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BackgroundBackground

•• Both steel and FRP jacketing techniques are Both steel and FRP jacketing techniques are 
available for the seismic retrofitting of RC columns.available for the seismic retrofitting of RC columns.

•• Steel jacketing is ductile and durable. Engineers are Steel jacketing is ductile and durable. Engineers are 
confident with the reliable materials.confident with the reliable materials.

•• FRP jacketing is light and easy to construct in field FRP jacketing is light and easy to construct in field 
condition. It has no issue related to steel corrosion.condition. It has no issue related to steel corrosion.

•• It would be desirable to combine several It would be desirable to combine several 
advantages of the two techniques: ductile, durable, advantages of the two techniques: ductile, durable, 
light in weight, and reliable materials. Using light in weight, and reliable materials. Using 
stiffened thin steel sheets (galvanized or stainless stiffened thin steel sheets (galvanized or stainless 
steel) seems to meet the above requirements.steel) seems to meet the above requirements.

Steel Retrofitting Steel Retrofitting -- 44

ObjectivesObjectives

•• Develop a new seismic retrofit technique with Develop a new seismic retrofit technique with 
stiffened thin steel sheets for columns and steel stiffened thin steel sheets for columns and steel 
plates for beamplates for beam--column jointscolumn joints

•• Test concrete ring specimens wrapped with thin Test concrete ring specimens wrapped with thin 
steel sheets to understand the strength and failure steel sheets to understand the strength and failure 
modes of nailed jointsmodes of nailed joints

•• Design the retrofit scheme for an existing bridge in Design the retrofit scheme for an existing bridge in 
southeast Missourisoutheast Missouri

•• Test two 4/5Test two 4/5--scale beamscale beam--column specimens to column specimens to 
validate the performance of the retrofit schemevalidate the performance of the retrofit scheme
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New Retrofit SchemeNew Retrofit Scheme
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Nailed Joint Failure ModesNailed Joint Failure Modes

Top View Lap Splice vs. Self Lock Joint

Specimens
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Nailed Joint Failure ModesNailed Joint Failure Modes
Test Setup

Steel Retrofitting Steel Retrofitting -- 88

Nailed Joint Failure ModesNailed Joint Failure Modes
Test Results (12 Specimens)

F/C Ratio vs. Nail Pattern
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Nailed Joint Failure ModesNailed Joint Failure Modes
Failure Modes and Summary

•• Self lock joints (3Self lock joints (3--nail pattern) always fail in pullnail pattern) always fail in pull--out of nails due out of nails due 
to potential bending effects on the outer steel sheet while splito potential bending effects on the outer steel sheet while splice ce 
joints (5joints (5--nail pattern) always fail in bearing of the steel sheets.nail pattern) always fail in bearing of the steel sheets.

•• The ratio of failure to crack loads of the 5The ratio of failure to crack loads of the 5--nail pattern specimens nail pattern specimens 
are always greater than that of the 3are always greater than that of the 3--nail pattern specimens. nail pattern specimens. 
Strength is proportional to the number of nails in joints.Strength is proportional to the number of nails in joints.

•• The strength of joints is independent of the length of nails. The strength of joints is independent of the length of nails. 

Lap splice joint    Self lock joint

Steel Retrofitting Steel Retrofitting -- 1010

Test Data of Lap Splice JointsTest Data of Lap Splice Joints

3.363.363.233.23410041003*3*55

2.662.661.941.94337033704444

0.880.880.680.68236023604433

0.590.590.390.39199019904422

Strain at Strain at 
Break (%)Break (%)

Strain at Strain at 
Peak (%)Peak (%)

Load atLoad at
Peak (Peak (lbflbf))

Number ofNumber of
specimensspecimens

RowsRows
of Nailsof Nails

* One specimen damaged before testing
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Typical LoadTypical Load--Strain RelationStrain Relation

2-Nail Joint

4-Nail Joint

3-Nail Joint

5-Nail Joint
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Retrofit GoalsRetrofit Goals

•• Increase the ductility of the RC columnIncrease the ductility of the RC column
•• Eliminate the potential shear failure of Eliminate the potential shear failure of 

the columnthe column
•• Increase the shear/flexural capacity of Increase the shear/flexural capacity of 

the cap beamthe cap beam
•• Eliminate the potential shear failure and Eliminate the potential shear failure and 

reduce the stiffness degradation at the reduce the stiffness degradation at the 
beambeam--column jointcolumn joint
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Retrofit DesignRetrofit Design

Column Strengthening for DuctilityColumn Strengthening for Ductility
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Retrofit DesignRetrofit Design
Column Strengthening for ShearColumn Strengthening for Shear
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Retrofit DesignRetrofit Design
Statically Determinant (XStatically Determinant (X--Shape Plate)Shape Plate)

Steel Retrofitting Steel Retrofitting -- 1616

Retrofit DesignRetrofit Design
Thickness of Horizontal PlatesThickness of Horizontal Plates

Assumptions:Assumptions:
1. Tension in vertical plates is 1. Tension in vertical plates is 

significantly smaller (<20%) significantly smaller (<20%) 
than that in diagonal plates. It than that in diagonal plates. It 
is neglected in calculation.is neglected in calculation.

2. Diagonal steel plates are fully 2. Diagonal steel plates are fully 
yielded. The total tension yielded. The total tension 
force on two diagonal plates isforce on two diagonal plates is
T=2x50ksix12T=2x50ksix12””x0.25x0.25””=300kips=300kips

•• The load on the top plate is The load on the top plate is 
equal to equal to 

=0.5ksi=0.5ksi

•• A=25A=25””x17x17””=425 in=425 in22

Analytical and 
computer models

cos 45Tc
A

=
o

U3=0.1834”<L/100=0.25”
The L/100 allowable deflection 
corresponds to that of the story 
drift of a steel frame (Table 
1617.3.1, IBC2003)
Thickness=0.25”
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Retrofit DesignRetrofit Design

0.250.250.250.25Steel plate for beamSteel plate for beam--
column joint shearcolumn joint shear

Actual thickness Actual thickness 
(in)(in)

Design thickness Design thickness 
(in)(in)

Retrofit component

3/323/32

0.0250.025

0.250.25 0.5*0.5*Steel ring for column Steel ring for column 
ductility

3/323/32XX--shape steel plate for shape steel plate for 
joint shearjoint shear

0.036(20GA)*0.036(20GA)*Steel sheet for column Steel sheet for column 
shear

* Based on availability or ease of fabrication

SummarySummary

Steel Retrofitting Steel Retrofitting -- 1818

Retrofit DesignRetrofit Design
33rdrd Specimen DetailsSpecimen Details
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Retrofit DesignRetrofit Design
44thth Specimen DetailsSpecimen Details

Steel Retrofitting Steel Retrofitting -- 2020

Test SetupTest Setup

3rd Specimen 4th Specimen
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Load vs. DisplacementLoad vs. Displacement
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Axial Load vs. DisplacementAxial Load vs. Displacement
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Bent Cap Longitudinal Steel StrainBent Cap Longitudinal Steel Strain
(3(3rdrd Specimen) Specimen) 
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Bent Cap Longitudinal Steel StrainBent Cap Longitudinal Steel Strain
(4(4thth Specimen) Specimen) 
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Bent Cap Stirrup Steel StrainBent Cap Stirrup Steel Strain
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Strain Gage Location on Retrofit Strain Gage Location on Retrofit 
ComponentComponent
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Strain on Steel RingsStrain on Steel Rings
(3(3rdrd Specimen)Specimen)
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Strain on XStrain on X--Shape Steel PlatesShape Steel Plates
(3(3rdrd Specimen)Specimen)
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Steel Retrofitting Steel Retrofitting -- 2929

Strain on Vertical Steel PlatesStrain on Vertical Steel Plates
(3(3rdrd Specimen)Specimen)
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UnretrofittedUnretrofitted vs. Retrofitted vs. Retrofitted ColumnColumn
(3(3rdrd Specimen)Specimen)
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UnretrofittedUnretrofitted vs. Retrofitted Jointvs. Retrofitted Joint
(3(3rdrd Specimen)Specimen)
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Strain on Steel RingsStrain on Steel Rings
(4(4thth Specimen)Specimen)
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Steel Retrofitting Steel Retrofitting -- 3333

Strain on XStrain on X--Shape Steel PlatesShape Steel Plates
(4(4thth Specimen) Specimen) 

-12 -8 -4 0 4 8 12
Lateral Displacement (in)

-200

-100

0

100

200

300

M
ic

ro
st

ra
in

 (i
nx

10
3 /i

n)

-12 -8 -4 0 4 8 12
Lateral Displacement (in)

-100

0

100

200

300

400

M
ic

ro
st

ra
in

 (i
nx

10
3 /i

n)

Steel Retrofitting Steel Retrofitting -- 3434

Strain on Vertical Steel PlatesStrain on Vertical Steel Plates
(4(4thth Specimen)Specimen)
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ConclusionsConclusions

•• Lap splice nailed joints of two thin steel sheets are very Lap splice nailed joints of two thin steel sheets are very 
effective. Their strength is generally proportional to the effective. Their strength is generally proportional to the 
number of rows of nails. Lap splice joints ultimately fail in number of rows of nails. Lap splice joints ultimately fail in 
bearing of the sheets.bearing of the sheets.

•• Self lock nailed joints of two thin steel sheets can be as Self lock nailed joints of two thin steel sheets can be as 
effective as lap splice joints provided that sufficient space ateffective as lap splice joints provided that sufficient space at
the end of the sheets, nailed with two or more rows of nails, the end of the sheets, nailed with two or more rows of nails, 
is available for shear deformation of the joints. Such a wellis available for shear deformation of the joints. Such a well--
designed joint did not fail in pulldesigned joint did not fail in pull--out of nails that happened out of nails that happened 
to the concrete rings wrapped with a lock joint without to the concrete rings wrapped with a lock joint without 
space. The number of the rows of nails is significantly space. The number of the rows of nails is significantly 
smaller than that of the lap splice joints.smaller than that of the lap splice joints.

•• Both lap splice and self lock joints are sufficient in providingBoth lap splice and self lock joints are sufficient in providing
strength of nailed steel sheets for column shear retrofitting. strength of nailed steel sheets for column shear retrofitting. 
Their strength is independent of the length of nails due to Their strength is independent of the length of nails due to 
concrete cracks.concrete cracks.

Steel Retrofitting Steel Retrofitting -- 3636

ConclusionsConclusions

•• Steel rings as stiffeners to thin steel sheets in the plastic Steel rings as stiffeners to thin steel sheets in the plastic 
hinge zone can enhance the column ductility substantially. A hinge zone can enhance the column ductility substantially. A 
spacing of 7.5 cm seems reasonable to prevent buckling of spacing of 7.5 cm seems reasonable to prevent buckling of 
the thin sheets.the thin sheets.

•• Retrofitting a beamRetrofitting a beam--column joint with steel plates (one wrap column joint with steel plates (one wrap 
around the cap beam on both sides of the column and xaround the cap beam on both sides of the column and x--
bracing between two wraps) can effectively reduce the bracing between two wraps) can effectively reduce the 
number and width of cracks at the joint. The shear force at number and width of cracks at the joint. The shear force at 
the joint is mainly transferred by the xthe joint is mainly transferred by the x--bracing, not the bracing, not the 
vertical plates in the two wraps.vertical plates in the two wraps.

•• Longitudinal Longitudinal prestressprestress on the cap beam can further control on the cap beam can further control 
the development of cracks at the beamthe development of cracks at the beam--column joint so that column joint so that 
the longitudinal rebar in column will not be pulled out of the the longitudinal rebar in column will not be pulled out of the 
joint and, as a result, the stiffness of the beamjoint and, as a result, the stiffness of the beam--column column 
assemblage will not be degraded significantly.assemblage will not be degraded significantly.


