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ABSTRACT 

With the expected rehabilitation and replacement of damaged reinforced concrete bridges 
to occur in the next several decades, an opportunity exists to design bridge columns that 
have an accelerated construction schedule, which would reduce costs related to traffic 
closures and productivity loss, and to design columns that exhibit enhanced crack 
resistance, which would reduce damage from seismic events and long-term 
environmental degradation. This study investigates the feasibility of using a precast 
hybrid fiber-reinforced concrete (HyFRC) tube element as the exterior shell of a bridge 
column, which then has its hollow core filled with plain concrete once cast within a 
foundation. By isolating the fiber-reinforced concrete casting in the precast phase, 
fabrication of the tube element becomes a well-controlled process, alleviating concerns 
about the reduced cast-in-place workability associated with fiber-reinforced concrete, and 
allowing the column to take advantage of the fibers’ enhancement to concrete mechanical 
properties. 

The 1:4.5 scaled tube column had a longitudinal steel ratio of 1.2% and 
volumetric transverse steel ratio of 0.87%. To accommodate nonlinear deformations, the 
column utilized a rocking behavior at its base by unbonding the column’s longitudinal 
reinforcement from the concrete near the base. 

The seismic performance of the column was evaluated after subjecting it to static 
uni-directional cyclic loading. The column was able to withstand drift ratios as high as 
13.1% without losing axial load capacity, and longitudinal rebar did not fracture up to 
drift ratios of 9.5%. Compression damage of the column was relatively low by the end of 
the test, as spalling of concrete cover was not witnessed. Compared to a similarly sized 
rocking column cast entirely with hybrid fiber-reinforced concrete, the tube column 
maintained a higher lateral load capacity at large drift ratios, and had less observed 
structural damage. 

 



 iv

  



 v

ACKNOWLEDGMENTS 

This work was supported by the State of California through the Transportation System 
Research Program of the Pacific Earthquake Engineering Research Centers (PEER). Any 
opinions, findings, and conclusions or recommendations expressed in this material are 
those of the authors and do not necessarily reflect those of the funding agency. 

We would like to thank Joel Carr, Lev Stepanov, Philip Wong, Jeff 
Higginbotham, and Matt Cataleta for their help in preparing and conducting the 
experiments. 

  



 vi

  



 vii

CONTENTS 

ABSTRACT .................................................................................................................................. iii	

ACKNOWLEDGMENTS .............................................................................................................v	

TABLE OF CONTENTS ........................................................................................................... vii	

LIST OF TABLES ....................................................................................................................... ix	

LIST OF FIGURES ..................................................................................................................... xi	

1	 INTRODUCTION..............................................................................................................1	

1.1	 Motivation for Accelerated Bridge Construction (ABC) ...................................1	

1.2	 Motivation for Using Hybrid Fiber-Reinforced Concrete 
(HyFRC)..................................................................................................................2	

1.3	 HyFRC in Bridge Columns ...................................................................................3	

1.4	 Research Objectives ...............................................................................................4	

1.5	 Organization of the Report ...................................................................................5	

2	 SPECIMEN DESIGN AND CONSTRUCTION .............................................................7	

2.1	 Design of Column ...................................................................................................7	

2.1.1	 Details of Prototype Column .......................................................................7	

2.1.2	 Structural Details of Tube Column ..............................................................8	

2.2	 Materials Used in Construction ..........................................................................10	

2.2.1	 Precast Tube HyFRC .................................................................................10	

2.2.2	 Core Concrete ............................................................................................14	

2.2.3	 Steel............................................................................................................14	

2.3	 Construction of Test Specimen ...........................................................................15	

2.3.1	 Precast Tube ...............................................................................................15	

2.3.2	 Foundation and Column Core ....................................................................17	

3	 EXPERIMENTAL SET-UP AND TEST PROGRAM .................................................21	

3.1	 Test Set-Up ...........................................................................................................21	

3.2	 Data Instrumentation ..........................................................................................22	

3.3	 Loading Protocol ..................................................................................................25 

 



 viii

4	 EXPERIMENTAL RESULTS AND DISCUSSION.....................................................27	

4.1	 Lateral Force-Displacement Response ...............................................................27	

4.2	 Rocking Behavior .................................................................................................29	

4.3	 Compression Damage ..........................................................................................34	

4.4	 Comparison to Cast-in-Place Columns ..............................................................37	

5	 SUMMARY AND CONCLUSIONS ..............................................................................41	

REFERENCES .............................................................................................................................43	

APPENDIX A	 COLUMN MIX DESIGNS............................................................................45	

APPENDIX B	 RESPONSE HISTORY OF VERTICAL 
DISPLACEMENT TRANSDUCERS AND STRAIN 
GAUGES .........................................................................................................47	

 
 	



 ix

LIST OF TABLES 

Table 2.1	 Comparison of column gross dimensions. ...............................................................8	

Table 2.2	 Comparison of column concrete type and steel reinforcement. ...............................8	

Table 2.3	 Comparison of baseline and finalized saturated surface dry (SSD) 
proportions for tube HyFRC. .................................................................................11	

Table 2.4	 Fiber properties. .....................................................................................................11	

Table 2.5	 Compression test results of tube HyFRC after 73 days. ........................................14	

Table 2.6	 Bending test results of tube HyFRC after 73 days. ................................................14	

Table 2.7	 Summary of steel used in specimen. ......................................................................14 

 
Table 3.1	 Number of cycles at target drift ratios (H = 65.00 in.). .........................................26 

 
Table A.1	 Tube HyFRC SSD Mix Proportions (1 yd3). .........................................................45	

Table A.2	 Tube HyFRC SSD Mix Proportion Ratios ............................................................45	

Table A.3	 Tube HyFRC batched mix proportions (0.33 yd3). ................................................46	

Table A.4	 Core concrete SSD mix proportions (1 yd3). .........................................................46	

Table A.5	 Core concrete SSD mix proportion ratios. .............................................................46	

Table A.6	 Core concrete batched mix proportions (0.20 yd3). ...............................................46	

 



 x

  



 xi

LIST OF FIGURES 

Figure 1.1	 Schematic of crack-fiber interactions: (a) FRC with macrofibers 
only; and (b) HyFRC with micro- and macrofibers. ................................................2 

 
Figure 2.1	 Elevation view and cross section of prototype bridge column 

[Ketchum et al. 2004]. .............................................................................................7	

Figure 2.2	 Tube column structural details. Steel pipe corrugations and 
foundation details not shown, for clarity. ................................................................9	

Figure 2.3	 Slump flow test of tube HyFRC.............................................................................12	

Figure 2.4	 Tube HyFRC compression test results. ..................................................................13	

Figure 2.5	 Tube HyFRC beam bending test results. ...............................................................13	

Figure 2.6	 Steel reinforcement tensile test results: (a) longitudinal steel; and 
(b) spiral steel. ........................................................................................................15	

Figure 2.7	 Elevation photographs of tube construction: (a) full elevation view; 
and (b) close up at unbonded region in tube. .........................................................16	

Figure 2.8	 Detail photographs of tube construction: (a) unbonded rebar 
through use of duct tape within lower 18 in. of tube; and (b) plan 
view of tube cross section at top opening. .............................................................17	

Figure 2.9	 Elevation photographs of tube installment into foundation: (a) tube 
before installation; (b) tube aligned into foundation rebar cage; and 
(c) tube cast within foundation. .............................................................................18	

Figure 2.10	 Detail photographs of tube installment into foundation: (a) close up 
at tube base, showing extruded longitudinal rebar from tube; and 
(b) extruded longitudinal rebar from tube within foundation rebar 
cage. .......................................................................................................................18	

Figure 2.11	 Top view of column prior to core casting. .............................................................19 

 
Figure 3.1	 Global view photograph of test set-up. ..................................................................21	

Figure 3.2	 Detail photograph of horizontal actuators. .............................................................22	

Figure 3.3	 Location of strain gauges on longitudinal rebar. Section A-A 
shows rebar designation. (*) refers to rebar with strain gauges. 
Elevation view shows 1 rebar for clarity; units in inches. .....................................23	

Figure 3.4	 Locations of West and East face displacement transducers; units in 
inches. ....................................................................................................................23	

Figure 3.5	 Locations of north and south face displacement transducers; units 
in inches. ................................................................................................................24	



 xii

Figure 3.6	 Detail photographs of displacement transducers: (a) East column 
face; and (b) North column face. ...........................................................................24	

Figure 3.7	 Actual lateral drift ratios applied. ..........................................................................25 

 
Figure 4.1	 Complete lateral load-drift ratio response. Circle markers indicate 

points of longitudinal rebar fracture. .....................................................................28	

Figure 4.2	 Lateral load-drift ratio response to θr = 4.8%. .......................................................28	

Figure 4.3	 Northeast face of column at neutral position: (a) θr=0.60%; (b) 
θr=2.4%; (c) θr=6.0%; and (d) θr=11.3%. ..............................................................29	

Figure 4.4	 West face of column at neutral position: (a) θr=0.60%; (b) 
θr=2.4%; (c) θr=6.0%; and (d) θr=11.3%. ..............................................................30	

Figure 4.5	 Elevation view of column: (a) West face in extreme tension, 
θr=2.4%; and (b) East face in neutral position, θr=2.4%. ......................................30	

Figure 4.6	 Column during extreme eastern drift, at θr=11.3%: (a) global view, 
viewing from southern side; and (b) close-up at western face, 
viewing from northern side, showing exposed longitudinal rebar. ........................31	

Figure 4.7	 Displacement versus drift ratio based on column base displacement 
transducer measurements from DT-W-1 and DT-E-1. ..........................................32	

Figure 4.8	 Column base rotation versus drift ratio, based on column base 
displacement measurements from DT-W-1 and DT-E-1. The 
dashed diagonal line represents perfectly rigid column movement. ......................32	

Figure 4.9	 Strain gauge measurements as a function of data steps at the 
middle and top positions for longitudinal rebar 2, 3, 6, and 7. 
Vertical line intervals indicate the completion of a target drift ratio 
cyclic sequence. .....................................................................................................33	

Figure 4.10	 East face of column at neutral position, θr=8.3%. Permanent 
vertical displacement can be observed between the 
columnfoundation interface. ................................................................................34	

Figure 4.11	 Residual vertical displacements. ............................................................................34	

Figure 4.12	 Southeast face of column at extreme eastward loading: (a) 
θr=4.8%; (b) θr=6.0%; (c) θr=9.5%; and (d) θr=11.1%. ........................................35	

Figure 4.13	 Northwest face of column at extreme westward loading: (a) 
θr=8.3%; and (b) θr=9.5%. .....................................................................................36	

Figure 4.14	 West spiral and East spiral strain gauge measurements. ........................................36	

Figure 4.15	 Extreme compressive strain profile based on displacement 
transducer measurements. ......................................................................................37	

Figure 4.16	 Complete lateral load-drift ratio response of tube column and TS-1. 
Circle markers indicate points of longitudinal rebar fracture. ...............................38	



 xiii

Figure 4.17	 Lateral load-drift ratio response of tube column and TS-1, to 
θr=4.8%. .................................................................................................................38	

Figure 4.18	 Complete lateral load-drift ratio response of tube column and TS-1, 
with global envelope curve shown for clarity. .......................................................39	

Figure 4.19	 Column compression damage: (a) Tube column at 4.8% drift; fine 
splitting cracks are present on the column surface; (b) TS-1 after 
4.8% drift; localized buckling at fabrication flaw is highlighted 
[Kumar et al. 2011]; and (c) Base45 after 4.0% drift; spalling is 
extensive at the column base [Terzic and Stojadinovic 2010]. ..............................40 

 
Figure B.1	 Displacement transducer measurements on western and eastern 

column faces. X-axis is in drift ratio (%); Y-axis is in displacement 
(in.). ........................................................................................................................47	

Figure B.2	 Displacement transducer measurements on northern and southern 
column faces. X-axis is in drift ratio (%); Y-axis is in displacement 
(in.). ........................................................................................................................48	

Figure B.3	 Strain gauge measurements from column west face rebar. X-axis is 
in drift ratio (%); Y-axis is in strain (in./in.). .........................................................49	

Figure B.4	 Strain gauge measurements from column east face rebar. X-axis is 
in drift ratio (%); Y-axis is in strain (in./in.). Measurements from 
SG-B5 were not obtained. ......................................................................................50	

 

  



 xiv

 
 



1 

 

1 Introduction 

1.1 MOTIVATION FOR ACCELERATED BRIDGE CONSTRUCTION (ABC) 

The deterioration of reinforced concrete bridges is a major durability and economic problem in 
the U.S. In a 2013 study conducted by the American Society of Civil Engineers (ASCE), 
approximately one-fourth of the 600,000 bridges in the U.S. were rated as structurally deficient 
or functionally obsolete, requiring rehabilitation or complete replacement [American Society of 
Civil Engineers 2013]. While repairing or constructing new bridges has direct costs associated 
with materials and labor, indirect costs related to unproductivity caused by partial or total bridge 
closures may exceed all direct costs, potentially affecting local economy. Bridge construction in 
metropolitan areas is especially troublesome, as millions of daily commuters and freighters may 
be affected. The Federal Highway Administration (FHWA) estimates an annual cost of $20.5 
billion is required to clear the nation of deficient bridges by 2028. 

Due to the significant influence of time on the overall cost of bridge projects, novel 
designs aimed at expediting construction methods may be worthwhile alternatives to more 
conventional designs. Such an approach may be generalized as accelerated bridge construction 
(ABC). By systematically reducing construction time periods, several desired outcomes can be 
achieved, such as the aforementioned reduction in costs due to onsite construction time, as well 
as reductions in temporary structures, improved worker safety, and reduced dependency on 
weather conditions [Culmo 2011]. 

The use of precast bridge elements and systems, which calls for structural components of 
a bridge to be fabricated offsite, is a manner of incorporating ABC methods into a project. In the 
case of reinforced concrete bridges, expedition in schedule may result from reduction in, or 
elimination of, onsite rebar assembly, curing time due to cast-in-place concrete pouring, and 
formwork removal. A variety of precast concrete systems exist, as detailed by Hieber et al. 
[2005]. In particular, bridge columns are of interest. During a seismic event, the columns are 
typically designed to behave inelastically by developing flexural plastic hinges at each end of the 
column, while the remainder of the bridge is to remain elastic. Thus, a bridge column adhering to 
ABC methods must also satisfy minimum seismic design codes. Several researchers have studied 
precast bridge column solutions: Kwan and Billington [2003a; 2003b] analyzed the use of 
unbonded posttensioning in a segmentally precast concrete bridge pier system; and Billington 
and Yoon [2004] investigated the use of fiber-reinforced cement-based composites at plastic 
hinge regions. 
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1.2 MOTIVATION FOR USING HYBRID FIBER-REINFORCED CONCRETE 
(HYFRC) 

Because implementation of ABC requires revisions of a conventional bridge design, an 
opportunity exists to simultaneously improve other aspects of the bridge. Cracking in reinforced 
concrete bridges is of particular interest. During seismic loading, bending moments occur at the 
column’s ends, resulting in flexural cracking and the spalling of concrete cover. Prior to such 
loading, corrosion products produced on the surface of embedded rebar may crack the concrete 
matrix surrounding it, potentially resulting in reduced lateral load carrying capacity. Thus, 
advancements to a more crack-resistant concrete composite would greatly increase structural 
durability. 

Hybrid fiber-reinforced concrete (HyFRC) is considered a structurally advantageous 
alternative to plain concrete. Hybridization of fibers typically consists of polymer microfibers 
and hooked-end steel macrofibers of different lengths, and is necessary to achieve a 
performance-based design methodology known as Deterioration Reduction through Micro- and 
Macrocrack Control (DRMC) [Blunt and Ostertag, 2009b]. At the initiation of microcracking, 
microfibers begin to arrest and to bridge cracks as a first level of matrix reinforcement. With 
increasing stress, the microcracks eventually propagate into larger cracks, at which point 
macrofibers become most effective in resisting cracks. Unlike plain concrete, in which 
microfibers may coalesce into a few dominant cracks, when designed properly the multi-scale 
crack control provided in HyFRC results in numerous finer cracks. By controlling the cracking 
behavior of the concrete, toughness may be increased significantly over large deformations. The 
multi-scale approach is shown schematically in Figure 1.1. 

 

 

(a) (b) 

Figure 1.1 Schematic of crack-fiber interactions: (a) FRC with macrofibers only; and 
(b) HyFRC with micro- and macrofibers. 
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Deflection-hardening behavior can be achieved using HyFRC [Blunt and Ostertag 
2009a], which is characterized by having a higher peak load than the matrix cracking load in 
specimens subjected to flexure. Such validation can occur through beam bending tests. When 
adhering to the DRMC methodology, the concrete is required to achieve a tensile strain 
equivalent to the design yield strain of the rebar (0.002). Because reinforced concrete (RC) 
bridge columns act as beam-columns during lateral loading, use of a deflection-hardening 
concrete may reduce cracking during a seismic event. 

While the use of HyFRC is desirable in controlling cracks caused by applied loading, its 
advantages extend to durability enhancements not typically considered by structural designers. In 
particular, internal crack-inducing processes, such as reinforcement corrosion and alkali-silica 
reaction (ASR), may significantly reduce bridge longevity, resulting in continual rehabilitation or 
premature replacement. Ostertag and Blunt [2010] showed the corrosion current density in RC 
specimens composed of HyFRC was lower in comparison to plain concrete specimens after 
being subjected to the same load levels prior to corrosion experimentation. The HyFRC produced 
finer cracks when loaded, reducing saltwater ingress from the external environment. After the 
steel reinforcement’s passive film has been destabilized due to chloride ions in the saltwater, 
corrosion product formation may begin. Fibers in the concrete were able to provide confinement 
to the product growth, thus limiting it [Grubb et al. 2007]. The confining mechanism of 
volumetrically expanding products is similar to ASR [Yi and Ostertag 2005]. Thus, the use of 
HyFRC produces composites that may improve durability from applied load and environmental 
reactions, two primary sources of damage that affect RC bridges. 

1.3 HYFRC IN BRIDGE COLUMNS 

Two experimental columns using HyFRC were fabricated and seismically tested by Panagiotou 
et al. [2014] Because the inclusion of fibers generally hinders the casting of concrete in heavily 
reinforced sections of structural elements, HyFRC with high workability and uniform self-
compactability was developed specifically for cast-in-place construction. The developed 
concrete, known as self-consolidating HyFRC (SC-HyFRC), exhibited proper deflection-
hardening behavior while attaining slump flow diameters in the range of 18 to 20 in. 

The 1:4.5 scale columns both possessed a longitudinal steel ratio of 1.2% and a transverse 
volumetric steel ratio of 0.37%. Because of HyFRC’s high ductility, the transverse ratio was 
designed at nearly half the value of a typical CalTrans bridge. The columns differed primarily in 
how inelastic behavior would be accommodated. The first column (Test Specimen 1, or TS-1) 
incorporated a rocking behavior by unbonding the longitudinal bars of the column near the 
columnbase interface. The second column (Test Specimen 2, or TS-2) was allowed to develop a 
flexural plastic hinge and utilized a corrugated steel duct pipe to mitigate cracking at the column 
base-foundation interface. In an effort to spread plasticity in the plastic hinge, this column also 
used stainless steel longitudinal bars. The SC-HyFRC columns performed well when subjected 
to static, uni-directional lateral loading, as damage due to spalled concrete was limited until drift 
ratios 3.6%. The axial load capacity of the column was maintained even to drift ratios up to 
11.3%, which was the final tested drift cycle. 

Trono et al. [2014] investigated a 1:3 scale rocking, post-tensioned HyFRC column 
subjected to dynamic seismic loading. The experimental column used several design details to 
reduce or eliminate residual deformations after seismic loading, including fully unbonded, post-



 4

tensioned steel strands and precast HyFRC at the column base. While subjected to seven 
imposed ground motions on a tri-directional shake table, the column reached a peak drift of 8.0% 
and had a cumulative residual drift of under 0.4%, outperforming an experimental reference 
column that had a cumulative residual drift of 6.8%. 

1.4 RESEARCH OBJECTIVES 

The main research objectives of this project can be summarized as follows: (i) detailing and 
fabricating a bridge column consistent with both the ABC and DRMC methodologies; and (ii) 
designing a column so that its seismic performance meets or exceeds the mechanical properties 
of cast-in-place HyFRC columns of similar longitudinal reinforcement and gross dimensions. 

For the purposes of expediting construction, a precast solution is investigated. First, a 
precast tube element was fabricated using a steel corrugated duct as the tube’s inner surface and 
removable formwork as its outer surface. The tube contains the column’s longitudinal and 
transverse reinforcement and is cast with HyFRC. To accommodate large lateral displacements, a 
rocking mechanism similar to that of the TS-1 specimen tested by Panagiotou et al. [2014] is 
utilized. 

Use of a precast tube design offers several intended advantages over conventional cast-in-
place operations. The benefits to be considered in this project include the following: 

 Accelerated construction time: Utilizing the tube as a precast element 
eliminates the need for fabricating the column’s steel rebar assembly at the 
construction site as the tube already contains the column’s longitudinal 
and transverse reinforcement. Once the tube is installed into a foundation 
though typical cast-in-place methods, the tube also acts as permanent 
formwork for the casting of its hollow core. 

 HyFRC limited to the column shell: Because the concrete nearest the 
surface of the column receives the highest stress and damage in a seismic 
event, the use of HyFRC as a shell layer is appropriate for its crack-
controlling behavior. Additionally, the cost of the column may be reduced 
by not using fibers throughout the entire volume of the column. 

 Higher quality control: The widespread use of fiber-reinforced concrete is 
currently limited. Because production of the tube, which is the only bridge 
component to contain fibers, is offsite, specially trained individuals are not 
required onsite during cast-in-place operations. In addition, fabricating the 
tube in a more controlled environment allows for optimally compacted 
HyFRC, which allows more even distribution of fibers within the concrete 
matrix. Higher than typical volumes of fibers, which normally reduce the 
concrete’s cast-in-place workability, may also be tolerated due to ideal 
casting conditions. 

The column, hereafter known as the tube column, is compared directly to the seismic 
performance of TS-1, as both columns utilize the same base rocking design, have the same 
longitudinal steel reinforcement ratio, and have the same external dimensions. 
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1.5 ORGANIZATION OF THE REPORT 

The report is organized into five sections. The first section introduces the motivation and concept 
for using accelerated bridge construction with a HyFRC composite material. The second section 
describes the specimen design, structural materials used, and construction of the column. The 
third section provides information on the experimental test set-up, instrumentation used on the 
column, and loading protocol. The fourth section analyzes and discusses the observed and 
measured test responses acquired from the structural test. Included is a comparison between the 
performance of the tube column to cast-in-place columns of similar dimensions. The fifth and 
final section offers a summary and conclusions. 
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2 Specimen Design and Construction 

2.1 DESIGN OF COLUMN 

2.1.1 Details of Prototype Column 

A number of bridge types in California were assessed in a study by Ketchum et al. [2004]. The 
column for this experiment based its design on a straight, cast-in-place, post-tensioned five-span 
box girder bridge. The longitudinal steel reinforcement ratio (ρl) was 1.2%, while the transverse 
steel reinforcement ratio (ρs) was 0.7%. The aspect ratio, defined as the ratio of the column 
height over the column diameter, was 8.3. Figure 2.1 shows additional design details of the 
bridge. 

 

 

Figure 2.1 Elevation view and cross section of prototype bridge column [Ketchum et 
al. 2004]. 
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2.1.2 Structural Details of Tube Column 

To compare the structural performance of the tube column versus cast-in-place HyFRC bridge 
columns, its design was based on bridge columns tested by Panagiotou et al. [2014] Because the 
precast tube and its concrete core would not be monolithically cast with the column’s foundation, 
a cold joint would be present at the column-foundation interface. To address this issue, a rocking 
design was chosen to accommodate large lateral displacements. Thus, Panagiotou et al.’s TS-1 
specimen, which utilized a rocking design, was selected as the reference column for this project. 
In turn, the design of TS-1 was based on the prototype column by Ketchum et al. [2004] 

Table 2.1 lists the external dimensions of the tube column, TS-1, and the prototype 
column; Figure 2.2 shows the structural details of the tube column. The diameter (D) was 16 in. 
for both the tube column and TS-1. The height (H), defined as the measurement from the base of 
the column to the elevation where the lateral load is applied during structural testing, was 65.00 
in. for the tube column. These dimensions result in an aspect ratio of 4.06. Due to a variation in 
experimental set-up, the height of the tube column differed slightly from the height of TS-1 
(67.25 in.). While the diameter of the tube column was scaled geometrically, the value of H is 
derived from matching a similar ratio of M / VH of the prototype column, where M and V are the 
bending moment and shear at the column ends, respectively. This scaling assumes the prototype 
column’s ratio of M / VH is equivalent to 4 with a mid-height inflection point. 

Fabrication of a precast tube was possible through the use of a spirally corrugated 16-
gauge galvanized A92 steel duct pipe. Due to its corrugations, the pipe diameter varied from 10 
to 11 in. The steel duct pipe would act as the inner formwork for the precast tube, as well as the 
outer formwork for the column core. As summarized in Table 2.2, the tube was to be cast with 
HyFRC, while its core was to be cast with plain, unreinforced concrete. Compared to a column 
of the same external dimensions cast entirely with HyFRC, the tube column design has 
approximately 43% less HyFRC by volume. 

Table 2.1 Comparison of column gross dimensions. 

Specimen Scaling factor D (in.) H (in.) H / D 

Tube Column 4.5 16 65.00 4.06 

TS-1 4.5 16 67.25 4.20 

Prototype 1 72 600 8.33 

 

Table 2.2 Comparison of column concrete type and steel reinforcement. 

Specimen Column concrete 
Longitudinal 

reinforcement 
ρl (%) 

Transverse 
reinforcement 

ρs (%) 

Tube Column HyFRC exterior shell; 
plain concrete interior core 

(12) No. 4 1.2 W4.0 Spiral @ 1.25 in. O.C. 0.87 

TS-1 SC-HyFRC (12) No. 4 1.2 W3.5 Spiral @ 2.50 in. O.C. 0.37 

Prototype Plain concrete (44) No. 11 1.2 No. 8 Hoop @ 5.50 in.O.C. 0.70 



 9

 

Figure 2.2 Tube column structural details. Steel pipe corrugations and foundation 
details not shown, for clarity. 

To allow base rocking of the column, its twelve No. 4 A706 steel longitudinal bars were 
unbonded from the concrete for a total of 20 in.–18 in. in the lowest portion of the column, and 2 
in. within the foundation. To unbond the bars, rubber mastic tape was first applied over the 
intended length to build up thickness between rebar ribs. By eliminating extrusions on the rebar, 
anchorage to the concrete provided by the ribs would be ineffective. Duct tape was then used as a 
final cover for further slippage and a protective layer during casting. At its termination within the 
foundation, the longitudinal rebar were capped with steel heads to provide anchorage during 
column lateral movement. 
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A continuous strand of W4.0 A82 galvanized steel wire was used as transverse spiral 
reinforcement. Spacing of the rungs was at 1.25 in. on center, resulting in a volumetric transverse 
steel reinforcement ratio (ρv) of 0.87%. This design ratio, which was nearly double the value for 
TS-1 (0.37%), was selected to increase the confinement effects of the column and delay 
longitudinal rebar buckling to high-drift ratio cycles. The transverse steel ratio was selected to be 
similar to that of the prototype column (0.70%). 

2.2 MATERIALS USED IN CONSTRUCTION 

2.2.1 Precast Tube HyFRC  

2.2.1.1 Mix Design Proportioning 

A concrete mix was developed specifically for the precast tube. The SC-HyFRC previously used 
for TS-1 was utilized as a baseline mix design. More details on the development of the baseline 
mixture may be found in Kumar et al. [2011]. Table 2.3 shows the SC-HyFRC concrete mix and 
the tube HyFRC concrete mix. Considering the tube’s minimum thickness of 2.5 in. and the 
concrete clear cover of 1 in., limitations were imposed on the maximum size of batching 
materials to prevent potential congestion issues during casting. Coarse aggregates (3/8 in. 
maximum size) typically used in HyFRC were eliminated in the design of the mortar. However, 
the terms concrete and HyFRC will continue to be used when describing the tube structural 
cementitious composite. 

The tube concrete was designed to adhere to the DRMC performance-based goals 
detailed by Blunt and Ostertag [2009b], resulting in a concrete that could exhibit deflection-
hardening behavior and could reach a tensile strain matching the design yield strain of Grade 60 
rebar. This behavior was achieved through the hybridization of different fiber types, as 
summarized in Table 2.4. Maintaining the same commercial fiber types as the baseline concrete 
mix, 0.315-in.-long polyvinyl alcohol (PVA) fibers and 1.18-in.-long hooked-end steel fibers 
were used for the tube concrete. Although a third fiber type, a 2.36-in.-long hooked-end steel 
fiber, is typically used, it was discarded due to the aforementioned concerns of material 
congestion during casting. 

The fiber volume fraction (Vf) of the PVA fibers was set to 0.2% of total concrete 
volume, matching the baseline proportion. The steel fiber fraction was set to 1.8% of total 
volume, an increase over the baseline design of 1.3%. Because the strength of the tube concrete 
was expected to increase due to an absence of coarse aggregates, a higher fiber volume fraction 
was used to ensure proper deflection-hardening behavior. Samples tested from trial batches prior 
to casting of the tube column confirmed this behavior in beam bending. In addition, because the 
precast tube was intended to be cast within a laboratory or industrial environment where quality 
control would be optimized, a higher volume fraction of steel fibers could be accommodated 
without significant reductions in concrete compaction. 

To have the concrete workable to flow through the tube opening, both a superplasticizer 
and viscosity modifying admixture (VMA) were used in the concrete design. The dosages of 
both were modified slightly from the baseline mix, since achieving a self-consolidating concrete 
was not a requirement for the tube. However, the final concrete had a slump flow diameter of 19 
in., as shown in Figure 2.3, with workability appropriate for the casting method. 
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Table 2.3 Comparison of baseline and finalized saturated surface dry (SSD) 
proportions for tube HyFRC. 

Material 
SC-HyFRC for TS-1 HyFRC for Tube Column 

Weight for 1 yd3 of concrete Weight for 1 yd3 of concrete 

Cement Type I/II (lb) 670 825 

Fly Ash Type F (lb) 220 275 

Sand (lb) 1760 2201 

Gravel (lb) 705 0 

0.315 in. PVA Fiber (lb) 4.4 4.4 

1.18 in. Steel Fiber (lb) 173 239 

Batched Water (lb) 400 359 

Superplasticizer (lb) 8.2 12.0 

VMA (lb)  19.7 17.5 

 

Fly Ash / Cementitious 0.25 0.25 

Water / Cementitious 0.45 0.35 

PVA Fiber Volume (%) 0.20 0.20 

Steel Fiber Volume (%) 1.30 1.80 

SP Wt-% Binder 0.93 1.09 

VMA Wt-% Binder 2.21 1.59 

 
 

Table 2.4 Fiber properties. 

Fiber 
Type 

Typical 
HyFRC Vf 

(%) 

TS-1 Vf 
(%) 

Tube 
Column 
Vf (%) 

Length 
(in.) 

Diameter 
(in.) 

Aspect 
Ratio 

Strength 
(ksi) 

Elastic 
modulus 

(ksi) 

PVA 0.2 0.2 0.2 0.315 0.0016  200 230  6090  

Steel-1 0.5 1.3 1.8 1.18 0.0217  54.5 160  29000  

Steel-2 0.8 0 0 2.36 0.0295  80 140  29000  
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Figure 2.3 Slump flow test of tube HyFRC. 

 

2.2.1.2 Mechanical Properties 

Laboratory test specimens were cast from the same batch of HyFRC used to produce the precast 
tube. Three 6 in. diameter × 12 in. height compression cylinders were produced, as well as three 
6 in. × 6 in. by 24 in. long beams. 

The compression test results shown in Table 2.5 and Figure 2.4 show the HyFRC used 
for the tube was relatively high-strength, achieving an average compressive strength of 9.55 ksi, 
with an average strain of 0.0042 at peak stress and an elastic modulus of 3650 ksi. Due to a low 
water-to-cementitious material ratio of 0.35, as well as an absence of coarse aggregate, a high 
compressive strength was expected. 

Beams were tested in four-point bending per ASTM C1609 [2006], with results of the 
test shown in Table 2.6 and Figure 2.5. Deflection-hardening behavior can be seen in the plotted 
load-deflection curves for all considered specimens, as the peak loads of the beams are greater 
than the cracking load of the concrete matrix. Based on the load-based flexural performance goal 
methodology of Blunt and Ostertag [2009b], who used the same beam dimensions and test set-
up, the minimum load to achieve the design tensile strain matching the value of Grade 60 rebar 
yielding was satisfied. Finally, the toughness of the beam is apparent by the gradual softening 
curve produced after the beams’ peak load is achieved. 
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Figure 2.4 Tube HyFRC compression test results. 

 

 

Figure 2.5 Tube HyFRC beam bending test results. 
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Table 2.5 Compression test results of tube HyFRC after 73 days. 

 Sample 1 Sample 2 Sample 3 Average 

f’c (ksi) 9.44 9.61 9.61 9.55 

ε0 (in./in.) 0.0044 0.0037 0.0044 0.0042 

 

 

Table 2.6 Bending test results of tube HyFRC after 73 days. 

 Sample 1 Sample 2 Sample 3 Average 

Ppeak (kips) 21.08 21.24 19.74 20.69 

δpeak .(in.) 0.0240 0.0153 0.0299 0.0231 

P0.03 (kips) 20.38 20.89 19.74 20.34 

% Peak 96.65 98.36 100.0 98.34 

P0.12 (kips) 13.31 11.62 10.02 11.65 

% Peak 64.14 54.70 50.79 56.54 

T0.12 (kip-in.) 2.01 2.06 1.77 1.95 

2.2.2 Core Concrete 

The concrete for the core of the specimen was designed as a plain, normal-strength concrete to 
be batched in the laboratory. Using an existing mix design having a nominal 5 ksi compressive 
strength with a watercement ratio of 0.48, the column core concrete was found to have a 
compressive strength of 6.35 ksi at an age of 46 days. Detailed mix proportions may be found in 
Appendix A. 

2.2.3 Steel 

Several types of steel were used in the column specimen, as summarized in Table 2.7. Column 
longitudinal and foundation reinforcement adhered to A706 Grade 60 steel. Twelve No. 4 
longitudinal bars were used in the column. Transverse reinforcement consisted of a continuous 
spiral tied around the longitudinal bars. The spiral A82 galvanized steel had a gauge size of W4.0 
(0.226 in. diameter) and was spaced vertically at 1.25 in. on center. 

Table 2.7 Summary of steel used in specimen. 

Type of steel ASTM designation Size / gauge 

Longitudinal reinforcement A706, Grade 60 No. 4 

Transverse reinforcement A82, galvanized W4.0 

Foundation reinforcement A706, Grade 60 No. 3, No. 4 

Corrugated pipe A92, Galvanized 16 gauge 
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Figure 2.6 Steel reinforcement tensile test results: (a) longitudinal steel; and (b) spiral 
steel. 

Based on tensile testing results, as shown in Figure 2.6, the longitudinal rebar exhibited a 
yield stress of approximately 69 ksi and an ultimate stress of approximately 95 ksi. The spiral 
reinforcement did not exhibit a yield plateau. Using the 0.2% offset method, the yield stress was 
approximately 78 ksi, while the ultimate stress was approximately 93 ksi. 

The use of a 16-gauge (0.064 in.-thick) A92 galvanized steel corrugated pipe was 
necessary for providing an inner surface for the precast concrete tube. The spiral corrugations 
had a depth of 0.50 in., resulting in a pipe minimum and maximum diameter of 10 in. and 11 in., 
respectively. 

2.3 CONSTRUCTION OF TEST SPECIMEN 

2.3.1 Precast Tube 

Construction and casting of the column specimen took place in the structural engineering 
laboratory of Davis Hall at the University of California, Berkeley. Before assembly of tube 
reinforcing steel began, strain gauges were first placed on the longitudinal rebar. In the intended 
unbonding region, the bars were wrapped in rubber mastic tape and then duct tape. 

Figure 2.7 shows the platform created to accommodate the placement and maintain the 
design spacing of the longitudinal bars. The bars were placed vertically onto the platform, and 
were allowed to extrude 18 in. from the bottom cast surface for later installment into the 
foundation. The transverse spiral reinforcement was attached to the longitudinal bars by steel 
wire ties starting at the base of the column and working upwards. 
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After the spiral reinforcement assembly was completed, the corrugated steel pipe was 
placed vertically on the platform to provide the inner casting surface of the tube. A removable 
16-in.-diameter column mold was used to produce the tube’s outer surface. As shown in Figure 
2.8b, 1-in.-long hardened cement paste spacers were used to promote proper alignment of 
vertical elements during casting. 

A single HyFRC batch with a volumetric yield size of 0.33 cubic yards was used for 
casting the tube and supplementary testing cylinders and beams. The concrete was poured into 
the tube at its top opening. To ensure adequate compaction, form vibrators were placed near the 
lower portion of the column. Long tapping rods and stick vibrators were used to force concrete 
through the tube. Two hooked steel bars were embedded into the tube at the top surface to allow 
for later lifting and transport by overhead crane. The column mold was stripped from the tube 
after 14 days of curing, with the outer concrete surface showing no significant defects or voids, 
suggesting proper concrete consolidation during the casting. 

 

(a) (b) 

Figure 2.7 Elevation photographs of tube construction: (a) full elevation view; and (b) 
close up at unbonded region in tube. 

 

 



 17

 
(a) (b) 

Figure 2.8 Detail photographs of tube construction: (a) unbonded rebar through use 
of duct tape within lower 18 in. of tube; and (b) plan view of tube cross 
section at top opening. 

 

2.3.2 Foundation and Column Core 

The next phase in construction required casting of the precast tube’s extruded longitudinal bars 
within the foundation. A contractor assembled the foundation rebar cage and provided concrete 
though a mixing truck. Before casting, the precast tube was elevated on top of the foundation by 
the laboratory’s crane such that the tube’s extruded bars would be cast within the foundation and 
the bottom surface of the tube to coincide with casting of the upper surface of the foundation 
(Figure 2.9 and Figure 2.10). 
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(a) (b) (c) 

Figure 2.9 Elevation photographs of tube installment into foundation: (a) tube before 
installation; (b) tube aligned into foundation rebar cage; and (c) tube cast 
within foundation. 

 
 
 

(a) (b) 

Figure 2.10 Detail photographs of tube installment into foundation: (a) close up at tube 
base, showing extruded longitudinal rebar from tube; and (b) extruded 
longitudinal rebar from tube within foundation rebar cage. 
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Figure 2.11 Top view of column prior to core casting. 

 

After the foundation cured for 9 days, the hollow tube was filled with plain concrete. 
Figure 2.11 shows the column prior to core casting. A single concrete batch was again produced 
in the laboratory, though with a smaller yield size of 0.20 cubic yds. A stick vibrator was used to 
achieve compaction of the concrete. After the core was filled, four 1-in.-diameter steel rods were 
vertically embedded into, and extruded out from, the top surface of the column. This was to 
allow a steel spreader beam to anchor down onto the column during testing. 

At the time of structural experimentation, the tube concrete was at an age of 67 days, the 
foundation concrete was at an age of 49 days, and the core concrete was at an age of 40 days. 
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3 Experimental Set-Up and Test Program 

3.1 TEST SET-UP 

Figure 3.1 shows the global test set-up of the column. A uni-directional cyclic loading protocol 
was selected to simulate seismic loading, with the lateral load applied through two horizontal 
actuators inclined at 45° to the direction of load, as shown in Figure 3.2. A gravity load of 100 
kips was applied to the column through a built-up steel spreader beam, which had a vertical 
actuator at each end of the beam. Lateral loading was selected to occur in the East-West 
direction, with lateral displacement in each cycle initiating towards the eastern direction first. 

 

 

Figure 3.1 Global view photograph of test set-up. 
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Figure 3.2 Detail photograph of horizontal actuators. 

3.2 DATA INSTRUMENTATION 

Of the twelve longitudinal rebar in the column, the four most eastern and four most western bars 
were fitted with strain gauges, for a total of eight bars (Figure 3.3). On each of these rebar, two 
gauges were positioned within the unbonded length of the rebar, while one gauge was embedded 
in the concrete foundation. Specifically, gauges were positioned 8 in. above, 4 in. above, and 4 
in. below the column-foundation interface, for a total of three gauges. In addition, the spiral 
reinforcement near the base of the column also received internal instrumentation. Spiral rungs 
positioned approximately 1.25 in. and 2.50 in. above the column base on the North, South, West, 
and East faces of the column each had a strain gauge applied to it, resulting in eight total spiral 
strain gauges. 

Vertical displacement transducers were used for external measurements. A set of four 
transducers was placed in series on both the western and eastern column faces, while two 
transducers in series were used on the northern and southern faces. Figure 3.4 and Figure 3.5 
show the locations of the transducers. Typical transducer set-up is also shown in Figure 3.6. All 
transducers were positioned at elevations within the unbonded region of the column.  
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Figure 3.3 Location of strain gauges on longitudinal rebar. Section A-A shows rebar 
designation. (*) refers to rebar with strain gauges. Elevation view shows 1 
rebar for clarity; units in inches. 

 

Figure 3.4 Locations of West and East face displacement transducers; units in 
inches. 
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Figure 3.5 Locations of north and south face displacement transducers; units in 
inches. 

 

 

(a) (b) 

Figure 3.6 Detail photographs of displacement transducers: (a) East column face; and 
(b) North column face. 
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3.3 LOADING PROTOCOL 

The loading protocol of the column consisted of cyclically loading the column at predetermined 
target drift ratios. The drift ratio θr is defined as θr = Δ / H, where Δ is the applied lateral 
displacement applied at a height H (65.00 in.) above the foundation surface. The column was 
initially cycled three consecutive instances at the same drift ratio level before reaching the next 
series of cycles. At drift ratios of 4.20% and higher, the cycling was reduced to one instance. 
Although the loading protocol was similar to that of TS-1, the tube column was allowed to 
achieve a higher final target test drift ratio of 13.1% compared to the 11.3% maximum drift ratio 
achieved by TS-1. Figure 3.7 shows the lateral displacement history as a function of data steps. 

As noted in Table 3.1, the actual applied drift ratios did not correspond exactly with 
target drift ratios. During progression of the test, eastward lateral displacement (corresponding to 
positive drift ratios) tended to be less than targeted, while westward lateral displacement 
(corresponding to negative drift ratios) tended to be more than targeted. 

 

 

Figure 3.7 Actual lateral drift ratios applied. 
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Table 3.1 Number of cycles at target drift ratios (H = 65.00 in.). 

Target drift 
ratio, θr (%) 

Actual maximum drift 
ratio in cycle set (%) 

Actual minimum drift 
ratio in cycle set (%) 

Target 
displacement, Δ (in.) 

Number of 
cycles 

0.15 0.09 -0.14 0.10 3 

0.30 0.30 -0.40 0.20 3 

0.44 0.27 -0.51 0.29 3 

0.60 0.53 -0.61 0.39 3 

1.20 1.0 -1.2 0.78 3 

1.80 1.6 -1.9 1.17 3 

2.40 2.2 -2.4 1.56 3 

3.00 2.7 -3.2 1.95 3 

3.60 3.2 -4.0 2.34 3 

4.20 3.7 -4.6 2.73 1 

4.80 4.3 -5.2 3.12 1 

6.00 5.5 -6.6 3.90 1 

7.10 6.7 -7.7 4.62 1 

8.30 7.9 -8.9 5.40 1 

9.50 9.0 -10.2 6.18 1 

11.3 10.8 -13.5 7.35 1 

13.1 12.6 -15.1 8.52 1 
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4 Experimental Results and Discussion 

4.1 LATERAL FORCE-DISPLACEMENT RESPONSE 

The complete lateral load-drift ratio hysteretic response of the column is presented in Figure 4.1. 
A loss of stiffness in the column occurs at drift ratios larger than 1.2%, which may be more 
easily observed in Figure 4.2, which plots the hysteretic response up to drifts of 4.8%. Hardening 
behavior is observed past these drift ratios and continues until the column reaches the loading 
cycle corresponding to a drift ratio of approximately 4.8%. Two major load drops can be seen at 
higher drift ratios, corresponding to longitudinal rebar fracture. The first fracture occurred during 
the drift ratio step of 11.3% on westward loading, while the second fracture took place during the 
final drift ratio step of 13.1% on eastward loading. Fracture sounds could be heard during the 
mentioned drifts, likely corresponding to longitudinal rebar failure as well as spiral 
reinforcement failure. 

Based on the response, the column shows considerable toughness, maintaining at least 
88% of its maximum lateral load capacity at each load cycle up to drift ratios of 10%. In 
addition, the axial load capacity of the specimen did not significantly decrease during the entirety 
of the test. 
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Figure 4.1 Complete lateral load-drift ratio response. Circle markers indicate points of 
longitudinal rebar fracture. 

 

 

 

Figure 4.2 Lateral load-drift ratio response to θr = 4.8%. 
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4.2 ROCKING BEHAVIOR 

Because of the tube column’s rocking design, flexural cracks were not anticipated in the 
column’s unbonded region, which encompassed the lowest 18 in. of the column. Figure 4.3 and 
Figure 4.4 show surface crack progression on the northeastern and western faces of the column, 
respectively. Cracks were observed starting at drifts of 0.60% and located 1926 in. above the 
column base, just above the unbonded region. Subsequent loading cycles reveal flexural cracks 
present as high as 48 in. above the column base (θr=2.40%), while not being observed at 
elevations less than 19 in. (Figure 4.5). There was little change in flexural damage above the 
unbonded region to the column past a drift of approximately 2.4%, as shown by the lack of 
surface crack development in the sequence of photographs. While the rocking mechanism is 
attributed to the lack of cracking at the column base, HyFRC may have been effective in 
mitigating damage outside of the unbonded region. For instance, cracks on the tensile face of the 
column during the 3.6% drift cycle were observed to have a maximum width of approximately 
0.016 in. Upon return to neutral position, opened cracks were seen closing to hairline widths.	

 
 

(a) (b) 

(c) (d) 

Figure 4.3 Northeast face of column at neutral position: (a) θr=0.60%; (b) θr=2.4%; (c) 
θr=6.0%; and (d) θr=11.3%. 
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(a) (b) 

(c) (d) 

Figure 4.4 West face of column at neutral position: (a) θr=0.60%; (b) θr=2.4%; (c) 
θr=6.0%; and (d) θr=11.3%. 

 
(a) (b) 

Figure 4.5 Elevation view of column: (a) West face in extreme tension, θr=2.4%; and 
(b) East face in neutral position, θr=2.4%. 
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During the test, the column exhibited seemingly rigid behavior, as shown in Figure 4.6. 
The figure shows a global view of the specimen subjected to maximum eastward displacement 
during the 11.3% drift cycle. The rocking behavior of the column may be quantified with the use 
of displacement transducer measurements. Figure 4.7 shows the measurements taken by the 
displacement transducers lowest in column elevation on the western and eastern faces of the 
column (DT-W-1 and DT-E-1, respectively). The nearly bilinear curve for each transducer 
suggests rigid rocking behavior in the West-East direction, with the change in slope caused by a 
neutral axis that does not pass through the center of the column. Figure 4.8 provides a plot of 
calculated column base rotation versus drift ratio up to a drift of 8.3%. The base rotation, θb, is 

calculated as ߠ௕ ൌ
ሺ஽்ೈభሻ–	ሺ஽்ಶభሻ

ௗ
, where DTW1 and DTE1 are the displacement transducer 

measurements at the W-1 and E-1 positions, respectively, and d is the horizontal distance 
between the points of measurements. As indicated in the curve’s linearity, the relationship 
between the drift ratio and calculated base rotation is nearly equivalent. This again suggests the 
presence of the intended rocking behavior in the specimen, as the column acts nearly rigidly. 

 

 
(a) 

 
(b) 

Figure 4.6 Column during extreme eastern drift, at θr=11.3%: (a) global view, viewing 
from southern side; and (b) close-up at western face, viewing from 
northern side, showing exposed longitudinal rebar. 
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Figure 4.7 Displacement versus drift ratio based on column base displacement 
transducer measurements from DT-W-1 and DT-E-1. 

 

 

Figure 4.8 Column base rotation versus drift ratio, based on column base 
displacement measurements from DT-W-1 and DT-E-1. The dashed 
diagonal line represents perfectly rigid column movement. 
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Strain gauge measurements from the most extremely loaded longitudinal steel, namely 
bars 2, 3, 6, and 7, are presented in Figure 4.9 as a function of data steps. Strain gauges placed at 
an elevation 4 in. and 8 in. above the foundation base are denoted as “SG-M_” (Middle) and 
“SG-T_” (Top), respectively. 

It was expected that the strains at the middle and top positions of the bar would be similar 
in magnitude due to its unbonding from the concrete. Bar 2 shows good correlation between both 
its strain gauges in this region. Bar 3 shows the peak positive strains of each load cycle having 
similar values, although the peak minimum strains do not coincide at the middle and later 
portions of the test. The strain gauge at the top position may have degraded, as indicated by its 
lack of smooth cyclic behavior at its minima. Bar 7 shows some correlation between its maxima 
and minima at certain durations of the test. 

Because of the longitudinal bars’ plastic deformation, a residual vertical displacement 
was produced between the column base and foundation surface, as shown in Figure 4.10. The 
permanent uplift was measured by displacement transducers at the base of the column; see 
Figure 4.11. 

 

 

Figure 4.9 Strain gauge measurements as a function of data steps at the middle and 
top positions for longitudinal rebar 2, 3, 6, and 7. Vertical line intervals 
indicate the completion of a target drift ratio cyclic sequence. 

 



 34

 

Figure 4.10 East face of column at neutral position, θr=8.3%. Permanent vertical 
displacement can be observed between the columnfoundation interface. 

 

Figure 4.11 Residual vertical displacements. 

4.3 COMPRESSION DAMAGE 

Despite being subjected to drifts levels of over 10%, the column did not show spalling of 
concrete, as a physical loss of cover from the column was not observed. Compression damage 
was generally limited to splitting cracks formed at the base of the column, with the eastern face 
of the column exhibiting more damage than the western face. Figure 4.12 shows the progression 
of damage near the eastern column face, highlighted by a splitting crack near the SE1 and E1 
grid boundaries. Smaller splitting cracks were observed on the western column face, as shown in 
Figure 4.13. 
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Plotted in Figure 4.14, strain gauge measurements were collected from the spiral 
transverse reinforcement on the western and eastern faces of the column at approximately 1.25 
in. and 2.50 in. above the column base. Strain magnitudes were relatively low up to the 7.1% 
drift cycle, after which the strains generally increased during the later stages of the test. 
Additionally, during the 11.3% and 13.1% drift cycles, several noises were heard during the test, 
which was likely the result of spiral fractures. Fracture of the spiral steel may explain the non-
cyclic measurements observed in some of the strain gauges. 

 

(a) (b) 

(c) (d) 

Figure 4.12 Southeast face of column at extreme eastward loading: (a) θr=4.8%; (b) 
θr=6.0%; (c) θr=9.5%; and (d) θr=11.1%. 
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(a) (b) 

Figure 4.13 Northwest face of column at extreme westward loading: (a) θr=8.3%; and 
(b) θr=9.5%. 

 

Figure 4.14 West spiral and East spiral strain gauge measurements. 

Displacement transducers located at the western and eastern faces of the column provide 
some measure of compressive strains in the concrete. Measurements taken from the transducers 
were calculated into column surface smeared strains, with transducers nearest the foundation not 
considered due to the large displacements caused by base rocking. Figure 4.15 shows the strain 
profile of the column at extreme compressive loading. Compressive strains in the lowest 
elevations of the column reached approximately 0.0040 by the 6.0% drift cycle, nearly matching 
the strain at peak compressive strength of the HyFRC (0.0042). However, as mentioned earlier, 
the concrete surface damage consisted of splitting cracks, suggesting HyFRC’s tendency to 
minimize cover spalling. 
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Figure 4.15 Extreme compressive strain profile based on displacement transducer 
measurements. 

4.4 COMPARISON TO CAST-IN-PLACE COLUMNS 

The specimen TS-1 provides a suitable comparison for gauging the tube column’s structural 
performance. To summarize, the concrete of TS-1 consisted entirely of HyFRC while the tube 
column had a dual-phase design consisting of a HyFRC outer tube and plain concrete interior 
core. The longitudinal reinforcing details of the two columns were similar, with both having a 
1.2% steel reinforcing ratio consisting of 12 No. 4 longitudinal bars. The transverse reinforcing 
ratio of TS-1 was 0.37%, which was less than half that of the tube column’s transverse 
reinforcing ratio (0.87%). To accommodate large drift ratios, both columns employed a rocking 
mechanism at the column base by unbonding the longitudinal bars from the concrete in the 
lowest elevations of the column. 

The complete lateral load-drift ratio hysteric response for the two columns is shown in 
Figure 4.16, while the response up to a target drift ratio of 5% is shown in Figure 4.17. Note the 
loading protocol of TS-1 halted at a maximum target drift ratio of 11.3%, while the tube column 
was allowed to achieve a target drift ratio of 13.1%. 

Figure 4.18 again shows the hysteric response of the columns for the full test, but with 
the envelope curve highlighted for clarity. At drift ratios under 5%, the responses of both 
columns are similar. For westward movement (negative drift ratios), the curves of TS-1 and the 
tube column nearly overlap. A 3.4% difference in load is observed at a drift ratio of -4.4%. For 
eastward movement (positive drift ratios), a difference in magnitude of load is greater, although 
the curves generally suggest similar behavior. At a drift ratio of 4.2%, a load difference of 8.3% 
exists. 
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Figure 4.16 Complete lateral load-drift ratio response of tube column and TS-1. Circle 
markers indicate points of longitudinal rebar fracture. 

 

 

Figure 4.17 Lateral load-drift ratio response of tube column and TS-1, to θr=4.8%. 
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Figure 4.18 Complete lateral load-drift ratio response of tube column and TS-1, with 
global envelope curve shown for clarity. 

By the end of the test, however, the disparity in the load carrying capacity of the columns 
is evident. TS-1 shows a softening behavior at drift ratios approximately greater than 5%. 
Though the tube column also shows softening, the reduction in load occurs more gradually over 
a larger range of drift ratios. At a drift ratio of approximately -10.0%, the tube column 
maintained a capacity of 26.1 kips, while TS-1 maintained a capacity of 16.4 kips, corresponding 
to 97.7% and 60.6% of maximum column lateral load capacity, respectively. Once it reached a 
drift ratio of-15.0%, the tube column was only reduced to 17.2 kips, or 64.4% of its maximum 
capacity. A similar difference in performance at high drift ratios also occurred for eastward 
loading. The tube column was able to maintain 89.8% of its lateral capacity at a drift ratio of 
10.7%, while TS-1 maintained 83.6% of full capacity. 

From the hysteresis loop of TS-1, a total of 6 rebar fractures can be observed by the end 
of the test. The first, second, and third rebar fractures occurred at target drift ratios of 6.0%, 
8.3%, and 9.5%, respectively. The final three fractures occurred in the final loading cycle, with a 
target drift ratio of 11.1%. The tube column performed significantly better than TS-1 in terms of 
longitudinal rebar fracture. A total of two rebar fractures were observed in the tube column: the 
first at a target drift ratio of 11.3%, and the final at the target drift ratio of 13.1%.  

Compared to TS-1, the tube column may have exhibited higher lateral load capacities at 
large drift ratios and reduced longitudinal rebar fractures due to its greater compression damage 
resistance. As previously mentioned, spalling of concrete did not occur in the tube column, and 
compression damage was limited to splitting cracks at the base of the column (Figure 4.19a). 
Column TS-1, however, showed localized spalling starting at a drift ratio of 3.6%, with visible 
buckling observed at a drift ratio of 4.8% (Figure 4.19b). This localized damage was attributed to 
a construction flaw that caused the cover thickness of TS-1 to be very thin. Although the tube 
column had a higher design concrete cover than TS-1 (1 in. compared to 1/2 in.), it may have 
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been able to delay buckling more effectively in part due to its higher transverse reinforcement 
over TS-1. 

The overall damage resistance of the tube column may be further explained by the 
presence of fiber-reinforcement. Terzic and Stojadinovic [2010] tested bridge columns made of 
plain concrete having the same column gross dimensions as the tube column and TS-1, as well as 
the same longitudinal reinforcing ratio. The transverse reinforcing ratio of Terzic and 
Stojadinovic’s columns were set to 0.75%. The columns also differed in loading protocol, being 
subjected to lateral loading in two perpendicular axes and did not utilize a rocking mechanism. 
Figure 4.19c shows significant spalling at the base of Terzic and Stojadinovic’s Base45 column 
after being subjected to 4.0% drift. The specimen was detailed for a displacement ductility of 
4.5. The use of HyFRC suggests improved resistance to cover spalling in laterally loaded bridge 
columns, which may have implications in achieving higher lateral load capacities and lower 
rehabilitation efforts after seismic events. By using a transverse reinforcing ratio that is typical 
for plain concrete columns in addition to HyFRC, as is the case for the tube column, significant 
ductility can be achieved by reducing damage in the column. 

 

(a) (b) (c) 

Figure 4.19 Column compression damage: (a) Tube column at 4.8% drift; fine splitting 
cracks are present on the column surface; (b) TS-1 after 4.8% drift; 
localized buckling at fabrication flaw is highlighted [Kumar et al. 2011]; and 
(c) Base45 after 4.0% drift; spalling is extensive at the column base [Terzic 
and Stojadinovic 2010]. 
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5 Summary and Conclusions 

A bridge column design incorporating accelerated bridge construction (ABC) and deterioration 
reduction through micro- and macrocrack control (DRMC) methodologies was investigated for 
its constructability and seismic performance. To incorporate both methodologies, a precast 
hybrid fiber-reinforced concrete (HyFRC) tube containing the column’s longitudinal and 
transverse reinforcement was fabricated to simulate an element built offsite and later brought to a 
construction site. After being cast in its foundation, the tube was filled with cast-in-place plain 
concrete. The use of HyFRC was expected to significantly enhance the column’s ductility during 
seismic loading. To accommodate nonlinear deformations, the tube column utilized a base-
rocking behavior by unbonding the longitudinal rebar from the concrete near the column base. 

The column was subjected to static, uni-directional cyclic lateral loading. Despite 
limiting the HyFRC to the precast tube, the column generally achieved equivalent or greater 
lateral load capacity when compared to a fully cast-in-place HyFRC column of similar 
dimensions and seismic testing protocol. In addition, the tube column showed excellent 
compression damage resistance as no spalling of concrete was observed, even when the column 
achieved a drift ratio as high as 13.1%. Fracture of longitudinal rebar also did not occur until 
reaching a drift of 9.5%. 

Use of a precast tube eliminated concerns about the reduced cast-in-place workability of 
fiber-reinforced concrete in reinforced concrete structural elements. The presented tube column 
design allows for a practical method of utilizing HyFRC, while obtaining the full crack-resisting 
benefits of HyFRC. 
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Appendix A Column Mix Designs 

Table A.1 Tube HyFRC SSD Mix Proportions (1 yd3). 

Material Weight / Volume 

Cement Type I/II (lb) 825 

Fly Ash Type F (lb) 275 

Sand (lb) 2201 

8mm PVA Fiber (lb) 4.4 

30mm Steel Fiber (lb) 239 

Batched Water (lb) 359 

Superplasticizer (lb / L) 12.0 / 5.19 

VMA (lb / L)  17.5 / 7.92 

 

Table A.2 Tube HyFRC SSD Mix Proportion Ratios 

Material Ratio 

Fly Ash / Cementitious 0.25 

Water / Cementitious 0.35 

PVA Fiber Volume (%) 0.20 

Steel Fiber Volume (%) 1.80 

SP Dosage (fl oz / cwt) 16.0 

SP Wt-% Binder 1.09 

VMA Dosage (fl oz / cwt) 24.4 

VMA Wt-% Binder 1.59 
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Table A.3 Tube HyFRC batched mix proportions (0.33 yd3). 

Material Weight / Volume 

Cement Type I/II (lb) 275 

Fly Ash Type F (lb) 92 

Sanda (lb) 775 

8mm PVA Fiber (lb) 1.5 

30mm Steel Fiber (lb) 80 

Batched Water (lb) 99 

Superplasticizer (L) 1.73 

VMA (L)  2.64 

(a) Free moisture: +2.80% 

 

Table A.4 Core concrete SSD mix proportions (1 yd3). 

Material Weight 

Cement Type I/II (lb) 802 

Sand (lb) 1477 

3/8” Pea Gravel (lb) 1168 

Batched Water (lb) 385 

 

Table A.5 Core concrete SSD mix proportion ratios. 

Material Ratio 

Water / Cementitious 0.48 

 

Table A.6 Core concrete batched mix proportions (0.20 yd3). 

Material Weight 

Cement Type I/II (lb) 158 

Sanda (lb) 301 

3/8” Pea Gravelb (lb) 229 

Batched Water (lb) 68 

(a) Free moisture: +3.20% 
(b) Free moisture: -0.80% 
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Appendix B Response History of Vertical 
Displacement Transducers and 
Strain Gauges 

 

Figure B.1 Displacement transducer measurements on western and eastern column 
faces. X-axis is in drift ratio (%); Y-axis is in displacement (in.). 
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Figure B.2 Displacement transducer measurements on northern and southern column 
faces. X-axis is in drift ratio (%); Y-axis is in displacement (in.).  
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Figure B.3 Strain gauge measurements from column west face rebar. X-axis is in drift 
ratio (%); Y-axis is in strain (in./in.). 
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Figure B.4 Strain gauge measurements from column east face rebar. X-axis is in drift 
ratio (%); Y-axis is in strain (in./in.). Measurements from SG-B5 were not 
obtained. 
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