝑏 = 22.2-𝑚𝑚 and tie diameter  𝑑𝑡 = 12.7-𝑚𝑚 are evaluated in 

the set B14. Results for these test cases are shown in Figure 4-16. The axial load-displacement 

response in Figure 4-16(a) reveals improved behavior for B14b-2 over B14a-2 with 
𝑠𝑡

𝑑𝑏
= 6. Cases 

B14b-3,4, and 5 did not match the performance of B14a-2 as with the B13 specimens. Figure 4-16(b) 

and (f) do not show significant reduction of deflection or buckled length when HyFRC is employed. 

B14 test cases exhibit higher horizontal forces due to the larger longitudinal bar diameter, but the 

cover width employed to restrain buckling is the same as in B13. A greater tributary cover width 

correlated with larger longitudinal rebar spacing can compensate for these additional forces and 

improve the performance.  

Bar diameters are increased once more to 𝑑𝑏 = 31.8-𝑚𝑚 and 𝑑𝑡 = 19.1-𝑚𝑚 in the set B15, 

but in this case the tributary cover width is doubled to 8-in, plotted in Figure 4-17. The increased 

cover width once again pushes the peak load of B15b-3, 4, and 5 with 
𝑠𝑡

𝑑𝑏
= 8, 10, and 12 above that 

of B15a-2 with 
𝑠𝑡

𝑑𝑏
= 6. The chosen cover width does not, however, cause substantial improvement in 

lateral deflection or buckled length compared to B15a-2, as shown in Figure 4-17(b) and (f).  

There is an ongoing push in the field of seismically detailed reinforced concrete design to 

increase allowable rebar strength to allow use of bars with nominal yield strength over 689-MPa. Use 

of such bars is currently limited by compressive ductility requirements. Large compressive strain 
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demands exceed the capacity of conventional concrete well before high strength rebar reaches its yield 

capacity. Low spalling strains lead to premature failure due to longitudinal rebar buckling. With the 

model developed here the performance of high-strength bars embedded in HyFRC can be evaluated 

as a potential solution to the premature buckling issue. Test set B16 has longitudinal bar diameter 

𝑑𝑏 = 22.2-𝑚𝑚 and tie diameter 𝑑𝑡 = 12.7-𝑚𝑚 and longitudinal rebar yield stress 𝑓𝑦 = 689-𝑀𝑃𝑎. 

A 254-mm cover width (tributary width, not thickness) is used to compensate for the additional loads 

acting on the system. Results of the B16 tests are shown in Figure 4-18. Axial response in Figure 

4-18(a) shows that with only ties restraining lateral deflection the bars fail to reach the yield load for 

the lowest tie spacing, and for B16a-2 where 
𝑠𝑡

𝑑𝑏
= 6 it fails to reach even 80% of the yield load. Using 

HyFRC cover, however, B16b-1 with 
𝑠𝑡

𝑑𝑏
= 4 exceeds the yield load and achieves some amount of 

strain hardening prior to buckling. The remaining four test cases, while they do not reach the yield 

load, achieve an 11% higher peak load than B16a-2 even when 
𝑠𝑡

𝑑𝑏
= 12. Figure 4-18(b) and (c) show 

better lateral deflection control for the B16b test cases and Figure 4-18(e) shows that B16b-3, 4 and 

5 approach the same level of toughness as B16a-2 when taken out to 5% normalized axial displacement, 

despite tie spacings well over the maximum allowable by seismic code provisions.  

Table 4-7: Other test cases 

Run ID cover 
fy db dt initDef    

[MPa] [mm] [mm] [in]    

               
B13a off 440.2 12.7 4.7625 2.54  Run # s/db 
B13b on 440.2 12.7 4.7625 2.54  

                 

B14a off 440.2 22.225 12.7 6.6675  1 4 

B14b on 440.2 22.225 12.7 6.6675  2 6 

             3 8 

B15a off 440.2 31.75 19.05 9.525  4 10 

B15b on 440.2 31.75 19.05 9.525  5 12 

               
B16a off 689.5 22.225 12.7 6.6675    
B16b on 689.5 22.225 12.7 6.6675    
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 
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Figure 4-15: Test case B13: db = 12.7-mm and dt = 4.76-mm 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

 

 

Figure 4-16: Test case B14: db = 22.2-mm and dt = 12.7-mm 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

 
(f) 

 

 

Figure 4-17: Test case B15: db = 31.8-mm and dt = 19.1-mm 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 
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Figure 4-18: Test case B16: db = 22.2-mm, dt = 12.7-mm, and fy = 689-MPa 

 

4.7 CONCLUSIONS 

  Few previous studies have looked at the interaction between fiber reinforced concrete and 

longitudinal rebars in compression, and of those not one has explored rebar buckling in FRC with any 

amount of detail. The tests performed in Chapter 3 are unique and provide a basis with which a 

computational model and be validated. Two methods of predicting rebar buckling behavior with 

HyFRC cover restraint are explored in this chapter.  

The first method is a simpler, more theoretical, mathematical approach originally derived by 

Talaat and Mosalam (2008) to predict the buckling response of rebar embedded in conventional 

concrete. Those equations were re-derived to include distributed support provided by a HyFRC cover 

with ductile tensile response. Axial response of bars with varying tie spacings are calculated using this 

method and presented in Figure 4-6 along with results of the model run without cover restraint. 

Behavior observed in Figure 4-6 matches expectations and yields reasonably accurate results. One 

major pitfall of this method is the need for extensive calibration in order to get any sort of realistic 

result. This dependence on calibration prevents it from being extrapolated to other geometries and 

materials without physical experiments to validate it.  

While there are certainly applications in which the first method is preferable, the goal of this 

study is to develop a model that achieves accuracy without extensive calibration, is reliably stable for 

a wide range of inputs, and has low computational cost. The second approach in this study uses the 

nonlinear analysis program OpenSees to construct a 2D buckling model with nonlinear materials and 

nonlinear geometric transformation. An iterative method like this one is certainly more costly than the 

simple algorithm in the previous method, but the accuracy and wealth of other information it provides 
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is valuable both for academic study and for predicting the buckling behavior given any set of input 

geometry or materials. The process of configuring the model and selecting components is outlined 

and tested. A convergence study is conducted to select the set of parameters that offers consistent, 

accurate results with the lowest run time. Results of this study are shown in Figure 4-10 and Figure 

4-11. The model is then compared to test results from experiments conducted in Chapter 3. 

Comparison of mid-height lateral deflection in the computational and physical specimens in Figure 

4-13 and Figure 4-14 demonstrate that reasonably accurate results are achieved without further 

calibration after the initial parameters have been selected. With confidence in the model established, 

other test cases are run with different rebar diameters, tie spacings, and material properties.  

Findings of this study are summarized as follows: 

1. The method outlined to construct an iterative analysis model provides accurate, predictive 

results without calibration.  

2. Proper element selection can achieve low run times even for a relatively costly iterative 

nonlinear solution method.  

3. Distributed lateral support representative of a HyFRC cover, or similarly ductile material, 

increases the peak axial load of the rebar compared to a bar with only horizontal tie supports.  

4. The HyFRC elements slow the progression of lateral deflection and reduce the buckled length. 

Previous experiments indicated that large horizontal bar displacements due to buckling leads 

to tie opening and loss of confinement in conventional reinforced concrete. Controlling that 

aspect of the response correlates to a more reliable ductile axial response, improved overall 

confinement, and reduces the likelihood of tensile rebar fracture under cyclic loading. 

5. Given enough tributary cover width, HyFRC provides better buckling response up to 
𝑠𝑡

𝑑𝑏
=

12 than ties alone at 
𝑠𝑡

𝑑𝑏
= 6, the current maximum allowable tie spacing as per ACI-318 to 

control rebar buckling.  

6. HyFRC improves the response of high strength longitudinal rebar compared to conventional 

detailing. This may prove vital for the implementation of high strength rebar in seismic 

structures or other applications that call for high compressive strain ductility.  

There are still ways in which this model can be improved. A trilinear strain-hardening/strain-

softening material model would improve accuracy at large displacements. As it stands, the current 

model is not set up for cyclic analysis, which is necessary if this model is to be used to simulate seismic 
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structural response. Results in this study are achieved despite the relatively low peak tensile capacity 

of HyFRC, 𝑓𝑡 = 2.41-𝑀𝑃𝑎.  Implementation of an ultra-high-performance fiber-reinforced 

cementitious composite like the G-UHP-FRC developed by Aghdasi and Ostertag (2019) may provide 

even better performance.  
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CHAPTER 5 | CONCLUSIONS 

 

This document presents novel research on the use of Hybrid Fiber Reinforced Concrete to 

enhance the ductility of reinforced concrete elements detailed to withstand large compressive strain 

demands. Experimental specimens are examined at a global and local level to construct a 

comprehensive understanding of the interactions and overall performance. One large-scale and one 

small-scale experiment is performed, and the data from both are used to construct and validate a 

predictive computational model that can be used to evaluate the behavior in other scenarios.  

5.1 HYFRC BOUNDARY ELEMENT EXPERIMENT 

Results of the large-scale experiment presented in Chapter 2 demonstrate the improved 

performance of a high-aspect-ratio shear wall boundary element with seismic detailing when 

constructed with HyFRC in place of conventional concrete. Specimen H1 achieves the ductile axial 

response desired from a confined concrete element, with higher confined concrete core load capacity, 

strain capacity, toughness, and longitudinal rebar buckling response compared to the control 

specimens. Conclusions from this study are summarized as follows: 

1. HyFRC does not spall like conventional specimens which controls damage early on. Reduced 

damage at strains all the way up to the first peak would reduce the amount of repair needed 

after all but the largest seismic events. The damage at higher strains is also reduced by using 

HyFRC, which would lead to faster repairs and lower likelihood of red-tagging after a major 

earthquake.  

2. HyFRC enables damage to spread along the height of specimen H1 and prevents the damage 

localization observed in specimens C1, C2, and C3. This lack of localization delays rebar 

buckling which reduces demand on lateral reinforcement. Confinement provided by hoop 

stresses in the HyFRC also reduces demand on the lateral reinforcement. H1 maintains axial 

capacity despite global buckling, enables load recovery after Po, and achieves a higher Poo. 

Toughness up to failure of H1 is 150% higher than C1, 240% higher than C2, and 182% higher 

than C3, confirming the improved ductility provided by HyFRC.  

3. Close inspection of gages in specimen H1 shows buckling progression is delayed to a global 

normalized displacement at least 137% higher than in the conventional concrete counterparts, 

but the point of buckling cannot be pinpointed precisely due to the failure mode. Further 

experimentation and modeling are needed to show the exact buckling behavior. Post-test 
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inspection of the specimens shows the tied buckling length is reduced by 37.4% and non-tied 

buckling length is reduced by 55.0% compared to the control specimens.   

5.2 COMPRESSIVE TESTS OF SMALL-SCALE BUCKLING SPECIMENS 

Chapter 3 tests six conventional concrete and six HyFRC rectangular column specimens with 

embedded rebar designed to investigate buckling of longitudinal bars in each material with various 

transverse tie spacings. Specimen B6C-1 presented in this study further verifies that current seismic 

detailing provisions do not adequately restrain rebar buckling and are susceptible to hoop opening. 

Results of the HyFRC specimens constructed with 4db, 6db, and 12db tie spacings are summarized as 

follows: 

1. At 2% normalized displacement the average residual load in the B4H specimens is 131% 

higher than that in B6C-1, the B6H specimens have 88% higher residual load than B6C-1, and 

the B12H specimens have 5% higher residual load than B6C-1.  

2. At 4% normalized displacement the average residual load in the B4H specimens is 265% 

higher than B6C-1, the B6H specimens have 236% higher residual load than B6C-1, and the 

B12H specimens have 72% higher residual load than B6C-1.  

3. Up to 2% normalized displacement the average toughness of the B4H specimens is 49% 

higher than B6C-1, toughness of the B6H specimens is 34% higher than B6C-1, and toughness 

of the B12H specimens is 8% higher than B6C-1.  

4. Up to 4% normalized axial displacement the average toughness of the B4H specimens is 89% 

higher than B6C-1, the toughness of the B6H specimens is 65% higher than B6C-1, and the 

toughness of the B12H specimens is 14% higher than B6C-1.  

5. The toughness at 2% and 4% in the B12H specimens is higher than B6C-1 even though the 

average normalized maximum load is 18% lower for the B12H specimens. 

6. Buckling initiates 67%, 165%, and 11% later than B6C-1 for the B4H, B6H, and B12H 

specimens, respectively.  

7. The horizontal displacement reaches 2.54-mm 72%, 108%, and 2% later than B6C-1 for the 

B4H, B6H, and B12H specimens, respectively. 

8. Compressive strain in B4H specimens reaches 1%, 2%, and 3% at an average of 39%, 58%, 

and 77% higher displacement than B6C-1, respectively.  
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9. Compressive strain in B6H-1 reaches 1%, 2%, and 3% at an average of 69%, 77%, and 83% 

higher displacement than B6C-1, respectively. As mentioned previously, B6H-2 is neglected 

because the strain gages did not capture the full plastic hinge response.  

10. Compressive strain in B12H specimens reaches 1%, 2%, and 3% at an average of 35%, 52%, 

and 67% higher displacement than B6C-1, respectively.  

11. B6H buckled lengths are 37.4% lower than B6C-1. 

12. B12H buckled lengths are 12.9% lower than B12C-2, and 5.2% lower than B6C-1. This 

demonstrates that the HyFRC cover by itself restrains buckling better than hoops with seismic 

hooks.  

These results show that HyFRC improves ductility and buckling response compared to 

conventional concrete. Evidence from the B12H specimens shows that using HyFRC may allow the 

maximum tie spacing for ductility in ACI-318 to be increased to 12db with respect to buckling, 

potentially cutting the number of ties in half. This would reduce construction costs to make up for 

the added cost of HyFRC and reduce rebar congestion that is a frequent issue with seismic-resistant 

reinforced concrete structures. Although the increased tie spacing reduces the axial load due to triaxial 

tensile stresses, this is a behavior that can be predicted with Mohr’s circle and accounted for in design. 

The following chapter will use results from this study to calibrate a computational buckling model that 

can be used to evaluate different test cases.  

5.3 DEVELOPMENT OF A COMPUTATIONAL MODEL TO PREDICT BUCKLING OF BARS 

EMBEDDED IN HYFRC 

Two methods of predicting rebar buckling behavior with HyFRC cover restraint are explored in 

Chapter 4. The first method is a simpler, more theoretical, mathematical approach originally derived 

by Talaat and Mosalam (2008) to predict the buckling response of rebar embedded in conventional 

concrete. Those equations were re-derived to include distributed support provided by a HyFRC cover 

with ductile tensile response. Axial response of bars with varying tie spacings are calculated using this 

method and presented in Figure 4-6 along with results of the model run without cover restraint. 

Behavior observed in Figure 4-6 matches expectations and yields reasonably accurate results. One 

major pitfall of this method is the need for extensive calibration in order to get any sort of realistic 

result. This dependence on calibration prevents it from being extrapolated to other geometries and 

materials without physical experiments to validate it.  
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While there are certainly applications in which the first method is preferable, the goal of this 

study is to develop a model that achieves accuracy without extensive calibration, is reliably stable for 

a wide range of inputs, and has low computational cost. The second approach in this study uses the 

nonlinear analysis program OpenSees to construct a 2-D buckling model with nonlinear materials and 

nonlinear geometric transformation. An iterative method like this one is certainly more costly than the 

simple algorithm in the previous method, but the accuracy and wealth of other information it provides 

is valuable both for academic study and for predicting the buckling behavior given any set of input 

geometry or materials. The process of configuring the model and selecting components is outlined 

and tested. A convergence study is conducted to select the set of parameters that offers consistent, 

accurate results with the lowest run time. Results of this study are shown in Figure 4-10 and Figure 

4-11. The model is then compared to test results from experiments conducted in Chapter 3. 

Comparison of mid-height lateral deflection in the computational and physical specimens in Figure 

4-13 and Figure 4-14 demonstrate that reasonably accurate results are achieved without further 

calibration after the initial parameters have been selected. With confidence in the model established, 

other test cases are run with different rebar diameters, tie spacings, and material properties.  

Findings of this study are summarized as follows: 

1. The method outlined to construct an iterative analysis model provides accurate, predictive 

results without calibration.  

2. Proper element selection can achieve low run times even for a relatively costly iterative 

nonlinear solution method.  

3. Distributed lateral support representative of a HyFRC cover, or similarly ductile material, 

increases the peak axial load of the rebar compared to a bar with only horizontal tie supports.  

4. The HyFRC elements slow the progression of lateral deflection and reduce the buckled length. 

Previous experiments indicated that large horizontal bar displacements due to buckling leads 

to tie opening and loss of confinement in conventional reinforced concrete. Controlling that 

aspect of the response correlates to a more reliable ductile axial response, improved overall 

confinement, and reduces the likelihood of tensile rebar fracture under cyclic loading. 

5. Given enough tributary cover width, HyFRC provides better buckling response up to 
𝑠𝑡

𝑑𝑏
=

12 than ties alone at 
𝑠𝑡

𝑑𝑏
= 6, the current maximum allowable tie spacing as per ACI-318 to 

control rebar buckling.  
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6. HyFRC improves the response of high strength longitudinal rebar compared to conventional 

detailing. This may prove vital for the implementation of high strength rebar in seismic 

structures or other applications that call for high compressive strain ductility.  

 

5.4 FINAL REMARKS 

Replacing conventional concrete with HyFRC of an equivalent compressive strength does not 

increase the peak load. In fact, the tests demonstrate that as tie spacing widens the HyFRC 

compensates for the reduction in steel by taking on some of the outward lateral stresses. This induces 

a biaxial stress state in which the axial direction is in compression and the lateral is in tension, which 

lowers the peak compressive capacity of the material. What HyFRC offers is reliability. Specimens 

constructed with HyFRC presented in this study consistently delivered substantially higher ductility 

and toughness than their conventional concrete counterparts. Even when tie spacings were increased 

to 12db and the peak load decreased, the HyFRC specimens still achieved higher toughness than the 

control specimen with 6db spacing. The predictability and increased ductility gained by using HyFRC 

are where the true advantages lie. Reduced axial capacity due to wider tie spacings can be easily 

accounted for by increasing the material strength based on calculations using Mohr’s circle. Based on 

the results of this investigation it is proposed that transverse reinforcing steel can be reduced and 

minimum spacings increased considerably with the implementation of a properly designed FRC. 

HyFRC may also be the solution for introducing high-strength rebar and enabling it to reach its full 

compressive strength without buckling prematurely.  



121 
 

REFERENCES  

 

Aaleti, S., Dai, H., Sritharan, S., 2014. Ductile Design OF Slender Reinforced Concrete Structural Walls. Tenth 
U.S. Natl. Conf. Earthq. Eng. doi:10.4231/D3B853J5Q 

Aghdasi, P., Ostertag, C.P., 2019. Green ultra-high performance fiber-reinforced concrete ( G-UHP-FRC ) 
Green ultra-high performance fiber-reinforced concrete ( G-UHP-FRC ). Constr. Build. Mater. 190, 246–
254. doi:10.1016/j.conbuildmat.2018.09.111 

Alarcon, C., Hube, M.A., de la Llera, J.C., 2014. Effect of axial loads in the seismic behavior of reinforced 
concrete walls with unconfined wall boundaries. Eng. Struct. 73, 13–23. 
doi:10.1016/j.engstruct.2014.04.047 

Alarcon, C., Hube, M.A., Jünemann, R., de la Llera, J.C., 2015. Characteristics and displacement capacity of 
reinforced concrete walls in damaged buildings during 2010 Chile earthquake. Bull. Earthq. Eng. 13, 
1119–1139. doi:10.1007/s10518-015-9727-0 

Aoude, H., Cook, W.D., Mitchell, D., 2009. Behavior of columns constructed with fibers and self-consolidating 
concrete. ACI Struct. J. 106, 349–357. 

Aoude, H., Hosinieh, M., Cook, W., Mitchell, D., 2014. Behavior of Rectangular Columns Constructed with 
SCC and Steel Fibers. J. Struct. Eng. 141, 04014191–(1–13). doi:10.1061/(ASCE)ST.1943-541X.0001165 

Arteta, C.A., 2015. Seismic Response Assessment of Thin Boundary Elements of Special Concrete Shear Walls. 

Arteta, C.A., To, D. V, Moehle, J.P., 2014. Experimental response of boundary elements of code-compliant 
reinforced concrete shear walls, in: Tenth U.S. National Conference on Earthquake Engineering. 
Earthquake Engineering Research Institute, Anchorage, Alaska. doi:10.4231/D37H1DN29 

ASTM-A370-17a, 2017. ASTM A370-17a Standard Test Methods and Definitions for Mechanical Testing of 
Steel Products, ASTM International. doi:10.1520/A0370-12a.2 

ASTM-A615/A615M-18, 2018. ASTM A615/A615M-18 Standard Specification for Deformed and Plain 
Carbon-Steel Bars for Concrete Reinforcement1, ASTM International. doi:10.1520/A0615 

ASTM-C1609/C1609M-05, 2012. ASTM C 1609/C 1609M-05 Standard Test Method for Flexural 
Performance of Fiber-Reinforced Concrete ( Using Beam With Third-Point Loading ) 1, Astm. 
doi:10.1520/C1609 

ASTM-C39, 2016. C39: Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens. 
Am. Soc. Test. Mater. 1–7. doi:10.1520/C0039 

ASTM-C78/C78M, 2002. ASTM C78/C78M - 02 - Standard Test Method for Flexural Strength of Concrete 
(Using Simple Beam with Third-Point Loading), ASTM International. doi:10.1520/C0078 

Bayrak, O., Sheikh, S. a., 2001. NALYSIS By Oguzhan Bayrak 1 and Shamim A. Sheikh, 2 Members, ASCE. J. 
Struct. Eng. 127, 1092–1100. 

Blunt, J., Ostertag, C.P., 2009. Performance-Based Approach for the Design of a Deflection Hardened Hybrid 
Fiber-Reinforced Concrete. J. Eng. Mech. 135, 978–986. doi:10.1061/(ASCE)0733-9399(2009)135:9(978) 

Blunt, J.D., Ostertag, C.P., 2009. Deflection Hardening and Workability of Hybrid Fiber Composites. ACI 
Mater. J. 106, 265–272. 

Brown, W.A., Lehman, D.E., Stanton, J.F., 2008. PACIFIC EARTHQUAKE ENGINEERING Bar Buckling 
in Reinforced Concrete Bridge Columns Bar Buckling in Reinforced Concrete Bridge Columns. Pacific 



122 
 

Earthq. Eng. Res. Cent. 2007. 

Brueggen, B.L., French, C.E., Sritharan, S., 2017. T-Shaped RC Structural Walls Subjected to Multidirectional 
Loading: Test Results and Design Recommendations. J. Struct. Eng. 143, 04017040. 
doi:10.1061/(ASCE)ST.1943-541X.0001719 

Campione, G., Fossetti, M., Papia, M., 2010. Behavior of fiber-reinforced concrete columns under axially and 
eccentrically compressive loads. ACI Struct. J. 107, 272–281. 

Curwen, T., 2014. Built to defy severe quakes, the New Wilshire Grand is seismically chic [WWW Document]. 
LA Times. URL http://graphics.latimes.com/wilshire-grand-earthquakes/ (accessed 10.5.19). 

Dhakal, R.P., Maekawa, K., 2002. Reinforcement Stability and Fracture of Cover Concrete in Reinforced 
Concrete Members. J. Struct. Eng. 128, 1253–1262. doi:10.1061/(ASCE)0733-9445(2002)128:10(1253) 

Engesser, F., 1891. Die Knickfestigkeit gerader Stäbe. W. Ernst & Sohn, Berlin. 
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APPENDIX A | ADDITIONAL INFORMATION FOR CHAPTER 2 

A.1 RESPONSE AND PHOTOS 
Figure A-1 presents the points of interest for each specimen on force vs. axial displacement, 

bar displacement vs. axial displacement, and rebar strain vs. axial displacement plots. Each specimen 

is accompanied by photos of the West face of the specimen at each of these points.  
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Figure A-1: Point of interest plots with accompanying photos 
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A.2 POST-TEST REBAR DISPLACED SHAPES 
This section outlines the process used to extract displaced rebar shapes for all specimens. 

Photos are taken of each face of every column with an accompanying length scale. These photos are 

imported into a Matlab script (available upon request) where the user selects two points on the scale 

and specifies the distance in inches between them. This procedure assigns a conversion factor for each 

photo to convert pixels to inches. Once a length scale is established, the photos are imported into a 

second script where the user defines points along visible portions of the rebar. These points are shown 

in red in Figure A-2. A spline interpolation function is constructed using these points which gives the 

2D displaced shape of the rebar from the perspective of that photo, shown in black on Figure A-2. 

The four corners of the column are then selected by the user to align the spline functions from all 

four photos. Since there are now 2D displaced shapes from two orthogonal views for each bar in the 

specimen, the displaced shapes can be reconstructed in a 3D cartesian coordinate system to give the 

3D displaced shape of each bar. 2D and 3D displaced shapes are shown in Figure 3-25 for each 

specimen.  
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Figure A-2: Bar spline photos 
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APPENDIX B | CONVERGENCE TEST CASES FROM CHAPTER 4 

 

Table B-1: Parametric study cases – cover OFF 

Run 
# 

cover 

fy db dt 

s/db solver 

initDef 

nDiv incr 

hLoad 

nIntgrPts rDiv cDiv αt 
[MPa] [mm] [mm] [mm] [kN] 

1 off 440.2 12.7 4.76 4 disp 2.54 48 3000 0.445 4 16 64 1 

2 off 440.2 12.7 4.76 4 disp 1.27 12 500 0.445 4 4 64 1 

3 

off 440.2 12.7 4.76 4 disp 2.54 

2 

50 0.4448 4 4 64 1 

4 4 

5 8 

6 16 

7 32 

8 

off 440.2 12.7 4.76 4 disp 2.54 12 500 

0.111 

4 4 64 1 

9 0.222 

10 0.445 

11 0.890 

12 1.779 

13 3.558 

14 7.117 

15 

off 440.2 12.7 4.76 4 disp 0.635 12 500 

0.890 

4 4 64 1 

16 1.779 

17 3.558 

18 7.117 

19 14.234 

20 

off 440.2 12.7 4.76 4 disp 

0.635 

12 500 0.445 4 4 64 1 

21 1.27 

22 1.905 

23 2.54 

24 3.175 

25 3.81 

26 4.445 

27 5.08 

28 

off 440.2 12.7 4.76 4 disp 2.54 4 

50 

0.445 

6 

4 64 1 

29 8 

30 10 

31 

500 

6 

32 8 

33 10 

34 

off 440.2 12.7 4.76 4 disp 2.54 8 

50 

0.445 

6 

4 64 1 

35  8 

36  10 

37 500 6 

38  8 

39   10 

40 

off 440.2 12.7 4.76 4 disp 2.54 12 

10 

0.445 4 4 64 1 
41 20 

42 30 

43 40 

44 off 440.2 12.7 4.76 4 disp 2.54 12 50 0.445 4 4 64 1 
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Table B-2: Parametric study cases – cover ON 

Run 
# 

cover 
fy db dt 

s/db solver 
initDef 

nDiv incr 
hLoad 

nIntgrPts rDiv cDiv αt 
[MPa] [mm] [mm] [mm] [kN] 

1 on 440.2 12.7 4.76 4 disp 2.54 48 3000 0.445 4 16 64 1 

2 on 440.2 12.7 4.76 4 disp 1.27 12 500 0.445 4 4 64 1 

3 

on 440.2 12.7 4.76 4 disp 2.54 

2 

50 0.445 4 4 64 1 

4 4 

5 8 

6 16 

7 32 

8 

on 440.2 12.7 4.76 4 disp 2.54 12 500 

0.111 

4 4 64 1 

9 0.222 

10 0.445 

11 0.890 

12 1.779 

13 3.558 

14 7.117 

15 

on 440.2 12.7 4.76 4 disp 0.635 12 500 

0.890 

4 4 64 1 

16 1.779 

17 3.558 

18 7.117 

19 14.23 

20 

on 440.2 12.7 4.76 4 disp 

0.64 

12 

3000 

0.445 4 4 64 1 

21 1.27 

22 1.91 

23 2.54 

500 

24 3.18 

25 3.81 

26 4.45 

27 5.08 

28 

on 440.2 12.7 4.76 4 disp 2.54 4 

50 

0.445 

6 

4 64 1 

29 8 

30 10 

31 

500 

6 

32 8 

33 10 

34 

on 440.2 12.7 4.76 4 disp 2.54 8 

50 

0.445 

6 

4 64 1 

35 8 

36 10 

37 

500 

6 

38 8 

39 10 

40 

on 440.2 12.7 4.76 4 disp 2.54 12 

50 

0.445 4 

4 

4 1 

41 8 

42 16 

43 

500 

4 

44 8 

45 16 
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Table B-2: Continued 
 

Run 
# 

cover 
fy db dt 

s/db solver 
initDef 

nDiv incr 
hLoad 

nIntgrPts rDiv cDiv αt 
[MPa] [mm] [mm] [mm] [kN] 

46 

on 440.2 12.7 4.76 4 disp 2.54 12 

50 

0.445 4 

4 

4 

1 

47 16 

48 64 

49 

8 

4 

50 16 

51 64 

52 

16 

4 

53 16 

54 64 

55 

500 

4 

4 

56 16 

57 64 

58 

8 

4 

59 16 

60 64 

61 

16 

4 

62 16 

63 64 

64 

on 440.2 12.7 4.76 4 disp 2.54 12 

50 

0.445 4 4 

4 

1 

65 8 

66 16 

67 32 

68 64 

69 128 

70 

500 

4 

71 8 

72 16 

73 32 

74 64 

75 128 

76 

on 440.2 12.7 4.76 4 disp 1.27 12 

50 

0.445 4 4 

4 

1 

77 8 

78 16 

79 32 

80 64 

81 128 

82 

500 

4 

83 8 

84 16 

85 32 

86 64 

87 128 

88 

on 440.2 12.7 4.76 4 disp 2.54 12 

10 

0.445 4 4 64 1 
89 20 
90 30 
91 40 
92 on 440.2 12.7 4.76 4 disp 2.54 12 50 0.445 4 4 64 1 

 




