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ABSTRACT 

ZHU, ZHENYU. Joint Construction and Seismic Performance of Concrete-Filled Fiber 

Reinforced Polymer Tubes. (Under the direction of Amir Mirmiran) 

 

Extensive studies in the past decade have shown superior performance of concrete-

filled fiber reinforced polymer (FRP) tube (CFFT) under axial compression, as the system 

utilized both high tensile strength of FRP tube and high compressive strength of concrete 

core. FRP provides lightweight formwork during construction and life-long protection for 

concrete in harsh environments. Despite significant advances in the research of CFFT, still 

for the system to be used in either bridge or building construction, appropriate connections 

need to be developed. Considering unique mechanical properties of FRP, connections of the 

CFFT members are considered critical components of the entire system.  

Four sets of experiments were carried out to better understand and improve CFFT 

joint performance. Analytical model were developed and verified with each set of test. 

Initially, two pilot CFFT pier cap frames were precast and assembled with five joint 

concepts. The pier caps were tested under two cases of loading, which simulated various 

bridge traffic patterns. The pier cap was modeled with a general finite element analysis 

software, ANSYS, to investigate the relationship between its performance and the joint 

stiffness.  

Subsequently, four CFFT beam splices were tested. Various joint methods were 

developed with different internal reinforcement or external socket. In general, rigid body 

rotation dominated the CFFT beam performance, since joint stiffness was significantly lower 

than the member itself.  
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To verify axial confinement model for large scale CFFT columns with internal 

reinforcement, a total of six CFFT column stubs were tested under uni-axial compression. 

Test results confirmed the validity of Samaan’s confinement model. 

Finally, a set of CFFT column-footing assemblies were prepared to investigate 

construction feasibility and performance of joint methods that were developed through the 

previous experiments. The CFFT columns were subjected to a constant axial load and reverse 

cyclic load in lateral direction. The CFFT columns exhibited significant improvement over 

traditional RC columns in both ultimate capacity and deformation. An open software, 

OpenSees, was used to model the CFFT columns. The analysis showed a close agreement 

with test results. A detailed parametric study was conducted to identify important design 

variables for CFFT columns. 

CFFT system, with its superior performance over its RC counterpart under both static 

and earthquake loads, proved to be compatible with the civil engineering practice both in 

construction methods and in structural analysis techniques. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 RESEARCH BACKGROUND 

As a cost-effective and readily available material, concrete has dominated the 

construction market for civil engineering applications. Because confinement of concrete 

significantly improves its strength and ductility, spiral or hoop steel reinforcement have 

commonly been used in typical reinforced concrete (RC) columns. Concrete-filled steel tube 

(CFST) is also widely used as an alternative to RC columns, due to the full confinement 

effects for concrete and also due to the construction efficiency of the tube as the pour form. 

However, there exist some intrinsic problems with CFST, including corrosion of steel in 

aggressive environments and outdoor applications, yielding of steel under excessive loading 

and higher Poisson’s ratio of steel in comparison with concrete, the latter of which makes 

confinement of concrete less effective at the early stages of loading.  

As an alternative to steel, fiber reinforced polymer (FRP) has been introduced to the 

construction industry, simply because of its high strength-to-weight ratio, high stiffness-to-

weight ratio and better corrosion resistance features. The concept of concrete-filled FRP tube 

(CFFT) has raised great interest amongst researchers in the last decade. FRP tube can act as a 

light-weight permanent formwork in new construction of concrete columns in high-rise 

buildings or as piles and pier columns in bridge applications. The tube eliminates the time 

and cost for traditional formwork and its removal. The tube also acts as a life-long protective 

jacket for concrete core in hostile environments. Because of the large market and the mass 
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production of FRP tubes in piping industry, the cost to produce such tubes is not significant, 

as compared to the other types of FRP products that are primarily developed for new civil 

engineering applications. Therefore, it is expected that CFFT systems could be cost-effective 

in comparison with columns made of RC or CFST. 

Extensive studies in the past decade have shown good performance of CFFT under 

axial compression, as high tensile strength of FRP is combined with the high compressive 

strength of confined concrete core. To date, numerous confinement models have been 

proposed for CFFT systems. Other studies have focused on the flexural or axial-flexural 

behavior of CFFT beam-columns, their long-term performance under sustained or varying 

loads, and their field applications. A number of research studies have identified the superior 

performance of CFFT in flexure, even without any internal reinforcement. On the other hand, 

studies have been carried out on the effects of internal steel reinforcement on the axial-

flexural behavior of CFFTs under static or cyclic loading. 

Despite significant advances during the last decade in the field of CFFT, for the 

system to be used in either bridge or building construction, appropriate connections need to 

be developed. Construction joints typically endure higher forces than most other parts in a 

structure. Moreover, connections of structural members are more vulnerable to the 

environmental effects. Considering unique mechanical properties of the FRP, connections of 

the CFFT members are considered to be critical components of the overall structural system. 

Conceptually, two types of connections are required; one between two CFFT members as 

beams or beams and columns, and another between a CFFT member and an RC member. The 

first type of connection may include splicing of CFFT beams or CFFT piles, and joints 

between CFFT columns and CFFT pier cap beams. The second type of connection may 
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include joints between CFFT column and RC footing or RC pier cap beam. These 

connections may ideally be developed by combing the current practices of precast concrete 

industry with the joining technologies of the FRP composites industry.  

 

 

1.2 RESEARCH OBJECTIVES 

This research program aims at characterizing system-level performance of CFFTs, 

when effectively integrated with other types of structural members. The primary goal of this 

research was to develop viable connections between CFFT and RC members, and investigate 

those joint performances under various loading conditions.   

The following specific objectives were established for the experimental and analytical 

development: 

1. Drawing from current practices of the precast concrete industry as well as the FRP 

composites industry, propose and demonstrate the effectiveness of appropriate joining 

mechanisms for CFFTs; 

2. Study the CFFT member performance under both axial compression and beam bending, 

with or without internal reinforcement; 

3. Evaluate and model the performance of CFFT-RC bridge pier systems under static and 

seismic loads; and 

4. Carry out parametric study for CFFT members for optimized system configuration. 
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1.3 RESEARCH APPROACHES 

In order to achieve the research objectives above, a detailed experimental and 

analytical work plan was devised. The experimental program includes four components: 

1. Pilot test of CFFT frame systems with RC footings involved three different concepts of 

CFFT joining mechanisms. The tests helped identify the advantageous connections, 

problem areas, system behavior, and the needs for further development. The primary 

connection types included precast male-female units, dowel reinforcement, and post-

tensioning; 

2. Based on joining concepts developed in the pilot tests, a number of spliced CFFT beams 

were tested in comparison with a continuous CFFT unit. The connection included post-

tensioned,  dowel FRP or steel reinforced, and socket connections of the FRP tubes, the 

latter of which incorporated the common practice from the FRP piping industry;  

3. The segments from the beam splicing specimens were then tested in axial compression to 

identify the effects of specimen scale, the internal steel or FRP reinforcements and the 

end conditions on the behavior of the CFFT members away from the joints; and  

4. Finally, based on the results of pilot frame tests and beam splicing tests, a number of 

large scale CFFT column - RC footing specimens were prepared and tested under 

constant axial compression and reverse cyclic lateral load. The test matrix included an 

RC control column, a cast-in-place CFFT system with steel starter bars, a precast CFFT 

system with steel starter bars and grouted joint, and a precast CFFT system with post-

tensioned connection.  

The analytical program focused on developing prediction models for the CFFT 

connections, and consisted of the following components: 
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1. The axial compression behavior of CFFT stubs was evaluated with Samaan’s  

confinement model in 1998; 

2. Analytical models were developed to predict the capacity of CFFT beam splices, made 

with common practices in the precast concrete industry and the FRP piping industry; and 

3. Finally, the CFFT column - RC footing connections, under static and seismic loading, 

were modeled using an open software (OpenSees). The model was verified with test 

results and was then applied for a detailed parametric study. 

 

 

1.4 THESIS STRUCTURE 

The organization of this thesis, a total of six chapters, was based on experimental 

work. Chapter 1 discusses research background, research objectives, research approaches and 

structure of the thesis. Chapters 2-5 describe four sequential stages of experimental 

programs, as the general understanding of the CFFT joint performance gradually improved. 

Analytical work were developed and verified with each stage of test program. These four 

chapters are prepared as separate journal papers. Each of these chapters focused on one test 

program and was composed of literature review, experimental program and analytical work. 

Discussed in Chapter 2, two CFFT pier cap frames were precast and assembled to 

carry out a total of five preliminary CFFT member joint concepts. The pier cap systems were 

tested under two types of loading cases simulating various bridge traffic patterns. The pier 

cap system was modeled with general finite element analysis software, ANSYS. The 

relationship between system performance and CFFT joint stiffness was investigated.  
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In Chapter 3, CFFT beam splicing tests are discussed. Based on CFFT pier cap pilot 

test findings, a total of five specimens were prepared with different splicing methods from 

the precast concrete and the FRP piping industries. System performances were compared 

with various joint methods or different internal reinforcement. Because of distinct 

performance of each specimen, analytical models were developed for each case.  

Chapter 4 includes verification of CFFT axial confinement model with a matrix of 

CFFT column stubs tested under uni-axial compression. Test results were compared with the 

existing confinement model including various internal reinforcement configurations. 

Discussed in Chapter 5, a set of CFFT column-footing sub-assemblies were prepared 

to investigate construction feasibility and system performance of joint methods developed 

and improved during the previous test programs. The CFFT columns were subjected to 

constant axial load and reverse cyclic load in lateral direction. CFFT system exhibited 

significant improvement over its traditional RC counterpart in both the ultimate capacity and 

the ultimate deformation. An open software, OpenSees, provided analytical modeling for the 

columns. The analysis showed a close prediction for columns in terms of system capacity and 

deformation shape. The analytical investigation was extended to a detailed parameter study. 

Both system configuration and loading condition were considered in the parametric study. 

The analysis result of system configuration provided a background for future CFFT 

configuration optimization, while seismic analysis of CFFT model showed superior structural 

performance under major earthquake records. 

Finally, in Chapter 6, a summary of the research program findings is listed. A 

perspective of future research needs regarding CFFT joints is also presented.
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CHAPTER 2 

PIER CAP PILOT TEST 

 

2.1 INTRODUCTION 

Stay-in-place fiber reinforced polymer (FRP) forms have in recent years been used 

for columns (Mirmiran and Shahawy 1995), piles (Mirmiran and Shahawy 2003), and girders 

(Zhao et al. 2000). Their advantages lie in the lightweight and corrosion resistance of the 

FRP shell. Previous studies have shown Concrete-Filled FRP Tubes (CFFT) to be 

comparable to reinforced or prestressed concrete columns (Mirmiran et al. 1999). CFFT 

could be used in precast or cast-in-place construction. Precast technology has the benefits of 

efficient construction, less on-site labor, and better quality control. As a result, precast 

construction has dominated the market for short to medium span bridges in the U.S. (PCI 

1999).  

Precast construction with modular FRP forms provides a viable alternative to the 

existing precast concrete, where concrete is exposed. However, the primary concern as with 

any precast modular system is in the connection between the different components (Martin 

and Korkosz 1982). Structural joints are more vulnerable to failure and deterioration, as they 

typically endure higher forces (Priestley et al. 1996).  
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2.2 RESEARCH OBJECTIVE AND APPROACH 

Considering unique properties of FRP, the main objective of this study was to 

evaluate different types of connections for precast CFFT members in bridge applications.  

Four types of connections may be perceived for CFFT members in bridge 

applications: (a) splicing of CFFT piles, columns or girders; (b) connection of CFFT columns 

with CFFT beams; (c) connection of CFFT columns or piles to reinforced concrete (RC) 

beams or pier caps; and (d) connection of CFFT columns with RC footings. The difference 

between these connections is in the type of loads that need to be carried at the connection. 

Beam splices need to transfer primarily flexural loads, while some shear demand is expected, 

especially in the proximity of the supports. Column or pile splices, on the other hand, need to 

transfer axial forces along with flexural and shear loads. Beam-column connections as well 

as column-footing connections need to transfer axial, shear, and flexural loads with different 

relative intensities, depending on beam span and column length. 

In this test program, three basic concepts were developed for connecting CFFT 

members to each other: (a) post-tensioned connection; (b) dowel reinforced connection with 

FRP or steel bars; and (c) male-female connection of precast units with surface bonding. 

Since applicability and effectiveness of each system may be quite different, the choice of 

connection depends on the strength or ductility demands. These connections may be 

combined for better performance. Other types of connections, not investigated in this study, 

include threaded connections of precast tubular units, coupler connections with exterior 

socket with or without threads, and bolted connections with FRP or steel bolts. 
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Two general concepts were considered for connections of CFFT and RC members: 

(a) dowel reinforced; and (b) embedment of CFFT into the RC member. These two concepts 

may also be combined for better performance.  

A pre-fabricated modular CFFT-RC pier frame system was selected for a detailed 

study of the connections described above. Two pier frame specimens were built with five 

different types of connections as combinations of three different concepts of male-female; 

dowel reinforced, and post-tensioned connections. Figure 2.1 shows the pier frame 

specimens, their types of connections, as well as their assembly process. After testing the 

frame specimens, the two pier cap beams were cut from the frames and tested to failure.  

 

 

2.3 EXPERIMENTAL PROGRAM 

2.3.1 CFFT-RC Bridge Pier Frames 

Two pre-fabricated modular CFFT-RC pier frame specimens were prepared at 1/6 

scale of a prototype bridge pier system (see Fig. 2.1). Each frame consisted of one RC 

footing, two CFFT columns, two CFFT pier-cap beam-column units (Unit A), and one CFFT 

pier cap interior beam (Unit B). Frame 1 consisted of no mild steel reinforcement, except for 

the dowels in the connections of the CFFT columns to the RC footing. Moreover, the 

columns of Frame 1 were not embedded into the RC footing. Frame 2, on the other hand, 

included mild steel reinforcement in the pier cap CFFT Units A, and dowel bars in the 

connections of the CFFT columns to Units A and to the RC footing. Additionally, the CFFT 
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columns in Frame 2 were inserted into a 152 mm (6.0 in) deep pre-molded hollow core in the 

RC footing.  

 

2.3.1.1 Specimen Preparation 

All units were cast using a single batch of ready mixed concrete with 28-day target 

strength of 27.6 MPa (4.0 ksi). The strength of concrete was measured as 34.5 MPa (5.1 ksi) 

at 46 days, when the first specimen was tested. Grade 414 MPa (60 ksi) steel was used as 

reinforcement and dowel bars. The three pier cap beam and beam-column units in both 

frames were post-tensioned using 12.7 mm (0.5 in) ASTM Grade B-7 high strength steel 

threaded rods. The RC footings were identical for both frames. They were designed and 

reinforced with steel bars to avoid any failure at the base of either frame. The location and 

alignment of dowel bars were maintained using wood templates.  

The stay-in-place FRP forms for the pier cap units were fabricated by wrapping four 

layers of bi-directional carbon fiber sheets with epoxy resin over Styrofoam molds. The 

carbon fibers had an ultimate tensile strength of 3,650 MPa (530 ksi), a tensile modulus of 

230 GPa (33,400 ksi), and an ultimate elongation of 1.4%. The laminate had a tensile 

strength of 600 MPa (87.0 ksi), and an ultimate elongation of 1.2%. The Styrofoam molds 

were kept inside the FRP forms during shipping, but removed before casting concrete. To 

develop negative moment continuity, a single layer of a CFRP sheet was attached to the top 

surface of the pier cap units after post-tensioning them together. The columns were made 

with 152 mm (6 in) nominal diameter off-the-shelf glass GFRP tubes. The tube wall was 2.54 

mm (0.1 in) thick with ±55o fiber orientation, tensile and compressive strengths of 71 and 

230 MPa (10.3 and 33.4 ksi), respectively, and tensile and compressive elastic modulus of 
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12,600 and 8,690 MPa (1,820 and 1,260 ksi), respectively. The joints between Units A and B 

and the joints between the columns and Units A were wrapped with one layer of the same 

CFRP sheet mentioned above.  

Each frame was assembled in three stages: (a) column-footing, (b) column-Unit A, 

and (c) Unit A-Unit B. Connection of the columns in Frame 1 to the RC footing consisted of 

several steps. First, the bottom surface of each column and the top surface of the RC footing 

were wetted with EUCO WELD bonding agent, which is an aqueous resin adhesive of a 

polyvinyl acetate base for permanently bonding damp or dry concrete surfaces, with a 3.45 

MPa (0.5 ksi) reported bond strength. The columns were lowered in place to insert dowel 

bars in the ducts. The columns of Frame 2 were similarly placed into the RC footing, after 

applying the bonding agent to all surfaces of the core in the footing and the bottom and sides 

of the column. Silicon and rope caulk were used to seal the edges of the column base before 

grouting. Once the columns were placed and leveled, the sides were sealed with silicon, and a 

cement grout mixed with the same bonding agent was poured into the ducts from the top. 

Before placing the pier cap units, the top and side surfaces of the columns and the 

inside surfaces of Units A were wetted with EUCO WELD bonding agent. To ensure 

continuity of concrete section, all column joints were later drilled with a 1.6 mm (5/8 in) drill 

bit at both sides along the column centerline, and were then filled with a grout mix including 

latex polymer. 

The bearing seats in Units A were grinded and leveled for better alignment of the pier 

cap units. The joints between Units A and B were filled with a grout mix made of cement, 

sand and bonding agent. The threaded rods were first covered with tape and greased before 

placing in the ducts, to avoid potential bond with the grout in the joints.  
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2.3.1.2 Test Setup and Instrumentation 

Figure 2.2 shows test setup and instrumentation for the pier frame specimens. A steel 

frame with two 250 kN (55 kips) actuators were used for the tests. The specimens were tied 

down to the floor with steel support beams and four 50 mm (2 in) diameter all-threaded steel 

bars, each tensioned to 91 kN (20 kips). A total of 33 devices including inclinometers, PI 

gages, strain gages, and potentiometers were used for each frame. For each pier cap, Unit A 

was instrumented with an inclinometer along the column centerline to monitor joint rotations. 

PI gauges were used over a 100 mm (4 in) length at the joints between Units A and B at the 

top and between the columns and Units A. Strains were measured using 30 mm long 

electrical resistance foil gauges. Potentiometers were used to measure displacements of the 

pier cap beam relative to the base.  

 

2.3.1.3 Test Procedure 

A hydraulic jack was used to post-tension the pier cap units in both frames to 142 kN 

(32 kips), equivalent to 3.4 MPa (0.5 ksi) prestress in the 203 mm (8 in) square section of 

Unit B, i.e., the smallest section in the cap beam. Loading was carried out in two separate 

phases: (1) negative bending of the cap beam with two load points at about 76.2 mm (3 in) 

from the edges of the beam, and (2) positive bending of the cap beam with two load points at 

about 152 mm (6 in) from the mid-span. A 50 mm (2 in) roller was used under each load 

point. The two actuators were programmed to travel at the same rate. A displacement control 

was used for loading with an initial rate of 0.13 mm/min (0.005 in/min) before cracking, 

gradually increasing to 1.3 mm/min (0.05 in/min) by the time of failure.  
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2.3.1.4 Test Observations and Results 

Post-tensioning resulted in a camber of about 0.25 mm (0.01 in) and surface strains of 

about 0.002-0.003 in the pier cap beams. However, it did not cause uplift or rotation in the 

pier cap Units A, nor any joint slippage between Units A and B. No uplift was noticed in the 

base RC footing in either frame under either phase of loading. The inclinometers monitored 

symmetric behavior for both frames throughout negative and positive bending with a 

maximum difference between rotation angles of two sides at 10%. 

Table 2.1 compares the initial stiffness of the two frames in translation and rotation 

for both loading cases. Frame 2 had a lower initial stiffness than Frame 1, despite the 

reinforcement in Units A and embedment of the columns in the footing. This may be 

attributed to the gap in the joint of north column to Unit A that was inadvertently not fully 

grouted. It should be noted that while initially softer than Frame 1, Frame 2 had higher 

ultimate rotations and deflections. 

Figure 2.3 shows the total applied load versus mid-span deflections for the two 

frames in negative and positive bending. Frames 1 and 2 were first tested up to 228 kN (51.2 

kips) and 220 kN (49.4 kips), respectively, in negative bending, and subsequently to 303 kN 

(67 kips) and 289 kN (64.8 kips), respectively, in positive bending. Few cracking noise could 

be heard from the cap beams under negative bending, but no cracking was noticed on the 

painted surface. On the other hand, several signs of distress were observed under positive 

bending, as discussed below. The eventual cause of failure for both frames was at the column 

base, as shown in the inset photograph in Fig. 2.3.  

 Figure 2.4 shows load-strains at the mid-span section of the two frames under both 

loading cases. A maximum tensile strain of about 0.005 was noted at the bottom of pier cap 
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Unit B in Frame 1. The inset photograph shows buckling of the top layer of FRP sheet in 

Frame 1, at a maximum compressive strain of 0.0035. Further examination revealed that 

damage was not extended into the CFRP mold.  

Figure 2.5 shows load-strains at the joints of the pier cap beams of the two frames 

under both loading cases. In general, strains at the joints between Units A and B were much 

lower than those at the mid-span section of the pier cap beams. This indicates the dominance 

of shear effects at the pier cap joints. The apparent softening in the response of Frame 1 may 

be attributed to the joint separation on the south side of the pier cap beam, as evidenced by 

the inset photograph in the figure.  

Figure 2.6 shows load-strains at the joints between the column and Unit A on the 

north side of the two frames under both loading cases. Joint strains under negative loading 

were very low due to negligible moment transfer at the sections. Large moments under 

positive bending resulted in nonlinear behavior of the frames. A similar response for the 

south column in Frame 1 is not shown due to the noted symmetry. On the other hand, as 

shown in the figure inset, a large separation developed on the south side of the north column 

in Frame 2. This may be attributed to the gap at this joint as discussed earlier. Response of 

the south column in Frame 2, not shown here, remained quite small. 

 

 

2.3.2 CFFT Pier Cap Beams 

2.3.2.1 Specimen Preparation, Instrumentation, and Test Procedure 

The CFFT pier cap beams were cut from the two pier frames at the joints between the 

columns and Units A. The cut surfaces were grinded smooth, and were then set level in 
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hydro-stone. The specimens were tested in four point flexure (see Fig. 2.7a), on a hinge and 

roller system. Lateral supports were provided at four locations to secure out of plane stability 

of the specimens (see Fig. 2.7b). However, no lateral displacement was noted throughout the 

tests. The instrumentation was similar to that described for the pier frames, except for the 

measurements related to the columns which were no longer applicable. The two pier cap 

beams were post-tensioned to the same level described for the pier frames. A single 1940 kN 

(435 kips) actuator with 1.0 m (40 in) stroke limit was used for the loading of the pier cap 

beams. Loading was carried out in displacement control at 1.3 mm/min (0.05 in/min).  

 

2.3.2.2 Test Observations and Results 

Figure 2.8 shows the load-deflection response curves for the two pier cap beams, with 

two inset pictures showing different failure modes for two cap beams. The response consists 

of three stages: (a) initial stage before decompression and opening of the cracks, (b) pre-

yielding, and (c) the post-yielding plateau. Cap Beam 1, which had no mild steel 

reinforcement, showed lower initial and pre-yielding stiffness, as compared to Cap Beam 2. 

The strength of Cap Beam 1 was also lower than that of Cap Beam 2 by about 25%.  

Failure of Cap Beam 1 occurred at 187 kN (42 kips), as sudden rupture of the CFRP 

mold propagated to the top (see Fig. 2.9a). Further examination of the beam showed 

primarily flexural cracking of concrete core in Unit B (see Fig. 2.9b). At about 150 kN (33.7 

kips), a popping noise was heard with clear buckling of the top layer of CFRP at the mid-

span. A visual inspection revealed that the damage was only limited to the CFRP sheet that 

was bonded to the top, and that the CFRP mold in Unit B was left intact. Testing of Cap 

Beam 2 was stopped due to excessive opening of the joint between Units A and B on the 



Chapter 2  Pier Cap Pilot Test 
 

 16 

north side. No damage was noted in Units A, even in Cap Beam 1 with no internal 

reinforcement. 

Figure 2.10 shows the relative displacements at the joints between Units A and B in 

the two pier cap beams. Cap Beam 1 showed a symmetric response as evident from similar 

joint displacements on both sides, before the rupture of the CFRP at the mid-span. On the 

other hand, Cap Beam 2 showed an asymmetric behavior with threaded rods yielding at the 

north joint between Unit A and Unit B, rather than at the mid-span. The joint opening on the 

north side grew up to 12.7 mm (0.5 in) (inset in Fig. 2.10), resembling rotation between two 

rigid bodies. However, no cracking was noted in the CFRP mold at the mid-span.  

Figure 2.11 shows the compressive strains on top of the pier cap beams at the joints 

between Units A and B, with an inset figure showing the FRP compressive rupture at the 

joint. The strains were measured using PI gages. Cap Beam 1 showed softening in the joint 

on the north side at about 165 kN (37 kips), with compressive strains of up to 0.003 before 

eventual failure at the mid-span. On the other hand, compressive strains at both joints in Cap 

Beam 2 exceeded 4.5 mε before losing the instrumentation on the north side. 

Figure 2.12 shows the top and bottom strains at the mid-span section of the two pier 

cap beams. Cap Beam 1 had a tri-linear response with a distinct post-yielding behavior, 

similar to the load-deflection curve. On the other hand, strain response of Cap Beam 2 

remained almost linear at mid-span, indicating stress concentration and eventual failure at the 

joints.  
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2.4 PIER CAP MODELING AND JOINT PERFORMANCE ANALYSIS 

In the experiment, pier cap showed significant lower stiffness at the joint, which 

affected the system performance and governed the failure mode. This may be attributed to 

the FRP material properties, which increased difficulty of achieving well-bonded joint with 

other RC members. Therefore, to investigate the effect of reduced joint stiffness on the 

structural performance, the pier cap was modeled in a general finite element analysis 

program, ANSYS.  

The pier cap was simplified as a two-dimensional model, with link elements. In 

between the link elements, the joints were modeled as elastic rotational springs. The two 

joints included the beam-column unit joint with the beam, and the beam-column unit joint 

with the column. In order to find the significance of each joint, the joint stiffness ratio 

between two joints were set to be 10:1 and 1:10 for comparison. However, the total stiffness 

of the two joint were kept the same for all calculations. For the column base-footing joint, the 

boundary condition was set to be fixed or free, to observe their effects on the system 

response. Therefore, a total of three types of joints were included in the model, with the joint 

stiffness assigned as parameters for the investigation.  

The model was subjected to two types of loading cases, both negative and positive, to 

monitor joint stiffness effect under various loading conditions. The ANSYS model for 

negative loading case is shown in Fig. 2.13, including its deflected shape.  

Generally, three types of information were recorded in the analysis: mid-span 

deflection, pier cap tip deflection, beam-column joint unit rotation. The analytical results are 

compared, according to different parameters in Table 2.2. From the analytical results, the 

joint stiffness ratio in the beam-column sub-assemblage did not affect the system 
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performance, as long as the total stiffness was the same. Fixed column-footing joint can only 

improve system stiffness slightly.  

 

 

2.5 CONCLUSIONS 

Two pre-fabricated modular CFFT-RC pier frame specimens were prepared at 1/6 

scale of a prototype bridge pier system. Each frame consisted of one RC footing, two CFFT 

columns, two CFFT beam-column units, and one CFFT interior beam. Three different types 

of connections were considered: male-female, dowel reinforced with or without embedment, 

and post-tensioned. After testing of the two frames in negative and positive bending, the cap 

beams were cut from the frames and tested to failure in four point bending.  

Post-tensioned joints exhibited the most robust and ductile behavior, and proved to be 

one of the preferred method of joining CFFT members. Further research is, however, needed 

on the level of prestress. The male-female joints even with dowel bars lacked the necessary 

structural integrity in the pier frames. Better surface preparation for FRP units and higher 

quality of grouting may improve the response. The stiffness of the joint depends largely on 

the stiffness of the grout and the quality of its placement. Embedment of the CFFT into the 

footing provides additional benefit for the connection. The study indicated that internal 

reinforcement might not be necessary for the CFFT members outside of the connection area.   

The experiments further revealed the importance of maintaining tolerances in male-

female connections for CFFT joints and embedment for CFFT-RC joints. Therefore, match 

casting of the precast units may be necessary in field applications. Overall, feasibility of the 

precast modular system was demonstrated in the pilot test program.   
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Table 2.1 Initial Stiffness of Bridge Pier Frames 

Translational Stiffness 

at Mid-Span 

Rotational Stiffness 

at Column Centerline Frame No. Loading Case 

(kN/mm) (kips/in) (kN/o) (kips/o) 

Negative Bending 54 145 1,676 376 
Frame 1 

Positive Bending 34 92 736 165 

Negative Bending 36 97 1,502 337 
Frame 2 

Positive Bending 22 59 468 105 

 

Table 2.2 Pier Cap System Performances with Various Joint Conditions 

Pier End 
Deflection 

Mid Span 
Deflection 

Beam-
column 

Joint 
Rotation 

Beam-column 
Joints Stiffness 

Ratio* 

Base 
Condition 

Loading 
Case 

(mm) (in) (mm) (in) (o) 

Negative 1.44 0.057 0.68 0.027 0.0042 
Fixed 

Positive 0.66 0.026 2.17 0.086 0.0050 

Negative 1.68 0.066 0.97 0.038 0.0052 
10:1 

Free 
Positive 0.94 0.037 2.51 0.099 0.0062 

Negative 1.44 0.057 0.68 0.027 0.0042 
10:1 

Positive 0.66 0.026 2.17 0.086 0.0050 

Negative 1.44 0.057 0.68 0.027 0.0042 
1:10 

Fixed 

Positive 0.66 0.026 2.17 0.086 0.0050 

* Column-Unit A Joint Stiffness/ Beam-Unit A Joint Stiffness 
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Connection Type 2: 
Dowel Bar
+EmbedmentConnection Type 1: 

Dowel Bars
Four 12.7 mm Dia 

Dowel Bars
152-mm-Dia 152 mm Deep 

Concrete Hollow Core

RC Footing

Concrete Filled CFRP Mold
(Unit B)
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Fig. 2.3 Load-Deflection Response of Pier Frames in Negative and Positive Bending 
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Fig. 2.5 Load-Strains at Pier Cap Beam Joints 
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Fig. 2.6 Load-Strains at Pier Cap Beam-Column Joints 
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Fig. 2.10 Relative Displacement at the Joints of Pier Cap Beams 
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Fig. 2.11 Compressive Strains at the Joints of Pier Cap Beams 
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CHAPTER 3  

PRECAST CFFT BEAM SPLICES TEST 

3.1 INTRODUCTION 

Extensive studies in the past decade have shown extraordinary performance of 

concrete-filled fiber reinforced polymer (FRP) tube (CFFT) under axial compression. 

Superior performance is achieved by combining high tensile strength of FRP tube and high 

compressive strength of concrete core. To date, numerous confinement models have been 

proposed for CFFT systems under axial compression (Teng 2002). Other studies have 

focused on the flexural or axial-flexural behavior of CFFT beam-columns, their long-term 

performance under sustained or varying loads, and their field applications (Naguib 2000). A 

number of research studies have shown very good performance of CFFT in beam bending, 

even without any internal reinforcement (Davol et al. 2001, Fam and Rizkalla 2001, 

Mirmiran et al. 1998). On the other hand, studies have been carried out on the effects of 

internal steel reinforcement on the axial-flexural response of CFFTs under static or cyclic 

loading. Shao and Mirmiran (2004) reported that the internal reinforcement was quite helpful 

for maintaining the continuity of internal concrete.  

As stated by Mirmiran and Shahawy (1995), the benefits of CFFT in new structures 

were summarized as follows: 

1. FRP tube can act as stay-in-place formwork for casting of concrete; 

2. FRP tube can provide life-time protection for the concrete from hostile environment;  

3. FRP tube can participate in the structural system as both longitudinal and hoop 
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reinforcement; and 

4. FRP tube confines core concrete, hence, can greatly improve strength and ductility of 

the system. 

The features of CFFT members mentioned above are quite attractive for bridge pier 

column and pile applications. Mirmiran and Shahawy (2003) reported some pile applications 

in Virginia and Florida. Benefit of the CFFT piles were also discussed in their study. Piles 

are usually prefabricated and assembled on site due to length limit for transportation. 

Therefore, splicing of piles is necessary in most cases. A variety of splicing techniques are 

currently available for reinforced concrete piles. However, considering unique properties of 

the FRP tube, proper joint mechanism for CFFT pile needs to be investigated. 

 

 

3.2 RESEARCH OBJECTIVE AND APPROACH 

The objective of study was to achieve feasible CFFT splicing methods, which could 

provide same stiffness and strength as the precast structural component itself. In order to 

achieve the stated objective, the following three steps were taken: 

1. Considering the industry practice and available research findings, potential splicing 

methods of CFFT member were proposed; 

2. A series of CFFT spliced beams were assembled and tested in flexure to compare the 

splicing methods; and  

3. Analytical tools were developed for each splicing technique to allow further studies 

of the connection.  
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3.3 LITERATURE REVIEW 

Warnes (1992) stated different structural configurations for precast concrete joints 

according to specific structural load transfer requirement, especially in seismic zone. Cousins 

and Brown (1995) reported on a total of 11 spliced and continuous concrete piles with 

different load history, tested in flexure. The tests showed that the driving process had no 

effect on specimen integrity and dowel embedment lengths requirement. Aitcin et al. (2000) 

developed a new type of precast concrete pile joint. The connection was achieved with 

conical shape ends instead of traditional joint detailing.  

Einea et al. (1999) studied the effect of concrete confinement on rebar splice length 

requirement. The investigation showed that spiral reinforcement could significantly reduce 

the required lap splice length. An equation was then derived to predict lap splice length for 

spiral reinforced concrete. Tighiouart et al. (1999) tested 16 reinforced concrete beams to 

characterize the strength of rebar splices in concrete members reinforced with glass FRP 

(GFRP) bars. Test results indicated that bond development length for GFRP bars is 1.3 times 

that of steel bars. 

Most recently, Zhu et al. (2004) reported on a pilot test program for 1/6 scale pier 

frame system with several promising methods of splicing. In particular, three general joint 

concepts were developed: (a) dowel reinforcement with grouting; (b) unbonded post-

tensioned system; and (c) male-female joint with epoxied surfaces. 
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3.4 EXPERIMENTAL PROGRAM 

3.4.1 Test Matrix 

Based on the concepts suggested by Zhu et al. (2004), a test matrix was developed, as 

shown in Table 3.1. Threaded rods were used for the post-tensioned splice, since the length 

of specimen was not adequate for prestressing strands. However, the same concept is 

applicable for large structures with post-tensioning strands. The grouted reinforced joint 

concept could be made with different dowel reinforcement. In this test program, both mild 

steel and GFRP bars were selected for the grouted reinforced splicing concept. The epoxy 

glued FRP socket splice included a concept of male-female joint with tapered ends, which 

corresponded to the standard joining method in the FRP pipe industry. Although investigated 

separately, these concepts may be combined for better structural performance in field 

applications. 

In general, bending stiffness and flexural strength are major concerns for CFFT beam 

joints. The bearing stiffness and strength of concrete at the joint surface is low due to 

discontinuity of concrete. Within a certain distance from the joint, the stress in FRP tube is 

significantly lower than that in a continuous FRP tube. These factors lead to a lower stiffness 

and moment capacity of CFFT at the joint, which is reflected in weakened global behavior of 

the structure. Although the test program focused only on the pure flexure of the CFFT joint, 

results are conservatively applicable to the combined axial-flexural loading, since axial 

compression force would actually improve both stiffness and strength of the joint.  

A total of five CFFT beams were fabricated of the same FRP tube and same batch of 

concrete. They included one control CFFT beam and four precast CFFT beams with joints at 
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their mid-spans. The four precast assembled specimens were named according to their joint 

methods; including post-tensioned spliced, steel bar spliced, FRP bar spliced and FRP socket 

spliced.  

 

3.4.2 Unit Preparation 

As shown in Fig. 3.1, control CFFT beam was cast in a single 2.2-m (7.0-ft) long 

GFRP tube while the other four specimens were cast in halves with 1.1 meter (3.5-ft) long 

GFRP tubes. The concrete was cast vertically into GFRP tubes. Also shown in Fig. 3.1, eight 

PVC pipes with 32 mm (1.25 in) outside diameter were placed in each precast unit with the 

FRP formwork to preserve ducts for later grouting or post-tensioning procedures. The eight 

PVC pipes were evenly distributed around the circumference of the tube with 25 mm (1 in) 

clear distance from the inside surface of the FRP tube. PVC pipes were held in position from 

using wood templates at the top and bottom. As shown in Fig. 3.2, the PVC tubes were 

pulled out within a couple of hours after concrete casting. For the steel bar spliced CFFT 

beam, each PVC pipe was enlarged in diameter at one end to provide better gripping force 

with the grout (see Fig. 3.3).  

Concrete for all units was cast from a single batch with a measured average strength 

of 36.6 MPa (5.3 ksi) at 28 days. Grade 414 MPa (60 ksi) 19 mm diameter (No. 6) mild steel 

bars were used as one of the types of splicing reinforcement. Sand-coated Vinyl Ester GFRP 

bars, also used for splicing, were manufactured by Hughes brothers, with a product name of 

Aslan 100. The nominal bar diameter was 19 mm (0.75 in), with tensile strength and modulus 

of 621 MPa (90 ksi) and 40,800 MPa (5,920 ksi), respectively. Post-tensioning was carried 

out using 15.9 mm (5/8 in) diameter ASTM Grade B-7 high-strength steel threaded rods, 
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with the manufacturer stated yield and ultimate strengths of 724 MPa (105 ksi) and 862 MPa 

(125 ksi), respectively. Figure 3.4 shows samples of splicing reinforcement.  

The stay-in-place GFRP tubes for precast units were off-the-shelf products from 

Smith FiberCast piping company of Little Rock, Arkansas, with the product name of Red 

Thread II. The tube had a nominal inner diameter of 312 mm (12.3 in) with 5.1 mm (0.2 in) 

wall thickness. They were manufactured with a filament winding process at ±55o fiber 

orientation in 17 layers. Manufacturer data on material properties of the tube are shown in 

Table 3.2. 

The splicing FRP socket was also Red Thread II type of FRP tube, with a 333 mm 

(13.1 in) outside diameter. The length of the socket was 279 mm (11 in), with 102-mm (4 in) 

long tapered end at each side. According to the manufacturer’s recommendation, the tapered 

ends bonded with designated epoxy would provide equal or higher ultimate strength than the 

continuous FRP tube. The socket was attached to one FRP tube before concrete casting. 

Figure 3.5 shows the two precast units with the FRP socket and the tapered end.  

 

3.4.3 Specimen Assembly 

For the post-tensioned spliced beam, two 25.4-mm (1-in) thick plates were prepared 

for end bearing. Two precast units were laid horizontally in line, with their internal ducts 

matched. Eight 2.74-m (9 ft) long 15.9 mm (5/8 in) diameter threaded rods were then guided 

through the ducts. The threaded rods were hand tightened to the bearing plates, holding the 

precast units together. The assembled CFFT beam was then moved into the test frame. Figure 

3.6 shows the assembled specimen before post-tensioning procedure. 
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The specimen was post-tensioned in the test frame right before the test, to minimize 

prestress loss in the threaded rods. The post-tensioning level of the threaded rods was 

designed to be 324 MPa (47 ksi), which was equivalent to 45% of their yield strength. In 

order to minimize the stress loss during the post-tensioning procedure, the rods were hand-

tightened to roughly 60% of the target stress level before post-tensioning. The rods were 

post-tensioned individually in a sequential manner. A load cell was placed at one end of the 

threaded rod to monitor its stress level. To achieve precise control of the post-tensioning 

level for eight threaded rods, the post-tensioning process was divided into two sub-steps. As 

illustrated in Fig. 3.7, the target prestress level on the threaded rod was achieved first through 

a load cell and a steel chair. Then, the reserved nut beneath the steel chair was hand-tightened 

to release the prestress load from the steel chair and the load cell, as shown in Fig. 3.8. Once 

readings of the load cell reached zero, the prestress force was believed to be fully transferred 

to the locked section of the rod. The post-tensioning was planned in a diagonal sequence to 

eliminate unevenness of the prestress level around the section. At the end of the post-

tensioning process, the load cell was left on the bottom bar to monitor maximum tensile 

stress throughout the test.  

For the reinforced spliced beams, two precast units were stacked on top of each other 

with eight preserved ducts matching at the interface. Eight 2.13 m (7 ft) long rebars were 

placed into the ducts first. Bottom surface and the interface between the precast units were 

sealed with silicon before grouting. High strength cement grout was then prepared and 

poured into the holes from the top. The grout mix is listed in Table 3.3. As shown in Fig. 3.9, 

the grout was consolidated using a vibrator from the top to eliminate any blocked air inside 

the ducts. The grout was then allowed to set for three weeks before testing.  
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FRP socket spliced specimen was assembled vertically. The interfaces of the units 

were cleaned with methanol before the epoxy was applied, as suggested by the manufacturer. 

The epoxy, which was provided by the manufacturer of the tube, was DS-8069 with 15 

minutes pot life and an average shear strength of 82 MPa (12 ksi). In Fig. 3.10, the assembly 

was made after all interfaces were painted with epoxy. Two 5 mm (0.2 in) diameter holes 

were drilled on opposite sides of the tube at the level where the two concrete surfaces would 

meet. The holes were intended to provide exit for the air blocked inside by epoxy. The upper 

unit was pushed down into the lower unit, until excess epoxy started to flow out from both 

predrilled holes. Figure 3.11 shows epoxy squeezed out from the predrilled hole at the time 

of assembling. The assembled specimen was allowed to set for two weeks before testing. 

 

3.4.4 Test Setup and Instrumentation 

Figure 3.12 shows the sketch of the test setup and instrumentation. A 981 kN (220 

kips) MTS actuator with 1 m (40 in) stroke was used for the test program. Each specimen 

was loaded under four point bending with a constant moment region of 0.61 m (2 ft). A 50 

mm (2 in) thick loading plate was attached to the actuator to distribute the applied load 

evenly between the two loading points. Two hinges were attached to the bottom of the 

loading plate. Due to round cross section of CFFT, curved plates with support kits were 

selected to transfer the loads while maintaining system stability. The curved plates were 102 

mm (4 in) wide to eliminate stress concentration at loading points. The specimen rested on a 

hinge-roller system with a 1.83 m (6 ft) clear span.  

During the control beam test, the hinge-roller support system became unstable at a 

load of 235 kN (52.8 kips). Friction between supporting plate and the tube was not sufficient 
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to balance the portion of the load transferred parallel to the contact surface. The roller plate 

was therefore squeezed out, as shown in Fig. 3.13. However, the specimen did not experience 

any noticeable damage.  

The hinge-roller support was replaced with two 50 mm (2 in) thick and 0.3 m (1 ft) 

wide square neoprene pads with Grade 70 hardness. Figure 3.14 shows control CFFT beam 

with the modified test setup, which was used for all other CFFT beam tests. 

For the control CFFT beam, a total of 36 instruments were applied to monitor global 

and local performances of the system. Five 152 mm (6 in) potentiometers were placed 

beneath the specimen at 0.61 meter (2 ft) spacing along the span, to monitor deflections. Two 

50 mm (2 in) potentiometers were placed at each end of the specimen to measure slippage of 

concrete core at the top and bottom. Two additional potentiometers were attached to measure 

neoprene pad support deformations. All strain gages used for the FRP tube were 30 mm (1.2 

in) long electrical resistance foil gauges. Eight longitudinal and another eight circumferential 

strain gages were applied on the FRP tube at the mid-span cross-section. The strain gages 

were distributed evenly around the section at 45o angles. Another six strain gages were 

applied at the middle of shear span to investigate shear behavior of CFFT beam for a parallel 

study by Ahmad (2004). All strain gages were attached to the FRP tube. One inclinometer 

was attached at each support, to measure beam end rotations. Two PI gages were placed at 

mid-span on top and bottom to continue strain measurement even after surface bonded gages 

failed.  

For the precast spliced specimens with a joint at the mid-span, instruments were 

generally similar, except for the joint area. Five 50 mm (2 in) potentiometers were arranged 

at 45o angle interval at the mid span to monitor joint opening during the test. Hoop strain 
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gages were attached on top and bottom near the joint to verify the confining effect. Mid-span 

longitudinal strain gages were only attached on the top, since FRP tube was not continuous 

on the tension side.  

For the post-tensioned spliced specimen, two 6 mm (0.24 in) post-yielding strain 

gages were attached on the top and bottom threaded rods to monitor their stress conditions 

during the post-tensioning procedure and throughout the test.  

 

3.4.5 Test Observations and Results  

All tests were carried out in displacement control. The initial loading rate for the 

control specimen was set as 0.13 mm/min (0.005 in/min) to capture its cracking moment. The 

loading rate was changed to 1.3 mm/min (0.05 in/min) after concrete cracked, which is then 

followed by the rest of the tests.  

In general, the control CFFT beam behaved significantly different from the precast 

spliced beams. Continuity of the FRP tube in control beam affected its response; while on the 

other hand, lack of internal reinforcement caused significant end slippages for the concrete 

core. For all spliced specimens, system performance was characterized with mid-span joint 

opening. Test results showed direct correlation between mid-span joint openings and mid-

span deflection. Moreover, because of the discontinuity of FRP tube at mid-span, it did not 

directly participate in the load transfer mechanism. As a result, the precast spliced specimens 

did not exhibit any noticeable end slippage of concrete core. 
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3.4.5.1 Control CFFT Beam 

The control CFFT beam underwent two test stages due to test setup failure, as 

described earlier. Test results from the two stages were combined for the following 

discussion and analysis. 

The specimen cracked at a load of 82.9 kN (18.6 kips), accompanied with a loud 

sound. Soon after concrete cracked at mid-span, the specimen experienced multiple end 

slippages of concrete core. The east end developed a maximum slippage of 15.2 mm (0.6 in) 

at the end of the test.  

The first test was stopped at a load of 231 kN (51.9 kips) due to support system 

instability. The deflection reached about 33 mm (1.3 in) before setup failure. The control 

specimen was loaded again after the support system was switched to neoprene pads. At a 

maximum load of 502 kN (113 kips), specimen achieved 121 mm (4.7 in) of deflection at the 

mid-span. The test was terminated when support rotation reached deformation limit of the 

supporting neoprene pad. The FRP tube remained intact at mid-span under maximum load. 

Neither fiber rupture at the bottom nor any buckling at the top was observed at mid-span.  

Load-deflection responses of the control CFFT beam along the span are shown in Fig. 

3.15. The inset figure for Fig. 3.15 shows the control CFFT beam at maximum deflection. A 

symmetric behavior is noted both for deflections and end rotations (see Fig. 3.16). The inset 

figure in Fig. 3.16 shows the neoprene pad deformation at maximum deformation. A 

maximum end rotation of 11o was captured.  

The specimen end slippage is plotted in Fig. 3.17, with an inset figure showing 

maximum concrete end slippage. Similar slippage was noted at the top and bottom of the 

specimen at both ends. The first slippage occurred on the west end at a load of 96.3 kN (21.6 
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kips). Several slippages happened at the east end after the load reached 153 kN (34.3 kips). 

After each slippage, the specimen lost its stiffness and caused a load redistribution. Autopsy 

of the specimen after the test revealed that several major cracks were formed under the 

loading points, which caused slippages on both ends. Figure 3.18 shows the crack pattern in 

concrete core. Despite these slippages, composite action was still intact between the two load 

points, which explains why the longitudinal and hoop strains in the mid-span were not 

affected by end slippages.  

The composite action at the mid-span was studied intensively with longitudinal and 

hoop strain gages. The longitudinal stains at mid-span are plotted in Fig. 3.19. In Fig. 3.20, 

strain profiles at mid-span are plotted at several representative load levels. From the strain 

measurements, mid-span cross section remained plane throughout the test, with slight strain 

distortions at the bottom fiber under high load levels. In Fig. 3.21, the moment-curvature 

diagram at the mid-span shows similar behavior from longitudinal strains all around the 

section. As shown in Fig. 3.22, the neutral axis remained stable at a distance of 79 mm (3.1 

in) from the top fiber. The specimen autopsy also verified the neutral axis depth to be around 

76 mm (3 in) (see Fig. 3.22 inset). 

The hoop strains are shown in Fig. 3.23, with strain gage locations marked in the 

legend. The Poisson’s effect of longitudinal strain was deducted with the following equation 

21 µ
µεε

ε
−
+

= lr
con      (3.1) 

where conε  is the confining strain of FRP tube, rε is the measured FRP tube hoop 

strain, lε  is the measured FRP tube longitudinal strain and µ  is the Poisson’s ratio, which is 

0.38 for the FRP tube. The mid-span confining strains of the tube are plotted in Fig. 3.24. 
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The figure clearly shows that confining strains were small and diverse before concrete 

cracked. However, confining strains of FRP tube quickly jumped to positive values and have 

a trend to converge once the confining mechanism was mobilized after concrete cracking. 

The confinement effect appears to exist all around the section. The confining strain around 

the section was generally uniform and reached 9 mε at maximum load. 

 

3.4.5.2 Post-tensioned Spliced CFFT Beam  

The post-tensioned spliced CFFT beam had a quite different load transfer mechanism 

from the control CFFT beam. It showed almost twice higher initial stiffness, which may be 

attributed to the prestressing force and the high elastic modulus of the threaded steel rods. 

The external axial force kept the entire section in compression, which significantly improved 

the initial stiffness. Due to the discontinuity at the joint, neither cracking nor any slippage 

was noted during the test. The specimen underwent continuous softening, and experienced 

significant stiffness loss after the threaded rods yielded. At a load of 294 kN (66 kips), the 

specimen was taken through an unloading-reloading cycle to investigate the influence of 

excessive load history on the beam behavior. The loading procedure was terminated at a load 

of 376 kN (84 kips) due to excessive opening at the mid-span and the yielding of threaded 

rods. The load-displacement measurements along the span and the end rotations are shown in 

Fig. 3.25 and Fig. 3.26, respectively.  

The strain measurements of FRP tube along the span at both top and bottom were 

quite low, in the range of ±1 mε, except for the bearing region at the joint. The low strain 

measurements indicated negligible participation of the FRP tube in load transfer due mainly 

to the discontinuity of the tube at the joint. On the other hand, hoop strain in FRP tube at the 
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joint showed certain level of confinement on the concrete core under the post-tensioning 

force.  

Joint opening was monitored with potentiometers across the depth of the section, as 

shown in Fig. 3.27. The compressive deformations at top of the joint showed a bilinear 

pattern with a bend point at 333 kN (75 kips). This behavior is believed to be caused by 

bearing failure of concrete and FRP tube. The inset in Fig. 3.27 shows local bearing failure of 

FRP at the top. Subsequent investigation showed a concrete bearing depth of 50 mm (2 in) at 

the top. Spalling of concrete was noted at the joint opening, due to the bearing of threaded 

rods on the ducts. The potentiometers in the tension zone monitored continuous joint opening 

throughout the test, until they ran out of stroke at a load of 354 kN (79 kips). However, by 

linear extrapolation, the ultimate opening of joint was estimated to be 31 mm (1.2 in).  

The load cell monitored the internal force in the bottom rod throughout the test. As 

shown in Fig. 3.28, three different stages of response can be recognized. The initial post-

tensioning force of threaded rod was about 61 kN (14 kips), as designed. Up to a load of 131 

kN (29 kips), the post-tensioning force kept the sectional strain within compression, and the 

CFFT units deflected as a single beam. This can be considered as decompression load for the 

beam. Between the 131 kN (29 kips) decompression load and the load when the threaded rod 

at the bottom yielded, the neutral axis moved up rapidly and greatly changed the strain in the 

threaded rods. Upon yielding of the threaded rod, neither the system capacity nor the internal 

force of the rod increased very much. Therefore, the third stage had a very short duration, 

during which the system developed large deformations.  
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3.4.5.3 Steel Bar Spliced CFFT Beam 

The overall deflected shape of steel bar spliced beam is shown in Fig. 3.29, which 

represents the load-deflection shape for all the other spliced CFFT beams. Initial stiffness of 

the steel bar spliced beam was similar to the post-tensioned spliced beam. The specimen 

exhibited linear behavior up to 271 kN (61 kips) of applied load, before the bottom bar began 

to slip on the east side. Only the east side experienced reinforcement slippage during the test. 

The slippage of the rebar was accompanied by an audible sound. With further opening of the 

joint, additional steel bars in the tension zone began to slip.  

The load on the specimen gradually dropped to 175 kN (39 kips) as the steel bars 

slipped, while the joint opening continued to increase. The specimen was then subjected to a 

cycle of unloading and reloading to investigate the permanent deflection of the specimen and 

its reloading stiffness. A residual deflection of 15.2 mm (0.6 in) was noted. However, the 

reloading stiffness was basically the same as the initial stiffness. The specimen started to 

soften again at the applied load of 139 kN (31 kips) due to steel bar slippage. The test was 

terminated at 136 kN (30 kips), upon excessive bar slippage and joint opening. The load-

deflection response is shown in Fig. 3.30. Beam end rotations are plotted in Fig. 3.31. 

Slippage of bottom bar is graphed in Fig. 3.32. The bottom bar did not have any 

slippage up to the applied load of 271 kN (60.7 kips). After the bar slippage, the specimen 

gradually lost its strength. Specimen was unloaded after the rebar slippage crept up to 9.4 

mm (0.37 in). Rebar slippage did not recover during the unloading process, and in fact 

increased again after the applied load reached 142 kN (32 kips). The slippage of bottom rebar 

reached 14.5 mm (0.57 in) at the end of the test. 
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The longitudinal compressive strain at the top of specimen near the joint was about 

2.5 mε. The strain measurements at the tube revealed that the precast CFFT units did not 

undergo much bending, but rather deflected as rigid bodies with mid-span joint opening. 

However, hoop strain measurement near the joint showed localized confining effect of the 

tube on concrete core in compression zone. No bearing deformation of FRP tube was noted. 

No slippage between FRP tube and core concrete was noted at either end. 

The embedment length of steel bars was designed such as to avoid any slippage, 

while slippage was clearly noted. However, strain measurement showed that interestingly the 

bottom rebar yielded before slippage occurred. As shown in the inset of Fig. 3.32, the 

concrete around the grout at east end cracked prior to slippage. However, the grouting quality 

remained the most influencing issue. The specimen could have developed higher stiffness 

and strength with a better grout quality. Pressure grouting, which is widely used in precast 

industry, may be a viable alternative.  

 

3.4.5.4 FRP Bar Spliced CFFT Beam 

The FRP bar spliced CFFT beam behaved very similar to the steel bar spliced CFFT 

beam. The load-deflection response is plotted in Fig. 3.33. The specimen had similar initial 

stiffness as that of the control specimen, because FRP bar had much less elastic modulus than 

the steel bar. The load crept up to 70 kN (16 kips) before FRP bars started to slip at east end. 

Strain measurement showed that strain in bottom FRP bar reached 1.2 mε, before the stress 

was relieved due to slippage. The strain in the bar then stabilized around 1.0 mε throughout 

the test. The FRP bar slippage diagram is plotted in Fig. 3.34. The bar slippage slowly 

increased to 11.4 mm (0.45 in), before a sudden slippage caused the first load drop. The 
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internal force in the bottom bar was re-distributed to other bars in the tension zone. The load 

then crept back up to 201 kN (45 kips), while the bottom bar slippage gradually increased to 

16 mm (0.63 in). The second load drop was caused by additional slippage of the bars in 

tension zone. The load dropped to 105 kN (24 kips), while bottom bar slippage increased to 

19 mm (0.74 in).  

The specimen underwent several unloading-reloading cycles before full unloading. 

The ultimate actuate load reached 164 kN (37 kips), with a mid-span deflection of 46 mm 

(1.8 in). The ultimate slippage for the bottom FRP bar was 22 mm (0.85 in) before unloading. 

The specimen in essence failed due to excessive bar slippage and joint opening. The 

inclinometers showed symmetric rotations for both ends, as shown in Fig. 3.35. 

The strain measurements of FRP along the span were very low, due to discontinuity 

of the tube at the joint. The maximum strain on the face of the tube was less than 2 mε. The 

slippage between FRP tube and concrete core was essentially non-existent, with a measured 

value of 1.0 mm (0.04 in).  

Once again, the specimen was designed with adequate development length for the 

bars. However, clearly slippage did occur in the grouted ducts. Similar to the steel bar spliced 

beam, grouting quality was the primary factor affecting the slippage and the system 

performance. The FRP tube did not participate in the load transfer due to its discontinuity at 

the joint. Better grouting quality is expected to improve the structural performance for future 

applications.  
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3.4.5.5 FRP Socket Spliced CFFT Beam 

Similar to the other precast assembled CFFT beams, two precast units in the FRP 

socket spliced beam rotated around the joint as two rigid bodies. The stiffness and strength of 

the joint depended heavily on the strength of epoxy. The load-deflection response is shown in 

Fig. 3.36. The mid span joint epoxy failure is shown in the Fig. 3.36 inset. The behavior was 

linear elastic up to the applied load of 53 kN (12 kips), before the epoxy started to crack at 

the bottom of the joint. Upon cracking, the load dropped to 44 kN (9.8 kips). Further epoxy 

cracking caused additional load redistributions. The potentiometers at the mid-span cross-

section monitored an increase of the joint opening with each cracking of epoxy. The joint 

opening stepped to 2 mm (0.08 in) before specimen failure. The specimen failed at an 

ultimate load of 149 kN (33.4 kips), when the epoxy between the socket and the FRP tube 

was completely sheared off.  

Beam end rotations are graphed in Fig. 3.37. The difference between the two ends can 

be attributed to the length difference for the precast units. The east side had the female unit, 

which was 305 mm (12 in) longer than the precast unit on west side. 

Nominal slippage between FRP tube and core concrete was monitored during the test. 

The epoxy at the mid-span clearly helped the continuity of FRP tube. Tensile strain in the 

tube reached a maximum of 8 mε at the mid-span.  

The test results clearly showed the importance of FRP tube to be continuous at the 

joint. Clearly, the joining method from the piping industry should be improved before it can 

be implemented in civil applications. Air exhaust channels need to be secured in order to 

achieve full contact between the two concrete surfaces at the joint, as the specimen autopsy 

showed the two concrete joint surfaces did not achieve full contact (see Fig. 3.36 inset).  
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3.4.5.6 System Performance Comparison 

All CFFT beams were compared according to their structural performance and 

construction feasibility. The load-deflection responses are compared in Fig. 3.37. It is 

believed that the internal steel reinforcement played a major role in the initial stiffness. The 

continuity of FRP also had great influence on the system capacity. Table 3.4 compares 

system performance and construction issues for all CFFT beams. A comparison of failure 

modes for all CFFT beams is presented in Table 3.5.  

 

 

3.5 SPECIMEN CHARACTERIZATION AND ANALYTICAL MODELS 

In this section, analytical models are developed to characterize each of the systems 

tested in this program. The joints are divided into two groups; those with internal means of 

splicing, such as post-tensioned, steel bar reinforced or FRP bar reinforced; and those with 

external means of splicing, which is FRP socket spliced. 

 

3.5.1 Control CFFT Beam 

Based on test observations and data analysis, the deformation mechanism of the 

control CFFT beam without any end restraint is illustrated in Fig. 3.39.  

The beam exhibited full composite action in the constant moment region due to the 

geometric constraints by the two load points on the concrete core. The load transfer 

mechanism in the shear span was quite different. Lack of any end restraint caused relative 

slippage between concrete core and FRP tube, as soon as concrete cracked under the load 
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points. The cracked segment of concrete core was pushed toward the beam end, resulting in 

concrete end slippage. The shear span of the beam actually deflected as a rigid body, pivoting 

around the plastic hinges under loading points. It is worthwhile to mention that the shear span 

of CFFT beam did deform slightly under the applied loads. However, the deflection caused 

by CFFT bending deformation was negligible, as compared to the rotation around the plastic 

hinge under the load point. Therefore, it is reasonable to model the shear span as a rigid 

body. The entire CFFT beam can be divided into three segments, two FRP-concrete rigid 

bodies at the two shear spans, and one CFFT composite beam in the middle. Total deflection 

of the beam can be obtained from the shear span rigid body rotation and the mid-span 

flexural deformations, as given by: 

21 ∆+∆=∆mid      (3.2) 

where ∆mid is the total mid-span deflection, ∆1 is the mid-span deformation due to shear span 

rigid body rotation, and ∆2 is the mid-span deflection due to bending of the central region.  

The rotations of shear spans were monitored with inclinometers. The shear span 

deflection was then calculated based on the rigid body rotation assumption, as follows:  

( )11 tan θsL=∆      (3.3) 

where Ls is the shear span length, and θ1 is the inclination angle of the shear span measured 

during the test. 

Deflection of the center span was calculated through integration of the curvature, as 

follows:  

∫ ∫=∆
2

0 0
2

cL
l

xdxdlϕ      (3.4) 
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where Lc represents the center span length, and φx is the sectional curvature at a distance x 

from the mid-span.    

The curvature was calculated with fiber discretization of the section. At each section, 

both force equilibrium and strain compatibility were applied. The stress-strain model for FRP 

was assumed to be linear-elastic. The confinement effect was considered for concrete in the 

compression zone. However, tensile strength of concrete was ignored for simplicity. Further 

information on the CFFT composite beam deflection calculation can be found in Fam (2000). 

A spreadsheet program was developed for the moment curvature analysis of CFFT beam. It 

should be noted that the curvature φx in the center span was constant, since moment was 

constant in that region.  

Figure 3.40 shows the predictions of the above analytical model in comparison with 

the test results for the control CFFT beam. Good agreement is noted at all measured 

deflection points. 

 

3.5.2 Internally Jointed Precast CFFT Beams 

All precast CFFT beams that were internally spliced, behaved generally the same. An 

illustration of the system deflection is shown in Fig. 3.41. From test observations, it was 

discovered that deflections along the span included two components; (1) rigid body rotation 

of the precast unit around the plastic hinge formed at the join; and (2) flexural deformation of 

continuous beam. The mid-span deflection can therefore be expressed as:  

43 ∆+∆=∆mid      (3.5) 

where ∆mid is the total mid-span deflection. ∆3 is the mid-span deflection due to rigid body 

rotation, and ∆4 is the mid-span deflection due to bending of the entire beam as a unit.  
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Figure 3.42 shows the mechanism by which rotation at the plastic hinge affects 

deflections of the beam. The corresponding deflection can be expressed as: 

( )33 tan
2

θL
=∆      (3.6) 

where L is the total span length, and θ3 is the rotation angle of the precast unit, as measured 

during the test. The rotation can be expressed as  

23
gθ

θ =       (3.7) 

where θg is the rotation of the plastic hinge. The plastic hinge at mid-span is formed when 

two precast segments open up at the joint. The plastic hinge rotation can in turn be expressed 

as:  

d
g

g

∆
=θ       (3.8) 

where ∆g and d are the joint opening and depth of the extreme bar in tension zone, 

respectively. Finally, ∆g can be calculated as:  

dx
L

ssg ∫+∆=∆
0

ε                (3.9) 

where ∆s is the bar slippage at beam end, and εs is the strain in unbonded bar at a distance x 

from the mid-span joint. The second term in the above equation represents accumulated bar 

deformations along the beam. For the steel or FRP bar spliced CFFT beams, the strain 

variations in the bar along the span is schematically shown in Fig. 3.43.  

The second component of the mid-span deflection (∆4) comes from deformation of 

the two precast units. From the FRP tube strain measurements, FRP did not fully participate 

in the load transfer as a structural component of CFFT. The precast-assembled CFFT beam 
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can be simplified as a precast reinforced concrete beam with acceptable accuracy. The 

deflection of such an RC beam follows the same general procedure as that discussed in 

Eq.(3.4), except that curvatures are calculated for an RC section. 

The analytical predictions for steel and FRP bar spliced CFFT beams are shown in 

Fig. 3.44 and 3.45, respectively. Effect of slippage was not considered in the modeling of 

reinforcement. Test results, on the other hand, are shown with or without the effect of 

slippage. Since the specimen failed due to excessive slippage rather than material failure, no 

failure criteria were applied in the analysis. The analysis was terminated once the predicted 

load reached the maximum level of applied load.  

For the post-tensioned spliced CFFT beam, the modeling was slightly different due to 

the applied axial force and the unbonded nature of the internal reinforcement. The applied 

axial force ensured higher initial stiffness for the system. On the other hand, the threaded 

rods had uniform stress along the span, since they were unbonded. The stiffness of the 

specimen was lowered by the distributed strain in threaded rods. The specimen therefore 

exhibited more gradual change in its performance, in contrast to the CFFT beams with 

bonded reinforcement, which were characterized with reinforcement slippage and abrupt 

changes in their response. The unbonded and prestress features of the internal reinforcement 

were justified in the analytical work. The analytical prediction of the post-tensioned spliced 

CFFT beam is shown in Fig. 3.46, with relative good agreement with the test data. 

 

3.5.3 Externally Jointed Precast CFFT Beam 

For the FRP socket spliced CFFT beam, mid-span plastic hinge was formed by 

deformation and cracking of epoxy resin. The specimen experienced premature failure due to 
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low strength of epoxy. The mid-span deflection of the beam could be easily calculated by 

multiplying half of the span length by end rotation. Figure 3.47 shows the comparison of the 

predicted deflection and test measurements. Good agreement confirms the assumption of 

rigid body rotation for the FRP socket spliced CFFT beam.  

 

 

3.6 CONCLUSIONS 

A detailed test program was developed to study the construction feasibility and 

structural performance of several splicing techniques for concrete-filled FRP tubes. A total of 

four spliced beams were tested; three of which were internally spliced using grouted steel 

bars, grouted FRP bars, or unbonded post-tensioning bars. The fourth beam was spliced with 

FRP socket commonly used in piping industry. A control CFFT beam was also tested with no 

joint. Based on the test results and analytical work, several conclusions are made as follows: 

1. The splice remained the weakest part of the system, as the control specimen behaved 

superior to all spliced beams; 

2. Internal reinforcement is necessary to maintain continuity of concrete core; 

3. FRP tube continuity is necessary for its participation in the load transfer mechanism; 

4. Grouting quality is very important to ensure adequate development length for the 

internal reinforcement and ultimately higher capacity for the system;  

5. Post-tensioning improves strength and ductility of the system by mobilizing the 

confinement effect in concrete; and 

6. Behavior of spliced CFFT beams can be modeled using a combination of beam theory 

and rigid body deformations. 
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Table 3.1 CFFT Beam Splicing Test Matrix 

Specimen Joint Method Joint Detail 

Control N/A N/A 

Post-Tensioned 

Spliced 

Post-Tensioned Threaded 

Rods 

Eight 16 mm (5/8 in) High Strength 

Threaded Rods 

Steel Bar Spliced Grouted Steel Bar 
Four 16 mm (No. 5) &  

Four 19 mm (No. 6) Steel Bar 

FRP Bar Spliced Grouted FRP Bar Eight  19 mm (No.6) GFRP Bar 

FRP Socket Spliced Epoxy Glued FRP Socket Manufacturer Provided Joint kit 

 
 

Table 3.2 Manufacturer Provided Material Properties of FRP Tubes 

Value 
Category 

ASTM 

Standard 
Description 

(MPa) (ksi) 

Ultimate Strength 71 10.3 

Design Stress 18 2.6 Axial Tension D2105 

Elastic Modulus 12,548 1,820 

Ultimate Strength 230 33 

Design Stress 57 8.3 
Axial 

Compression 
D695 

Elastic Modulus 8,687 1,260 

Ultimate Strength 159 23 

Design Stress 20 2.9 Tube Flexure D2925 

Elastic Modulus 15,031 2,180 

Hydrostatic Burst D1599 Ultimate Hoop Tensile Strength 235 34 

 
 

Table 3.3 Pressure Grout Mix Proportions by Weight 

 Cement Water Sand Expansive Agent

Weight Ratio 1.0 0.4 1.2 0.01 

 
 



 

 

Table 3.4 Comparison of CFFT Beam Splicing Techniques 

Table 3.5 Comparison of Failure Modes for CFFT Beam Splicing Methods 

Specimen Slippage Type Gap Opening Failure Mode 

Control Concrete-Tube End Slippage N/A Excessive Deformation 

Post-Tensioned Spliced None Delayed; Continuous Excessive Joint Opening; 
Threaded Rods Yielding 

Steel Bar Spliced Bar-Concrete Stepped with bar slippage Excessive Load Drop 

FRP Bar Spliced Bar-Concrete Stepped with bar slippage Excessive Load Drop 

FRP Socket Spliced None N/A Epoxy Bond Failure 

Initial Stiffness Maximum Load Maximum 
Displacement Specimen 

kN/mm kips/in kN kips mm in 

Construction 
Feasibility 

Improvement 
Suggestion 

Control 7.97 44.51 500 112 118 4.6 Easy N/A 

Post-Tensioned 
Spliced 15.59 87.10 383 86 79 3.1 Easy Provide FRP Tube 

Continuity 

Steel Bar Spliced 15.89 88.82 276 62 33 1.3 Difficult Improve Grout Quality 

FRP Bar Spliced 11.50 64.26 223 50 46 1.8 Difficult Improve Grout Quality 

FRP Socket Spliced 11.73 65.56 147 33 18 0.7 Most Difficult Provide Air Exhaust and 
Gap Filling 

C
hapter 3 

Precast C
FFT B

eam
 Splices Test
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Fig. 3.1 CFFT Control Beam and Precast Units Before Casting Concrete 

 

 
Fig. 3.2 PVC Pipes Being Pulled Out After Partial Setting of Concrete 
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Fig. 3.3 Enlarged Ducts Made by PVC Pipes 

 

 
Fig. 3.4 Internal Reinforcing Rods for Splicing 
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Fig. 3.5 Precast Units for FRP Socket Spliced Specimen 

 
 

 
Fig. 3.6 Post-Tensioned Spliced CFFT Beam Being Assembled 
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Fig. 3.7 Post-Tensioning Procedure 

 

 
Fig. 3.8 Close-Up View of Post-Tensioning Procedure 
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Fig. 3.9 Consolidating Grout in Steel Bar Spliced CFFT Beam 

 

 
Fig. 3.10 Applying Epoxy to Inside Surface of FRP Socket Spliced Beam  
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Fig. 3.11 Close-up View of FRP Socket Spliced CFFT Beam Joint  

 

Fig. 3.12 CFFT Beam Test Setup and Instrumentation Plan 
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Fig. 3.13 Failure of Hinge-Roller Support in Control CFFT Beam  

 

 
Fig. 3.14 Control CFFT Beam with Neoprene Pad Supports 
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Fig. 3.15 Load-Deflection Responses of Control CFFT Beam 
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Fig. 3.16 Load-End Rotations of Control CFFT Beam 
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Fig. 3.17 Load-Concrete End Slippages of Control CFFT Beam 

 

 
Fig. 3.18 Cracking Pattern of Core Concrete in Control CFFT Beam  
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Fig. 3.19 Mid-Span Moment-Longitudinal Strains of Control CFFT Beam 
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Fig. 3.20 Strain Profile at Mid-Span Section of Control CFFT Beam 
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Fig. 3.21 Mid-Span Moment-Curvature Response of Control CFFT Beam 
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Fig. 3.22 Variation of Moment-Neutral Axis Depth in Control CFFT Beam 
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Fig. 3.23 Mid-Span Hoop Strains in Control CFFT Beam 
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Fig. 3.24 Mid-Span Confining Strains in Control CFFT Beam 
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Fig. 3.25 Load-Deflection Responses of Post-tensioned Spliced CFFT Beam 
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Fig. 3.26 Load-End Rotations of Post-tensioned Spliced CFFT Beam 

 



Chapter 3  Precast CFFT Beam Splices Test 
 

 70 

0

20

40

60

80

100

120

140

-10 -5 0 5 10 15 20 25 30
Mid Span Joint Opening (mm)

M
id

 S
pa

n 
M

om
en

t (
kN

-m
)

Mid span top longitudinal
Mid span 45 longitudinal
Mid span 135 longitudinal 
Mid span bottom 

Potentiometer 
Out of Stroke

Bearing Failure of FRP Tube at Joint Top

 
Fig. 3.27 Joint Opening in Post-tensioned Spliced CFFT Beam 
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Fig. 3.28 Tension Force in the Bottom Threaded Rod of Post-tensioned Spliced CFFT 
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Fig. 3.29 Spliced CFFT Beam Deflection Shape  

 

0

50

100

150

200

250

300

0 5 10 15 20 25 30 35

Deflections (mm)

Lo
ad

 (k
N

)

 East 1/6 span net deflection 

 East 1/3 span net deflection 

 West 1/6 span net deflection 

 West 1/3 span net deflection 

Mid span net deflection 

 
Fig. 3.30 Load-Deflection Responses of Steel Bar Spliced CFFT Beam 
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Fig. 3.31 Load-End Rotations of Steel Bar Spliced CFFT Beam 
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Fig. 3.32 Bottom Rebar Slippage in Steel Bar Spliced CFFT Beam 
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Fig. 3.33 Load-Deflection Responses of FRP Bar Spliced CFFT Beam 
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Fig. 3.34 Bottom FRP Bar Slippage in FRP Bar Spliced CFFT Beam 
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Fig. 3.35 Load-End Rotations of FRP Bar Spliced CFFT Beam  
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Fig. 3.36 Load-Deflection Responses of FRP Socket Spliced CFFT Beam  
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Fig. 3.37  Load-End Rotations of FRP Socket Spliced CFFT Beam 
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Fig. 3.38 Comparison of Load-Deflection Responses of All CFFT Beams 
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Fig. 3.39 Illustration of Deflected Shape for Control CFFT Beam 
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Fig. 3.40 Load-Deflection Predictions for Control CFFT Beam 
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Fig. 3.41 Illustration of Deflection Shape for Precast Spliced CFFT Beams 

 

 

Fig. 3.43 Reinforcement Strain Variation in Precast Grout Spliced CFFT Beam  

 

Fig. 3.42 Deflection of Precast Spliced CFFT Beam Due to Plastic Hinge Rotation 
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Fig. 3.44 Load-Deflection Prediction for Steel Bar Spliced CFFT Beam 
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Fig. 3.45 Load-Deflection Prediction for FRP Bar Spliced CFFT Beam 
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Fig. 3.46 Load-Deflection Prediction for Post-tensioned Spliced CFFT Beam 
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Fig. 3.47 Load-Deflection Prediction for FRP Socket Spliced CFFT Beam 
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CHAPTER 4  

CFFT COLUMN STUB TEST 

 

4.1 INTRODUCTION  

The concept of concrete-filled FRP tube (CFFT) was developed by Mirmiran and 

Shahawy (1995) as a composite structure with extraordinary performance in axial 

compression. Based on research findings of the last decade, the axial load-deformation 

behavior of CFFT column stub can be best described as follows: 

When concrete core is axially loaded, due to its Poisson’s effect, it tends to expand in 

the lateral direction. The unconfined concrete has an initial Poisson ratio of 0.15-0.25, which 

is lower than typical FRP tube (0.3-0.4). Initially, concrete absorbs most of the axial energy 

with minimum amount of lateral expansion. Therefore, the confining effect of the FRP tube 

is negligible at this stage, and concrete is essentially unconfined.  

As the axial load creeps up, concrete undergoes a softening stage due to opening of its 

internal cracks. This is reflected in the gradual increase of the Poisson’s ratio of concrete. At 

about 60% to 80% of the concrete strength, its Poisson’s ratio starts to increase rapidly. This 

can be attributed to the joining of micro-cracks inside the concrete core. The core loses its 

capability to hold its geometric stability and tends to deform rapidly in the lateral direction 

under axial load. At this stage, the apparent Poisson’s ratio may be well above the value of 

0.5, which is the maximum for typical homogeneous isotropic materials. The lateral 

confining mechanism from the FRP tube is mobilized at this stage, and the tube holds the 
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shape of concrete core in a stable condition, conforming to both force equilibrium and strain 

compatibility in the lateral direction. The concrete core is then under a triaxial compression 

stress state, while the FRP tube is under hoop tension in the lateral direction. From the energy 

absorption point of view, the excessive energy input from the axial direction is transformed 

into the FRP strain energy in the lateral direction. Since the FRP has a linear elastic response 

to failure, its extended lateral confining pressure keeps on increasing as the axial load 

increases. This is the unique feature of FRP-confined concrete, which is quite different from 

steel-confined concrete. Failure of the composite system occurs only by FRP rupture in the 

lateral direction. 

 

 

4.2 RESEARCH OBJECTIVE AND APPROACH 

Along with the extensive research progress in the understanding of the unique 

behavior of CFFT members, a demand has developed in the civil engineering arena to 

incorporate CFFTs in structural applications. However, the test programs have so far solely 

focused on small-scale CFFTs with plain concrete core. Several issues were investigated in 

this research program to further understand the behavior of CFFTs with similar 

configurations in real field applications. The significance of this research effort arises from 

the inclusion of size effect of the column, effect of internal steel or FRP reinforcement, and 

the effect of column end conditions. 

A test matrix of six CFFT column stubs was developed. Samaan’s model (1998) was 

augmented with the constitutive model of the internal reinforcement to predict the behavior 

of CFFT stubs. Research recommendations were then made based on the analytical results. 
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4.3 LITERATURE REVIEW 

The first reported tests on fiberglass reinforced plastics (polymer) encased concrete 

have been credited to Fardis and Khalili (1981). They pointed out that the hoop stiffness of 

FRP shell controlled the lateral strains and the micro-cracking in the concrete core. 

Therefore, failure of the system was governed by rupture of the FRP tube in hoop direction. 

In 1997, Mirmiran and Shahawy reported test results of twenty four 152mm x 305 mm (6 in 

x 12 in) concrete-filled glass FRP tubes. In order to prevent the interaction between FRP 

jacket and core concrete in the axial direction, the tubes were grooved at both ends. The tests 

showed significant improvement in the strength and ductility of confined concrete. Miyauchi 

et al. (1997) reported axial compression tests on a number of carbon fiber sheet wrapped 

concrete stubs. Their investigation was extended to the seismic performance of existing 

reinforced concrete (RC) pier columns strengthened with carbon FRP sheets. 

Based on the axial compression tests on various CFFT stubs and fiber-wrapped 

concrete columns, a number of theoretical stress-strain models have been proposed for FRP-

confined concrete. According to Lorenzis (2001), these confinement models could be 

categorized into either rational or empirical models, depending on the approach taken by the 

model.  

The rational models, also called the steel-based models, were generally developed by 

improving the existing models for steel-confined concrete. The most widely referenced 

model for concrete confined with steel spirals or ties was initially proposed by Mander et al. 

(1988). The model used simple equations to describe the entire stress-strain curve of steel-

confined concrete, adopting an energy balance approach as the failure criteria. Priestley et al. 

(1992) slightly modified Mander’s model to make it applicable to FRP-wrapped concrete 
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columns. Spoelstra and Monti (1999) and Fam and Rizkalla (2001) both modified Mander’s 

model with different algorithms to incorporate the FRP tube confining effect into the 

relationship of the lateral strain and axial stress of concrete core. Since the algorithm of the 

models all started from axial compressive strain, instead of lateral strain, these models 

generally require an iterative procedure, to ensure strain compatibility between FRP and 

concrete in the hoop direction. However, the applicability of the rational models has been 

questioned by others. For instance, Mirmiran and Shahawy (1995) described the flaws of the 

Mander’s model for CFFT applications. Harmon et al. (1998) best articulated the flaws of the 

energy balance approach in Mander’s model, when applied to confinement with FRP.  

The empirical models, on the other hand, are based on numerous experimental data, 

and have gained great interest in the research community over the years. After all, every 

model, theoretical or empirical, has to be calibrated using experimental data. Miyauchi et al. 

(1997) proposed a model that consisted of a parabola and a tangential straight line at the end. 

Samaan et al. (1998) also correlated axial stresses and axial strains using a bi-linear model. 

The model adopted and calibrated a four-parameter stress-strain relationship first introduced 

by Richard and Abbott (1975). The parameters of the model were directly related to the 

material properties of FRP tube and concrete core. Toutanji and Saafi (2002) performed 

similar calibration on the basis of the axial stresses and strains expressed as functions of 

lateral strains. 
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4.4 EXPERIMENTAL PROGRAM 

A total of six stubs were prepared to investigate the monotonic axial compression 

behavior of CFFTs. The test matrix is listed in Table 4.1. Typical section of the CFFT stub is 

shown in Fig. 4.1. The specimens were 914 mm (3.0 ft) long with an approximate length-to-

diameter (L/D) ratio of 3:1.  

 

4.4.1 Specimen Preparation 

The stay-in-place glass FRP (GFRP) tubes were off-the-shelf products from the Smith 

Fiberglass, Little Rock, AR with a product name of Red Thread II. The tube had a nominal 

inner diameter of 312 mm (12.3 in) with 5.08 mm (0.2 in) wall thickness. The GFRP tubes 

were manufactured with filament winding process at ±55o fiber orientation, with a total of 17 

fiber layers. The manufacturer’s provided material properties at room temperature are listed 

in Table 4.2. The Poisson’s ratio of the FRP is reported to be 0.38.  

The concrete was cast directly into the ready-made GFRP tube in a single batch with 

36.5 MPa (5.3 ksi) 28-day strength. The concrete strength was measured to be 44.8 MPa (6.5 

ksi) at the time of CFFT stub test. Two types of reinforcement were included in this program, 

steel and GFRP rebars. All reinforced CFFT stubs had a 2.54% reinforcement ratio. The mild 

steel reinforcement included four 16 mm (No.5) and four 19 mm (No.6) rebar, with yielding 

stress of 414 MPa (60 ksi). Sand-coated GFRP bars, manufactured by Hughes brothers, had a 

nominal diameter of 19 mm (0.75 in) and a product name of Aslan 100. These bars are made 

with E-glass fibers and vinyl ester resin. The tensile strength and modulus of the bars were 

given as 621 MPa (90 ksi) and 40,800 MPa (5,920 ksi), respectively. 
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The CFFT stubs with internal reinforcement were prepared as precast members with 

grouted reinforcement. This was done to accommodate typical jointing methods in precast 

construction, as discussed in Chapter 3. During the casting of each precast unit, eight PVC 

pipes with 44.5 mm (1.75 in) outside diameter and 25.4 mm (1.0 in) inside diameter were 

placed to provide adequate space for the reinforcement and the grout. The eight PVC pipes 

were evenly distributed in circumferential direction with 25.4 mm (1.0 in) clear distance 

from the inner surface of the FRP tube. Wood templates were used to hold the PVC pipes in 

position from both top and bottom of the FRP tube. The PVC tubes were pulled out within a 

couple of hours after casting. The reinforcement was grouted into the ducts in the specimens 

later. The grout mix proportions are listed in Table 4.3. 

Half of the specimens were grooved with a 5.08 mm (0.2 in) slot in the FRP tube at a 

distance of 25.4 mm (1.0 in) from each end. It was assumed that the discontinuity developed 

by the grooves would eliminate longitudinal stresses in the tube. Both ungrooved and 

grooved specimens have potential applications such as embedded CFFT column and precast 

assembled CFFT column, respectively. 

 

4.4.2 Test Setup and Instrumentation  

The specimens were tested using an 8,880 kN (2000 kips) capacity Baldwin machine. 

As shown in Fig. 4.2, the CFFT column stub was setup vertically at the center of loading 

plates and was leveled with a layer of hydro stone on each end. 

A total of four 30.5 mm (1.2 in) long electrical resistance stain gages and two 100 

mm x 5 mm (4.0 in x 0.2 in) PI gages were attached to the surface of the tube at mid-height 

of the specimen to measure longitudinal and circumferential strains. Two of the strain gages 
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were in the hoop direction, while the other two strain gages and the two PI gages were in the 

longitudinal direction. The gages were evenly distributed around the circumference of the 

tube to monitor any strain concentration around the section. One potentiometer was also used 

to verify the displacement of the loading plate. An Optim Megadac data acquisition system 

was used to monitor the test data, including direct readings of the load and displacement from 

the test machine. The scanning rate was set to be one sample per second. 

The control specimen was first tested under displacement control with an initial 

loading rate of 0.25 mm/min (0.01 in/min). The displacement rate was varied between a 

minimum of 0.50 mm/min (0.02 in/min) and 2.0 mm/min (0.08 in/min) to investigate the 

effect of loading rate on the behavior of the specimen. It was noticed that the stiffness of the 

specimen was quite sensitive to the loading rate. Therefore, a uniform loading rate of 2.0 

mm/min (0.08 in/min) was chosen for all CFFT specimens.  

 

4.4.3 Test Observations and Results 

All CFFT stubs failed with FRP tube rupture, unzipping the tube corresponding to the 

±55o fiber orientation. The CFFT stubs without any internal reinforcement failed with local 

rupture of the FRP tube at one end (see Fig. 4.3). The reinforced CFFT stubs, on the other 

hand, failed with a large burst due to the excessive energy stored in the system. The length of 

the ruptured zone of the FRP was generally longer than that observed in the un-reinforced 

CFFT stubs. Moreover, rupture of the tube continued even after system unloading, until the 

locked stress between the concrete core and the FRP tube was relieved (see Fig. 4.4).  

For steel bar reinforced CFFT stub with confined ends, the failure was quite explosive 

with a significant amount of energy release. Figure 4.5 shows the explosive rupture of the 
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FRP tube along with the buckling of internal steel reinforcement, which occurred after FRP 

tube suddenly ruptured. Finally, Fig. 4.6 shows the typical outward bulging of the FRP tube, 

which was observed in almost all specimens at their mid-heights. This was attributed to the 

sliding of concrete surfaces at 45o at column mid height.  

The overall performance of the CFFT stubs was generally not affected by the grooves 

cut in the FRP tube. Even though the grooves did not allow direct bearing on the FRP tube, 

ample friction existed between the tube and concrete to transfer axial load. Typically, the 

FRP strips separated by grooves ruptured prior to the failure of the system. Figure 4.7 shows 

one such rupture of FRP strip above the groove. The loss of FRP strips caused slight but clear 

load drops. However, the CFFT system was able to regain its strength after load 

redistribution. The only exception was the CFFT stub with internal steel reinforcement, 

which showed a lower capacity when grooved. This was attributed to its inability to hold 

rebar geometry stable, due to lower stiffness of the grooved tube as compared to the steel 

reinforcement.   

In general, the internal reinforcement only slightly improved the capacity of CFFT 

stubs, except for the specimen with internal steel reinforcement and no end grooves, which 

showed a substantial gain in axial capacity. On the other hand, the presence of internal 

reinforcement, steel or FRP, did enhance the ductility of the system by extending the ultimate 

axial deformation by an average of about 60%. The main reason for the enhanced ductility 

was the dowel action of reinforcement. Rebar dowel action prevented system collapse by 

concrete surfaces sliding at 45o degree at column mid height, a typical failure mode for short 

column as also reported in Prion et al. (1994).  
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Figure 4.8 shows the stress-strain response of an un-reinforced CFFT stub with end 

grooves. It should be noted that the bilinear response pattern was generally the same for all 

CFFT specimens. Negative values indicate tensile strains in the FRP tube in the hoop 

direction, and positive values indicate compressive strains in the FRP tube in the axial 

direction. The strains measured on the surface of FRP tube, in either axial or hoop direction, 

were quite small (less than 1 mε), before the axial load reached the unconfined strength of 

concrete core. However, at higher load levels, with the activation of FRP confinement, 

strains in the tube increased rapidly. It is noteworthy that the strains around the perimeter of 

the tube varied significantly. This may be attributed to the stress concentration caused by 

sliding of concrete surfaces. The magnitude of maximum longitudinal and hoop strains 

reached 30-40 mε, while the average strain measurement around the section was only about 

10 mε. The load drops near the end of the loading correspond to the rupture and separation of 

the FRP strip above the groove.  

Figure 4.9 shows the load-deformation responses for all stubs. The system 

performance indicators are compared in Table 4.4. All stubs had similar initial stiffness, but 

the bend point of their response and the secondary stiffness slightly varied. All stubs failed at 

about the same ultimate load, except for the un-grooved steel-reinforced stub, which had the 

highest capacity. In addition, all stubs failed at about the same ultimate deflection, except for 

the un-reinforced CFFTs, which failed at a lower deflection. 
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4.5 CONFINED CONCRETE MODEL VERIFICATION 

The analytical work involved modeling of the response of CFFT stubs with and 

without internal reinforcement. In the following section, the constitutive models for FRP-

confined concrete and the internal reinforcement are described. Then, predictions by the 

model are compared with the experimental data. 

 

4.5.1 Constitutive Models 

The modeling of axial load-deformation response of CFFT stubs is based on the 

bilinear stress-strain model by Samaan et al. (1998) for FRP-confined concrete. As shown in 

Fig. 4.10, the model includes a four-parameter relationship as below:  
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where fc and εc are the axial stress and strain of concrete, respectively. n is the curve shape 

parameter that accounts for the transition zone between the first and second slope of the 

response. A constant value of 1.5 is generally used for n. E1 is the initial modulus of the 

response, which represents the stiffness of concrete alone, as given by  

'
1 *1000950,3 cfE = [MPa] '*1000586,47 cf= [ksi]              (4.2) 

FRP confinement is only activated when concrete reaches its unconfined concrete 

strength '
cf . The second slope of the response E2, therefore, depends on the stiffness of the 

FRP, and is given by   

D
tE

fE jj
c 3456.161.245 2.0'

2 +=  [MPa]                 (4.3a) 
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D
tE

fE jj
c 3456.141.52 2.0'

2 +=  [ksi]                 (4.3b) 

where Ej, tj and D are the effective modulus of elasticity of the tube in the hoop direction, 

tube thickness and the inside diameter of the tube, respectively. The intersection of the 

second slope with the axial stress axis is denoted by a plastic stress fo, as given by   

258.6371.0872.0 ' ++= rco fff  [MPa]       (4.4a) 

908.0371.0872.0 ' ++= rco fff  [ksi]                 (4.4b) 

where rf  is the lateral confining pressure from the FRP tube, given as 

D
tf

f jj
r

2
=                     (4.5) 

where fj is the hoop strength of the FRP tube. The ultimate strength of FRP-confined concrete 

in the model is also related to the strength of unconfined concrete and the lateral confining 

pressure of the tube, as 

rccu fkff 1
'' +=                  (4.6) 

where k1 is the coefficient of confinement effectiveness, which is expressed as 

]ksi[38.3]MPa[0.6 3.03.0
1

−− == rr ffk     (4.7) 

Finally, the ultimate strain of confined concrete cuε is derived from the bilinear curve 

as 

2

'

E
ff ocu

cu
−

=ε       (4.8) 

The modeling of CFFT in the lateral direction followed the same logic in longitudinal 

direction, but factored with dilation rate µ. Dilation rate is defined as the rate of change of 

lateral strain εr, with respect to the axial strain cε  given by  
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c

r

d
d
ε
ε

µ −=        (4.9) 

The steel reinforcement was modeled as elasto-plastic material under compression. 

Buckling of steel bars was not considered, as the bars were encased in concrete and did not 

buckle until the FRP tube ruptured. The compressive strength of FRP bars was neglected for 

simplification.  

 

4.5.2 Model Prediction 

Figures 4.11-4.13 show the model predictions along with the test data for the un-

reinforced, FRP-reinforced and steel-reinforced CFFT stubs, respectively. For the un-

reinforced control CFFT specimens, the model of Samaan et al. (1998) is in good agreement 

with the test data for the initial stiffness and the bend point of the response. However, the 

secondary slope is overestimated, and the ultimate deflection is underestimated. Moreover, 

the model does not differentiate between the grooved and un-grooved specimens. 

The model prediction for the FRP-reinforced CFFT stubs agrees very closely with the 

test data, except that it underestimates the ultimate deformation. It is believed that the dowel 

action of the internal FRP reinforcement helped delay the excessive dilation of concrete core, 

thereby increasing its ductility, beyond what the model predicts. 

As for the steel-reinforced CFFT stubs, the model slightly over-estimates the effect of 

the internal steel reinforcement on the initial slope. This may be attributed to the slenderness 

of the steel bars. The prediction of the model agrees favorably with the second slope, but 

again underestimates the ultimate deflection, as discussed earlier. 
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Overall, Samaan’s model provides a close prediction of the CFFT stubs behavior 

regardless of the size effect. Potentially, the model could be improved by including the dowel 

action and geometric stiffness of the internal reinforcement, as well as the effects of the end 

grooves.  

 

 

4.6 CONCLUSIONS 

A test matrix with a total of six CFFT column stubs was developed to investigate the 

effect of size, end condition, and internal reinforcement configuration. Samaan’s model 

(1998) was augmented with the constitutive models of internal reinforcement to predict the 

behavior of CFFT stubs. Based on the analytical and experimental work, the following 

conclusions and design recommendations are offered: 

• Size effect for the CFFT columns does not appear to have a significant effect on the 

overall performance of the system.  

• End grooves do not affect the strain profile of the FRP tube along its height. On the 

other hand, they could affect the geometric stiffness of the internal reinforcement. As 

such, steel-reinforced CFFT stub with grooved ends could not reach the full capacity 

of its internal reinforcement, once the FRP strip ruptured. 

• Unlike cast-in-place reinforced concrete columns, the grouted internal reinforcement 

does not enhance the initial stiffness of the CFFT stub. 

• The internal reinforcement provides significant dowel action, which delays the 

dilation of concrete core, thereby improving the ductility of CFFT stub. 
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• Although calibrated using small scale specimens, Samaan’s model appeared to 

predict response of large-scale members at an acceptable level. The model could be 

improved by including the dowel action and geometric stiffness of the internal 

reinforcement. 
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Table 4.1 CFFT Column Stub Test Matrix 

Control  

(Un-Reinforced) 
FRP Bar Reinforced Steel Bar Reinforced 

Category 
Not 

Grooved 
Grooved 

Not 

Grooved 
Grooved 

Not 

Grooved 
Grooved 

Internal 

Reinforcement 
N/A 

Eight 19 mm (No.6) 

FRP Bars 

Four 16 mm (No.5) 

Four 19 mm (No.6)  

Steel Bars 

End Groove 

Condition 
No Yes No Yes No Yes 

 

Table 4.2 Manufacturer Provided Material Properties of FRP Tubes 

Value 
Category 

ASTM 

Standard
Description 

MPa ksi 

Ultimate Strength 71.0 10.3 
Axial Tension D2105 

Elastic Modulus 12,550 1,820 

Ultimate Strength 230 33.3 Axial 

Compression 
D695 

Elastic Modulus 8,690 1,260 

Ultimate Strength 159 23.0 
Tube Flexure D2925 

Elastic Modulus 15,030 2,180 

Hydrostatic Burst D1599 Ultimate Hoop Tensile Strength 234 34.0 

 

Table 4.3 Grout Mix Proportions 

Grout Components Cement Water Sand Expansive Agent 

Weight Ratio 1.0 0.4 1.2 0.01 
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Table 4.4 Comparison of CFFT Column Stub Performances 

Initial Stiffness 
Maximum 

Strength 

Ultimate 

Deformation 
Internal 

Reinforcement 

End 

Condition 
MPa ksi kN kips mm in 

Un-grooved 30,300 4,394 4,760 1,048 29.2 1.15 
None 

Grooved 53,526 7,763 4,760 1,048 26.9 1.06 

Un-grooved 56,180 8,148 5,070 1,116 41.9 1.65 
FRP Bar 

Grooved 37,800 5,485 5,310 1,169 46.7 1.84 

Un-grooved 47,100 6,828 6,770 1,489 46.2 1.82 
Steel Bar 

Grooved 37,800 5,477 5,160 1,134 46.0 1.81 
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Fig. 4.1 Typical Cross Section of CFFT Stubs 

 

 
Fig. 4.2 Test Setup for Axial Compression of CFFT Stubs 

 
 

FRP Tube 

Grouted Duct 

Steel/FRP Rebar (if any) 
Concrete Core 
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Fig. 4.3 Local Rupture of FRP Tube in CFFT Stub 

 

 
Fig. 4.4 Close-up View of the Local Rupture in the Tube 
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Fig. 4.5 Buckling of Internal Steel Reinforcement 

 

 

Fig. 4.6 Typical Bulging of FRP Tube at Mid-Height 
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Fig. 4.7 Typical Rupture of FRP Strip Above the Groove 
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Fig. 4.8 Stress-Strain Relationship for Control Grooved CFFT Stub 
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Fig. 4.9 Load-Deflection Responses of CFFT Stubs 

 

 

Fig. 4.10 Parameters of Bilinear Confinement Model (Samaan et al. 1998) 
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Fig. 4.11 Prediction of Axial Load-Deformation of Control CFFT Stubs 
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Fig. 4.12 Prediction of Axial Load-Deformation of FRP-Reinforced CFFT Stubs 
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Fig. 4.13 Prediction of Axial Load-Deformation of Steel-Reinforced CFFT Stubs 
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CHAPTER 5  

CFFT COLUMN-RC FOOTING SUB-ASSEMBLY TEST 

 

5.1 INTRODUCTION 

Fiber reinforced polymers (FRPs) have in recent years received significant attention, 

particularly in bridge industry, due to their high strength-to-weight and stiffness-to-weight 

ratios, resistance to electro-chemical corrosion, and versatility of fabrication. The most cost-

effective use of FRPs is in hybrid systems with concrete, where FRP provides the pour form, 

protective jacket, and shear and flexural reinforcement for concrete. Concrete-filled FRP 

tubes (CFFT) have been used by the Federal Highway Administration and the Virginia 

Department of Transportation (DOT) on four bents of Route 40 over Nottoway River (Fam et 

al. 2003). California DOT has used CFFTs as girders for the Kings Stormwater Channel 

Bridge (Seible et al. 1999), and Florida DOT has explored their use as bridge piles (Mirmiran 

and Shahawy 2003). 

The use of FRPs in seismic regions has so far been limited to jacketing of existing 

columns. Seible et al. (1996) conducted an experimental feasibility study of carbon CFFT 

columns under simulated seismic actions. Test results on three 40% scale models of a 

prototype circular bridge column showed significant ductility for the CFFT system with 

starter bars, whereas the system without any starter bars suffered from premature failure of 

the tube due to a combined state of compression and inter-laminar shear stresses. Recent 

studies in China (Zhou et al. 2001), Japan (Yamakawa et al. 2001) and the U.S. (Shao and 
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Mirmiran 2004, Zhu et al. 2004) have shown the advantages of glass CFFT in seismic 

applications, where hysteretic responses have been enhanced up to a displacement ductility 

of 10. 

 

 

5.2 RESEARCH OBJECTIVE AND APPROACH 

The objective of this study was to investigate the construction feasibility of CFFT 

columns as either cast-in-place or precast members in conjunction with the reinforced 

concrete (RC) footing. Of special interest was to assess the system performance of the 

connection under both traffic and earthquake loading.  

Earlier tests by the author on pier frame specimens (see Chapter 2) had identified 

continuity problems due to slippage of the FRP tube from the RC footing. Therefore, it was 

decided that both the internal steel reinforcement and the FRP tube should be embedded into 

the RC footing to achieve an acceptable level of load transfer at the connection. Three 

different types of connection were developed; cast-in-place reinforced, precast grouted and 

precast post-tensioned. Also, a comparable RC column was tested as a reference specimen. 

The specimens were tested under a constant axial load, simulating the dead load, and a 

reverse cyclic lateral load, representing the action of earthquake or wind.  

The column-footing sub-assembly was modeled using a structural analysis software. 

After verifying against test data, the model was used to conduct a parametric study to 

develop design criteria for CFFT columns. A set of earthquake records were also applied on a 

typical CFFT column to investigate its seismic performance.  
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5.3 LITERATURE REVIEW 

Despite significant advances in CFFT members, their joints have not yet been fully 

developed. Seible et al. (1996) reported that CFFT columns connected with steel starter bars 

to their RC footings would have higher ductility but less strength, as compared to the CFFT 

columns embedded into the footing but with no starter bars. The same research team has also 

studied the use of FRP bars to develop ductile splices for CFFT beams in seismic regions 

(Wernli and Seible 1998). Unlike steel bars, FRP bars are not susceptible to corrosion. 

However, since they do not yield, ductility of the connection may only be achieved by 

slippage, which is an irreversible process. Therefore, slippage mechanism is designed to be 

activated only at failure, rather than at service load. 

Many of the concepts for joining CFFT members to each other or to RC members can 

be adapted from the practices of the precast concrete industry. Martin and Korkosz (1982) 

have enumerated typical connections for precast concrete structures, and evaluated their 

construction feasibility and structural performance. Precast Prestressed Concrete Institute 

(PCI) has also published a guideline for the design of joints in these types of concrete 

structures (PCI 1988).  

Recognizing special demands on structural connections in seismic regions, and to 

broaden the acceptance of precast concrete in those regions, a large multi-university research 

program on PREcast Seismic Structural System (PRESSS) was initiated in the 1990’s 

(Priestley 1996). As part of this program, Priestley and Tao (1993) investigated and reported 

unbonded post-tensioned beam-column sub-assemblages as dry and ductile joints for precast 

systems, as defined by Stanton et al. (1991). Force-deformation response of these joints was 

found to be non-linear elastic, with no energy dissipation feature and no stiffness loss at the 
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design load. Flexural behavior of the connection was characterized by the gap opening and 

closing deformations at the beam-column interface under repeated cycles of loading and 

unloading.  

Billington et al. (1999) showed that construction time for precast systems would be 

less than half that of the cast-in-place alternatives. For the same reason, the Federal Highway 

Administration (FHWA) has taken the initiative of durable prefabricated bridges with the 

motto of “get-in, get-out, stay-out!” to minimize disruption to traffic during construction or 

rehabilitation of highway bridges. In a synthesis study for the National Cooperative Highway 

Research Program (NCHRP), Shahawy et al. (2002) summarized recent applications of 

various innovative prefabricated bridge elements and systems. These studies and the likes 

identify economical approaches in the current prefabrication movement of the bridge 

industry, while also provide motivation for the proposed CFFT system. 

 

 

5.4 EXPERIMENTAL PROGRAM 

5.4.1 Test Matrix and Specimen Preparation 

Test matrix for this study included three CFFT columns and a control RC column, all 

with similar RC footings. The three CFFT specimens included a cast-in-place CFFT column 

with starter bars from its RC footing, a precast CFFT column with starter bars from its RC 

footing and grouted ducts, and a precast CFFT column post-tensioned to its RC footing. All 

specimens had a total height of 3.12 m (10.3 ft), which included a 0.61 m (2 ft) high RC 

footing and 0.53 m (21 in) high column head (see Fig. 5.1).  
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All columns and column heads were cast from a single batch of a ready-mix concrete 

with a 28-day measured strength of 55 MPa (8 ksi). The formwork for the control RC column 

used a 1.83 m (6 ft) long 305 mm (12 in) diameter sonotube, while all CFFT columns were 

made with FRP tubes as formwork. The FRP tubes were 2.44 m (8 ft) long made of ±55o E-

glass fibers and epoxy resin with an inside diameter of 312 mm (12.3 in) and a wall thickness 

of 5.1 mm (0.2 in). Table 5.1 shows the mechanical properties of the tube as reported by the 

manufacturer. 

The reinforcement in all specimens included four 16 mm (No.5) and four 19 mm 

(No.6) diameter of Grade 414 MPa (60 ksi) mild steel, expect for the post-tensioned CFFT 

column, which had eight 19.0 mm (3/4 in) Grade B-7 high strength threaded rods with a yield 

strength of 724 MPa (105 ksi). Dywidag bars for the external post-tensioning of all 

specimens were 25 mm (1 in) diameter with an ultimate strength of 1,034 MPa (150 ksi).  

In order to re-use the forms for the RC footings, the two footings for the control RC 

specimen and the cast-in-place CFFT specimen were cast first. The footings for all columns 

had the same dimensions and internal reinforcement (see Fig. 5.2). A 38 mm (1.5 in) clear 

cover to the reinforcement was maintained in the footings. To facilitate external post-

tensioning of the columns, a 152 mm (6 in) cubic square steel box and a 38 mm (1.5 in) 

diameter vertical PVC duct were embedded in the footing on either side of the column. Also, 

a 50 mm (2 in) diameter vertical PVC duct was embedded at each corner of the footing for 

post-tensioning it to the strong floor. Figure 5.3 shows the footing reinforcement for the 

control RC column before casting concrete. All PVC ducts were pulled out from concrete 

within two hours after casting. 
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Except for the precast post-tensioned CFFT specimen, all other footings contained 

eight longitudinal steel bars extended 2.29 m (7.5 ft) above the footing. Figure 5.4 shows the 

cross section configuration for both CFFT and RC column. The reinforcement for the control 

RC column included 13 mm diameter (No.4) spiral reinforcement placed at 190 mm (7.5 in) 

diameter and a pitch of 57 mm (2.25 in). The longitudinal steel bars for the cast-in-place 

CFFT column were held in position by four 190 mm (7.5 in) diameter hoops of 13 mm 

diameter (No.4) steel bar embedded in the footing. Figure 5.5 shows the FRP tube as 

formwork for the cast-in-place CFFT specimen. The tube was embedded 305 mm (12 in) into 

the footing to provide sufficient development length. Figure 5.6 shows the two cast-in-place 

RC and CFFT specimens before casting concrete. For the control RC column, the surface of 

concrete footing was roughened at the joint to provide better bonding with the column 

concrete. For the cast-in-place CFFT column, concrete surface inside the tube was left about 

203 mm (8 in) lower than the footing surface to achieve better continuity with the column 

concrete.  

The second stage of concrete casting included two precast RC footings and all four 

columns and column heads. An overview of the two precast footings is shown in Fig. 5.7. In 

order to provide adequate space for embedding the precast columns, the other two RC 

footings were additionally formed at the top with a 457 mm (18 in) diameter sonotube 

embedded 318 mm (12.5 in) into the center of footing (see Fig. 5.8). The bottom of the 

sonotube was also formed with cardboard. For the precast grouted CFFT column, eight 13 

mm diameter (No.4) steel bars were placed horizontally through the sonotube on four sides to 

achieve continuity between concrete footing and the concrete grout at time of assembling. 

The post-tensioned CFFT column did not have any embedded steel. Instead, eight PVC ducts 
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with 25 mm (1 in) inner diameter were placed, as shown in Fig. 5.9. The ducts were pulled 

out from the footing about two hours after casting, leaving 32 mm (1¼ in) openings for post-

tensioning rods.  

Figure 5.10 shows an overview of the formwork for all columns and the column 

heads. Figures 5.11 and 5.12 show the internal configuration of column heads and overview 

of the specimen before casting concrete. The FRP tubes were embedded 153 mm (6 in) into 

the column head. For the precast post-tensioned column, eight 25 mm (1 in) diameter PVC 

ducts were placed in the column and the column head. The PVC ducts were held in position 

using steel rods. In order to attach the actuator to the column heads, four 50 mm (2 in) 

diameter PVC ducts were placed horizontally in each column head. Also, two 38 mm (1.5 in) 

diameter vertical PVC ducts were placed in each columns head for external post-tensioning 

of the columns to the RC footings. All ducts were pulled out of concrete within two hours 

after casting.  

Figures 5.13 and 5.14 show the assembly procedure for the precast CFFT column-

footing joints. Assembly took place two weeks after casting. For the precast grouted CFFT 

specimen, the column was placed in its position in the footing with eight longitudinal rebars 

extending from the footing into the column ducts. For the post-tensioned CFFT specimen, the 

ducts were matched from inside using 25 mm (1 in) diameter steel rods. After precast 

columns were in place, an expansive concrete mix was poured into the gaps in the footing 

around the columns. Table 5.2 shows the concrete grout mix, which was designed to be 

stronger than the RC footing. Figure 5.15 shows the column-footing joint after grouting.  

The eight vertical ducts in the precast grouted CFFT column were additionally 

pressure grouted to bond the reinforcement with the concrete in the column. As will be 
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discussed later, similar performances of the precast grouted and cast-in-place reinforced 

CFFT specimens confirmed proper bond between the grouted bars and the concrete core. 

Pressure grouting was carried out using a 25 mm (1 in) diameter thin walled hose extended to 

the bottom of the column. Since column ducts were connected to each other at the bottom 

surface, the grout was able to flow from one duct to others. As shown in Fig. 5.16, the grout 

was pressured through the hose into one duct until the grout rose up to the surface level in the 

adjacent ducts. Additionally, a 6 mm diameter (No. 2) steel bar was used to consolidate the 

cement grout and to prevent any air blockage in the ducts. The same procedure was followed 

until all ducts were filled with grout. The pressure grout mix is listed in Table 5.2. An 

overview of the three CFFT specimens is shown in Fig. 5.17.  

 

5.4.2 Test Setup and Instrumentation 

The RC footing for each specimen was first leveled on a thin layer of hydrostone, and 

was then tied down to the strong floor with four dywidag bars, each post-tensioned to 223 kN 

(50 kip). A 981 kN (220 kip) MTS actuator was hung on the reaction wall at a height of 2.9 

m (9.5 ft), and was fixed to the specimen using four threaded rods through the ducts in the 

column head. Each column was then externally post-tensioned to 446 kN (100 kips) using 

two 25 mm (1 in) diameter dywidag bars through the column head and the RC footing. The 

dywidag bars were attached at the bottom of the footing to the embedded steel blocks. Post-

tensioning was carried out in several steps to avoid cracking of concrete and bending of the 

column.  

External post-tensioning of the precast post-tensioned CFFT specimen was carried 

out in twice as many steps, since it did not contain any bonded reinforcement (see Fig. 5.18). 
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This specimen was also internally post-tensioned with eight 19 mm (¾ in) diameter threaded 

rods within its cross-section. Stressing of threaded rods was achieved in two steps with a 

hydraulic jack (see Fig. 5.19), taking each rod to 55.7 kN (12.5 kips), for a total axial force of 

446 kN (100 kips). Figures 5.20 and 5.21 show top and bottom views of the specimen, 

respectively, both with dywidag bars and threaded rods in position.  

Each column was instrumented with four 635 mm (25 in) range string potentiometers 

placed at quarter points along the height to measure lateral deflections. Each column was also 

instrumented with four pairs of PI gages mounted at quarter points along the height on both 

sides in the loading plane to measure strain profiles at different sections. One inclinometer 

was placed on the side of the column head to measure maximum rotation of the specimen, 

while another inclinometer was placed along the actuator cylinder to monitor its loading 

direction. Slippage of FRP tube at column-footing joint and column head joint were both 

monitored with a total of four 51 mm (2 in) range potentiometers.  

The CFFT columns were additionally instrumented with 30 mm (1.2 in) surface 

mounted strain gages; three pairs in the upper ¾ height on both sides of the column in the 

loading plane, and two pairs in the lower ¼ height of the column. Two additional gages were 

applied in the hoop direction on opposite sides of the column base in the loading plane. For 

each column with internal bonded reinforcement, two strain gages were attached to the two 

extreme steel bars at the level of the column-footing joint. Moreover, each dywidag bar was 

instrumented with a strain gage at its mid-height to monitor the fluctuations in the axial force 

throughout the test. Figures 5.22 and 5.23 show the test setup for the control RC column and 

a typical CFFT column, respectively.  
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5.4.3 Test Procedure and Observations  

Each specimen was first subjected to an external post-tensioning force to simulate the 

dead load on the structure. Subsequently, a reverse cyclic lateral load was applied in 

displacement control in a number of incremental steps. Column drift was applied in terms of 

displacement ductility µ, which is the ratio of the imposed displacement to a reference 

displacement. The reference displacement corresponded to the first yielding of the internal 

steel reinforcement in the control RC column, which occurred at 30.5 mm (1.2 in). The same 

reference displacement was kept for all specimens. At each level of ductility, two full cycles 

of reverse lateral loading were applied to the column. The loading time for each cycle was 

selected to be 20 minutes to avoid prolonged loading sequences at higher levels of lateral 

displacement. Figure 5.24 depicts the loading regime. 

Unlike the control RC column, CFFT columns did not fail up to the displacement 

ductility of 6. Therefore, they were subsequently loaded monotonically up to a displacement 

ductility of 10, during the second phase of loading. The loading rate for the second phase was 

kept the same as that for µ of 6, which was 36.6 mm/min (1.44 in/min). 

Although some bearing damage was observed in RC footings from bending of the 

dywidag bars at the surface of the footing (see Fig. 5.25), strain measurements later 

confirmed that all dywidag bars remained elastic throughout the tests (see Fig. 5.26). 

As confirmed by the readings from the inclinometer on the actuator, in all 

experiments, the direction of applied lateral load remained basically level, with its vertical 

component almost negligible.  

No separation was observed at the column-footing joint for the control RC specimen 

during the test. On the other hand, some separation was observed between FRP tube and 
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concrete grout in the CFFT specimens (see for example, Fig. 5.27). The separation, which 

was typically visible only at higher displacements, did not cause any disturbance in the load 

transfer mechanism between the column and the footing, as no sign of stress relief in the FRP 

tube was evident from strain measurements. 

Some uplift of the tube was noted at column base in all CFFT specimens (see for 

example, Fig. 5.28). The uplift mostly recovered with the return of the specimen to its 

vertical position at the end of each loading cycle. Despite its limited uplift and separation 

from the footing, the embedded tube effectively participated as a structural component and as 

the longitudinal reinforcement for concrete, and not simply as a confining device. The plastic 

hinge region for the specimen was about 0.9 m (3 ft) long (see Fig. 5.29), which was 

approximately the same for all CFFT columns. 

For precast specimens, some bearing damage of concrete grout was noticed during 

the test (see Fig. 5.30). However, the grouted concrete bonded very well with the RC footing, 

with no visible cracks. In addition, no slippage of the reinforcing bars was noticed in the 

precast grouted CFFT specimen. As shown in Fig. 5.31, the RC footing even experienced 

some cracking at the top surface due to excessive moment at column base. However, the 

column-footing joint for CFFT specimens performed quite well in the end.  

For the control RC column, cracking of concrete gradually developed and extended to 

its mid-height with an average spacing of 152 mm (6 in), as shown in Fig. 5.32. Cover 

concrete began to spall off around the column base as the specimen reached its peak strength 

of 62 kN (13.9 kips) at µ of 2. Spalling of concrete, which was accompanied by several load 

drops, extended to about 0.9 m (3 ft) above the footing (see Fig. 5.33).  Loading of the 
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column was stopped at µ of 5, as the capacity of the column dropped more than 15% from its 

peak strength. 

The cast-in-place CFFT column performed much better than the control RC column. 

No clear load drop was noticed throughout the test. Moreover, no visible sign of damage was 

noted in the column, except for some matrix cracking in the FRP tube (see Fig. 5.34). No 

fiber rupture was observed even at the maximum deflection of 305 mm (12 in) during the 

monotonic loading phase. The specimen retained about half of its total deflection upon 

unloading, before it was pulled back to vertical position with a residual force of 23.6 kN (5.3 

kips). 

The precast grouted CFFT column behaved quite similar to its cast-in-place 

counterpart. Initially, the specimen was unintentionally loaded rather quickly to 102 mm (4 

in) of lateral displacement, well beyond the yield displacement. This was believed to be the 

reason for its slightly lower stiffness in the push direction upon reloading. The stiffness was, 

however, recovered after µ of 4, which was above the initial overload. When cyclic test 

stopped at µ of 5 due to stroke limit in the actuator, no sign of damage could be observed in 

the specimen, except for some local matrix cracking in the FRP tube. In the monotonic 

loading phase, the lateral load on specimen reached about 99.9 kN (22.4 kips) at a maximum 

drift ratio of 13.3%. Similar to its cast-in-place CFFT counterpart, the specimen did not show 

any sign of failure. 

The precast post-tensioned CFFT column was expected to behave somewhat different 

from the other two CFFT specimens, because it did not contain any bonded reinforcement. 

Obviously, the assumption of plane section remaining plane would not apply for this case, 

since the strain in each threaded rod would be constant throughout its entire length. As such, 
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both FRP and concrete core sustained significant stress concentration at column base, which 

caused slippage of the tube for about 1.3 mm (0.05 in) relative to the grout. This slippage 

occurred at a lateral displacement of 53 mm (2.1 in), and was accompanied by a load drop of 

about 20% in the response envelope. The post-tensioned specimen did not show any sign of 

damage, except for distributed matrix cracks at its plastic hinge region. During the monotonic 

loading phase, the specimen suffered from minor fiber rupture in the compression zone. 

Figure 5.35 shows the rupture to be in the fiber orientation. The lateral load reached 90 kN 

(20.2 kips) at 305 mm (12 in) deflection. Concrete grout, although bonded well with the 

footing, experienced some bearing damage at the compression zone. Figure 5.36 shows that 

the prestressing helped the specimen retract close to its vertical position with very small 

residual deflection. This behavior is considered an advantage for columns undergoing a 

design earthquake load. If the column remains nearly elastic after the earthquake, it would 

not require much rehabilitation unlike traditional RC columns. 

 

5.4.4 Test Results and Discussion 

Careful examination of test results shows that the externally applied axial force 

generally fluctuated between 446 kN (100 kips) and a maximum of 606 kN (136 kips), 

mainly due to the elongation of dywidag bars with the lateral deflection of the column. The 

change in axial load was found to be linearly proportional to the lateral displacement at a rate 

of 1.0 kN/mm (5.7 kips/in). Figure 5.26 shows the relation between the lateral displacements 

and the axial load for the control RC column. 
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Rotation of all column heads were also found to be linearly proportional to the lateral 

displacement of their respective column (see Fig. 5.37) at a similar rate of about 0.03 o/mm 

(0.8 o/in).  

The plastic hinge of about 0.9 m (3 ft) at the column base of CFFT columns observed 

in the tests was confirmed by strain gage measurements. For example, strain distributions 

along the cast-in-place CFFT column are shown in Fig. 5.38. The figure shows the lateral 

loads corresponding to the lateral displacements. The strain profile along the column 

remained linear until displacement ductility µ of 2, after which plastic hinge gradually 

formed. A more visible nonlinearity was observed on the tension side of the column. It 

should be noted that unfortunately strain gages at the column base on the tension side failed 

at µ of about 6. Similar graphs of strain profiles are shown in Figs. 5.39 and 5.40 for the 

precast grouted and precast post-tensioned CFFT specimens, respectively. 

The hysteretic response of the control RC column, as well as its envelope curve, is 

shown in Fig. 5.41. The column showed symmetric stiffness in both loading directions. A 

linear response is evident prior to yielding of steel reinforcement. At µ of 2, the specimen 

began to show some nonlinearity with nominal residual displacements. Spalling of concrete 

was accompanied by several load drops. The specimen had about 40% permanent deflection 

at its ultimate displacement of 152 mm (6 in) at µ of 5.  

Figure 5.42 shows the hysteretic load-displacement for the cast-in-place CFFT 

column. The specimen experienced significant stiffness change between µ of 2 and 3. 

However, load drops that are associated with the spalling in the control RC column were not 

present in the CFFT column. The specimen reached a maximum load of 86.5 kN (19.4 kips) 

at µ of 6. Upon unloading, however, its residual displacement was only 33%. This was 



Chapter 5  CFFT Column-RC Footing Sub-Assembly Test 

 118

attributed to the elastic response of the FRP tube. The specimen showed a robust response in 

the monotonic loading phase.  

The hysteretic responses of the precast grouted and precast post-tensioned CFFT 

columns are shown in Figures 5.43 and 5.44, respectively. Both specimens generally showed 

similar behavior to the cast-in-place CFFT column, while the post-tensioned specimen had 

somewhat lower capacity and narrower hysteretic loops.  

Figure 5.45 shows a comparison of the lateral load-displacement envelope curves for 

all tested specimens. A quantitative comparison of the performance measures for different 

specimens is presented in Table 5.3. In general, the ultimate strength and ductility of CFFT 

columns were much higher than those of their RC counterpart. This may be attributed, at 

least in part, to the confinement and containment of cracked concrete by the FRP tube. The 

FRP tube clearly allowed the concrete core to tolerate loads well beyond its unconfined 

strength. More important than the improved strength, the FRP tube enhanced ductility and 

deformability of the column.  

Figure 5.46 compares the cumulative energy dissipation of all specimens under cyclic 

loading. Clearly, the FRP tube did not have a significant impact on the energy dissipation 

capacity of the system until the RC column reached its capacity. Among the CFFT 

specimens, the precast post-tensioned column had a much lower energy dissipation capacity 

due to the absence of any bonded reinforcement.  

In comparison to each other, the various CFFT specimens with different column-

footing joints performed quite similarly, as long as the FRP tube was properly embedded or 

implanted into the footing. These joints proved to be feasible, constructible, and functional 
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for load transfer between a CFFT column and its foundation, even at high levels of lateral 

drift, typical of large earthquakes. 

 

 

5.5 ANALYTICAL MODELING 

An open source object-oriented nonlinear structural analysis software, Open System 

for Earthquake Engineering Simulation (OpenSees), was used for the analysis of CFFT 

columns. The program has been developed at the University of California, Berkeley, 

primarily to support a wide range of simulation applications in earthquake engineering. It 

also contains static analysis features with both load and displacement control schemes. In the 

following sections, first a brief overview of the program is presented, followed by the 

specifics of the model for CFFT columns.  

 

5.5.1 General Features of OpenSees Program 

The OpenSees program requires pre-processing, analysis, and post-processing. Pre-

processing involves creating a model with defined elements, nodes, load patterns and 

constraints. Four types of elements are available in the program, beam-column, zero-length, 

truss, and quad, all of which are three-dimensional except for the two-dimensional quad 

element. The beam-column element can be used with a linear elastic material, concentrated 

plasticity integrated over specified hinge lengths, or a distributed plasticity integrated along 

the entire element length. The zero length element uses multiple uniaxial materials to model 

the element force-deformation relation. The truss element can model material non-linearity 

either by uniaxial material stress-strain integrated over the cross-sectional area or through 
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force-deformation relationships at the cross section. Finally, quad is a two-dimensional 

bilinear isoperimetric element.  

A number of material models are available for uniaxial systems, including linear 

elastic; elastic-perfectly-plastic; bilinear model with combined linear isotropic and kinematic 

hardening; bilinear steel model with linear kinematic and exponential isotropic hardening; 

concrete model with Kent-Park envelope and degraded linear unloading/reloading; and a 

trilinear hysteretic backbone with pinching, damage, and degraded unloading stiffness. 

The program allows discretizing the cross section with a number of fibers that 

collectively define the section response. Available fiber models associate with a uniaxial 

material and enforce the Bernouli beam assumptions for the axial and flexural loading. 

Two types of analysis are possible with the OpenSees program, simple static linear 

analysis or a transient non-linear analysis. The analysis object is composed of several 

component objects, which define how the analysis is performed. They include linear equation 

solvers, eigenvalue solvers, numbering of degrees of freedom, static and transient integrators, 

algorithms for solution of linear and nonlinear problems, convergence tests, and constraints.    

The program also has a post-processing feature, which allows monitoring of any 

element or node parameter during the analysis.  

 

5.5.2 Modeling of the Columns 

Modeling of CFFT columns followed some basic assumptions, including (a) plane 

sections, including concrete and FRP, remaining plane and normal to the neutral axial after 

bending, (b) buckling of the tube being neglected because of the internal concrete, (c) 

slippage of FRP tube being neglected because of its sufficient embedment in the footing, and 
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(d) any adverse effect of post-tensioning ducts on the confinement of concrete core also 

being neglected. It should be noted that the first assumption did not apply to the unbonded 

reinforcement in the post-tensioned CFFT column. 

The non-linear beam-column element option of the program was chosen for modeling 

of CFFT columns. The load-displacement response of the element was calculated based on 

sectional analysis and curvature integration over the element length. The threaded rods for 

the precast post-tensioned CFFT column were modeled as truss members, carrying only axial 

forces.  

The bilinear confinement model of Samaan et al. (1998) was used as the envelope 

curve for the concrete core material, and was provided as input for the program. The 

confined strength of concrete core was calculated using the ultimate strength of 235 MPa (34 

ksi) for the FRP in the hoop direction. Tensile strength of concrete was not included in the 

analysis. The program would only allow the hysteretic features of the Kent-Park concrete 

model (see Taucer et al. 1991), as modified by Scott et al. (1982). The Kent-Park hysteretic 

model includes three strain regions, as 
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where 0ε  is concrete strain at peak stress, given by 

K002.00 =ε                                               (5.4) 

and K is a factor accounting for the strength increase due to confinement, given by 
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and fc
’ is the compressive strength of concrete in MPa, fyh is the yield strength of stirrups in 

MPa, ρs is the volumetric ratio of the hoop reinforcement to the concrete core measured, h’ is 

the width of concrete core measured to the outside of stirrups, and sh is the center to center 

spacing of stirrups or hoops. In the case of concrete confined with stirrups or ties, Scott et al. 

(1982) suggest that εu be determined conservatively as 

( )300/9.0004.0 yhsu fρε +=        (5.7) 

To account for crushing of concrete cover, the strength in the cover layer is reduced 

to 0.2 fc
’ once the compressive strain exceeds the value of uε , which in this study was set 

equal to 0.005. This, however, did not apply to concrete core in CFFT columns. 

The following rules govern the hysteretic response of concrete core:  

1. Unloading from a point on the envelope curve takes place along a straight line connecting 

the unloading point rε  to the plastic strain pε  on the strain axis given as  
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which was initially proposed by Karsan and Jirsa (1969). To ensure that modulus of 

elasticity for unloading remains positive, the following relation governs at higher levels 

of compressive strains: 
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2. Stress in concrete is assumed to be zero for strains less than the plastic strain, since 

tensile resistance of concrete is neglected. 

3. For simplicity, reloading follows the previous unloading path.  

It should be noted that the above hysteretic model does not account for the cyclic 

damage of concrete. Figure 5.47 shows a typical hysteretic stress-strain response output for 

concrete, with compressive stresses and strains shown as negative. 

The mild steel reinforcement in CFFT columns was modeled as an elastic-perfectly-

plastic material. The high strength threaded rods in the precast post-tensioned CFFT column 

were modeled with the same material, however, with initial prestrain and different yield 

strength. Figure 5.48 shows a typical hysteretic stress-strain response output for steel 

reinforcement.  

The FRP tube was modeled in the longitudinal direction with the following stress-

strain relationship, based on manufacture data and coupon tests (Shao 2003). 

( )( ) ( ) ( ) 05.0)(423,1349.908.3/ ≤×++−×= εεεεσ ABSABSABS    (5.10) 

The above relationship was modeled in the OpenSees program as a tri-linear 

hysteretic material, without any pinching or damage effects. An empirical value of 0.3 was 

selected for parameter β to simulate the softening effect of the material upon unloading. 

Failure of the FRP tube was manually determined by monitoring its strains throughout the 

analysis. Figure 5.49 shows a typical hysteretic stress-strain response output for the FRP tube 

in the longitudinal direction. The unsymmetrical response came from different in-situ stress 

conditions of FRP tube under cyclic loading. 
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The column was divided into seven segments for modeling; three for the upper ¾ of 

its height, and four for the lower ¼, i.e., the plastic hinge region. Geometric features of the 

cross section consisted of a core concrete, steel reinforcement and the cover material, i.e., 

FRP tube. Each component was modeled with a fine mesh to capture stress conditions across 

the section. Figure 5.50 shows the model for the reinforced and the post-tensioned CFFT 

columns. Figure 5.51 shows the fiber elements in the cross section.  

Since threaded rods in the post-tensioned CFFT column were not bonded to the 

concrete, the assumption of plane sections remaining plane was not valid for this case. 

Moreover, the strain in each threaded rod was considered constant along its height. 

Therefore, the post-tensioned column was modeled with the un-reinforced CFFT column as a 

non-linear beam-column element and threaded rods as truss elements with initial pre-strains 

and zero compressive strength (see Fig. 5.50). A total of four truss members were modeled to 

simulate eight threaded rods at four different locations from the centerline of the cross-

section. The truss members were fixed with a strong rigid beam to the column head to 

accommodate lateral displacement and rotation of the column. The cross section was 

modeled similar to the other CFFT columns, with the previous steel rod materials changed to 

a pseudo material having zero strength and elastic modulus, and a diameter equal to the 

diameter of the ducts. Geometric interaction between threaded rods and column ducts was 

ignored in the modeling, as EI-Sheikh et al. (1999) evaluated the geometric constraining 

effect of concrete ducts on the post-tensioning rods to be negligible.  

The analysis was carried out in the plane of loading, with all out-of-plane degrees of 

freedom set to zero. The column base was modeled as fixed support. The truss members for 

the post-tensioned column were fixed only for translations at the base.  
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Two types of analysis were performed, the pseudo-static analysis including model 

verification and parametric study, and a transient analysis for different earthquake histories.  

The pseudo-static analysis included two components of loading, a constant axial compression 

force and a reverse cyclic lateral load, which followed displacement control. The transient 

earthquake analysis also included two components of loading; a constant axial compression 

force and a ground lateral acceleration record. The earthquake loading was carried out with 

the Newmark integrator method. All the analysis was carried out using the Newton-Raphson 

algorithm.  

The recorded data for post-processing included lateral displacement at top of the 

column, shear force at the column base, and stresses and strains for different materials at 

each section. The input files for the OpenSees program are listed in the appendix. Additional 

information is available in the OpenSees user’s manual, which is available online 

(http://opensees.berkeley.edu/OpenSees/user.html). 

 

5.5.3 Model Validation 

In this section, two series of model validation are provided; (a) column-footing sub-

assembly tests of the present study, and (b) CFFT beam-column tests of an earlier study by 

Shao (2003).  

Figures 5.52-5.54 show a comparison of the test data with the model predictions for 

the cast-in-place, precast grouted, and precast post-tensioned CFFT specimens, respectively. 

In each figure, the thick solid line represents the experiments, while the thin dashed line 

indicates the model prediction. It should be noted that the analytical predictions for the cast-

in-place and precast grouted CFFT columns were the same, as no slippage was noted in the 
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experiments. In general, very good agreement is noted for all cases. Figure 5.55 compares the 

analytical and experimental data for the column head rotations of the cast-in-place CFFT 

specimen. The deflected shapes of the column at different load levels are also verified for the 

cast-in-place CFFT column, as shown in Fig. 5.56. The deflected shapes are plotted for each 

31 mm (1.2 in) of lateral deflection. Figure 5.57 shows the plastic hinge region for the same 

column at µ of 6, with a much finer element mesh at the lower ¼ height of the column than 

that was measured during the tests. Similar predictions of the deflected shapes and the plastic 

hinge region for the precast post-tensioned CFFT column are shown in Figs. 5.58 and 5.59, 

respectively. In general, accuracy of the CFFT models in the OpenSees was deemed quite 

satisfactory.  

In additional to the modeling of CFFT column, control RC column was also modeled 

using OpenSees. The same geometry and material models were defined for RC column, 

except for concrete. The cover concrete was defined as typical high strength concrete. The 

stress-strain relationship for concrete core followed Mander’s model (1988) for spirally 

reinforced concrete. As shown in Fig. 5.60, the predicted load-deflection relationship is in 

favor of the test data, characterizing the cover concrete spalling.  

The experimental program of Shao (2003) included a total of six beam-columns under 

four point bending with a constant axial load. Three of those specimens involved the same 

exact type of FRP tubes as those of the present study, but with different amount of internal 

steel reinforcement. Here, one the specimens with the same internal steel reinforcement as 

those of the present study was selected for comparison. Figure 5.61 shows the schematics of 

the beam-column model. Figure 5.62 shows that analytical prediction is in close agreement 

with the test data.  
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5.5.4 Parametric Study 

The OpenSees model for CFFT columns, which was developed and verified in 

previous sections, was used to carry out two series of parametric study; (a) pseudo-static 

analysis of CFFT columns with different column parameters, and (b) transient dynamic 

analysis of a typical CFFT column under different earthquake histories. In both cases, the 

column was subjected to a constant level of axial force, simulating the dead load. The basic 

model for the parametric study was essentially the same as that used for validation of the 

model against experimental work of the present study.  

 

5.5.4.1 Pseudo-Static Loading 

Five column parameters were selected for the pseudo-static loading analysis; column 

height, thickness and fiber architecture of the FRP tube, longitudinal steel reinforcement 

ratio, and the level of axial load on the column. To limit the size of the case study matrix, 

only one parameter at a time was considered as variable. For each parameter, three values 

were selected in their practical range, with one value identified as the base value, which was 

kept constant for studying other parameters. Table 5.4 shows the parameters and their 

selected values. The shaded areas in the table represent the base value for each parameter.  

Column height was selected based on the common practice of limiting the length-to-

diameter L/D ratio of the column in the range of 5 to 10. FRP tube thickness, together with 

fiber orientation, affects both lateral confinement and axial reinforcement of the column. The 

thickness of the FRP tube was selected based on the common practice of limiting tube 

slenderness ratio or diameter-to-thickness D/t ratio in the range of 25 to 100. Fiber 

orientation was selected in the range of ±35o to ±55o, to ensure that the behavior of the 
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system could be still modeled the same as that tested in the experimental program. Table 5.5 

shows the FRP material properties for different fiber architectures using the laminate 

analysis. The longitudinal steel reinforcement ratio was considered between 0% and 2% to 

compare the hysteretic behavior of a CFFT column without any internal steel reinforcement, 

with one that has the maximum practical limit. Finally, the axial load on the column P was 

considered to vary between 5% and 20% of the axial capacity of the column Po to simulate 

different service load conditions on the bridge. Priestley and Benzoni (1996) reported that 

service load compression force on the bridge column was unlikely to exceed 15% of the 

section capacity.  

A total of six response measures were selected to study the effect of different 

parameters; (1) load-deflection hysteretic response, (2) load-deflection envelope curve, (3) 

maximum strength, (4) ductility, (5) pinching, and (6) cumulative energy.   

System ductility is defined as its ability to sustain inelastic deformations prior to 

collapse, without significant strength or stiffness degradation. A ductile system displays 

sufficient warning before catastrophic failure. Ductility is generally measured as the ratio of 

the ultimate deformation to that at the equivalent yielding of steel reinforcement. The 

selected deformation component may be deflection, curvature, or rotation. In this study, 

deflection was selected as measure of ductility, given by 

y

u
D ∆

∆
=µ                   (5.11) 

where ∆u and ∆y are the ultimate and yield displacements, respectively. 

Pinching effect involves the loss of stiffness of the member in load reversals, and 

directly impacts the energy dissipation capacity per cycle of loading. Shao (2003) defined the 
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pinching effect as the ratio of the maximum width of the hysteretic response to its width at 

the origin. The higher the ratio is, the larger the pinching effect would be. 

As a simplified criterion for system energy dissipation capacity, the following 

equation is adopted in this research: 

iiie FD δΣ=               (5.12) 

where Fi and δi are the force and displacements at the ith loop, respectively. For additional 

information on system performance measures, refer to Shao (2003). 

Figures 5.63-5.67 show the effect of each selected parameter on the load-deflection 

hysteretic response of CFFT columns. Figures 5.68-5.72 show the load-deflection envelope 

curves, and Figures 5.73-5.77 show the cumulative energy capacity. A comparison of the 

system performance measures is also provided in Table 5.6. 

It is clear that column height does not affect the strength, but rather drift of the 

column. This is attributed to the limited length of plastic hinge region of the column. The 

thickness of the tube, on the other hand, greatly affects all performance measures. Therefore, 

D/t ratio should be limited in design to maintain optimized configuration for the CFFT 

column. Steel reinforcement ratio turned out to be the most sensitive parameter in the 

response of the CFFT column. The internal steel reinforcement ensures system integrity, 

strength and energy absorption capacity. The fiber architecture has a pronounced effect on 

the system performance. With a decrease in the winding angle, with respect to the 

longitudinal axis of the tube, measures of strength and drift improve, while the system suffers 

from less ductility and higher pitching. Therefore, an optimum design of fiber orientation is 

needed to achieve acceptable system performance under both traffic and earthquake loads. 

The higher axial loads generally improve the performance of the system by activating higher 
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levels of confinement from the FRP tube. However, the pinching effect also increased at 

higher levels of axial load. 

 

Earthquake Loading 

In this section, the responses of typical CFFT and RC columns to three representative 

earthquake records are investigated. The CFFT column had the same configuration as the 

base system of parametric analysis. The RC column had the same structural configuration as 

the CFFT column except for the external FRP tube. The spiral reinforcement volumetric ratio 

of RC column was assumed to be 0.6%. Cover concrete was modeled as confined concrete, 

conservatively, to be comparable with CFFT column. Figures 5.78-5.80 show the ground 

acceleration time histories for the three selected earthquake records, respectively from Tabas 

(Iran 1978), Sylmar (California 1971), and Llollelo (Chile 1985). Of the selected quakes, 

Tabas had the highest ground acceleration with an extended period of shake, Sylmar spanned 

a much shorter time period, while Llollelo had an apparent higher frequency and higher 

energy input. The model file and the earthquake analysis files for the OpenSees program are 

presented in the appendix. 

CFFT and RC system responses to the three earthquakes were recorded in terms of 

time histories of column base shear in Figures 5.81-5.83, and time histories of maximum 

lateral displacement in Figures 5.84-5.86. The analysis showed that RC column suffered 

structural failure during the first few seconds of the Tabas and Sylmar earthquakes due to 

rupture of longitudinal rebar. The RC column was able to sustain only Llollelo earthquake 

with maximum base shear quite close to its ultimate capacity. However, none of the three 
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major earthquakes collapsed the CFFT column, and in fact, none caused severe damage, as 

evident from the small residual displacement in the system.  

The CFFT column responses to the three earthquake records were also plotted 

together to investigate the sensitivity of CFFT system to various earthquake patterns. Figure 

5.87 plots the time histories of CFFT column maximum lateral displacement for all three 

earthquakes, while the comparison of time histories of CFFT column base shear was shown 

in Figures 5.88. The data is also summarized in Table 5.7. The data is also summarized in 

Table 4. The Sylmar quake resulted in the greatest base shear force, displacement and energy 

dissipation. On the other hand, Llollelo quake caused least structural response. 

In order to identify the reason for different system responses under different 

earthquake records, the ground acceleration and the lateral displacement responses were both 

transformed into the frequency domain using the fast Fourier transform (FFT) method, and 

plotted on the same graph (see Figures 5.89-5.91).  

Tabas quake had the largest ground acceleration magnitude with its major frequency 

slightly lower than the natural frequency of the CFFT column. The proximity of the two 

frequencies was adequate to cause limited resonance in the system. The response shows two 

peak frequencies, one at the initial natural frequency and another at the excitation frequency. 

This pattern may be attributed to the softening of the system during the shake, as the 

response frequency decreases with the imposed damages.  

Sylmar quake was considered to be moderate, compared to the other two records. The 

major event was rather short, lasting only 20 seconds. However, it caused the strongest 

response in the CFFT column in terms of base shear and lateral displacements. The reason 
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appears to be a resonance due to similar excitation frequency of the shake to the natural 

frequency of the system, both at about 0.5 Hz. 

Finally, Llollelo lasted three times longer than Sylmar, with much higher ground 

acceleration frequencies. The energy released during the Llollelo shake was also 

tremendously higher than the Sylmar quake. However, the higher frequency of the shake did 

not stimulate much response from the system.  

 

 

5.6 CONCLUSIONS 

An experimental and analytical study was undertaken to investigate the construction 

feasibility of CFFT columns as either cast-in-place or precast members in conjunction with 

the reinforced concrete (RC) footing, with emphasis on the system performance of the 

connection under earthquake loading. Three different types of connection were developed; 

cast-in-place reinforced, precast grouted and precast post-tensioned. Also, a comparable RC 

column was tested as a reference specimen. The specimens were tested under a constant axial 

load, simulating the dead load, and a reverse cyclic lateral load, representing the action of 

earthquake or wind. The column-footing sub-assembly was also modeled using structural 

analysis software. After validation of the model, it was used to conduct a parametric study 

under pseudo-static loading as well as different earthquake histories. The following 

conclusions were made from the experiments and the analysis: 

• Practices of the precast industry can be easily and effectively implemented for the 

CFFT column construction. 
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• In comparison to each other, the various CFFT-RC joints performed quite similarly, 

as long as the FRP tube was properly embedded or implanted into the footing. These 

joints were proved to be feasible, constructible, and functional for load transfer 

between a CFFT column and its foundation, even at high levels of lateral drift, typical 

of large earthquakes.  

• In comparison with traditional RC columns, all CFFT systems performed much better 

in terms of strength and ductility as well as energy absorption capacity, under both 

hysteretic static load and major earthquake records. 

• The better performance of CFFT systems was mainly attributed to the confinement by 

the FRP tube, which prevented spalling of concrete core. Moreover, the embedment 

of the tube further improved the performance significantly, as the tube participated 

effectively in the axial direction. 

• Post-tensioning at the levels provided in the experiments did not particularly improve 

system performance, compared to the reinforced joint. However, it did reduce the 

amount of permanent residual deformations.   

• Modeling of CFFT columns is quite possible using available analytical tools for the 

traditional RC structures.  

• Fiber architecture of the FRP tube has great influence on system performance, and 

could be optimized for strength and ductility. 

• Parametric study indicates that internal steel reinforcement is necessary to provide 

adequate ductility and system integrity under seismic loads.  

• A minimum thickness of FRP tube (or a maximum diameter-to-thickness ratio) is 

necessary to achieve composite action in the longitudinal direction.  
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Table 5.1 Manufacturer Provided Material Properties of FRP Tubes 

Value 
Category 

ASTM 

Standard
Description 

MPa ksi 

Ultimate Strength 71.0 10.3 

Design Stress 17.9 2.6 Axial Tension D2105 

Elastic Modulus 12,550 1,820 

Ultimate Strength 229.7 33.3 

Design Stress 57.2 8.3 Axial Compression D695 

Elastic Modulus 8,690 1,260 

Ultimate Strength 158.6 23.0 

Design Stress 20.0 2.9 Tube Flexure D2925 

Elastic Modulus 15,305 2,180 

Hydrostatic Burst D1599 Ultimate Hoop Tensile Strength 234.5 34.0 

 

Table 5.2 Grout Mix Weight Ratio 

 Cement Water Gravel Sand Expansive Agent 

Concrete Grout 1 0.4 2.6 2 0.01 

Pressure Grout 1 0.4 N/A 1.2 0.01 

 

 

 

 

 

 

 



 

 

 

Table 5.3 Comparison System Performance for Tested Columns  

Criteria Unit Control CFFT 
Column 

Cast-In-Place 
Reinforced CFFT 

Column 

Precast Grouted 
CFFT Column 

Precast Post-
Tensioned CFFT 

Column 

Total Axial Load kN (kips) 454(100) 454(100) 454(100) 909(200) 

Maximum Lateral Load kN (kips) 61.8 (13.9) 92.6 (20.8) 99.7 (22.4) 90.2 (20.3) 

Maximum Drift Ratio % <6% >13% >13% >13% 

Residual Lateral Load at 
Neutral Position * kN (kips) -13.1 (-2.9) -14.1 (-3.1) -13.8 (-3.0) -6.6 (-1.5) 

Residual Lateral Deflection 
at Zero Lateral Load * mm (in) 58.5 (2.3) 43.2 (1.7) 36.3 (1.4) 17.3 (0.7) 

Damage Level N/A Severe Damage No Damage No Damage Minor Damage 

Failure Mode N/A 

Concrete Spalling, 

Steel Exposed, 

Severe Load Drop 

N/A N/A 
Limited Tube 

Rupture in 
Shear/Compression 

* All information on residual loads and displacements are based on unloading from 152 mm (6 in) lateral deflection (µ = 5) for proper 
comparison. 
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Table 5.4 Parameter Matrix 

Parameters Case 1 Case 2 Case 3 

Column Height Effect (L/D) 5 7.5 10 

FRP Tube Thickness Effect (D/t) 25 50 100 

Longitudinal Reinforcement Ratio (ρ) 0% 1% 2% 

Fiber Angle from Longitudinal Direction (θ) 35o 45o 55o 

Axial Force Ratio (P/Po) 5% 10% 20% 
Note: The shaded areas indicate the base parameter for each parameter set 

 

Table 5.5 FRP Properties for Different Fiber Orientations 

Fiber Angle 

(θ) 

Hoop Elastic 

Modulus 

Hoop Ultimate 

Strength 

(o) 

a* b* 

MPa ksi MPa ksi 

35 2.97E-05 4.59E-04 12,760 1,850 158.6 23 

45 4.55E-05 4.59E-04 12,760 1,850 196.6 28.5 

55 7.46E-05 4.59E-04 12,760 1,850 234.5 34 

Note: Symmetric performance of the FRP tube was assumed in the parametric study. 

* ( )( ) ( ) ( ) 05.0
2

)(4
/

2

≤
×++−

×= ε
ε

εεσ ABS
a

ABSabb
ABS  
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Table 5.6 Comparison of CFFT Column Performance with Different Parameters 

Pmax 
Maximum 

Drift Ratio  

Ductility 

µ Parameters Value 

kN kips ∆max/L (%) ∆u/ ∆y 

Pinching 

Effect 

5 335.4 75.25 7.7 4.79 1.67 

7.5 223 50.04 11.4 7.65 1.60 L/D ratio 

10 168.3 37.76 15.5 10.40 1.71 

25 337.3 75.67 14.4 6.82 1.50 

50 223 50.04 11.4 7.08 1.60 D/t ratio 

100 164.4 36.88 8.7 6.06 2.05 

0% 177.3 39.78 12.9 6.32 5.75 

1% 223 50.04 11.4 5.59 1.60 
Reinforcement 

ratio 
2% 270.4 60.67 10.7 5.25 1.29 

35o 287.4 64.47 13.0 7.22 1.81 

45o 256.4 57.53 12.2 6.89 1.79 Fiber angle 

55o 223 50.04 11.4 7.60 1.60 

5% 210.3 47.19 11.6 6.52 1.41 

10% 223 50.04 11.4 6.95 1.60 Axial load ratio 

20% 250.5 56.20 11.9 7.88 1.86 

 

Table 5.7 CFFT System Response Comparison under Different Earthquake Records 

Max Ground 

Acceleration 

Max Base  

Shear Force 

Max Relative 

Displacement 

Maximum 

Energy 
Earthquake 

Records 
g* kN kips mm in kN-m kips-in

Tabas (1978) 0.937 196.4 44.07 355.1 13.98 2.21 19.16 

Sylmar (1971) 0.843 235.5 52.83 421.4 16.59 2.45 21.2 

Llollelo (1985) 0.652 161.1 36.14 204.7 8.06 0.26 2.24 

*g = 9.81 m/s2 (32.2 ft/s2)
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Fig. 5.2 Reinforced Concrete Footing Configuration  
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Fig. 5.3 Reinforced Concrete Footing Internal View 

 

Fig. 5.4 Column Cross Section Configurations 

 



Chapter 5  CFFT Column-RC Footing Sub-Assembly Test 

 144

 
Fig. 5.5 Positioning FRP Tube for Cast-in-Place RC Footing 

 

 
Fig. 5.6 Cast-in-Place Reinforced Concrete Footings Before Casting 
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Fig. 5.7 Precast Reinforced Concrete Footings Overview 

 

 
Fig. 5.8 RC Footing Joint Detail for Precast Grouted CFFT Column 
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Fig. 5.9 RC Footing Joint Detail for Precast Post-tensioned CFFT Column 

 

 
Fig. 5.10 CFFT Columns and Column Heads Before Casting 
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Fig. 5.11 CFFT Column Head Configuration 
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Fig. 5.12 CFFT Column Heads Overview 

 

 
Fig. 5.13 Precast Grouted CFFT Column Joint Details and Assembly 
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Fig. 5.14 Precast Grouted CFFT Column Joint Assembly 

 

 
Fig. 5.15 Precast Grouted CFFT Column Joint After Grouting 
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Fig. 5.16 Grouting of Longitudinal Reinforcement in Precast CFFT Column 

 

 
Fig. 5.17 CFFT Column-Footing Assemblies Overview 
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Fig. 5.18 External Axial Load Post-tensioning Kit  

 

 
Fig. 5.19 Threaded Rods Post-tensioning Kit 
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Fig. 5.20 Precast Post-tensioned CFFT Column Head 

 

 
Fig. 5.21 Post-tensioning Bearing System at the Bottom of RC Footing  
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Fig. 5.22 Test Setup for Control Reinforced Concrete Column  

 

 
Fig. 5.23 Test Setup for CFFT Column  



Chapter 5  CFFT Column-RC Footing Sub-Assembly Test 

 154

 Column Lateral Loading Plan

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

0 20 40 60 80 100 120 140 160 180 200

Time (min)

D
uc

til
ity

 F
ac

to
r (

µ)
 

-182.9

-152.4

-121.9

-91.4

-61.0

-30.5

0.0

30.5

61.0

91.4

121.9

152.4

182.9

D
ef

le
ct

io
n 

(m
m

)Push

Pull

 
Fig. 5.24 Lateral Loading Regime for Column Tests 

 

 
Fig. 5.25 Concrete Footing Damage from Bearing of Dywidag Bar  

 

Concrete Footing Damage from 
Dywidag Bar Bearing 
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Fig. 5.26 External Axial Load-Lateral Deflection Relationship 

 

 
Fig. 5.27 Separation between FRP Tube and RC Footing 

 

FRP Tube-RC Footing 
Separation 
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Fig. 5.28 Cast-in-Place CFFT Column Base FRP Uplift Measurements 

 

 
Fig. 5.29 Cast-in-Place CFFT Column at Maximum Deflection of 305 mm (12 in) 
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Fig. 5.30 Column-Footing Joint with Concrete Grout Damage in Compression Zone 

 

 
Fig. 5.31 RC Footing Cracks at Column Base 
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Fig. 5.32 Control RC Column Crack Pattern 

 

 
Fig. 5.33 Failure of Control RC Column  
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Fig. 5.34 Tensile Crack of FRP Tube at Column Base 

 

 
Fig. 5.35 FRP Tube Shear Compression Failure in Plastic Hinge Zone 
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Fig. 5.36 Post-tensioned CFFT Column Overview upon Unloading 
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Fig. 5.37 CFFT Column Head Rotation-Lateral Deflection Correlation  
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Fig. 5.38 Longitudinal Strain Profile of Cast-in-Place CFFT Column  
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Fig. 5.39 Longitudinal Strain Profile of Precast Grouted CFFT Column  
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Fig. 5.40 Longitudinal Strain Profile of Precast Post-tensioned CFFT Column  
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Fig. 5.41 Lateral Load-Deflection Hysteretic Response of Control RC Column  
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Fig. 5.42 Lateral Load-Deflection Hysteretic Response of Cast-in-Place CFFT Column 
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Fig. 5.43 Lateral Load-Deflection Hysteretic Response of Precast Grouted CFFT Column 
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Fig. 5.44 Lateral Load-Deflection Hysteretic Response of Precast Post-tensioned CFFT 

Column  
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Fig. 5.45 Lateral Load-Deflection Envelope Curves of Tested Columns 
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Fig. 5.46 Lateral Deflection-Cumulative Energy Dissipation Curves 
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Fig. 5.47 Typical Hysteretic Stress-Strain Curve of Concrete Model  
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Fig. 5.48 Typical Hysteretic Stress-Strain Curve of Steel Reinforcement Model  
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Fig. 5.49 Typical Hysteretic Stress-Strain Curve of FRP Model  

 



Chapter 5  CFFT Column-RC Footing Sub-Assembly Test 

 167

 

Fig. 5.50 Schematics of Cast-in-Place & Precast Post-tensioned CFFT Columns Models  
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Fig. 5.51 Fiber Element Discretization of CFFT Cross Section 
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Fig. 5.52 Cast-in-Place CFFT Column Lateral Load-Deflection Hysteretic Behavior 

Prediction 
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Fig. 5.53 Precast Grouted CFFT Column Lateral Load-Deflection Hysteretic Behavior 

Prediction 
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Fig. 5.54 Precast Post-tensioned CFFT Column Lateral Load-Deflection Hysteretic 

Behavior Prediction 
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Fig. 5.55 Cast-in-Place CFFT Column Lateral Load-Column Top Rotation Prediction 
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Fig. 5.56 Cast-in-Place CFFT Column Lateral Deflected Shape Prediction at Different 

Load Levels 
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Fig. 5.57 Cast-in-Place CFFT Column Lateral Deflected Shape Prediction with Plastic 

Hinge  
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Fig. 5.58 Precast Post-tensioned CFFT Column Lateral Deflected Shape Prediction at 

Different Load Levels 
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Fig. 5.59 Precast Post-tensioned CFFT Column Lateral Deflected Shape Prediction with 

Plastic Hinge  
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Fig. 5.60 Control RC Column Lateral Load-Deflection Hysteretic Behavior Prediction 
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Fig. 5.61 Schematics of Half CFFT Beam Model  
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Fig. 5.62 CFFT Beam Load-Deflection Hysteretic Behavior Prediction 
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Fig. 5.63 CFFT Column Load-Deflection Hysteretic Curves with Different Column 

Heights 
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Fig. 5.64 CFFT Column Load-Deflection Hysteretic Curves with Different Tube 

Thicknesses 
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Fig. 5.65 CFFT Column Load-Deflection Hysteretic Curves with Different Reinforcement 

Ratios 
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Fig. 5.66 CFFT Column Load-Deflection Hysteretic Curves with Different Fiber Angles 
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Fig. 5.67 CFFT Column Load-Deflection Hysteretic Curves with Different Axial Force 

Ratios 
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Fig. 5.68 CFFT Column Load-Deflection Envelopes with Different Column Heights 
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Fig. 5.69 CFFT Column Load-Deflection Envelopes with Different Tube Thicknesses 
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Fig. 5.70 CFFT Column Load-Deflection Envelopes with Different Reinforcement Ratios 

 



Chapter 5  CFFT Column-RC Footing Sub-Assembly Test 

 178

-1,500

-1,000

-500

0

500

1,000

1,500

-15 -10 -5 0 5 10 15

Drift Ratio ∆/L (%) 

C
ol

um
n 

B
as

e 
M

om
en

t (
kN

-m
)

θ=55o

θ=45o

θ=35o

L /D D/t ρs θ P/Po

7.5 50 1% 10%

 
Fig. 5.71 CFFT Column Load-Deflection Envelopes with Different Fiber Angles 
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Fig. 5.72 CFFT Column Load-Deflection Envelopes with Different Axial Load Ratios 
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Fig. 5.73 CFFT Column Cumulative Energy Envelopes with Different Column Heights 
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Fig. 5.74 CFFT Column Cumulative Energy Envelopes with Different Tube Thicknesses 
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Fig. 5.75 CFFT Column Cumulative Energy Envelopes with Different Reinforcement 

Ratios 
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Fig. 5.76 CFFT Column Cumulative Energy Envelopes with Different Fiber Angles 

 



Chapter 5  CFFT Column-RC Footing Sub-Assembly Test 

 181

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

18,000

0 2 4 6 8 10 12

Drift Ratio ∆/L (%) 

C
um

ul
at

iv
e 

E
ne

rg
y 

(k
N

-m
)

P/Po=10%

P/Po=5%

P/Po=20%L/D D/t ρs θ P/Po

7.5 50 10% 55

 
Fig. 5.77 CFFT Column Cumulative Energy Envelopes with Different Axial Load Ratios 
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Fig. 5.78 Tabas Earthquake Ground Acceleration Time History 
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Fig. 5.79 Sylmar Earthquake Ground Acceleration Time History 
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Fig. 5.80 Llollelo Earthquake Ground Acceleration Time History 
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Fig. 5.81 Column Base Shear Force Response Time History for Tabas Earthquake 
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Fig. 5.82 Column Base Shear Force Response Time History for Sylmar Earthquake 

 



Chapter 5  CFFT Column-RC Footing Sub-Assembly Test 

 184

-200

-150

-100

-50

0

50

100

150

200

0 10 20 30 40 50 60

Time (sec)

C
ol

um
n 

B
as

e 
Sh

ea
r F

or
ce

 (k
N

)

CFFT Column
RC Column

Lollello, Chile (1985)

 
Fig. 5.83 Column Base Shear Force Response Time History for Llollelo Earthquake 
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Fig. 5.84 Column Displacement Response Time History for Tabas Earthquake 

 



Chapter 5  CFFT Column-RC Footing Sub-Assembly Test 

 185

-600

-400

-200

0

200

400

600

0 2 4 6 8 10 12 14 16 18 20

Time (sec)

C
ol

um
n 

To
p 

R
el

at
iv

e 
D

is
pl

ac
em

en
t (

m
m

)

CFFT Column
RC Column

Sylmar, California (1971)

Longitudinal Rebar Rupture

 
Fig. 5.85 Column Displacement Response Time History for Sylmar Earthquake 

 

-250

-200

-150

-100

-50

0

50

100

150

200

250

0 10 20 30 40 50 60

Time (sec)

C
ol

um
n 

To
p 

R
el

at
iv

e 
D

is
pl

ac
em

en
t (

m
m

)

CFFT Column
RC Column

Lollello, Chile (1985)

 
Fig. 5.86 Column Displacement Response Time History for Llollelo Earthquake 
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Fig. 5.87 CFFT Column Top Displacement Responses under Different Earthquakes 
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Fig. 5.88 CFFT Column Base Shear Responses under Different Earthquakes 
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Fig. 5.89 Ground Acceleration and System Response Fourier Transformation Frequency 

Domain for Tabas Earthquake 
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Fig. 5.90 Ground Acceleration and System Response Fourier Transformation Frequency 

Domain for Sylmar Earthquake 
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Fig. 5.91 Ground Acceleration and System Response Fourier Transformation Frequency 

Domain for Llollelo Earthquake 
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CHAPTER 6  

CONCLUSIONS AND RECOMMENDATIONS 

 

The use of off-the-shelf FRP tube in CFFTs ensures more cost-efficient construction, 

because concrete can be poured directly into the stay-in-place forms. Savings in the 

construction labor and time can balance the relatively higher cost of FRP tube over 

traditional civil engineering materials. However, CFFT-RC joints deserve special 

consideration due to the different mechanical properties of FRP and concrete.  

 

 

6.1 SUMMARY AND CONCLUSIONS 

Use of concrete-filled FRP tube (CFFT) was investigated through a detailed 

experimental and analytical investigation.  

The experimental program has clearly shown the feasibility of the system for civil 

engineering applications. Moreover, the current industry practices have proved to be suitable 

for CFFT members.  

Although CFFT has great advantage over RC column, the internal steel reinforcement 

remains an essential component for a strong and ductile system performance. In addition, 

construction quality has great influence on the system performance.  

The experimental program showed the confining effect of FRP tube on the core 

concrete for CFFT members under bending. However, FRP tube serves not only as a 
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confining device but also as longitudinal reinforcement. Test results presented significant 

difference in system performance, depending on the continuity of FRP tube. Therefore, it is 

necessary to achieve FRP tube continuity or ample development at the joint. Moreover, fiber 

orientations could be optimized, to achieve proper longitudinal-hoop fiber distribution.  

CFFT column exhibited superior performance over RC column, under both pseudo-

static and earthquake loadings. The composite system had similar load-deflection 

relationship before concrete reached unconfined strength. However, the CFFT system was 

able to endure much higher lateral deformations without any severe damage. The typical 

CFFT column, used in the parametric study, was able to sustain three representative 

earthquake records, Tabas (1978), Sylmar (1971), and Llollelo (1985). On the contrary, RC 

column was only able to survive in Llollelo earthquake, while it failed during the first several 

big shakes of the other two earthquakes. The elastic nature of the FRP tube also minimized 

residual deflections of the system under pseudo-static and earthquake loadings. This feature 

was considered advantageous for rehabilitation of the structure after an earthquake.  

CFFT column stub tests revealed the effect of column size and its internal 

reinforcement on the axial strength of the system. Test results proved the validity of 

Samaan’s FRP-confined concrete model, once the effects of  internal reinforcement are 

considered.   

Analysis, based on OpenSees software, showed good agreement with test data for 

CFFT columns. Therefore, it is believed that current structural analysis tools can be easily 

extended to CFFT systems analysis.  
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In summary: CFFT system, with its superior performance over its RC counterpart, is 

compatible with the civil engineering practices both in construction methods and in structural 

analysis techniques.  

 

 

6.2 FUTURE RESEARCH RECOMMENDATIONS 

As any other research effort, this study revealed both promising futures and new 

problems to be answered.  

FRP material, as a relatively new material to the civil engineering society, needs to be 

further investigated in terms of stress-strain relationship at certain fiber-resin configurations. 

FRP-concrete interface bonding also needs to be improved. 

In order to gain sufficient confidence and recognition on CFFT systems, additional 

research on CFFTs at larger scale and system levels are necessary to confirm and further the 

research progress in this program, especially for earthquake loading. This task is already 

planned as part of the multi-university program under funding from the National Science 

Foundation (NSF) and Network for Earthquake Engineering Simulation (NEES) The study 

will include a four-span large-scale bridge made with CFFT per columns on three bi-

directional shake tables. 
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APPENDIX 

The input files for CFFT column analysis in OpenSees were written in Tool 

Command Language (TCL).   

The common files which might be referred by various analysis programs are listed 

first. These files include: 

(a) Reinforced Concrete Circular Cross Section Build File; 

(b) Concrete-filled FRP Tube Circular Cross Section Build File; and 

(c) Earthquake Record Data Reading File. 

Due to the limit of thesis volume, only several representative analysis input files are 

listed hereby. The TCL files for all analysis in this research program can be essentially 

modified from the enlisted sample files, only changing several parameters. The sample files 

are appended in the following sequence: 

(d) Cast-in-Place CFFT Column Static Analysis Input File; 

(e) Precast Post-tensioned CFFT Column Static Analysis Input File; 

(f) RC Column Seismic Analysis Input File; and 

(g) CFFT Column Seismic Analysis Input File. 
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(a) Reinforced Concrete Circular Cross Section Build File  
 

File Name: RCcirSection.tcl 
 
proc RCcircSection {id ri ro cover coreID coverID steelID numBars barArea 
nfCoreR nfCoreT nfCoverR nfCoverT} { 
 
  # Define the fiber section 
  section fiberSec $id { 
 
 # Core radius 
 set rc [expr $ro-$cover] 
 
 # Define the core patch 
 patch circ $coreID $nfCoreT $nfCoreR 0 0 $ri $rc 0 360 
 
 # Define the cover patch 
 patch circ $coverID $nfCoverT $nfCoverR 0 0 $rc $ro 0 360 
 
 if {$numBars <= 0} { 
  return 
 } 
 
 # Determine angle increment between bars 
 set theta [expr 360.0/$numBars] 
 
 # Define the reinforcing layer 
 layer circ $steelID $numBars $barArea 0 0 $rc $theta 360 
  } 
 
} 
 
 

(b) Concrete-Filled FRP Tube Circular Cross Section Build File  
 

File Name: CFFTcirSection.tcl 
 
proc RCcircSection {id ri ro t rs coreID coverID steelID numBars barArea 
nfCoreR nfCoreT nfCoverR nfCoverT} { 
 
  # Define the fiber section 
  section fiberSec $id { 
 # Core radius 
 set rc [expr $ro-$t] 
 # Define the core patch 
 patch circ $coreID $nfCoreT $nfCoreR 0 0 $ri $rc 0 360 
 # Define the cover patch 
 patch circ $coverID $nfCoverT $nfCoverR 0 0 $rc $ro 0 360 
 
 if {$numBars <= 0} { 
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  return 
 } 
 
 # Determine angle increment between bars 
 set theta [expr 360.0/$numBars] 
 
 # Define the reinforcing layer 
 layer circ $steelID $numBars $barArea 0 0 $rs $theta 360 
  } 
 
} 
 
 

(c) Earthquake Record Data Reading File  
 

File Name: ReadSMDFile.tcl 
 
proc ReadSMDFile {inFilename outFilename dt} { 
 
 # Pass dt by reference 
 upvar $dt DT 
 
 # Open the input file and catch the error if it can't be read 
 if [catch {open $inFilename r} inFileID] { 
  puts stderr "Cannot open $inFilename for reading" 
 } else { 
  # Open output file for writing 
  set outFileID [open $outFilename w] 
 
  # Flag indicating dt is found and that ground motion 
  # values should be read -- ASSUMES dt is on last line 
  # of header!!! 
  set flag 0 
 
  # Look at each line in the file 
  foreach line [split [read $inFileID] \n] { 
 
   if {[llength $line] == 0} { 
    # Blank line --> do nothing 
    continue 
   } elseif {$flag == 1} { 
    # Echo ground motion values to output file 
    puts $outFileID $line 
   } else { 
    # Search header lines for dt 
    foreach word [split $line] { 
     # Read in the time step 
     if {$flag == 1} { 
      set DT $word 
      break 
     } 
     # Find the desired token and set the flag 
     if {[string match $word "DT="] == 1} { 
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      set flag 1 
     } 
    } 
   } 
  } 
 
  # Close the output file 
  close $outFileID 
 
  # Close the input file 
  close $inFileID 
 } 
} 
 
 
 

(d) Cast-in-Place CFFT Column Static Analysis Input File  
 

File Name: CIPCFFT.tcl 
 
# Cast-in-Place CFFT Column 2-D Static Analysis 
# Written by Zhenyu Zhu 
# 2004 May 20 
# Units: kips, in, sec 
 
wipe;   # wipe memery for new calculation 
model basic -ndm 2 -ndf 3;  #2-D problem, 3-degree of freedom per node 
 
set PI [expr 2*asin(1.0)] 
set g 386.4 
 
# Define Model Parameters 
set hCol 12.68; # Column diameter 
set colAspect 7.1; # Column aspect ratio 
set v 0.1;    # Column axial load --> P = v*f'c*Ag 
set lenCol [expr $hCol*$colAspect];   # Column length 
set t 0.2;   # FRP tube thickness 
set fc -8;   # Concrete compressive strength 
set Ec [expr 40000*sqrt(-$fc*1000)/1000+1000]; # Elastic concrete modulus 
(ksi) 
set colArea [expr $PI*pow($hCol-2*$t,2)/4];  # Column cross-section area 
set P [expr $v*$fc*$colArea];   # Column axial load 
set m [expr -2*$P/$g];  # Beam nodal mass 
set rs 3.65;  # Steel bar arrangement radius 
set rhoCol 0.0253;  # Column r/f ratio 
set numBars 8;  # Number of r/f bars in columns 
set barArea [expr $rhoCol*$colArea/$numBars]; # r/f bar area 
set Icol [expr $PI*pow($hCol,4)/64];  # Column gross second moment of area 
set GJ 1.0e12;  # Torsional stiffness 
 
# Define uniaxial materials 
# Core concrete (confined)  tag  f'c  ec0  f'cu  ecu 
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uniaxialMaterial Concrete01 1 [expr 1*$fc] [expr 1*2*$fc/$Ec] [expr 
1.454*$fc] -0.0279 
# Cover FRP Tube  tag  fp1 ep1 fp2 ep2 fp3 ep3 fn1 en1 fn2 en2 fn3 en3 
pinchx pinchy damage1 damage2 beta   
uniaxialMaterial Hysteretic 2 3 0.00205 15 0.024 23 0.05 -3 -0.00205 -15 -
0.024 -23 -0.05 1  1  0  0  0.3 
# Reinforcing steel  tag  E0 eyt eyc initial strain 
uniaxialMaterial ElasticPP 3 30000 0.002 -0.002 0 
 
# Define nodes  
set lp [expr $lenCol/4];  # Plastic hinge length 
# tag  X Y   
node  1 0.0 0.0   
node  2   0.0 [expr $lp/4]   
node  3     0.0 [expr $lp/2]  
node  4 0.0 [expr 3*$lp/4]   
node  5 0.0   $lp   
node  6 0.0 [expr 2*$lp]   
node  7 0.0   [expr 3*$lp]   
node  8 0.0   $lenCol   
 
# Nodal mass 
# node MX MY RZ 
mass  8 $m 0.0 0.0 
 
# Boundary conditions 
#   node DX DY  RZ 
fix   1   1  1   1  # 1 represents fixed degree of freedom 
fix   2   0  0   0  # 0 represents released degree of freedom 
fix   3   0  0   0      
fix   4   0  0   0 
fix   5   0  0   0 
fix   6   0  0   0 
fix   7   0  0   0 
fix   8   0  0   0 
 
# Define column section 
set rCol [expr $hCol/2.0]; # Column radius 
 
# Source in procedure to define circular fiber section 
source CFFTcircSection.tcl 
#  tag ri  ro  t rs  coreID coverID steelID num  area nfCoreR nfCoreT 
nfCoverR nfCoverT 
RCcircSection 2 0 $rCol $t $rs 1 2 3 $numBars $barArea 8 16 2 10 
 
# Define torsional stiffness and attach it to RC section 
uniaxialMaterial Elastic 10 $GJ 
#      tag uniTag uniCode secTag 
section Aggregator 1 10 T -section 2 
 
set np 8;  # Number of integration points 
 
# Define column elements 
#         tag vecxz 
geomTransf Linear 1   
 
# Plastic region 
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#                           tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn  1   1   2   $np    1       1 
element nonlinearBeamColumn  2   2   3   $np    1       1 
element nonlinearBeamColumn  3   3   4   $np    1       1 
element nonlinearBeamColumn  4   4   5   $np    1       1 
element nonlinearBeamColumn  5   5   6   $np    1       1 
element nonlinearBeamColumn  6   6   7   $np    1       1 
element nonlinearBeamColumn  7   7   8   $np    1       1 
 
# ----- 
 
# Constant gravity load 
pattern Plain 1 Constant { 
 #         FX  FY MZ  
 load    8 0.0 $P 0.0 
} 
 
system ProfileSPD 
constraints Plain 
numberer Plain 
 
#                    tol  max dispCode 
test NormUnbalance 1.0e-5  20      
algorithm Newton 
 
# Integrator with zero time step for initial gravity analysis 
integrator LoadControl 0 1 0 0 
analysis Static 
analyze 1 
 
set H 20.0;   # Reference lateral load 
# Set lateral load pattern 
pattern Plain 2 Linear { 
 load 8 $H 0.0  0.0 
} 
 
set dU 0.1;    # Displacement increment 
set ndU -0.1;  # negative Displacement increment 
set maxU 1.2;  # Max displacement 
set step 1.2;  # Set Step size 
 
#circle 1 
#    node dof init Jd min max 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
#circle 2 



                 Appendix 
 

 198

set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
analyze $numSteps 
integrator DisplacementControl 8 1 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
 
#circle 3 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
 
#circle 4 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
 
#circle 5 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
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analysis Static  
analyze $numSteps 
 
#circle 6 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static 
analyze $numSteps 
 
#circle 7 
set maxU [expr $maxU+10*$step] 
integrator DisplacementControl 8 1 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 1 $ndU 1 $ndU $ndU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
# ----- 
 
# Record nodal displacements 
recorder Node nodeDisp.out disp -time -node 8 7 6 5 4 3 2 -dof 1 
recorder Node nodeRot.out disp -time -node 8 -dof 3 
 
# Record element forces 
recorder Element 1 -time -file ele1Force.out force 
 
# Record section forces and deformations 
recorder Element -time -file ele1FRPstress.out  -ele 1 section 1 fiber 6.3 
0  stressStrain 
recorder Element -time -file ele1concretestress.out  -ele 1 section 1 
fiber -5.4 0  stressStrain 
 
 
 



                 Appendix 
 

 200

(e) Precast Post-tensioned CFFT Column Static Analysis Input File 
 

File Name: PostCFFT.tcl 
 
# Precast Post-tensioned CFFT Column 2-D Static Analysis 
# Written by Zhenyu Zhu 
# 2004 May 20 
# Units: kips, in, sec 
 
wipe;   #wipe memery for new calculation 
model basic -ndm 2 -ndf 3;  #2-d problem, 3-degree of freedom per node 
 
## Define constant  
set PI [expr 2*asin(1.0)] 
set g 386.4 
 
## Data input 
set hCol 12.68;  # Column diameter 
set colAspect 7.1;  # Column aspect ratio: L/D 
set v 0.1;  # Column axial load rate --> P = v*f'c*Ag 
set lenCol [expr $hCol*$colAspect];   # Column length 
set t 0.2;  # FRP tube thickness       
set fc -8;  # Concrete compressive strength 
set Ec [expr 40000*sqrt(-$fc*1000)/1000+1000];  # Elastic concrete modulus 
(ksi) 
set colArea [expr $PI*pow($hCol-2*$t,2)/4];  # Column cross-section area 
set P [expr $v*$fc*$colArea];  # Column axial load 
set m [expr -$P/$g];  # Beam nodal mass 
set rs 3.6;  # Steel bar arrangement radius 
set rhoCol 0.083;  # Column r/f ratio 
set numBars 8;  # Number of r/f bars in columns 
set barArea [expr $rhoCol*$colArea/$numBars];  # r/f bar area 
set beamArea $colArea;  # Beam cross-section area 
set Icol [expr $PI*pow($hCol,4)/64];  # Column gross second moment of area 
set ISbeam 1000000;  # Strong Beam gross second moment of area 
set GJ 1.0e12;  # Torsional stiffness 
 
## Define uniaxial materials 
# Core concrete (confined) tag f'c ec0 f'cu ecu 
uniaxialMaterial Concrete01 1 [expr 1*$fc] [expr 1*2*$fc/$Ec] [expr 
1.45*$fc] -0.0279 
 
# Cover FRP Tube tag  fp1 ep1 fp2 ep2 fp3 ep3 fn1 en1 fn2 en2 fn3 en3 
pinchx pinchy damage1 damage2 beta   
uniaxialMaterial Hysteretic 2 3 0.00205 15 0.024 23 0.05 -3 -0.00205 -15 -
0.024 -23 -0.05 1 1 0 0 0.3 
 
# Post-tension threaded rod tag  E0 eyt  eyc initial strain 
uniaxialMaterial ElasticPP 3  29000 0.0035 0 0.0009 
 
#(holes in the column) tag  E0    
uniaxialMaterial Elastic 4  0.0001   
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# ----- 
set lp [expr $lenCol/4]; # Plastic hinge length 
## Define nodes  
#    tag    X  Y    
node  1 0.0 0.0   
node  2   0.0 [expr $lp/4]   
node  3     0.0 [expr $lp/2]  
node  4 0.0 [expr 3*$lp/4]   
node  5 0.0   $lp   
node  6 0.0 [expr 2*$lp]   
node  7 0.0   [expr 3*$lp]   
node  8 0.0   $lenCol  
 
node  9    -3.696  0.0   
node  10   -1.083  0.0  
node  11    1.083  0.0   
node  12    3.696  0.0   
node  13   -3.696  $lenCol  
node  14   -1.083  $lenCol  
node  15    1.083  $lenCol   
node  16    3.696  $lenCol  
node  17   -3.696  $lenCol   
node  18   -1.083  $lenCol   
node  19    1.083  $lenCol  
node  20    3.696  $lenCol   
 
## Nodal mass 
#    node MX MY  RZ 
mass  8   $m $m  0.0 
 
# Boundary conditions 
#    node DX  DY  RZ 
fix   1    1   1   1 
fix 2    0   0   0 
fix   3    0   0   0 
fix 4    0   0   0 
fix   5 0   0   0 
fix 6 0   0   0 
fix   7 0   0   0 
fix 8 0   0   0 
fix   9 1   1   1 
fix  10 1   1   1 
fix  11 1   1   1 
fix  12 1   1   1 
fix  17 0   0   0 
fix  18 0   0   0 
fix  19 0   0   0 
fix  20 0   0   0 
 
rigidLink beam 17 13 
rigidLink beam 18 14 
rigidLink beam 19 15 
rigidLink beam 20 16 
 
# ----- 
 
# Define column section 
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set rCol [expr $hCol/2.0-$t];  # Column radius 
 
# Source in procedure to define circular fiber section 
source RCcircSection.tcl 
#    tag ri ro t rs coreID coverID steelID num area nfCoreR nfCoreT 
nfCoverR nfCoverT 
RCcircSection 2 0.0 $rCol $t $rs 1 2 4 $numBars $barArea 8 16 2 10 
 
# Define torsional stiffness and attach it to RC section 
uniaxialMaterial Elastic 10 $GJ 
#                 tag uniTag uniCode          secTag 
section Aggregator 1 10 T -section   2 
 
 
# Define post-tensioning threaded rod section 
 
#    tag  
section Fiber  3 { 
#   x y A material tag 
 fiber  0.0  0.0  0.884 3 
# ----- 
 
set np 8;    # Number of integration points 
 
# Define column elements 
#                tag vecxz 
geomTransf Linear 1  
# Plastic region 
#                           tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn  1   1   2   $np    1       1 
element nonlinearBeamColumn  2   2   3   $np    1       1 
element nonlinearBeamColumn  3   3   4   $np    1       1 
element nonlinearBeamColumn  4   4   5   $np    1       1 
element nonlinearBeamColumn  5   5   6   $np    1       1 
element nonlinearBeamColumn  6   6   7   $np    1       1 
element nonlinearBeamColumn  7   7   8   $np    1       1 
 
# Define beam element 
#                tag vecxz 
geomTransf Linear 2  
 
#                          tag ndI ndJ     A       E   Iz   transfTag 
element elasticBeamColumn   8  17  18  $beamArea  $Ec $ISbeam     2 
element elasticBeamColumn   9  18   7  $beamArea  $Ec $ISbeam     2 
element elasticBeamColumn   10  7  19  $beamArea  $Ec $ISbeam     2 
element elasticBeamColumn   11 19  20  $beamArea  $Ec $ISbeam     2 
 
#   tag  $iNode $jNode $secTag 
element truss  12 9  13   3 
element truss  13 10  14   3  
element truss  14 11  15   3  
element truss  15 12  16   3 
 
# ----- 
 
# Record nodal displacements 
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#recorder Node nodeDisp.out disp -time -node 7 8 -dof 1 
recorder Node nodeDisp.out disp -time -node 8 7 6 5 4 3 2 1  -dof 1 
recorder Node nodeRot.out disp -time -node 8 -dof 3 
# Record element forces 
recorder Element 1 -time -file ele1Force.out force 
#recorder Element 2 -time -file ele2Force.out force 
 
# Record section forces and deformations 
recorder Element 1 -time -file ele1sec1Force.out section 1 forces 
recorder Element 1 -time -file ele1sec1Def.out section 1 deformations 
 
# ----- 
 
# Constant gravity load 
pattern Plain 1 Constant { 
 #       FX FY  FZ  MX  MY  MZ  
 load    8 0.0 $P 0.0 
 
} 
 
system ProfileSPD 
constraints Transformation 1.0 
numberer Plain 
 
#                    tol  max dispCode 
test NormUnbalance 1.0e-5  20      
algorithm Newton 
 
# Integrator with zero time step for initial gravity analysis 
integrator LoadControl 0 1 0 0 
analysis Static 
 
analyze 1 
 
# ----- 
set H 8.0;  # Reference lateral load 
 
# Set lateral load pattern 
pattern Plain 2 Linear { 
 load 8 $H 0.0 0.0 
} 
set dU 0.1; # Displacement increment 
set maxU 1.2; # Max displacement 
 
#                             node dof init Jd min max 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   [expr -$dU]  1 [expr -$dU] [expr -
$dU] 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
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analyze $numSteps 
set maxU [expr $maxU+1.2] 
 
#                             node dof init Jd min max 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   [expr -$dU]  1 [expr -$dU] [expr -
$dU] 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
set maxU [expr $maxU+1.2] 
#                             node dof init Jd min max 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   [expr -$dU]  1 [expr -$dU] [expr -
$dU] set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
set maxU [expr $maxU+1.2] 
#                             node dof init Jd min max 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU+1)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   [expr -$dU]  1 [expr -$dU] [expr -
$dU] 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
set maxU [expr $maxU+1.2] 
#                             node dof init Jd min max 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   [expr -$dU]  1 [expr -$dU] [expr -
$dU] 
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set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
set maxU [expr $maxU+1.2] 
#                             node dof init Jd min max 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   [expr -$dU]  1 [expr -$dU] [expr -
$dU] 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
set maxU [expr $maxU+4.8] 
#                             node dof init Jd min max 
integrator DisplacementControl  8   1   $dU  1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl  8   1   [expr -$dU]  1 [expr -$dU] [expr -
$dU] 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 

 
(f) CFFT Beam Static Analysis Input File 

 

File Name: RCmodel.tcl 
 
# Written by Zhenyu Zhu 
# 2004 May 20 
# Units: kips, in, sec 
 
wipe;   #wipe memery for new calculation 
 
# Create ModelBuilder 
model basic -ndm 2 -ndf 3;  #2-d problem, 3-degree of freedom per node 
 
# ----- 
set PI [expr 2*asin(1.0)] 
set g 386.4 
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set hCol 24; # Column diameter 
set colAspect 7.5; # Column aspect ratio 
set v 0.1; # Column axial load --> P = v*f'c*Ag 
set hBeam 1.0; # Beam depth 
set lenCol [expr $hCol*$colAspect]; # Column length 
set fc -4; # Concrete compressive strength 
set colArea [expr $PI*pow($hCol,2)/4]; # Column cross-section area 
set P [expr $v*$fc*$colArea];  # Column axial load 
set m [expr -$P/$g]; # Beam nodal mass 
set cover 2.48; # Column cover 
set rhoCol 0.01; # Column r/f ratio 
set numBars 20; # Number of r/f bars in columns 
set barArea [expr $rhoCol*$colArea/$numBars]; # r/f bar area 
set GJ 1.0e9; # Torsional stiffness 
 
# Define uniaxial materials 
# CONCRETE (confined) tag f'c ec0 f'cu ecu 
# concrete  
uniaxialMaterial Concrete01  1 [expr 1.2*$fc] -0.0048 [expr 0.785*$fc]  -
0.031 
 
# STEEL 
# Reinforcing steel 
#                        tag fy   E0    b 
uniaxialMaterial Steel01  3  60 30000 0.000001 
 
# ----- 
 
set lp [expr $lenCol/7]; # Plastic hinge length 
 
# Define nodes  
#    tag   X  Y   
node  1       0.0  0.0   
node  2       0.0  $lp   
node  3       0.0     [expr 2*$lp] 
node  4       0.0     [expr 3*$lp] 
node  5       0.0     [expr 4*$lp] 
node  6       0.0     [expr 5*$lp]   
node  7       0.0     [expr 6*$lp] 
node  8       0.0     $lenCol 
 
# Nodal mass 
#    node MX   RZ 
mass  8   $m  0.0 0.0 
 
# ----- 
 
# Boundary conditions 
#   node DX DY  RZ 
fix   1   1  1  1  
fix   2   0  0  0   
fix   3   0  0  0   
fix   4   0  0  0   
fix   5   0  0  0 
fix   6   0  0  0   
fix   7   0  0  0   
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fix   8   0  0  0  
 
# ----- 
 
# Define column section 
set rCol [expr $hCol/2.0]; # Column radius 
 
# Source in procedure to define circular fiber section 
source RCcircSection.tcl 
#            tag ri ro cover coreID coverID steelID num area nfCoreR 
nfCoreT nfCoverR nfCoverT 
RCcircSection 2 0.0 $rCol $cover 1 1 3 $numBars $barArea 8 16 3 16 
 
# ----- 
set np 4; # Number of integration points 
# Define column elements 
#                tag vecxz 
geomTransf Linear 1  
 
# Plastic region 
#                           tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn  1   1   2   $np    2       1 
element nonlinearBeamColumn  2   2   3   $np    2       1 
element nonlinearBeamColumn  3   3   4   $np    2       1 
element nonlinearBeamColumn  4   4   5   $np    2       1 
element nonlinearBeamColumn  5   5   6   $np    2       1 
element nonlinearBeamColumn  6   6   7   $np    2       1 
element nonlinearBeamColumn  7   7   8   $np    2       1 
 
 

File Name: RCSeismicAnalysis.tcl 
 
source rcmodel.tcl 
puts "Gravity load analysis completed" 
 
# Set the gravity loads to be constant & reset the time in the domain 
loadConst -time 0.0 
 
# Define nodal mass in terms of axial load on columns 
set g 386.4 
set m [expr -$P/$g];       # expr command to evaluate an expression 
 
 
#    tag   MX   MY   RZ 
mass 8 $m $m 0.0 
 
# Constant gravity load 
pattern Plain 1 Constant { 
 #       FX FY  FZ  MX  MY  MZ  
 load 8 0.0 $P 0.0  
} 
 
system ProfileSPD 
constraints Plain 
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numberer Plain 
 
#                    tol  max dispCode 
test NormUnbalance 1.0e-5  20      
algorithm Newton 
 
# Integrator with zero time step for initial gravity analysis 
integrator LoadControl 0 1 0 0 
analysis Static 
 
analyze 1 
 
# Define dynamic loads 
# -------------------- 
 
# Set some parameters 
set outFile llollelo.g3 
 
# Source in TCL proc to read PEER SMD record 
source ReadSMDFile.tcl 
 
# Permform the conversion from SMD record to OpenSees record 
#              inFile     outFile dt 
ReadSMDFile llollelo.txt $outFile dt 
 
# Set time series to be passed to uniform excitation 
set accelSeries "Path -filePath $outFile -dt $dt -factor $g" 
 
# Create UniformExcitation load pattern 
#                         tag dir  
pattern UniformExcitation  2   1  -accel $accelSeries 
 
# set the rayleigh damping factors for nodes & elements 
rayleigh 0.0 0.0 0.0 0.000625 
 
# Delete the old analysis and all it's component objects 
wipeAnalysis 
 
# Create the system of equation, a banded general storage scheme 
system BandGeneral 
 
# Create the constraint handler, a plain handler as homogeneous boundary 
constraints Plain 
 
# Create the convergence test, the norm of the residual with a tolerance 
of  
# 1e-12 and a max number of iterations of 10 
test NormDispIncr 1.0e-12  10  
 
# Create the solution algorithm, a Newton-Raphson algorithm 
algorithm Newton 
 
# Create the DOF numberer, the reverse Cuthill-McKee algorithm 
numberer RCM 
 
# Create the integration scheme, the Newmark with alpha =0.5 and beta =.25 
integrator Newmark  0.5  0.25  
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# Create the analysis object 
analysis Transient 
 
# Record nodal displacements 
recorder Node nodeDisp.out disp -time -node 8 -dof 1 
 
# Record element forces 
recorder Element 1 -time -file ele1Force.out force 
 
# Record section forces and deformations 
recorder Element -time -file ele1concretestress1.out  -ele 1 section 1 
fiber 23.5 0  stressStrain 
recorder Element -time -file ele1concretestress2.out  -ele 1 section 1 
fiber -23.5 0  stressStrain 
recorder Element -time -file ele1steelstress2.out  -ele 1 section 1 fiber 
[expr $rCol-$cover] 0  stressStrain 
recorder Element -time -file ele1steelstress1.out  -ele 1 section 1 fiber 
[expr -$rCol+$cover] 0  stressStrain 
 
# Perform an eigenvalue analysis 
puts "eigen values at start of transient: [eigen 2]" 
 
# set some variables 
set tFinal [expr 12000* 0.005] 
set tCurrent [getTime] 
set ok 0 
 
# Perform the transient analysis 
while {$ok == 0 && $tCurrent < $tFinal} { 
     
    set ok [analyze 1 0.005] 
     
    # if the analysis fails try initial tangent iteration 
    if {$ok != 0} { 
 puts "regular newton failed .. lets try an initail stiffness for 
this step" 
 test NormDispIncr 1.0e-12  100 0 
 algorithm ModifiedNewton -initial 
 set ok [analyze 1 0.005] 
 if {$ok == 0} {puts "that worked .. back to regular newton"} 
 test NormDispIncr 1.0e-12  10  
 algorithm Newton 
    } 
     
    set tCurrent [getTime] 
} 
 
# Print a message to indicate if analysis succesfull or not 
if {$ok == 0} { 
   puts "Transient analysis completed SUCCESSFULLY"; 
} else { 
   puts "Transient analysis completed FAILED";     
} 
 
# Perform an eigenvalue analysis 
puts "eigen values at start of transient: [eigen 2]" 



                 Appendix 
 

 210

(g) CFFT Column Parametric Study Model Build Input File 
 

File Name: CFFTModel.tcl 
 
 
# Units: kips, in, sec 
# Written: Zhenyu Zhu 
# Date: 20 May 2004 
 
wipe;      #wipe memery for new calculation 
 
# Create ModelBuilder 
model basic -ndm 2 -ndf 3; #2-d problem, 3-degree of 
freedom per node 
 
set PI [expr 2*asin(1.0)] 
set g 386.4 
 
set hCol 24;      # Column diameter 
set rCol [expr $hCol/2];    # Column radius 
set colAspect 7.5;     # Column aspect ratio: 
L/D 
set lenCol [expr $hCol*$colAspect];  # Column length 
set v 0.1;       # Column axial 
load rate --> P = v*f'c*Ag 
set t 0.48;       # FRP tube 
thickness 
set fc -4;       # Concrete 
compressive strength 
set Ec [expr 57000*sqrt(-$fc*1000)/1000]; # Elastic 
concrete modulus (ksi) 
set colArea [expr $PI*pow($hCol-2*$t,2)/4]; # Column cross-
section area 
set P [expr $v*$fc*$colArea];   # Column axial load 
 
set rs [expr $rCol-$t-2];   # Steel bar 
arrangement radius 
set rhoCol 0.01;      # Column 
reinforcement ratio 
set numBars 8;      # Number of 
reinforcing bars in columns 
set barArea [expr $rhoCol*$colArea/$numBars]; # 
reinforcing bar area 
set Icol [expr $PI*pow($hCol,4)/64];      # Column gross 
second moment of area 
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set GJ 1.0e12;      # Torsional stiffness 
 
# Define uniaxial materials 
# CONCRETE    tag f'c   ec0  
  f'cu   ecu 
# Core concrete (confined) 
uniaxialMaterial Concrete01 1 [expr 1*$fc] [expr 
1*2*$fc/$Ec] [expr 2.078*$fc] -0.0276 
 
# Cover FRP Tube   tag  fp1 ep1  fp2 ep2 
 fp3 ep3  fn1 en1  fn2 en2  fn3 en3
 pinchx pinchy damage1 damage2 beta   
uniaxialMaterial Hysteretic 2 6 0.0054 18 0.0324
 23 0.05  -6 -0.0054 -18 -0.0324 -23 -0.05
 1  1  0  0  0.3 
 
# STEEL 
# Reinforcing steel  tag  E0 eyt eyc  initial 
strain 
uniaxialMaterial ElasticPP   3   30000 0.002 -0.002 0 
 
set lp [expr $lenCol/4]; # Plastic hinge length 
 
# Define nodes  
#    tag  X Y   
node  1 0.0 0.0   
node  2   0.0 [expr $lp/4]   
node  3    0.0 [expr $lp/2]  
node  4 0.0 [expr 3*$lp/4]   
node  5 0.0   $lp   
node  6 0.0 [expr 2*$lp]   
node  7 0.0   [expr 3*$lp]   
node  8 0.0   $lenCol   
 
# Nodal mass 
# node MX MY RZ 
#mass 8 $m $m 0.0 
 
# Boundary conditions 
# node DX DY RZ 
fix 1 1 1 1 
fix 2 0 0 0 
fix 3 0 0 0 
fix 4 0 0 0 
fix 5 0 0 0 
fix 6 0 0 0 
fix 7 0 0 0 
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fix 8 0 0 0 
 
# Define column section 
 
# Source in procedure to define circular fiber section 
source RCcircSection.tcl 
# tag  ri ro t rs coreID coverID steelID
 num  area  nfCoreR nfCoreT nfCoverR
 nfCoverT 
RCcircSection 2 0.0 $rCol $t $rs 1  2 
 3  $numBars $barArea 20  32    3 
 32 
 
# Define torsional stiffness and attach it to RC section 
uniaxialMaterial Elastic 10 $GJ 
#                  tag uniTag uniCode  secTag 
section Aggregator 1 10  T -section 2 
 
# ----- 
set np 4;    # Number of integration points 
 
# Define column elements 
#                  tag vecxz 
geomTransf Linear 1   
 
# Plastic region 
#                            tag ndI ndJ nsecs secID
 transfTag 
element nonlinearBeamColumn 1    1    2    $np 1 1 
element nonlinearBeamColumn  2   2 3  $np 1 1 
element nonlinearBeamColumn 3 3 4 $np 1 1 
element nonlinearBeamColumn 4 4 5 $np 1 1 
element nonlinearBeamColumn 5  5 6 $np 1 1 
element nonlinearBeamColumn  6 6 7 $np 1 1 
element nonlinearBeamColumn 7 7 8 $np 1 1 
 
 

File Name: CFFTSeismicAnalysis.tcl 
 
source CFFTmodel.tcl 
puts "Gravity load analysis completed" 
 
# Set the gravity loads to be constant & reset the time in the 
domain 
loadConst -time 0.0 
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# Define nodal mass in terms of axial load on columns 
set g 386.4 
set m [expr -$P/$g];       # expr command to evaluate an 
expression 
 
 
#    tag   MX   MY   RZ 
mass 8 $m $m 0.0 
 
# Constant gravity load 
pattern Plain 1 Constant { 
 #       FX FY  FZ  MX  MY  MZ  
 load 8 0.0 $P 0.0  
} 
 
system ProfileSPD 
constraints Plain 
numberer Plain 
 
#                    tol  max dispCode 
test NormUnbalance 1.0e-5  20      
algorithm Newton 
 
# Integrator with zero time step for initial gravity analysis 
integrator LoadControl 0 1 0 0 
analysis Static 
 
analyze 1 
 
# Define dynamic loads 
# -------------------- 
 
# Set some parameters 
set outFile tabas.g3 
 
# Source in TCL proc to read PEER SMD record 
source ReadSMDFile.tcl 
 
# Permform the conversion from SMD record to OpenSees record 
#              inFile     outFile dt 
ReadSMDFile tabas.txt $outFile dt 
 
# Set time series to be passed to uniform excitation 
set accelSeries "Path -filePath $outFile -dt $dt -factor $g" 
 
# Create UniformExcitation load pattern 
#                         tag dir  
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pattern UniformExcitation  2   1  -accel $accelSeries 
 
# set the rayleigh damping factors for nodes & elements 
rayleigh 0.0 0.0 0.0 0.000625 
 
# Delete the old analysis and all it's component objects 
wipeAnalysis 
 
# Create the system of equation, a banded general storage 
scheme 
system BandGeneral 
 
# Create the constraint handler, a plain handler as 
homogeneous boundary 
constraints Plain 
 
# Create the convergence test, the norm of the residual with a 
tolerance of  
# 1e-12 and a max number of iterations of 10 
test NormDispIncr 1.0e-12  10  
 
# Create the solution algorithm, a Newton-Raphson algorithm 
algorithm Newton 
 
# Create the DOF numberer, the reverse Cuthill-McKee algorithm 
numberer RCM 
 
# Create the integration scheme, the Newmark with alpha =0.5 
and beta =.25 
integrator Newmark  0.5  0.25  
 
# Create the analysis object 
analysis Transient 
 
# Record nodal displacements 
recorder Node nodeDisp.out disp -time -node 8 -dof 1 
 
# Record element forces 
recorder Element 1 -time -file ele1Force.out force 
 
# Record section forces and deformations 
recorder Element -time -file ele1concretestress1.out  -ele 1 
section 1 fiber 23.5 0  stressStrain 
recorder Element -time -file ele1concretestress2.out  -ele 1 
section 1 fiber -23.5 0  stressStrain 
recorder Element -time -file ele1steelstress2.out  -ele 1 
section 1 fiber [expr $rCol-$cover] 0  stressStrain 
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recorder Element -time -file ele1steelstress1.out  -ele 1 
section 1 fiber [expr -$rCol+$cover] 0  stressStrain 
 
# Perform an eigenvalue analysis 
puts "eigen values at start of transient: [eigen 2]" 
 
# set some variables 
set tFinal [expr 1500* 0.02] 
set tCurrent [getTime] 
set ok 0 
 
# Perform the transient analysis 
while {$ok == 0 && $tCurrent < $tFinal} { 
     
    set ok [analyze 1 0.02] 
     
    # if the analysis fails try initial tangent iteration 
    if {$ok != 0} { 
 puts "regular newton failed .. lets try an initail 
stiffness for this step" 
 test NormDispIncr 1.0e-12  100 0 
 algorithm ModifiedNewton -initial 
 set ok [analyze 1 0.02] 
 if {$ok == 0} {puts "that worked .. back to regular 
newton"} 
 test NormDispIncr 1.0e-12  10  
 algorithm Newton 
    } 
     
    set tCurrent [getTime] 
} 
 
# Print a message to indicate if analysis succesfull or not 
if {$ok == 0} { 
   puts "Transient analysis completed SUCCESSFULLY"; 
} else { 
   puts "Transient analysis completed FAILED";     
} 
 
# Perform an eigenvalue analysis 
puts "eigen values at start of transient: [eigen 2]" 
 
 

 


