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Figure 64: FEA Model FRP-S Mises Stresses

Figure 65: FEA Model FRP-S 1st segment Mises Stresses
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6.4 Model comparison

The finite element analysis predicted the force-displacement response very similarly to
the analytical method discussed in Chapter 5. Using ABAQUS it was shown that the segmented
system would behave in a slightly stiffer manner than that of the system with a single segment.
The predicted force-displacement responses for the two ABAQUS models and the analytical

model are shown in Figure 66.
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Figure 66: FEA Model Comparison

Like the analytical model before, the finite element analysis did not accurately predict the
true specimen performance. Theoretical models predicted a much stiffer column response than

was observed. Likewise, the FEA model predicted the segmented system being stiffer, while it
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was the non-segmented system which was stiffer in testing. The analytical, FEA, and actual

testing results can be seen in Figure 67.
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Figure 67: FEA Model Comparison

The differences between the ABAQUS FEA model and the tested specimens are the
result of assumptions made during the modeling process. Key assumptions which are believed to

cause the differences are:

1) Lack of cyclic loading.

2) Lack of a concrete model which takes into account damage.
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3) Allowing the post-tensioning bar to drift through the specimens outside of the bounds of
the post-tensioning duct.

4) Inaccurate FRP material model.

5) Analytical rigid base assumption could concentrate stresses in lower segments and FRP

jacket.
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CHAPTER 7: CONCLUSIONS

7.1 Summary

The objective of this research was to conduct analysis on the performance of post-
tensioned concrete-filled fiber tubes. One monolithic reinforced concrete specimen was
compared against four post-tensioned segmented specimens. The force-displacement
performance, energy dissipation, equivalent viscous damping, and damage were compared for
the systems. Two methods of analysis including a simple model and finite element model were

used to model the performance of the segmented column.

7.2 Conclusions

Performance of post-tensioned system compared to typical reinforced concrete system-

The performance of the monolithic reinforced concrete specimen was as expected. A
plastic hinge was formed, which dissipated significant amounts of energy when compared to the
post-tensioned system. This plastic hinge also caused significant damage to the column.
Significantly larger deformations were possible with the post-tensioned systems. The only source
of damage was permanent elongation of the post-tensioning bar and minor crushing of the
concrete in the compression region where segments were bearing against one another and the
footing. This elongation resulted in a decrease in the post-tensioning force which in turn led to
diminishing performance when subjected to lateral loading. Prior to yielding of the reinforced
concrete column, performance between the systems were very similar. After yielding of the
reinforced concrete column, the post-tensioned systems continued to resist larger loads with no

significant sources of damage.

Performance of differing segment configurations-
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The use of multiple segments for the column system yielded only a slight decrease in the
capacity of the column to resist lateral loads. Benefits were achieved in the construction of the
column however in the ability for the column to be assembled. During testing the columns with
multiple segments underwent rigid body rotation about multiple interfaces. This rotation was
achieved at all segments that were subjected to the required moment to induce the gap opening

between interfaces.

Post-tensioned energy dissipation-

The two systems utilized to increase the energy dissipation, rubber pads and steel angles,
performed very differently from each other. The rubber pads eliminated all visual signs of
damage to the column system, and did not allow for the permanent elongation of the post-
tensioning bar as seen in all other segmented systems. The disadvantage to this system was the

very poor force-displacement performance of the system with rubber pads.

The system with steel angles attached to the bottom of the column performed similarly to
the segmented system, and showed greater performance in terms of force-displacement at higher
levels of displacement. These sacrificial steel angles also allowed for greater energy dissipation

than any of the other post-tensioned systems.

Feasibility-

When compared to the current method of reinforced concrete design the system of post-
tensioning segments together has several advantages and disadvantages. As a pre-cast system
construction time on site is greatly improved over existing methods. There is no waiting period

to apply full load, only the time it takes to assemble and post-tension. The confinement provided
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by the FRP is significant, and can confine a greater amount of concrete given a limiting column
diameter. During events with large lateral loadings, the segmented system suffers from
considerably less damage than the reinforced concrete system. This can allow a segmented
system to return to service much faster. The post-tensioning in the segmented system also causes
the column to effectively re-center itself after an event, while the reinforced concrete system

suffered from significant permanent displacements.

The energy dissipation from the segmented systems was significantly lower than that of
the reinforced concrete system. In order to attain energy dissipation near that of current systems,
specific energy dissipation members and devices would be required in the design. For this
research project those took the form of rubber pads and steel angles. While the steel angles
performed well, the rubber pads allowed excessive displacement under low lateral loads. The
issue with the loss of post-tensioning after an event is also one that must be addressed. This loss
in post-tensioning will reduce the performance of the system as a whole. However, if the initial
post-tensioning force is kept low so as to keep the forces during testing within the yield limit a

loss in post-tensioning should not occur due to permanent elongation of the bar.

Recommendations for future studies —

For future studies the deficiencies in the analytical and finite element models for the
behavior of the FRP specimens can be addressed by accounting for assumptions and
shortcomings in the mobels. By taking into account the cyclic nature of the test and the
associated damage both to the concrete and permanent elongation of the post-tensioning bar a

better estimation of the performance can be achieved.
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While specimen FRP-R with the rubber sheeting at the interfaces was quite appealing in
the lack of major damage to the concrete, FRP, and post-tensioning bar, the performance in terms
of force-displacement was lackluster. By combining dedicated energy dissipation devices that
also can stiffen the response of the column such as the steel angles in specimen FRP-T to allow
for damage to be concentrated within replaceable components in easily accessible areas. With
this external energy dissipation system the post-tensioned column system would perform well
during an earthquake and can easily be returned to service afterwards while also giving the

benefits of a precast system to reduce construction time and costs.
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Appendix A — XTRACT Analysis Results
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Appendix B - ABAQUS Input file

Note: This is the portion of the ABAQUS input file containing material definitions,
boundary conditions, loads, field outputs, interaction properties, embedments, post-tensioning,

and the steps. This file does not contain the geometric definitions.

*Surface, type=ELEMENT, name=ColTopSurt
_ColTopSurf S2, S2

L USER DEFINED EMBEDMENT------------------—--
** Constraint: PS-Wire-Embed

*Embedded Element, host elset=TopSteelSet

WireTopEnd

** Constraint: Ps-Wire-Base-Embed

*Embedded Element, host elset=BaseSet

WireBottomEnd

** Constraint: FRP1-Concl

*Tie, name=FRP1-Concl, adjust=yes
ConcreteMid-1.Conc-Side, FRP-1.FRP-Inside
** Constraint: FRP2-Conc2

*Tie, name=FRP2-Conc2, adjust=yes
ConcreteMid-2.Conc-Side, FRP-2.FRP-Inside
** Constraint: FRP3-Conc3

*Tie, name=FRP3-Conc3, adjust=yes
ConcreteMid-3.Conc-Side, FRP-3.FRP-Inside
** Constraint: FRP4-ConcTop

*Tie, name=FRP4-ConcTop, adjust=yes
ConcreteTop-1.Conc-Side, FRP-4.FRP-Inside
*End Assembly

* %

** MATERIALS

* %

*Material, name=Concrete
** Concrete

*Elastic
4e+06, 0.15
*Plastic
6100., 0.
13010., 0.0036
16710., 0.009
17390., 0.017
14060., 0.06
1000., 0.062

*Material, name=ConcreteElastic
** Concrete

*Elastic

4e+06, 0.15

*Material, name=FRP
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*Elastic
4 .35e+06, 0.2
*Material, name=PSteel

*Elastic
2.9e+07, 0.3
*Plastic
117500., 0.

157500., 0.025
150000., 0.075
2000., 0.077
*Material, name=TopSteel
** Material for the top of the column
*Elastic
2.9e+08, 0.3

* %

*% TINTERACTION PROPERTIES

* %

*Surface Interaction, name=Conc-Base
1ﬁlriction, slip tolerance=0.005
*gﬁiéace Behavior, augmented Lagrange
*Surface Interaction, name=FRP-Base
1ﬁlriction, slip tolerance=0.005
*gﬁiéace Behavior, augmented Lagrange
*Surface Interaction, name=FRP-FRP
1ﬁlriction, slip tolerance=0.005
*gﬁiéace Behavior, augmented Lagrange
* %

** BOUNDARY CONDITIONS

* %

** Name: FixColumn Type: Displacement/Rotation
*Boundary

RxnSet, 1, 1

RxnSet, 2, 2

RxnSet, 3, 3

** Name: FixedBase Type: Displacement/Rotation
*Boundary

BaseSet, 1, 1

BaseSet, 2, 2

BaseSet, 3, 3

* %

** TNTERACTIONS

* *

** TInteraction: Concl-Base

*Contact Pair, interaction=Conc-Base
ConcreteMid-1.ConcBottom, Base-1.BaseTop
** TInteraction: Concl-Conc?2
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*Contact Pair, interaction=Conc-Base
ConcreteMid-2.ConcBottom, ConcreteMid-1.ConcTop
** Interaction: Conc2-Conc3

*Contact Pair, interaction=Conc-Base
ConcreteMid-3.ConcBottom, ConcreteMid-2.ConcTop
** Tnteraction: Conc3-ConcTop

*Contact Pair, interaction=Conc-Base
ConcreteTop-1.ConcBottom, ConcreteMid-3.ConcTop
** Interaction: FRP1l-Base

*Contact Pair, interaction=FRP-Base
FRP-1.FRPBottom, Base-1.BaseTop

** TInteraction: FRP1-FRP2

*Contact Pair, interaction=FRP-FRP

FRP-2 .FRPBottom, FRP-1.FRPTop

** TInteraction: FRP2-FRP3

*Contact Pair, interaction=FRP-FRP
FRP-3.FRPBottom, FRP-2.FRPTop

** Interaction: FRP3-FRP4

*Contact Pair, interaction=FRP-FRP

FRP-4 .FRPBottom, FRP-3.FRPTop

(<

*Initial Conditions, Type=Stress
WireSet, 45000

* %

* %

** STEP: PostTensionStep

* %

*Step, name=PostTensionStep, nlgeom=YES
*Static, Stabilize

1., 1., 1le-05, 1.

* %

** QUTPUT REQUESTS

* %

*Restart, write, frequency=0

*Monitor, dof=3, node=DriftNode, frequency=1
*Qutput, field, frequency=0

*Qutput, history, frequency=0

*End Step

4 <

* %

** STEP: Load
* %

*Step, name=Load, nlgeom=YES, inc=1000
Load the top of the column

*Static
0.05, 1., 1le-05, 1.
* %
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** BOUNDARY CONDITIONS

* %

** Name: FixColumn Type: Displacement/Rotation
*Boundary, op=NEW

** Name: FixedBase Type: Displacement/Rotation
*Boundary, op=NEW

BaseSet, 1, 1

BaseSet, 2, 2

BaseSet, 3, 3

* %

** LOADS

* %

** Name: Push Type: Surface traction
*Dsload

ColTopSurf, TRSHR, 225., 0., 0., 1.

* %

** QUTPUT REQUESTS

* %

*Restart, write, frequency=0
* %

** FIELD OUTPUT: F-Output-1

* %

*Qutput, field

*Node Output

CF, RF, U

*Element Output, directions=YES
E, EE, MISESMAX, PE, PEEQ, PEEQT, S
*Contact Output

CDISP, CSTRESS

*Qutput, history, frequency=0
*End Step
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