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ABSTRACT 

Although fiber-reinforced composites have the potential to enhance the seismic performance of 

bridge columns, their use has been hampered by their poor workability and inadequate 

compaction for cast-in-place applications. To address this issue, this study developed a self-

compacting hybrid fiber reinforced concrete (SC-HyFRC) composite. Optimized specifically for 

bridge columns, this composite flows under its own weight, completely filling the formwork and 

achieving full compaction without internal or external vibration.  In addition, this SC-HyFRC 

provides enhanced ductility, shear resistance, and damage tolerance compared to conventional 

fiber-reinforced composites.  

To investigate the seismic performance and post-earthquake damage resistance of bridge 

columns composed of SC-HyFRC, two 1:4.5 scale column specimens were built and tested 

statically under uni-directional cyclic loading. In both specimens the volumetric transverse 

reinforcement was 0.37%, which is two to three times less than that of typical Caltrans bridge 

columns.  Both test specimens had the same longitudinal steel ratio of 1.2%.  

The design of the two specimens differed in terms of the location where the nonlinear 

deformations were accommodated. The first specimen was designed to rock at the column’s 

base–foundation interface. Incorporating stainless steel bars as longitudinal reinforcement, the 

second specimen was designed to form a flexural plastic hinge at its base. Both specimens 

attained large drift ratios of up to 11% without losing axial load carrying capacity and were 

successful in resisting damage due to spalling of concrete up to drift ratios of 3.6%.  Compared 

to a conventional reinforced concrete column of same dimensions, longitudinal steel ratio, and 

axial load ratio, the SC-HyFRC columns exhibited superior damage resistance and better load 

carrying capacity despite a 50% reduction in transverse reinforcement. 
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1 Introduction 

1.1 BACKGROUND  

Reinforced concrete (RC) bridges located in areas of high seismicity are designed to allow 

nonlinear deformations to occur in specific parts of the bridge during a design level earthquake. 

For low- and moderate-intensity earthquakes, the main objective of the seismic design is that a 

bridge remain functional immediately after the earthquake, sustaining relatively little to no 

damage. 

Typical RC bridge design allows nonlinear deformations to develop, preferably in 

flexure, in specific regions of the columns referred to as “flexural plastic hinges,” while the other 

parts of the bridge are intended to remain nearly elastic. Current seismic design provisions 

(Caltrans 2006) include prescriptive requirements consistent with traditional capacity design 

concepts (Park and Paulay 1975) to ensure that capacity exceeds the expected deformation 

demands in these plastic hinge regions. Seismic isolation is a seismic design alternative for RC 

bridges (Buckle et al. 2006; JRA 2002; CHBDC 2000; AASHTO 1998), whereby the nonlinear 

deformations are accommodated within the isolation devices themselves, while the rest of the 

bridge remains nearly elastic.  

Another strategy is to allow rocking to occur at the column-foundation interface (Hewes 

2007; Ou et al. 2007; Mahin et al. 2006; Yoon and Billington 2002; Sritharan et al. 1999; 

Cormack 1998; Mander and Cheng 1997a, 1997b) and/or at the column-deck interface (NCHRP 

12-74 2010).  Such systems usually incorporate unbonded post-tensioning to better control the 

stiffness and strength characteristics of the bridge. Similarly, bridges designed with shallow 

foundations that rock at the foundation-soil interface (Espinoza and Mahin 2006; Mergos and 

Kawashima 2005) can reduce residual deformations and post-earthquake damage of a bridge 

column, and thus of the bridge as a whole. 
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For the RC bridges designed so that nonlinear deformation occurs in the columns, 

damage is concentrated in plastic hinges. For small to moderate seismic events, cracking, 

spalling, and crushing of concrete may occur. Under more severe seismic loading conditions, 

fracture of the transverse reinforcements, and buckling and fracture of the longitudinal 

reinforcing bars may occur in the column plastic hinge regions. If the bridge column is unable to 

maintain its load-bearing capacity, this may interfere with disaster recovery operations. Being 

more frequent, small to moderate intensity seismic events may have a major economic impact on 

structures due to their continuous need for repair. Cracking and spalling of concrete due to 

corrosion [see Figure 1.1(a)], alkali silica reaction (ASR) [see Figure 1.1(b)], or both [see Figure 

1.1c)] is frequently observed in bridge columns prior to a seismic event and will undoubtedly 

reduce their seismic performance.  

 

 

Figure 1.1 Damage of bridge columns due to environmental loading conditions: 
(a) spalling of concrete due to corrosion exposing the transverse 
reinforcements; (b) map cracking in plastic hinge region due to ASR; 
and (c) deterioration of bridge column due to both corrosion and 
ASR. 
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The use of high performance fiber reinforced composites (HPFRCs) in bridge columns 

has recently received considerable interest by the engineering community (Aviram et. al. 2010; 

Saiidi et. al. 2009; Billington and Yoon 2004; Parra-Montesinos and Wight 2000). Designed with 

superior properties compared to conventional RC, fiber reinforced composites (FRCs) have the 

potential to enhance the damage resistance of bridge columns in regards to seismic as well as 

environmental loading conditions if they exhibit deflection or strain-hardening behavior. The 

current study investigates the performance of bridge columns that utilize a self-compacting 

hybrid fiber reinforced concrete (SC-HyFRC) composite exhibiting deflection as well as strain 

hardening behavior. The HyFRC was initially developed to provide better crack resistance to 

structures exposed to harsh environmental conditions. The performance of a HyFRC compared 

to a conventional FRC is discussed briefly in Section 1.2.  

1.2 HYBRID FIBER REINFORCED COMPOSITES (HYFRC) FOR BRIDGE 
COLUMNS 

In comparison with conventional RC columns, FRCs have great potential to enhance the 

performance of bridge columns if they exhibit a more ductile behavior both in tension and 

compression. Figure 1.2 compares the performance characteristics of conventional FRCs [see 

Figure 1.2(a)] with those that exhibit a deflection hardening behavior where dominant cracking is 

delayed up to higher strength and strain values [see Figure 1.2(b)]. A FRC that exhibits a 

behavior where dominant crack formation coincides with the cracking strength and strain 

capacity of the matrix [see Figure 1.2(a)] will not be as effective despite its extended softening 

behavior. This type of behavior is commonly observed in conventional FRCs.  

Deflection hardening FRCs have the potential to enhance seismic performance of bridge 

columns due to their superior crack resistance and high ductility in both compression and 

tension. However, since this type of deflection hardening is commonly accomplished through 

multiple cracking, the performance of these FRCs with regard to damage resistance associated 

with environmental loading conditions will depend on their crack widths as well. For corrosions 

resistance in particular, the crack width has to be small enough to prevent water and chloride 

ions from entering the concrete thus avoiding ASR and corrosion-related deterioration 

mechanisms. 
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This study utilizes an innovative hybrid fiber reinforced concrete (HyFRC) composite 

that was developed based on extensive research by the PI’s research group.  It complies with the 

necessary material performance criteria for bridge columns, such as crack resistance and 

deflection hardening behavior, high ductility in compression and tension, high shear resistance, 

and resistance to corrosion and other environmentally induced deterioration processes (Ostertag 

and Blunt 2010; Blunt and Ostertag 2009A; Blunt and Ostertag 2009B; Ostertag et. al. 2007). 

A HyFRC that resists deterioration due to corrosion, frost, and scaling action was also 

developed for Caltrans for use in bridge approach slabs exposed to both mechanical and harsh 

environmental loading conditions (Ostertag and Blunt 2008). The rationale behind using a 

HyFRC-based mix can be referred to as Deterioration Reduction through Micro- and Macrocrack 

Control, or the DRMC approach, whose PVA microfibers and hooked end steel macrofibers are 

used simultaneously to control the micro and macrocracks, respectively [see Figure 1.3]. The 

control of microcracks is essential for enhancing the durability of RC structures (Yi and Ostertag 

2005; Grubb et. al. 2007). Because cracking due to expansive deterioration processes initiate as 

microcracks in close vicinity to the reaction sites, these micocracks need to be influenced at 

onset before they become macrocracks. 

 

 

Figure 1.2   Performance characteristics of fiber reinforced composites: (a) 
conventional fiber reinforced composite with deflection softening 
behavior; and (b) deflection hardening behavior where dominant 
cracking is delayed up to higher strength and strain levels. 
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Figure 1.3   Schematic representation of fiber spacing and characteristic 
cracking in: (a) a fiber reinforced composite with conventional 
macrofibers only; and (b) a HyFRC with micro and macrofibers. 

The HyFRC concept was initially introduced by (Rossie 1997) and further developed by 

other researchers (Qian and Stroeven 2000; Banthia and Nandakumar 2003; Lawler et. al. 2005). 

The DRMC approach is based on a performance-based materials approach (Blunt and Ostertag 

2009A); therefore, the sole combination of micro and macrofibers alone does not necessarily 

lead to the desired deflection hardening behavior [shown in Figure 1.2(b)] and damage resistance 

due to environmental loading conditions. Not only does the  DRMC approach lead to deflection 

hardening behavior, but it also delays—and in some cases even mitigates—deterioration 

processes such as corrosion and ASR commonly observed prior to a seismic event, as shown in 

Figure 1.1. Hence, the HyFRC based matrix appears to be an effective solution to enhance the 

overall damage resistance and performance of bridge columns.  

In order to implement this HyFRC for cast-in-place field applications, however, the 

material requires additional properties such as high workability, uniform compaction, and ease of 

placement. Using FRC for bridge columns has been hampered by the inability of the fibers to 

pass through the congested areas of reinforcements present in bridge columns built to withstand 
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seismic excitation. Bridge columns cast with FRCs require excessive vibration (Aviram et. al. 

2010), and even if correctly executed  results in uneven compaction. This enhances the selective 

ingress of aggressive substances, leading to poor durability overall. Fortunately, the development 

self-compacting concrete by Okamura (1997) offers a potential solution to this problem as it is 

easy to place, thereby reducing the number of construction workers required on-site, resulting in 

cost savings. Even critical, self compacting concrete does not require vibration during placement; 

it is able to flow under its own weight, completely filling the formwork and achieving full 

compaction, even in the presence of congested reinforcements.   

Task 1 of this research project is to develop and design a self-compacting HyFRC for the 

use in bridge columns. While some researchers have attempted to make self-compacting FRCs 

(Aoude et. al. 2009) and even hybrid FRCs (Nehdi and Ladanchuk 2004), the fiber volumes that 

could be incorporated to classify the composites as self-compacting were often not sufficiently 

high enough to produce the desired toughening mechanisms that result in deflection hardening 

behavior. In addition, in many cases the mixes eliminated coarse aggregates, and testing was 

done on mortars that only enhanced their propensity for shrinkage and creep. Fundamentally, the 

basic objectives for the self-compacting HyFRC (denoted as SC-HyFRC in this report) was to 

achieve adequate distribution of fibers and self-compacting properties with the addition of coarse 

aggregates at a fiber volume fraction that ensures the desired response. According to the authors’ 

knowledge, this has not yet been achieved. If successful, it will not only enhance the safety but 

also reduce the environmental burden of concrete on the environment by extending the life-cycle 

and hence the sustainability of RC structures. 

1.3 RESEARCH OBJECTIVES 

The main objectives of this research program are as follows: (i) to enhance the damage resistance 

of bridge columns exposed to both seismic and environmental loading conditions; (ii) to improve 

the load carrying capacity of bridge columns at large drift ratios; and (iii) to provide full 

compaction and ease of construction of bridge columns.  

Modern highway bridges in California are required to perform adequately during frequent 

(M4-6) and extreme (M7-9) seismic events. A “grade” of adequate implies a ductile 

performance, limited and repairable damage, and the ability to maintain at minimum a gravity 
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load-carrying capacity. Bridge columns cast with HyFRC composites have the potential to 

outperform conventional RC bridge columns. Due to their high ductility and crack resistance, 

bridge columns made out of HyFRC are anticipated to sustain higher ductility demands without 

considerable damage compared to conventional bridge columns (Bayasi and Gebman 2002; 

Vasconez et al. 1998; Filiatrault et. al. 1995; Henager 1977). In addition, plastic shrinkage 

cracks, drying shrinkage cracks, and cracking due to corrosion and ASR—which makes bridge 

columns even more susceptible to damage during an earthquake—can be successfully prevented 

through the use of these HyFRC composites.  

To assure full compaction and ease of construction, self-compacting hybrid fiber 

reinforced concrete for bridge columns was developed and two 1:4.5 scale SC-HyFRC bridge 

columns were built and tested statically under uni-directional cyclic loading to investigate the 

effect of SC-HyFRC on seismic performance.   

It was anticipated that the hybrid fiber reinforcement—due to its superior shear resistance 

and more ductile behavior in tension and compression compared to conventional RC—justified 

reduction in the transverse reinforcement in bridge columns. Therefore, for both specimens the 

transverse reinforcement was reduced by factor of two compared to conventional RC Caltrans 

bridge columns, and what affect this had on the seismic performance investigated. In addition, 

innovative structural design approaches were incorporated in each specimen. Test Specimen 1 

was designed to rock at the column’s base- foundation interface by incorporating unbonded 

longitudinal reinforcing bars. Test Specimen 2 was designed to develop a plastic hinge region 

and incorporated a corrugated steel duct to prevent crack localization at the cold joint at the 

column base-foundation interface. In addition, Test Specimen 2 utilized stainless steel 

longitudinal reinforcement to enhance the spread of plasticity in the plastic hinge region. 

1.4 ORGANIZATION OF THE REPORT 

The report is organized into six parts. The first part introduces the concept behind a hybrid FRC 

The second part describes the development and design of the SC-HyFRC for bridge columns, 

including discussion of  the flow property measurements, the optimization processes that were 

involved in order for the HyFRC to meet the requirements of self-compaction without 

segregation of fibers and aggregates, and the mechanical properties of trial batches. The third 
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part focuses on the design and construction of two SC-HyFRC bridge columns. The fourth part 

focuses on the experimental setup, instrumentation, and loading protocol of the two test 

specimens. The fifth part provides the results and discussion on the column performance of the 

two test specimens. This section also includes a brief comparison between the test columns and 

bridge columns based on Caltrans design of same size and similar loading conditions—but built 

with conventional concrete and with double the transverse reinforcement.  A brief summary and 

conclusions are provided in part six.  
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2 Development of Self-Compacting HyFRC for 
Bridge Columns  

2.1 HYFRC MIX DESIGN FOR LIGHTLY REINFORCED CONCRETE 
STRUCTURES  

The development of SC-HyFRC for bridge columns was based on a HyFRC mix design (see 

Table 2.1) that was developed for lightly reinforced concrete structures (Ostertag and Blunt 

2008). The admixture suite consisted of a polycarboxylate superplasticizer (Glenium 3030 NS) 

and an organic viscosity modifying agent (Rheomac VMA 358); both admixtures are BASF 

products. The mix contains three types of fibers with different size and materials, and their 

pertinent characteristics are summary in Table 2.2. 

Polyvinyl Alcohol (PVA) fibers were chosen as microfibers, and two steel fibers of 

different length and diameter were chosen as macrofibers.  The PVA fibers have the benefit of 

high stiffness when compared to a stiffness of 725 ksi (5 GPa), which is typical of polypropylene 

and polyethylene fibers. Steel fibers were chosen for crack resistance at the macro level because 

of their high stiffness and hooked end, providing mechanical anchorage through which the fiber 

stiffness can be fully developed.  Figure 2.1 demonstrates the desired deflection hardening 

behavior of the HyFRC mix to ensure crack resistance and durability enhancement when beam 

samples were tested in flexure. The beams were wet cured for 7 days followed by 21 days of dry 

curing prior to testing to simulate field conditions. 

The HyFRC mix had a slump of 6.5 in., which allowed the 6 in × 12 in. cylinders and 6 

in. × 6 in. × 2 in. beams (with conventional reinforcements up to 0.3% reinforcement ratios) to 

be properly compacted. Although a slump flow of 6.5 in. is sufficient for lightly reinforced 

structures such as bridge approach slabs, it does not provide the adequate flow properties and 

high compaction that are required for highly reinforced structures such as bridge columns. The 
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testing, development, and design of a self-compacting hybrid fiber reinforced composite for use 

in bridge columns to assure proper compaction and ease of construction is discussed in the 

following sections.   

 

 

Table 2.1   Mix proportions for HyFRC mix with slump flow of 6.5 in. (used as 
base for the development of the SC-HyFRC for bridge columns). 

Cementa Fly Ashb Water CAc FAd Supere VMAe 
Fiber Dosage Vf [%] 

PVA S1 S2 

1.0 0.33 0.6 1.24 2.45 0.0012 0.0003 0.2 0.5 0.8 
a ASTM C150 Type II, b ASTM C618 Type C, c pea gravel, 3/8 in. MSA, d coarse sand, FM = 3.2, e value shown as 
the weight of solids content. 

 

 

Table 2.2 Fiber properties. 

Designation Material Length in. 
(mm) 

Diameter 
in. (mm) 

Strength 
ksi (MPa) 

Stiffness ksi 
(GPa) 

PVA PVA 0.32 (8) 0.0016 
(0.04) 230 (1600) 6090 (42) 

S1 Steel, 
Hooked 1.18 (30) 0.0217 

(0.55) 160 (1100) 29000 (200) 

S2 Steel, 
Hooked 2.36 (60) 0.0295 

(0.75) 150 (1050) 29000 (200) 
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Figure 2.1 Four point bend tests (plain concrete shifted from origin for clarity). 

2.2 FLUIDITY TESTING PROCEDURES 

The self compacting properties of various trial mixes were tested by two methods: the slump 

flow test and the J-ring test. The slump flow test followed the guidelines of ASTM C1611 

(ASTM Standard C1611 2009), while the J-ring test followed the guidelines outlined in ASTM 

C1621 (ASTM Standard C1621 2009). 

2.2.1 Slump Flow Test 

The slump flow test involved filling a standard slump cone standing upright with a representative 

sample of the mix and measuring the diameter of concrete spread achieved when the cone was 

vertically lifted, as shown in Figure 2.2(a).  
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Figure 2.2   Slump flow test: (a) standard slump cone; and (b) measurement of 
flow diameters. 

A rigid board made of wood (in some later tests this board was made of plastic) was used 

to achieve a flat surface. When using the wooden board, a sheet of plastic was placed over the 

board. The plastic sheet and plastic board were wiped clean with a wet sponge before the 

beginning of each test. Potential tilt of the board was not measured but an effort was made to 

perform tests on the flattest portion of the lab floor. The slump test was carried out immediately 

following the mixing process for all trial batches which had not segregated within the mixing 

bowl during mixing. Flow diameters were measured along the longest axis of the resulting circle 

or ellipse and the axis perpendicular to the longest axis, as shown in Figure 2.2(b). In general, 

mixes that did not achieve diameters of similar scale in each principal direction were not 

considered viable. Because of its ease of testing, the slump flow test became the principal 

measurement taken in determining fluidity of each trial batch. Segregation of concrete 

components was determined by visual inspection. If fine and coarse aggregates did not flow to 

the outermost edge, the mix was determined to have undergone “concrete segregation.” 

Segregation of fibers was determined by visual inspection and sifting through the outermost 2 in. 

ring to determine whether fibers were present and in what concentration.  
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Figure 2.3 Example of “concrete segregation” and “fiber segregation.” 

Visual inspection was also used to determine whether fiber “clumping” within the 

original slump cone diameter had occurred, which would lead to a mound of interlocked fibers at 

the center. Failing either of these subjective measurements led to the trial batch being labeled 

“fiber segregation.” Both “concrete segregation” with cement paste separation along the 

perimeter and “fiber segregation” with fiber clumping at the center can be observed in one of the 

failed trial batch mix designs (see Figure 2.3). Later mixes also incorporated a measurement of 

the highest peak of concrete remaining following the slump flow procedure, with smaller heights 

indicating a more uniform spreading behavior.  

2.2.2 J-ring Test 

The J-ring test was used to measure passing ability of concrete and fibers through uniformly 

spaced bars. The J-ring consists of a ring with vertical rods placed at a preset spacing along the 

circumference. Flow diameter measurements were made with and without the J-ring to 

investigate the flow reduction caused by evenly spaced obstructions. Measurements of concrete 

height both directly inside and outside the vertical rods were taken to determine passing ability 

of concrete through the given obstruction. 

Initial J-ring testing utilized a steel testing setup purchased from Forney, Inc. (Figure 

2.4). While plain self-compacting concrete (SCC) had no difficulties passing through the closely 

spaced vertical rods, fiber mixtures incorporating steel fiber types S1 and S2 were unable to pass.  
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Closer inspection revealed that the fibers bridged the gap between the rods initiating blockages, 

which quickly entangled and incorporated many more fibers.  

 

 

Figure 2.4 Forney, Inc. J-ring test. 

Consequently, it was decided to relax the bar spacing of the J-ring to the bar spacing that 

would be encountered in the columns. The geometry of the Forney J-ring had 0.625 in.-diameter 

rods placed such that there was 1.75 in. of clear space between adjacent rods. Referencing the 

reinforcing geometry of the anticipated column specimen, an aluminum J-ring setup was 

fabricated in the Mechanical Engineering machine shop at UC Berkeley, with vertical rod 

spacing of 3.125 in. and ring diameter of 16 in., exactly matching the design drawings for the 

column specimen.  The vertical rod diameter was set to be equal to the nominal diameter of #4 

rebar shown in the design drawings. In addition to rods placed at the same circumferential 

spacing as expected in the column sample, the aluminum J-ring has the capability to support 

additional vertical rods at one-half the spacing should determination of the passing ability of 

concrete through a more obstructed pathway be desired. Shown in Figure 2.5, the aluminum J-

ring test setup was designated the “modified J-ring.” 
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Figure 2.5 Custom designed J-ring test with same rebar spacing as bridge columns. 

2.3 PARAMETRIC STUDY   

In its most basic form, SCC requires the addition of two chemical admixtures during the mixing 

process: a high-range water-reducing agent (superplasticizer) and a viscosity modifying agent 

(VMA). The superplasticizer (SP) provides the increased fluidity necessary to allow the force of 

gravity to be sufficient to consolidate the concrete (Ouchi et. al. 1996). The VMA increases the 

viscosity of fresh concrete such that it will not suffer from segregation of aggregates or fibers. 

For the HyFRC to be considered self-compacting, a flow diameter of 24 in. in both 

directions without signs of segregation was targeted. Several key parameters were identified and 

optimized in order for the HyFRC to achieve the target flow properties without segregation:   

• Chemical admixtures proportions and SP/VMA ratio 

• Fiber types and volume fraction 

• Paste/aggregate volume ratio 

• Aggregate content and FA/CA ratio 

The mix proportions and flow diameters of the various trial batches were modified according to 

the parameters listed above and are described in detail in Appendix A.  Trial batching took place 

over several months with greater than fifty-nine variations tested.  

All concrete mixing was conducted in the Concrete Laboratory at the UC Berkeley 

campus by UC Berkeley students with the assistance of the onsite lab technician. The mixing 
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laboratory has four mechanical concrete mixers in total, each of different capacities. For trial 

batching, the smallest mixer with a capacity of 0.04 yd3 was used. For testing that required 

multiple beams and cylinders, the second largest mixer with a capacity of 0.125 yd3 was utilized. 

The third largest mixer with a capacity of 0.20 yd3 was used to investigate the effect of batch size 

on mix properties. The SC-HyFRC batches for the columns were produced in the largest capacity 

mixer (0.33 yd3 nominal capacity). The two smallest mixers have a single operational speed, 

while the two largest mixers have variable operational speed. 

2.4 MECHANICAL TESTING AND PROPERTIES OF TRIAL BATCHES  

Compression tests and flexure tests with and without conventional steel reinforcements were 

conducted on trial batches to investigate their mechanical properties.  In addition, the effect of 

omitting the S2 fibers from the final mix design on mechanical properties was investigated.  As 

discussed in Appendix A, due to severe clumping of the S2 fibers, their addition had to be 

restricted to 0.2% by volume. Furthermore, superior flow properties with greater segregation 

resistance were achieved in trial mixes with 0 volume percent of S2 fibers.  Hence, the effect of 

0.2 volume percent versus 0 volume percent of S2 fibers on the mechanical properties while 

maintaining a constant total fiber volume of 1.5% was investigated. Mix #34 and Mix #35 (see 

Appendix A) were utilized for the compression and flexure tests without conventional steel 

reinforcements. Mix #58 and Mix #59 (see Appendix A) were utilized for the compression and 

flexure tests with conventional steel reinforcements. Typical curing behavior for all samples 

consisted of a 7-day wet curing regime within the fog room (~96% relative humidity) located in 

the Concrete Laboratory on the UC Berkeley campus. Samples were then moved to an auxiliary 

laboratory room for a 21-day dry curing regime at ambient temperature and humidity. Samples 

were tested at 28 days unless noted otherwise. 

2.4.1 Compression Tests 

Compression tests were performed in order to determine whether the incorporated water/cement 

ratio achieved the specified strength and to compare the results between mixes with 0.2 volume 

percent and 0 volume percent of S2 fibers for the trial mixes #34 and #35 (see Table A.5). The 

compression setup used to capture axial stress-strain response was a compressometer shown in 
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Figure 2.7 with an 8 in.-gauge length tested by a 300 kips servo hydraulic Universal Testing 

Machine (UTM) in the Concrete Laboratory at UC Berkeley.   

 

 

Figure 2.6 View of compressometer. 

The compressometer consists of two aluminum rings that have three contact points with 

the cylinder via screws at 120o. Linear Variable Differential Transformers (LVDTs) on opposing 

sides measure the axial displacement across the 8 in.-gauge length and are averaged to determine 

axial strain. Load is monitored by a load cell in the hydraulically controlled loading platform. 

Plots of axial stress–strain response are shown in Figure 2.7. Note that the end of a stress-strain 

curve does not indicate sudden failure for these fiber reinforced samples; it signifies that the test 

was stopped due to reaching the limit of an LVDT or when bearing on one of the aluminum rings 

occurred. All samples experienced a stable softening regime with no sudden changes in strain 

level or load capacity. The target value of 5 ksi in compressive strength was reached with the 

SC-HyFRC, and no considerable difference was observed in regards to compressive strength and 

softening behavior with and without the S2 fibers.  
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Figure 2.7 Compression test result comparison of mixes with and without S2 
type steel fibers. 

2.4.2 Flexure Tests without Conventional Reinforcement 

Beams were tested with a 300 kips servo hydraulic Universal Testing Machine at the Concrete 

Laboratory at UC Berkeley. The test apparatus consisted of a four-point bending jig with pin and 

roller type supports.  Both the load jig and support system allowed for out-of-plane rotation in 

order to eliminate torsional effects due to minor imperfections in specimen orthogonality.  

Specimen dimensions were 6 in. by 6 in. by 24 in. with a clear span of 18 in.  This is illustrated 

in Figure 2.8. Flexure tests were carried out per ASTM C1609 (ASTM Standard C1609 2006), 

using displacement control with a servo controlled, closed loop system. A bending yoke—used 

in order to isolate actual beam displacements from extraneous displacements associated with 

support settlement and stiffness of the test apparatus—was anchored at the support points along 

the beam neutral axis.  An LVDT was attached to the yoke on both sides of the beam, with the 

average displacement between the two LVDT’s used as the measure of the beam centerline 

displacement. The average peak load and residual load at different deflections determined 

according to ASTM C 1609 are given in Table 2.3. 
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The principal points of interest are the load and displacement at the peak of the load 

deflection response (Ppeak and δpeak), residual load capacities at predefined deflection states (P0.03 

and P0.12, which correspond to 0.03 in. and 0.12 in. of midpoint deflection respectively) and a 

measure of energy absorption capacity by means of toughness (T0.12) which is calculated up to a 

midpoint deflection value of 0.12 in. Load-displacement plots were generated as shown in Figure 

2.9. The trial mixes with and without S2 fibers exhibited the desired deflection hardening 

behavior, although a more consistent behavior was observed with the presence of the S2 fibers. 

There was no difference in the softening behavior with or without S2 fibers. 

 

 

 

 

 

Figure 2.8     View of bending yoke and bending test setup. 
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Table 2.3 Bending test results of SC-FRC mixes with and without S2 type steel fibers. 

Vf  (S2/S1/PVA) 0.2/1.1/0.2 0.2/1.1/0.2 0/1.3/0.2 0/1.3/0.2 

Ppeak (kips) 13.71 14.03 14.87 11.19 

δpeak (in.) 0.022 0.028 0.026 0.022 

P0.03 (kips) 12.52 14 14.63 10.69 

% Peak 91.32 99.79 98.39 95.53 

P0.12 (kips) 8.12 7.27 9.17 6.43 

% Peak 59.23 51.82 61.67 57.46 

T0.12 (kips-in.) 1.257 1.262 1.460 1.055 

 
 
 

 

Figure 2.9 Bending test result comparison of mixes with and without S2 type 
steel fibers. 
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2.4.3 Flexure and Compression Tests with Conventional Reinforcement  

Further testing was performed to establish the flow properties of self-compacting trial mixes in 

RC elements with samples of SCC and SC-FRC with and without S2 fibers. Reinforcing cages 

consisting of two #3 rebar at top and bottom with 0.25 in.-diameter steel rod transverse ties at 2 

in. on center were constructed, as shown in Figure 2.10.  
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Figure 2.10     Reinforced beam design with #3 rebar and 0.25-in. ties. 

The results of three coupon tension tests of the #3 rebar were conducted; the results are 

shown in Figure 2.11(a). The #3 rebar exhibited average yield strength of 54 ksi and an ultimate 

strength of 77 ksi. Three coupon tension tests of the 0.25 in. diameter steel rod were also 

conducted [see Figure 2.11(b)]. The steel rods exhibited average yield strength of 44 ksi and an 

ultimate strength of 64 ksi. 

 

 

Figure 2.11 Tension test results: (a) #3 rebar; and (b) 0.25 in.-diameter steel rod. 

A total of five reinforcing cages were produced, two for each fiber mix and one for a 

control sample of plain SCC. As observed during the casting procedure, the S2 fibers had 
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difficulty passing through the 2 in. tie-spacing without getting caught. The S1 fibers also 

exhibited some blockages but to a much lesser extent than the longer fibers. Consequently, a 1 

in.-diameter vibration rod was used assist in the compaction of the concrete mixture. 

To measure and generate load displacement curves, three point bending tests [see Figure 

2.12(a)] were conducted using the same testing setup as previously described in Section 2.4.2.  

Nonlinearity of the control sample indicating crack initiation began at approximately 3 kips of 

loading [see Figure 2.12(b)]. In contrast, all reinforced SC-FRC beams remained linear until 5-7 

kips of loading. Furthermore, at all displacements the load capacity of the SC-FRC beams was 

superior to the plain SCC beam. While shear cracks developed in the reinforced plain SCC 

beams [see Figure 2.11(c)], no shear cracks were observed in both fiber reinforced mixes as 

shown in Figure 2.11(d) for the beam reinforced with the S2 fiber. Again, no difference in 

behavior was observed between the 0 volume percent and 0.2 volume percent of S2 fibers in 

these specimens. 
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Figure 2.12   Flexure tests of plain SCC and SC-FRC mixes with conventional 
reinforcing bars: (a) flexure test set-up; (b) flexure and shear cracks 
in conventionally reinforced plain SCC; (c) flexure cracks in 
conventionally reinforced SCC fiber reinforced composite with 0.2 
volume percent of S2 fibers; and (d) flexure results for reinforced SC-
FRC mixes and  reinforced plain SCC. 
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Figure 2.13 Compression test result comparison of SC-FRC mixes with plain SCC. 

 

Table 2.4 Compression results of plain SCC and SC-FRC mixes. 

Sample ID SCC A SCC B 0-1.3-0.2 
A 

0-1.3-0.2 
B 

0.2-1.1-0.2 
A 

0.2-1.1-0.2 
B 

Peak Stress (psi) 5822 5703 5869 6180 5651 5940 

Axial Strain @ 
Peak (microstrain) 3154 2849 3645 3970 3375 4055 

Lateral Strain @ 
Peak (microstrain) 1586 1004 1985 2290 2039 2303 

 

Compression tests were also performed on 6 in. × 12 in. cylinder samples with and 

without S2 fibers and from the plain SCC sample. Two cylinders were tested for each mixture.  

The compression results are shown in Figure 2.12 and Table 2.4. While plain SCC samples failed 

in a brittle manner, both fiber reinforced samples with and without S2 fibers sustained a stable 

softening branch. No major difference in strength and softening behavior was observed between 

0 volume percent and 0.2 volume percent of S2 fibers.   
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2.5 FINAL SC-HYFRC MIX DESIGN FOR BRIDGE COLUMNS  

Since both the compression and flexure results with and without conventional reinforcements 

indicated no appreciable gain in strength or softening behavior with the presence of S2 fibers, 

they were eliminated in the final mix in favor of a more homogeneous fiber distribution with 

superior flow properties. The final mix design that exhibits the target flow characteristics and 

flow diameters of 24 in. in perpendicular directions without segregation while maintaining the 

deflection hardening properties with a total fiber volume of 1.5% is given in Table 2.5. The final 

mix design, designated SC-HyFRC, was utilized in both columns to accelerate their construction 

and to enhance their seismic performance.   

Table 2.5 SC-HyFRC mix design in SSD condition. 

Materials lb / yd3 

Cement 670 

Fly Ash 220 

Water 400 

FA 1760 

CA 705 

S1 Fiber 173 

PVA Fiber 4 

Superplasticizer 8.24 

VMA 19.65 
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3 Specimen Design and Construction 

3.1 GENERAL DESCRIPTION OF TEST PROGRAM 

An experimental investigation was conducted to study the behavior of SC-HyFRC bridge 

columns subjected to static uni-directional cyclic load reversals. Two 1: 4.5 scale models were 

built and tested. The axial load was kept constant during testing and equal to 10% of the nominal 

axial load capacity of the column specimens for nominal concrete compressive strength f’c = 5 

ksi. The design of the two specimens differed only in the way nonlinear deformations were 

accommodated [see Section 3.3].  

3.2 DETAILS OF PROTOTYPE COLUMN 

A prototype highway overpass bridge was chosen based on the study by Ketchum et. al. (2004), 

which described a number of typical Caltrans bridges. Figure 3.1 shows the prototype tall 

overpass bridge, a five-span bridge single column bent with inner and outer spans of 150 ft and 

120 ft, respectively, and a 39 ft wide deck. Figure 3.2 shows a section view of the deck and the 

column as well as the reinforcement details of the column. The column’s longitudinal reinforcing 

steel ratio (ρl) is 1.2% while its transverse steel volumetric ratio (ρv) is 0.7%. The aspect ratio (H 

/ D) of column height to the column diameter is 8.3. 
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Figure 3.1 Elevation of prototype bridge (Ketchum et al. 2004). 
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Figure 3.2 Geometry and reinforcement details of the prototype bridge column 
(Ketchum et al. 2004). 

3.3 DESIGN OF TEST SPECIMENS 

Assuming an inflection point at the mid-height of the prototype bridge column, M / VH is equal 

to 4, where M and V are the bending moment and shear force at the column ends, respectively, 

and H is the column height. To obtain the approximately same ratio of M / VH as the prototype 

(ρl = 1.2%) 
(ρv = 0.7%) 
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column, the test specimens had a column diameter of D = 16 in. and H = 67.25 in. where H is 

from the top of the foundation to the point of load application. These specimens were then 

subjected to single bending.  

The two test specimens were identical in terms of their dimensions and longitudinal and 

transverse reinforcing ratios, the only difference being the way nonlinear deformations were 

accommodated. The first specimen, referred to as Test Specimen 1 (TS-1), was designed to rock 

at the column-foundation interface. The longitudinal reinforcement of this specimen was detailed 

so that it was unbonded over the bottom part of the column. Here SC-HyFRC was used only in 

the column part above the foundation. The second test specimen, referred to as Test Specimen 2 

(TS-2), was designed to form a flexural plastic hinge at the column base and used stainless steel 

for the longitudinal reinforcement. Here the column was cast into the foundation that contained a 

corrugated metal pipe. The SC-HyFRC was used in the column above the foundation and within 

the corrugated pipe located in the foundation. Table 3.1 summarizes the design parameters of the 

two test specimens. 

Table 3.1 Test specimen design parameters. 

Specimen Scaling 
factor D (in.) H (in.) H / D ρl (%) ρv (%) 

1 4.5 16 67.25 4.20 1.2 0.37 

2 4.5 16 67.25 4.20 1.2 0.37 
 

3.3.1 Specimen TS-1 

Figure 3.3 shows an elevation and a section view of specimen TS-1, as well as column 

reinforcement details. The longitudinal reinforcement consisted of twelve #4, A706, bars 

distributed uniformly around the column perimeter, corresponding to longitudinal steel ratio of ρl 

= 1.2%. A W3.5, ASTM A82 continuous steel spiral was chosen with a 2.5 in. center-to-center 

spacing corresponding to volumetric confinement steel ratio of ρv = 0.37%.  The clear concrete 

cover was 0.5 in. thick. 
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Figure 3.3 Geometry and reinforcement details of TS-1. 

 

In order for the column to rock at the column/foundation interface with acceptable 

smeared strains in the reinforcing steel along the unbonding length, the longitudinal 

reinforcement was unbonded, using a rubber mastic tape, over the bottom 16 in. of the column 

and 2 in. inside the foundation to avoid tension failure of the foundation top concrete cover. An 

unbonding length of 18 in. was chosen to achieve a smeared strain of 4.4% at a drift ratio of 5%. 

The calculation for the smeared strain (i) assumes that the column deforms as a rigid body that 

rocks at the column-foundation interface, (ii) ignores the neutral axis depth, and (iii) ignores the 

strain penetration at both ends of the unbonding length. The calculated nominal shear strength of 

the column for a concrete compressive strength of 5 ksi, and a steel yield strength of fy = 90 ksi 



31 

for the spiral reinforcement [see Figure 3.3], based on section 21.5.4.2 of ACI-318 (ACI 318, 

2002) was equal to Vn = 38 kips. In order to avoid premature buckling of the longitudinal 

reinforcement, the ratio of transverse reinforcement spacing to longitudinal bar diameter was set 

equal to 5.  

 

3.3.2 Specimen TS-2 

Figure 3.4 shows the geometry and the reinforcement details of TS-2. The dimensions of the test 

TS-2 were identical to those of TS-1. This specimen was designed to form a flexural plastic 

hinge at the column base. To account for the enhanced bond between the steel rebar and the SC-

HyFRC, and to enhance the spread of plasticity within the plastic hinge, stainless steel was used 

for the longitudinal reinforcement. Stainless steel is characterized by strain hardening behavior 

immediately after yielding without the presence of a yield plateau. This stress-strain behavior 

was considered optimal to avoid localized cracking of the concrete and to improve the spread of 

plasticity. In addition, stainless steel has a very high strain capacity that can delay bar fracture. 

To take advantage of the enhanced properties of the SC-HyFRC in tension, and to avoid a 

possible single crack localization at the column-foundation interface, the column was cast into 

the foundation with SC-HyFRC using a corrugated steel pipe located inside the foundation [see 

Figure 3.6(b)].  

The longitudinal reinforcement consisted of eight #5, stainless steel A316L bars 

distributed uniformly around the column perimeter, corresponding to ρl = 1.2%. Similarly to TS-

1, a continuous W3.5 (ASTM A82) steel spiral at center-to-center spacing of 2.5 in. was 

provided, corresponding to ρv = 0.37%. For TS-2, the ratio of transverse reinforcement spacing to 

longitudinal bar diameter was equal to 4.   
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Figure 3.4 Geometry and reinforcement details of TS-2. 

3.4 CONSTRUCTION OF TEST SPECIMENS 

Construction and testing of the test specimens took place in the Structural Laboratory located in 

Davis Hall, which houses the Civil and Environmental Engineering Department of the University 

of California, Berkeley. For both specimens the reinforcing steel cages for the foundation and the 

column as well as the foundation formwork were constructed by an outside contractor. Next, the 
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concrete foundations were cast and allowed to set before casting of the columns. A contractor 

was hired to cast the concrete for the foundation; the SC-HyFRC was developed and cast by the 

research team with the support of the Davis Hall Laboratory personnel. Figure 3.5 and Figure 3.6 

show photos of the construction procedure of the two specimens at different stages.  

  

 

 

 

 

Figure 3.5 Construction photos of TS-1: (a) foundation reinforcement cage; (b) 
foundation and column reinforcement cage; (c) close up of top of 
spiral reinforcement cage; and (d) foundation after casting. 
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Figure 3.6 Construction photos of TS-2: (a) side view of corrugated steel pipe; 
(b) top view of corrugated steel pipe; (c) foundation and column 
reinforcement cage; and (d) pouring of foundation concrete. 

 

3.5 DESCRIPTION OF MATERIALS USED IN CONSTRUCTION 

3.5.1 Steel 

Table 3.2 summarizes the different types of steel used in the construction of the two test 

specimens: TS-1 and TS-2 were constructed using ASTM A706 Grade 60, and A316 stainless 

Grade 60 steel, respectively, for the longitudinal reinforcement. Both test specimens had smooth 

continuous W3.5 ASTM A82 spiral wire as transverse reinforcement.  
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Table 3.2 Type of steel used in test specimens. 

 TS-1 TS-2 

Longitudinal Reinforcement Steel706, Grade 60 Stainless Steel 316, Grade 60, 
ASTM A955 

Transverse Reinforcement ASTM A82 ASTM A82 

Foundation Reinforcement Steel706, Grade 60 Steel706, Grade 60 

Corrugated Pipe N / A Galvanized Steel, ASTM A92 
 

 

 

Figure 3.7 Tensile stress-strain coupon test results of the three types of steel 
used in the test specimens: (a) # 4 A706, Grade 60 rebar; (b) #5 A316 
stainless steel rebar; and (c) smooth W3.5 spiral. 

Figure 3.7 plots the measured stress-strain behavior of the steel coupons tests: Figure 

3.7(a) plots the stress strain of the #4 A706 Grade 60 steel, which did not demonstrate any yield 

plateau and hardened directly after yielding. In general, typical reinforcing bars experience yield 

plateau before the strain hardening region; Figure 3.7(b) as expected, A316 #5 bars demonstrated 

no yield plateau but a hardening behavior directly after yielding and were able to attain large 

strains up to 25% before failure; and Figure 3.7(c) plots the stress strain behavior of the W3.5 

spiral wire reinforcement, which also did not demonstrate any yield plateau. This type of steel 

was intentionally selected to avoid the reduced stiffness of transverse reinforcement associated 

with a yield plateau. The coupon tests of the W3.5 spiral wire showed significant variations in 
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maximum attained strain, which is believed to be due to the procedure used to extract and 

straighten the test coupons from the spiral. The maximum strain capacity of the spiral was 

limited to less than 5%. 

3.5.2 Casting SC-HyFRC and Mechanical Properties of SC-HyFRC  

Because TS-1 required a total volume of 0.32 yd3, two SC-HyFRC mixes were produced on site 

in the concrete laboratory at UC Berkeley, termed Mix 1 and Mix 2, respectively. Two 6 in. × 12 

in. cylinders and two 6 in. × 6 in. × 24 in. beams were cast for each mix in order to conduct 

material test. The mix volumes produced on the day of casting were 0.237 yd3 and 0.227 yd3. 

Mixing weights are included in Appendix B with relevant free moisture measurements of the fine 

and coarse aggregate accounted for. Slump flow property testing of fresh concrete taken during 

the specimen casting exhibited perpendicular flow diameters of 19 in. × 18 in. for Mix 1 and 20 

in. × 19 in. for Mix 2. The casting of TS-1 with Mix 1 which was used for the bottom part of the 

column is shown in Figure 3.8 

 

 

Figure 3.8 Casting of TS-1 with Mix 1. 
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When casting the test specimen, a 1 in-diameter stick vibrator was used to lightly vibrate 

the concrete once placed in the formwork. With no previous encounters with mixing and casting 

at this large a scale, the self-compacting properties and air entrapping properties of the mix were 

uncertain. The light vibration was done to ensure that no large air voids remained. The level of 

vibration was much less than would be performed on conventional concrete during placement. 

Compression cylinder and beam four point tests of Mixes 1 and 2 were conducted 1t 58 

days; results are shown in Table 3.3 and Table 3.4, respectively. The designation of which 

sample should be “a” and which should be “b” was arbitrary, and simply determined by the order 

of sample testing. The bending test results for Mixes 1 and 2 after 58 days are plotted in Figure 

3.9.  

Table 3.3 Compression test results of TS-1 SC-HyFRC mixes after 58 days. 

Mix #/Sample ID 1-a 1-b 2-a 2-b 

f'c (psi) 5121 5135 5662 5634 

 

Table 3.4 Bending test results of TS-1 SC-HyFRC mixes after 58 days. 

Mix # - Sample ID 1-a 1-b 2-a 2-b 

Ppeak (kips) 11.75 11.34 8.51 11.50 

δpeak (in) 0.018 0.012 0.018 0.032 

P0.03 (kips) 11.41 9.55 8.04 11.37 

% Peak 97.13 84.24 94.49 98.85 

P0.12 (kips) 6.39 4.69 3.87 6.87 

% Peak 54.36 41.34 45.44 59.75 

T0.12 (kip-in) 0.626 0.564 0.449 0.707 
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Figure 3.9 Applied load versus midpoint deflection curves of SC-HyFRC for TS-1. 

 

Because Specimen TS-2 had a total volume of 0.46 yd3 requiring three SC-HyFRC 

mixes—termed Mixes 3, 4 and 5, respectively, which were produced on site in the concrete 

laboratory at UC Berkeley—once again an additional two 6 in.× 12 in. cylinders and two 6 in. × 

6 in. × 24 in. beams were cast for each mix in order to conduct material test in conjunction with 

the second specimen test. The mix volumes made on the day of casting were 0.153 yd3, 0.396 

yd3, and 0.227 yd3.*. Potential FRC-FRC cold joints were placed away from locations considered 

critical regions (such as the base of the free standing portion of the test specimen and the lower 

third which would experience the largest bending stresses). Testing of the flow property of the 

fresh concrete was performed during the casting of the columns. The perpendicular flow 

diameters were 16.5 in. × 15.5 in. for Mix 3, 19 in. × 16.5 in. for Mix 4, and 19 in. × 18 in. for 

Mix 5. Mix 3 was cast into the lower section of the corrugated steel pipe up to 3 in below the top 

of the foundation. Mix 4 was cast such that it was in all of the critical locations of TS-2 (column-

foundation interface and plastic hinge region). Mix 5 was used in the top part of the column. 

                                                 
* Mixing weights are included in Appendix B with relevant free moisture measurements of the fine and coarse 
aggregate accounted for 
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During the casting process it was noted that the setting time of Mix 3 appeared to be faster than 

had been previously encountered, which made the mix more difficult to work with.  

A 1 in.-diameter stick vibrator was again used to ensure the expulsion of any large air 

voids due to the uncertainty associated with large scale mixing and air entrapping properties of 

SC-HyFRC. Care was taken to limit the effect that vibration might have on segregating the 

concrete mix. 

Cylinder samples made from Mix 5 were tested at early ages to ensure strength 

development. Compression tests were performed at 10 days and 19 days, respectively; results are 

listed in Table 3.5. The strength of Mix 5 at the test date was determined to be inconsequential 

due to the expected low bending stresses developed at that height of the test specimen. Cylinder 

and beam samples of Mixes 3 and 4 were tested at 62 days for compressive strength and bending 

properties in accordance with ASTM C1609; results are shown in Figure 3.10 (Table 3.6) and 

Figure 3.11 (Table 3.7), respectively. 

 

Table 3.5     Compression test results of TS-2 SC-HyFRC Mix 5. 

Mix# - Sample ID 5-a 5-b 

Age (days) 10 19 

Pmax (lbs) 98500 122900

f'c (psi) 3480 4347 
 

 

Table 3.6     Compression test results of TS-2 SC-HyFRC Mixes 3 and 4 at 62 days. 

Mix# - Sample ID 3-a 3-b 4-a 4-b 

Pmax (lbs) 186700 186400 164200 165500 

f'c (psi) 6603 6593 5809 5855 
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Figure 3.10 Longitudinal compression stress-strain curves of SC-HyFRC for TS-
2. 

All cylinders tested at 62 days achieved their targeted strength goals [see Table 3.6], with 

peak strength being reached at 4000 ± 1000 microstrain [see Figure 3.10]. Softening behavior 

was observed in both samples, though the residual strengths of Mix 3 and 4 cylinders were lower 

than previously encountered. 

Beam testing in accordance with ASTM Standard C1609 was performed* As previously 

noted, the setting of Mix 3 occurred noticeably faster compared to the other mixes and was 

correspondingly more difficult to place in the beam forms and ensure adequate and 

homogeneous compaction. This may explain the poor performance exhibited by beam samples 

3a and 3b, neither of which illustrates the characteristic deflection hardening behavior to be 

expected with this mix design. Since this mix was used only in the corrugated steel pipe located 

in the foundation, its performance is not as critical. Regardless, all mixes were exceptionally 

good at maintaining near 90% residual load capacity at a midpoint deflection of 0.03 in. with 

several samples still undergoing hardening behavior [see Table 3.7]. Residual strength values at 

the second displacement target (0.12 in.) ranged from approximately 40-70%.  

                                                 
* See plots in Appendix B. 
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Figure 3.11 Applied load versus midpoint deflection curves for TS-2 SC-HyFRC 
mixes after 62 days. 

 

Table 3.7 Bending test results of TS-2 SC-HyFRC mixes after 62 days. 

Mix # - Sample ID 3-a 3-b 4-a 4-b 5-a 5-b 

Ppeak (kips) 7.65 7.81 11.16 13.58 8.58 12.36 

δpeak (in) 0.011 0.003 0.055 0.032 0.013 0.036 

P0.03 (kips) 7.06 6.52 10.576 13.52 7.76 12.20 

% Peak 92.33 83.51 N/A N/A 90.40 N/A 

P0.12 (kips) 4.60 2.97 8.29 8.92 4.17 6.78 

% Peak 60.16 38.04 74.27 65.69 47.76 54.84 

T0.12 (kip-in) 0.736 0.602 1.187 1.326 0.732 1.185 
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4 Experimental Setup and Test program 

4.1 TEST SETUP 

Both test specimens were tested statically under uni-directional cyclic load reversals. Figure 4.1 

and Figure 4.2 show a plan view and east elevation view, respectively, of the test setup. The 

lateral load was applied using two horizontal actuators inclined at 45o. Two vertical actuators 

applied a constant 100 kips vertical load for the duration of the test. The N = 100 kips of axial 

load corresponded to an axial load ratio N / f’c Ag = 0.1, where f’c = 5 ksi, the nominal concrete 

compressive strength and Ag the column gross sectional area. The vertical load was applied 

through a spreader beam placed at the top of the test specimen. Figure 4.3 shows a photo of the 

test setup. The foundation of each test specimen was anchored to the strong floor using four post-

tensioned DSI rods. The direction of loading was in the east-west direction. 

4.2 INSTRUMENTATION 

The external and internal instrumentation of the test specimen consisted of displacement 

transducers and strain gauges, respectively. A total of 8 vertical transducers and 38 strain gauges 

were used in TS-1 and 14 vertical transducers and 52 strain gauges for TS-2, respectively. 

4.2.1 Instrumentation of TS-1 

The cross section of TS-1 with reference numbers of the twelve #4 longitudinal rebar is shown in 

Figure 4.4  As shown in Figure 4.5, TS-1 was instrumented internally with 4 strain gauges on 

each of the longitudinal bars: C101, C102, C107, C108 and C110.  A total of 18 strain gauges 

were placed on the spiral reinforcement as shown in Figure 4.6. These strain gauges were placed 
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on both sides of the spiral at each instrumented location. As shown in Figure 4.7, eight vertical 

displacement transducers were attached to the test specimen.  
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Figure 4.1 Plan view of test setup. 
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Figure 4.2 Elevation view of the test setup. 

 

 

Figure 4.3 Global view of the test set up. 
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Figure 4.4 Cross section of TS-1 showing the reference numbers of the twelve 
#4 longitudinal rebar.  
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Figure 4.5 Elevation view of strain gauges location on the longitudinal rebar of TS-1. 
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Figure 4.6 Locations of strain gauges on the spiral reinforcement of TS-1. 
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Figure 4.6 Locations of displacement transducers of TS-1. 
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4.2.2 Instrumentation of TS-2 

Internal instrumentation of TS-2 consisted of 52 strain gauges attached on the longitudinal and 

spiral reinforcement. Figure 4.7 shows the rebar reference numbers of TS-2. Figure 4.8 shows 

the locations of the strain gauges on the longitudinal rebar, while Figure 4.9 shows the location 

of the strain gauges on the spiral reinforcement. Figure 4.10 and Figure 4.11 depict elevation 

views of the displacement transducers used in TS-2 in the east-west and north-south faces of the 

column, respectively.  
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Figure 4.7 Cross section of TS-2 showing the reference numbers of the eight #5 
stainless steel longitudinal rebar. 
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Figure 4.8  Elevation view of strain gauges location on the longitudinal rebar of TS-2. 
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Figure 4.9 Locations of strain gauges on the spiral reinforcement of TS-2.
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Figure 4.10 Locations of vertical transducers of TS-2 (west-east). 
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Figure 4.11  Locations of vertical transducers of TS-2 (south-north). 

 
 

4.3 LOADING PROTOCOL 

Table 4.1 lists the characteristics of the load protocols, and Figure 4.12 plots their histories. 

Table 4.1 also includes the number of cycles at each displacement amplitude and gives the drift 
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ratios θr = Δ / Η, where Δ is the applied lateral displacement at height H = 67.25 in. The 

protocols for both specimens were identical up to top displacements equal to Δ = 1.6 in., 

corresponding to a drift ratio θr = 2.4%. Up to this displacement, three cycles occurred for each 

amplitude level. The protocols differed for drift ratios larger than 2.4%. For drift ratios of 4.2% 

and larger, the protocol of TS-1 had only one cycle at each level of displacement whereas TS-2 

included two cycles up to a drift ratio of 7.1%. The last cycle of both protocols had a peak 

displacement equal to 7.6 in., corresponding to a drift ratio of 11.3%. 

Table 4.1 Number of cycles at various drift ratios (H = 67.25 in.). 

Top Displacement, 
Δ (in.) 

Drift Ratio,   
(θr) % 

Number of Cycles 

TS-1 TS-2 

0.1 0.15 3 3 

0.2 0.30 3 3 

0.3 0.44 3 3 

0.4 0.60 3 3 

0.8 1.2 3 3 

1.2 1.8 3 3 

1.6 2.4 3 3 

2.0 3.0 0 3 

2.4 3.6 3 3 

2.8 4.2 1 2 

3.2 4.8 1 2 

4.0 6.0 1 2 

4.8 7.1 1 2 

5.6 8.3 1 1 

6.4 9.5 1 1 

7.6 11.3 1 1 
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Figure 4.12  Lateral displacement protocol: (a) TS-1; and (b) TS-2. 
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5 Experimental Results and Discussion 

5.1 OVERVIEW 

This chapter presents the experimental results of the two test specimens. First, the observed test 

response is described in terms of visual damage at different stages of the specimens’ response. 

Next, the measured response based on the external and internal instrumentation is presented, and 

the performance of the two SC-HyFRC columns is compared to a conventional RC bridge 

column with the same dimensions and longitudinal reinforcement but double transverse 

reinforcement.  

5.2 OBSERVED TEST RESPONSE 

5.2.1 Testing of Specimen TS-1 

To recap, TS-1 was designed so that the column rocked at its interface with the foundation. 

Cracking of the concrete was first observed at the column foundation interface on the east face of 

the column for the westward response when the test specimen reached θr = 0.44%. Up to a drift 

ratio of θr = 1.2% no new cracks developed. Shown in Figure 5.1(a), the crack at the column-

foundation at θr = 1.2%. For drift ratios between θr = 1.2% and 1.8%  hairline flexural cracks 

appeared up to 24 in. above the foundation top [see Figure 5.1(b)].  

The crack opening at the column-foundation interface increased during the first cycle of 

θr = 2.4%. On the west face of the column, the spiral reinforcement became visible [see Figure 

5.2(a)], and more cracking was observed on the east column face up to 4 in. above the top of the 

foundation. The gap opening on the east column face increased to 0.5 in. [see Figure 5.2(b)]. At 

θr = 3.6%, a 0.75-in. gap opened up at the column base on the west column face Localized 

spalling was observed on the east side of the column at a height of 14 in. above the foundation 

top [see Figure 5.2(c)]. The measured thickness of the concrete cover at this location was 
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discovered to be less than the designed 0.5 in. due to a construction flaw. Longitudinal bar C107 

buckled at the same location where the localized spalling was first observed. During the cycle θr 

= 4.8%, buckling of longitudinal bar C107 became more prominent [see Figure 5.2(d)]. 

During the cycle θr = 6.0% the longitudinal bar C107, which started to buckle at θr = 

3.6%, fractured during the westward response [see Figure 5.3(a)]. In the same cycle during the 

eastward response the longitudinal bar C106 buckled, preceded by spalling of cover concrete, at 

2.5 in. above the foundation top [see Figure 5.3(b)]. At θr = 7.1%, for the eastward response, the 

crack opening measured 1.125 in. and more extensive crushing of concrete near the column’s 

base was observed [see Figure 5.3(c)]. During this cycle for the eastward response, the 

longitudinal bar C108 buckled preceded by spalling of cover concrete near column base [see 

Figure 5.3(d)]. Buckling of longitudinal rebar C101 on the west face of the column was observed 

at 6 in. above the foundation top during the cycle θr = 7.1% for the eastward response. During 

the cycle θr = 8.3% and the westward response, the longitudinal bar C106 fractured at 2.5 in. 

above the foundation top.  Longitudinal bar C108 fractured during the cycle θr = 9.5%, at 5 in. 

from the foundation top [see Figure 5.4(a)]. During this cycle, buckling of longitudinal bars 

C102 and C112 occurred along with crushing of concrete on both the east and the west face of 

specimen’s base. At θr = 11.3%, the measured base crack width was 2 in. During this cycle 

longitudinal bars C101, C102 and C112 fractured and extensive crushing of concrete at the 

column base was observed [see Figure 5.4(b)].  

 

 

Figure 5.1 (a) Crack at column-foundation interface at θr = 1.2%; and (b) thin 
hairline flexural cracks at 22 in. and 24 in. above the foundation top 
at θr = 1.8% on the east face of the column. 

 



59 

 

 

Figure 5.2 (a) Crack opening at column-foundation interface at θr = 2.4% on the 
west face of the column during eastward response; (b) crack opening 
at column-foundation interface at θr = 2.4% of the east face of the 
column during westward response; (c) damage state of the east 
column face for eastward response at θr = 3.6% where buckling of 
C107 bar was first observed; and (d) buckled bar C107 at θr = 4.8% on 
the east column face. 
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Figure 5.3 (a) Fracture of longitudinal bar C107 at θr = 6.0% on the east face of 
the column; (b) buckling of longitudinal bar C106 at θr = 6.0%, east 
face of the column; (c) damage state of specimen’s base at θr = 7.1%, 
east face of the column for eastward response; and (d) damage state 
of specimen and buckling of longitudinal bar C108 at θr = 7.1%, east 
face of the column. 
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Figure 5.4 Damage state of column’s base: (a) θr = 9.5%, east face of the 
column; and (b) the final cycle of θr = 11.3%, west face of the column. 

5.2.2 Testing of Specimen TS-2 

This specimen was designed to form a flexural plastic hinge at the column base. Flexural 

cracking was observed for the first time during the cycle of θr = 0.44% at 1.75 in. and 5.75 in. 

above the foundation on the west face of the column, and at 5.5 in. above the foundation on the 

east face of the column. During the cycle  θr = 0.60%, new flexural cracks formed 17 in., 22 in., 

and 27 in. above the foundation top. Figure 5.5through Figure 5.9show the damage state of the 

column at various drift ratios ranging from 1.2% to 11.3%. During the cycle θr = 1.2%, hairline 

flexural cracks spread up to a height of 27.5 in. above the foundation on the east face of the 

column [see Figure 5.5(a)] and up to a height of 29.5 in. on the west face of the column.  During 

the cycle θr = 1.8%, three prominent cracks formed at 1.25 in., 3 in., and 5.75 in. above the 

foundation at the east face of the column [see Figure 5.5(b)]. More cracks formed at θr = 2.4% 

along both the west and east face of the column, as shown in Figure 5.6(a) and (b), respectively. 

During the cycle θr = 3.0%, concrete bulged on the west face of the column at 3.4 in from 

the foundation top [see Figure 5.7(a)], with crack widths of 1.25 in., 3 in., and 5.75 in. from the 

foundation top on the east side increased between θr = 1.2% to 3.0% and are shown at a drift 

ratio of 3.0% in Figure 5.7(b). During the cycle θr = 3.6%, the crack width at 1.25 in. from the 

top of foundation, was measured at 0.375 in. Figure 5.7(c) and (d) shows the damage state of the 

west- and east face column’s base at θr = 3.6%, respectively. 
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At θr = 4.8%, the crack width at the bottom measured 0.625 in. [see Figure 5.8(a)]. 

During the cycle θr = 6.0%, the concrete began to bulge on the east face, 5 in. from the 

foundation top. Spalling of concrete increased on the west face of the column [see Figure 5.8(b)] 

At this drift ratio, the spiral reinforcement fractured on the east face of the column 2.5 in. above 

the foundation, and rebar C205 buckled during the reverse cycle [see Figure 5.8(c)]. During the 

cycle θr = 7.1%, the bottom crack width on the west column face measured 0.75 in. Figure 5.8(d) 

shows the damage state at the base of the column at the east face of the column. 

During the cycle θr = 8.3%, crushing of concrete at foundation and column interface was 

quite extensive [see Figure 5.9(a)], and longitudinal bar C202, C204, C206 on the east face of the 

column buckled [see Figure 5.9(b)]. Longitudinal Bar C201 on west face of the column buckled 

with fracture of the spiral at height of 2.5 in. from the top of foundation. During the cycle θr = 

9.5%, longitudinal bar C205 and C201 fractured at height of 2 in. and 2.75 in. respectively, from 

top of foundation [see Figure 5.9(c)]. The damage state at the final cycle of θr = 11.3%, is shown 

in Figure 5.9(d). Figure 5.10 shows the global view of TS-2 at θr = 11.3%. 

 

 

Figure 5.5 (a) Spreading of hairline flexural cracks up to a height of 27.5 in. at θr 
= 1.2% on the east face of the column; and (b) formation of cracks at 
1.25 in., 3 in., and 5.75 in. at θr = 1.8% on the east face of the column. 
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Figure 5.6 Elevation view showing locations of cracks at θr = 2.4%: (a) west face 
of the column during the eastward response; and (b) east face of the 
column during the westward response. 
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Figure 5.7 (a) Damage state at θr = 3.0% on the west column face during 
eastward response; (b) damage state at θr = 3.0% on the east  column 
face during westward response; (c) damage state at θr = 3.6% on the 
west face of the column; and (d) damage state at θr = 3.6% on the 
east column face. 
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Figure 5.8 (a) Damage state at column base on the west column face at θr = 
4.8%; (b) damage state at column base on the west column face at θr 
= 6.0%; (c) spiral fracture and buckling of longitudinal bar C205 at θr = 
6.0% on the east face of the column; and (d) concrete crushed state 
at θr = 7.1% on the east face of the column. 
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Figure 5.9 (a) Crushed concrete at the base of the east column face at θr = 8.3%; 
(b) buckling of longitudinal bar C206 at θr = 8.3%; (c) fracture of 
longitudinal bar C205 at θr = 9.5%; and (d) damage at the base of the 
west face of the column at θr = 11.3%. 
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Figure 5.10  Global view of TS-2 at θr = 11.3%.  

5.3 MEASURED TEST RESPONSE 

This section presents the measured response of the two test specimens using both external and 

internal instrumentation. Force-displacement and strain response quantities are discussed. 

5.3.1 TS-1 

Figure 5.11 plots the measured lateral-force versus lateral-displacement response of the TS-1 in 

the east-west direction. The force-displacement hysteretic response of this specimen was highly 

nonlinear and quite symmetric in terms of direction of displacement. The hysteretic response did 

not demonstrate significant strength degradation for drift ratios up to θr = 4%. An increase in 

both the stiffness and the strength was observed at θr = 2.4% for both sides of the response. As 

shown in Figure 5.11, points 1 to 6 delineate the fracture points of longitudinal bars C107, C106, 

C108, C101, C102, and C110, respectively. The first longitudinal bar, C107, fractured at θr = 

4%. By the end of the test, half of the longitudinal bars had fractured. The specimen reached a 

maximum drift ratio of 11.3%. Even at this level of lateral displacement, the specimen remained 

stable and was able to resist its axial load. Figure 5.12 plots the lateral-force versus the lateral 

displacement response of TS-1 for θr up to 5.0%. 
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Figure 5.13 plots the measured displacement of the two vertical displacement transducers 

– TD1 and TD5 – versus drift ratio. Installed at the bottom of the east and west face of the 

column [see Figure 4.10 and Figure 4.11], respectively these transducers measured the crack 

opening at the column-foundation interface, which was nearly symmetric for the two sides of 

response. Both these transducers failed before the peak drift ratio was reached for each side of 

the response.  

Figure 5.14(a) plots the computed smeared strain of the west face of the column along the 

unbonded length of the rebar using the displacement measurement of TD1 divided by the 

unbonding length, Ld = 18 in. This strain is compared with the strain measured by strain gauge 

SG102d, located in the unbonding length near the west face of the column, 12 in. above the 

foundation top. Figure 5.14(b) plots the corresponding smeared strain of the east face of the 

column using the displacement transducer TD5 versus the strain measured by strain gauge 

C108d, located near the east face of the column 12 in. above the foundation top. The computed 

smeared strains based on TD1 and TD5 are larger than the strains measured with SG102d and 

SG108d, respectively. A main reason for this is that use of Ld = 18 in. does not account for the 

strain penetration that occurred outside the unbonding region at both ends; in addition, 

instruments TD1 and TD5 were placed at 1.125 in. and 1 in. from the column face, respectively 

[see Figure 4.6]. 

Figure 5.15 plots the computed base rotation ( bθ ) based on measurements of TD1 and 

TD5 versus the drift ratio with, 1 5
b

TD TD
d

θ −
= , where d = 20.1 in. is the horizontal distance 

between the point of measurement of TD1 and TD5 [see Figure 4.6]. As shown, the base rotation 

is close to the drift ratio, indicating that the main contribution to the lateral deformation 

mechanism of this specimen was due to rocking of the column at its interface with the 

foundation. 
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Figure 5.11  Lateral-force versus lateral-displacement response of TS-1. 

 

 

Figure 5.12 Lateral-force versus lateral-displacement response of TS-1 up to θr = 
5%. 
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Figure 5.13 Displacement measured using TD1 and TD5 at column’s base versus 
drift ratio.  

 

Figure 5.14 (a) Strain measured by strain gauge SG102d versus smeared strain 
along the unbonded length on the west face of the column, based on 
TD1 measurements; (b) strain measured by strain gauge SG108d 
versus smeared strain, along the unbonded length, at the east face of 
the column–based on TD5 measurements. 
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Figure 5.15 Computed base rotation using the measurements of TD1 and TD5 
versus drift ratio. 

Figure 5.16 plots the strain profiles of the east and west faces of the column based on the 

displacement transducers’ measurements. Figure 5.16(a) plot the strain profiles of the west face 

for the eastward response, Figure 5.16(b) plots the strain profile of the east column face for 

westward response. Figure 5.16(c) plots the strain profile of the west face for the westward 

response, and Figure 5.16(d) plots the strain profiles of the of the east column face for eastward 

response. The profiles are plotted at six distinct drift ratios (θr) equal to 0.6%, 1.2% 2.4%, 3.6%, 

4.8%, and 6.0%, respectively. At each drift ratio the profile during the last cycle of these drift 

ratios is plotted. As shown in Figure 5.16(a) and (b), for both column faces at drift ratios larger 

than 1.2%, the strain measured 5.5 in. above the column’s base is compressive even if the 

corresponding face of the column’s base uplifts. This location falls within the unbonded region 

of the rebar, therefore the steel-concrete strain compatibility does not hold. Note that significant 

compressive strains were measured at both sides of the column even if the bottom of this side 

uplifts.  

Figure 5.17 plots the strain measurements of four strain gauges located in the unbonding 

length region versus the drift ratio. As shown in Figure 5.17(a) and (b), similar values of strains 

were measured at both sides of the column 12 in. from the foundation top. As expected, the strain 

measured for positive displacement response at 12 in. from the top of foundation of bar C110 is 

smaller than the corresponding of bar C102, which is closer to the west face of the column [see 
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Figure 5.17(c)]. Figure 5.17(d) shows that the strain measured for negative displacement 

response at bar C107 6 in. above the column’s base exceeded the strain measured at bar C108 12 

in. from the column base. 

Figure 5.18 plots the spiral reinforcement tensile strain profiles, based on the spiral strain 

gauge measurements at six drift ratios θr = 0.6%, 1.2% 2.4%, 3.6%, 4.8%, and 6.0%, 

respectively. At each drift ratio, the profile corresponds to the last cycle of this specific drift 

ratio. As expected, highest amplitude strains were measured at these gauges located near to the 

east and west faces of the column (see Figure 4.6 for a schematic of the gauge locations). Note 

that the strain measured in the spiral reinforcement remains less than 0.3% for drift ratios up to 

6.0%. Figure 5.19 plots the spiral reinforcement strains using TSG3 and TSG9 versus drift ratio. 

 

 
 

 

Figure 5.16 Strain profiles based on displacement transducers: (a) west face for 
eastward response; (b) east face for westward response; (c) west 
face for westward response; and (d) east face for eastward response. 
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Figure 5.17     Longitudinal reinforcement strains versus drift ratio. 

 

 

Figure 5.18     Strain profiles of spiral reinforcement of TS-1. 
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Figure 5.19     Spiral reinforcement strain gauge measurements versus drift ratio. 

5.3.2 Specimen TS-2 

Figure 5.20 plots the measured lateral-force versus lateral-displacement response of the TS-2. 

The force-displacement hysteretic response of this specimen was highly nonlinear and quite 

symmetric in terms of direction of displacement. The hysteretic response was stable and did not 

demonstrate significant strength degradation for drift ratios up to 4% for both sides of the 
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lateral-force versus the lateral-displacement response for θr up to 5%. 

Figure 5.22 plots the measurements of the displacement transducers TD1 and TD6 [see 

Figure 4.10] versus drift ratio. Large values of displacements were measured on both faces, 

especially on the west face of the column. This was due to a major crack that formed at 1.2 in. 
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Figure 5.20     Lateral-force versus lateral-displacement response of TS-2. 

 

Figure 5.21 Lateral-force versus lateral-displacement response of TS-2 for θr up 
to 5%. 
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Figure 5.22 Displacements measured using TD1 and TD6 at column’s base 
versus drift ratio. 

Figure 5.23 plots the strain profiles of the west and east faces of the column based on the 

displacement transducer measurements. Profiles are shown for six drift ratios (θr) equal to 0.6%: 
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5.23(d)]. Figure 5.24 plots measurements of strain gauges versus drift ratio; large strains of 7% 

were measured for C 202c [see Figure 5.24(a)].   

Figure 5.25 plots the strain profiles of the spiral reinforcement at six distinct drift ratios: 

θr = 0.6%, 1.2% 2.4%, 3.6%, 4.8%, and 6.0%, respectively. The profile at the last cycle of each 

θr is plotted. The peak strain measured with the inner and outer strain gauge at each location is 

presented. Peak strains were measured on those strain gauges located closer to the east and west 

face of the column. Figure 5.26 shows the crack locations along the column height on west and 

east face of the column, which are in agreement with these strain profiles. Strains larger than 1% 

and up to 4.3% were measured for drift ratios between 2.4% and 6.0%. Figure 5.26 plots the 

strains measured with TSG2 and TSG6 versus drift ratio. 

 

 

Figure 5.23 Strain profiles based on displacement transducers: (a) west face for 
eastward response; (b) east face for westward response; (c) west 
face for westward response; and (d) east face for eastward response. 
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Figure 5.24  Longitudinal reinforcement strains versus drift ratio. 

 
 

 

Figure 5.25  Strain profile of spiral reinforcement of TS-2. 
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Figure 5.26  Spiral reinforcement strain measurements versus drift ratio. 
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Figure 5.27 shows that there is more energy dissipation in TS-2 response compared to TS-1, 
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Figure 5.27 Comparison of lateral-force versus lateral-displacement relation for 
TS-1 and TS-2. 

 

Figure 5.28 Comparison of lateral-force versus lateral-displacement relation for 
TS-1 and TS-2 for a drift ratio up to 5%. 

-8 -6 -4 -2 0 2 4 6 8
-30

-20

-10

0

10

20

30

Lateral Displacement, (in.)

La
te

ra
l F

or
ce

, (
ki

ps
)

 

 

Drift Ratio, (%)

Test 1
Test 2

10 -8 -6 -4 -2 0 2 4 6 8 10

-4 -3 -2 -1 0 1 2 3 4
-30

-20

-10

0

10

20

30

Lateral Displacement, (in.)

La
te

ra
l F

or
ce

, (
ki

ps
)

 

 

Drift Ratio, (%)

Test 1
Test 2

-4 642-2-6 0



81 

5.5 COMPARISON OF FORCE DISPLACEMENT RELATIONSHIP OF TS-1 AND 
TS-2 WITH A CONVENTIONAL REINFORCED CONCRETE COLUMN  

Terzic recently carried out an experimental investigation of RC bridge columns, with column 

dimensions identical to those of the present study (2009).The specimens were tested under 

biaxial loading in two perpendicular directions (x-axis and y-axis) with the same boundary 

conditions as presented herein. Although Terzic’s specimens had the same ρl of 1.2%, they had a  

ρv of 0.75%, which was two times larger compared to the specimens reported here.  

One of the major differences in performance between Terzic’s specimens and the current 

test specimens was in the spalling resistance of the concrete cover. Whereas extensive spalling 

was observed in Terzic’s Base 45 specimen at a drift ratio of 4%—with concrete spalling up to a 

height equal to the diameter of the column above the top of the foundation—very limited 

spalling was observed at a similar drift ratio of 3.6% in both TS-1 and TS-2 (see Figure 5.29.  

Specifically, in TS-1, spalling was only observed locally in close vicinity to the longitudinal bar 

C107 [see Figure 5.29(a)].    

The difference in lateral-force verses lateral-displacement behavior for drift ratios up to 

5% for TS-1, TS-2, and Terzic’s Base 45 specimen is shown in Figure 5.30. As expected, the 

lateral force of TS-1 and TS-2 exceeded the corresponding force of Terzic’s specimen because of 

the enhanced tension ductility of SC-HyFRC. Both TS-1 and TS-2 performed very well despite 

half the transverse reinforcing ratio compared to Terzic’s Base 45 specimen. Figure 5.31 is 

similar to Figure 5.30 but with the lateral force of each test now normalized to their peak loads. 

This was done to better compare the hysteretic characteristics of the response. For both TS-1 and 

TS-2 a more pinched behavior is observed compared to the Base45 specimen.The pinching in 

TS-1 is a result of the different mechanism of nonlinear deformation that relies on a single crack 

formation and rocking of the column at its interface with the foundation. In TS-2, the pinching 

may possibly be due to the less extent of spread of plasticity in the plastic hinge region.  
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Figure 5.29 Damage states of bridge columns at similar drift ratio: (a) east face of 
TS-1 at drift ratio of 3.6%; (b) north-west face of Terzic’s test Base45 
at drift ratio of 4%; (c) east face of TS-2 at drift ratio of 3.6%; and (d) 
south-east face of Terzic’s test Base45 at 4%. 
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Figure 5.30 Lateral-force and lateral-displacement compares the results for: (a) 
TS-1 compared with Terzic’s response along the x-axis; (b) TS-1 
compared with Terzic’s response along the y-axis;  (c) TS-2 
compared with Terzic’s response along x-axis; and (d) TS-2 
compared with Terzic’s response along y-axis. 
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Figure 5.31 Normalized lateral-force and lateral-displacement compares the 
results for: (a) TS-1 compared with Terzic’s response along the x-
axis; (b) TS-1 compared with Terzic’s response along the y-axis;  (c) 
TS-2 compared with Terzic’s response along x-axis; and (d) TS-2 
compared with Terzic’s response along y-axis. 
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6 Summary and Conclusions 

An experimental study of the cyclic response of bridge piers built using self-compacting hybrid 

fiber reinforced concrete was conducted. Two 1:4.5 scale column specimens were built using 

SC-HyFRC and were tested statically under uni-directional cyclic loading. The design of the two 

specimens differed in terms of the location where the nonlinear deformations were 

accommodated. The first specimen was designed to rock at the column’s base–foundation 

interface. The second specimen, which incorporated stainless steel for the longitudinal 

reinforcement, was designed to form a flexural plastic hinge at its base. Both specimens had half 

the transverse reinforcement ratio of conventional RC columns.  

In comparison with conventional RC, SC-HyFRC combines the advantages of self 

compaction, resulting in improved constructability, and enhanced material properties compared 

to conventional fiber reinforced composites, resulting in a more ductile behavior in both tension 

and compression.  

The response of both test specimens was very satisfactory. Both attained large drift ratios 

equal to 11% without losing axial load carrying capacity and both resisted spalling of the 

concrete cover up to a drift ratio of 3.6%. Thus, not only does SC-HyFRC result in enhanced 

constructability of bridge columns but also enhanced seismic performance at different 

performance levels.  
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Appendix A:  Development of SC-HyFRC; 
Batching Process, Flow 
Characteristics, and Mechanical 
Properties 

The initial batching and testing was performed on plain concrete to investigate the proper ratio of 

superplasticizers and VMA to produce self-compacting properties without fibers.  The concrete 

mix without fibers (given in Table A.1) was successful in achieving a non-segregated flow, with 

measured flow diameters of 28 in. (710 mm) in both directions, as shown in Figure A.1.     

Table A.1     SCC mix composition (lb / yd3). 

Cement Fly Ash Water FA CA SP 
(wt.%) 

VMA 
(wt.%) 

670 220 400 1695 837 0.42 0.40 
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Figure A.1     Flow diameter of SCC mix without fibers. 

 

To achieve the required flow properties of a self-compacting HyFRC with target flow 

diameters of 24 in., the following parameters were investigated and optimized:  

• Chemical admixtures and SP / VMA ratios 

• Fiber types and volume fractions 

• Paste/aggregate volume ratios 

• Aggregate content and FA / CA ratios 

 

(i) Chemical Admixtures and SP / VMA Ratios 
 
Following the manufacturer’s recommendation for both minimum and maximum dosages of SP 

and VMA (Table A.2) produced non-consolidating mixes and segregated mixes, respectively. 

Fiber inclusion drastically limited the fresh state fluidity with low chemical dosages (Mix #3 in 

Table A.2), resulting in a lack of fiber dispersion. Under maximum recommended dosages of 

admixtures (Mix #4 in Table A.2), segregation was exhibited as shown in Figure A.2. 
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Table A.2 SC-FRC mix compositions with minimum and maximum chemical 
dosages (lb/yd3). 

Cement Fly 
Ash Water FA CA SP 

(wt.%) 
VMA 

(wt.%) 
S2 
(Vf) 

S1 
(Vf) 

PVA  
(Vf) 

670 220 400 1650 815 0.42 0.40 0.8 0.5 0.2 

670 220 400 1650 815 1.22 0.66 0.8 0.5 0.2 
 
 

 

Figure A.2 Lack of fiber dispersion due to maximum dosage of chemical 
admixtures (Mix #2). 

When using Glenium 3030 NS and Rheomac VMA 358, subsequent testing showed that 

superplasticizer dosage must be limited to 0.69 weight percent of binder materials, and VMA 

dosage must be limited to 2.22 weight percent of binder materials, otherwise the probability of 

experiencing concrete segregation was noticeably higher. The initial trail batching and testing 

incorporated Rheomac VMA 358. However, due to a product update by BASF, a switch was 

made mid-project to the next generation VMA product, Rheomac VMA 362. The Rheomac 

VMA 362 was more effective in keeping the mix cohesive, even at higher dosages of 

superplasticizers.  

 

(ii) Fiber Types and Volume Fractions 
 
Over the course of the project three types of steel fibers and their effect on the flow properties 

were investigated. The manufacturer product designations of the fibers were Dramix RC 80/60 

BN, Dramix ZP 305, and Dramix RC 80/30 BP with the 80/60 being a 60mm fiber, and the ZP 
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305 and RC 80/30 being 30mm in length. The aspect ratios of the different steel fibers were 80, 

55, and 80, respectively.   

The initial HyFRC mix with slump flow of 6.5 in. shown in Table 2.1 incorporated 0.8 

volume percent of the S2 type steel fibers (Dramix RC 80/60 BN), however, early mix iterations 

revealed a tendency for these long fibers to clump, reducing the slump flow and a lack of long 

fibers present in the perimeter of the slump flow diameters.   In addition, the volume fraction of 

the S2 fibers had to be reduced to ensure sufficient flowability and homogenous fiber dispersion 

due to the close rebar spacing of the bridge columns simulated by the modified J-ring test, 

described in Section 2.2.2 and shown in Figure A.3.   

 

Figure A.3 Modified J-ring test reveals reduced flow and fiber pile up around 
rebar due to S2 fibers. 

In order to prevent severe fiber clumping, the maximum volume of long fibers that could 

be successfully incorporated into the mix was 0.2%. Of the two 30 mm length fibers, the Dramix 

RC 80/30 was quickly discarded due to difficulty in getting the fibers to mix without clumping, 

resulting in and severely limited workability. When referencing 30 mm steel fiber all mixes 

discussed in this report refer to the Dramix ZP305 fiber type. The trial batches with the adjusted 

SP/VMA ratio, Dramix ZP 305, and S2 fibers for 0%, 0.1%, and 0.2% are given in Table A.3. 

The flow diameters of the different fiber mixes were 24 in. (610 mm), 22 in. (550 mm) and 21 in. 

(530 mm) for mixes 15, 17, and 18, respectively. 

Microfibers have a large impact on the workability of fresh concrete due to the large 

number present even at low volume percentages. In order to quantify the effect of PVA fibers on 

the flow properties of the mix, several iterations were made to investigate if there was any 

relationship between PVA volume percentage and flow diameter at low volume fractions. The 

different mixes with PVA fiber adjustments are given in Table A.4. The measured flow 
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diameters for mixes 15, 16, 21, and 18 were 610, 510, 730, and 530, respectively. The results 

reveal that that for each 0.1 volume percent increase in PVA fibers, the slump flow diameter 

decreases by approximately 100 mm. While the benefit of PVA fiber in terms of controlling 

microcracking behavior can be significant, these results would suggest that their use should be 

minimized as much as possible if high workability is required. 

 

 Table A.3  SC-FRC mix compositions with S2 fiber adjustments (lb / yd3). 

 Cement Fly 
Ash Water FA CA SP 

(wt.%) 
VMA 

(wt.%) 
S2 

(Vf) 
S1 

(Vf) 
PVA  
(Vf) 

Mix 
(#15) 670 220 400 1665 822 0.69 2.22 - 0.8 0.2 

Mix 
(#17) 670 220 400 1662 820 0.69 2.22 0.1 0.8 0.2 

Mix 
(#18) 670 220 400 1659 819 0.69 2.66 0.2 0.8 0.2 

 

Table A.4     SC-FRC mix compositions with PVA fiber adjustments (lb / yd3). 

 Cement Fly 
Ash Water FA CA SP 

(wt.%) 
VMA 

(wt.%) 
S2 
(Vf) 

S1 
(Vf) 

PVA  
(Vf) 

Mix 
(#15) 670 220 400 1665 822 0.69 2.22 - 0.8 0.2 

Mix 
(#16) 670 220 400 1662 820 0.69 2.22 - 0.8 0.3 

Mix 
(#18) 670 220 400 1659 819 0.69 2.66 0.2 0.8 0.2 

Mix 
(#21) 670 220 400 1665 822 0.69 2.66 0.2 0.8 - 

 
 
 
(iii) Paste/Aggregate Volume Ratios 
 
To ensure deflection hardening behavior, the target volume percent of the fibers were kept at 

1.5%. Recognizing that cement paste provides the most fluid-like component to self-compacting 
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concrete, the next step of mixing investigated whether it would be beneficial to increase the 

cement paste volume fraction despite the increase in material cost. All of the previous mixes had 

used a cement paste to aggregate volume ratio of 0.76 to 1. When increasing the cement paste 

content to a ratio of 1 volume of cement paste for every 1 volume of aggregate, there was no 

measurable difference in slump flow properties between Mix #33 and Mix #34 (Table A.5).  

Moreover, the increased cement paste content made the high cement content mixes more prone 

to segregation. This line of mix iterations was soon abandoned. 

Table A.5     SC-FRC mix compositions with cement content adjustments (lb / yd3). 

 Cement Fly 
Ash Water FA CA SP 

(wt.%) 
VMA 

(wt.%) 
S2 
(Vf) 

S1 
(Vf) 

PVA  
(Vf) 

Mix 
(#33) 670 220 400 1650 815 0.69 2.22 - 1.3 0.2 

Mix 
(#34) 781 260 469 1421 715 0.69 2.22 - 1.3 0.2 

Mix 
(#35) 

670 220 400 1650 815 0.69 2.22 0.2 1.1 0.2 

 
 
 
(iv) Aggregate Content and FA/CA Ratios 
 
Following the adjustments made to chemical admixture content, fiber content, and cement paste 

content, the next parameter to investigate was the aggregate content. An extensive literature 

search found that research to date on self-consolidating FRC eliminated the coarse aggregate 

content from the mix design. Not wanting to completely remove the coarse aggregate content 

because of issues pertaining to dimensional stability, the effect of increasing the fine to coarse 

aggregation ratio was explored. The mix designs that were investigated are shown in Table A.6. 

While earlier testing always included a fine to coarse aggregate ratio of 2 to 1, a fine to coarse 

aggregate ratio of 2.5 to 1 was attempted. 
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Table A.6     SC-FRC mix compositions with aggregate ratio adjustments (lb / yd3). 

 Cement Fly 
Ash Water FA CA SP 

(wt.%) 
VMA 

(wt.%) 
S2 
(Vf) 

S1 
(Vf) 

PVA 
(Vf) 

Mix 
(#57) 670 220 400 1650 815 0.46 2.22 - 1.3 0.2 

Mix 
(#58) 670 220 400 1760 705 0.46 2.22 - 1.3 0.2 

Mix 
(#59) 670 220 400 1760 705 0.46 2.22 0.2 1.1 0.2 

 
 

While Mix #57—representing the old fine to coarse ratio—had a flow diameter of 410 

mm and a clump height of 130 mm, Mix #58 preformed much better with flow diameters of 560 

mm and 620 mm, and clump heights of 60 mm and 40 mm when processed in a small batch 

(0.01 yd3) and large batch (0.1 yd3), respectively. Due to these increased flow properties all 

following mixes were designed to incorporate a fine to coarse aggregate ratio of 2.5 to 1. 
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Appendix B:  Finalized Column Mix Designs 
(SSD Mix Design and Batch 
Weights) 

Table B.1     SC-HyFRC SSD mix proportions (1 yd3). 

Material Weight 

Cement (lb) 670 

Fly ash (lb) 220 

Replacement (%) 0.25 

FA (lb) 1760 

CA (lb) 705 

(fiber + agg) / binder 2.97 

FA / CA 2.50 

Wwater (lb) 400 

w / binder 0.45 

60 mm SF (lb) 0 

30 mm SF (lb) 173 

8 mm PVA (lb) 4 

SP (lb) 8.24 

SP wt% binder 0.93 

VMA (lb) 19.65 

VMA wt% binder 2.21 
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Table B.2     Column 1 SC-HyFRC mixes. 

 Mix 1 Mix 2 

Volume (yd3) 0.237 0.227 

FAFree Moisture (%) +0.4 +0.4 

CAFree Moisture (%) +0.1 +0.1 

Cement (lb) 158.8 152.1 

Fly ash (lb) 52.1 49.9 

FA (lb) 418.8 401.1 

CA (lb) 167.3 160.2 

Water (lb) 87.0 83.3 

60mm SF (lb) 0.00 0.00 

30mm SF (lb) 41.00 39.27 

8mm PVA (lb) 0.95 0.91 

SP (ml) 844 808 

VMA (ml) 2109 2020 
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Table B.3     Column 2 SC-HyFRC mixes. 

 Mix 3 Mix 4 Mix 5 

Volume (yd3) 0.153 0.396 0.227 

FAFree Moisture (%) +1.6 +0.1 -0.2 

CAFree Moisture (%) 0 0 0 

Cement (lb) 102.5 265.3 152.1 

Fly ash (lb) 33.7 87.1 49.9 

FA (lb) 273.7 697.7 398.7 

CA (lb) 107.9 279.2 160.0 

Water (lb) 53.0 147.7 85.9 

60 mm SF (lb) 0.00 0.00 0.00 

30 mm SF (lb) 26.47 68.51 39.27 

8 mm PVA (lb) 0.61 1.58 0.91 

SP (ml) 545 1410 808 

VMA (ml) 1362 3524 2020 
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Appendix C:  Response History of Vertical 
Displacement Transducers and 
Strain Gauges 

 
 

Figure C.1 Measured response history of displacement transducers of TS-1 (x-
axis shows number of steps and y-axis displacement in inches).
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Figure C.2 Measured response history of strain gauges of TS-1 (x-axis shows number of steps and y-axis displacement in 
inches). 
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Figure C.3 Response history of strain gauges of spiral reinforcement of TS-1 (x-axis shows number of steps and y-axis 
displacement in inches). 
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Figure C.4 Measured response history of displacement transducers of TS- 2 (x-axis shows number of steps and y-axis 
displacement in inches).
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Figure C.5 Measured response history of strain gauges of TS-2 (x-axis shows number of steps and y-axis displacement in 
inches). 
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Figure C.6 Measured response history of strain gauges of TS- 2 (x-axis shows number of steps and y-axis displacement in 
inches). 
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Figure C.7 Response history of strain gauges of spiral reinforcement of TS-2 (x-axis shows number of steps and y-axis 
displacement in inches).  
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