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Presentation Overview

= Motivation

= Column experimental study
= Reinforcement fatigue

= Column modeling

= SDOF nonlinear time history analyses and

column fragility



Motivation

= Need for retrofit: Circular columns tested as cantilevers
= Loading protocol consistent with strike-slip earthquakes

Lateral Load (kips)

No retrofit: Retrofit:
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Retrofitted Column Experimental
Study



Test Matrix — Steel Jacket

Long. | #

Column 1.D. Bar | Long. | A./A, | P/(A,f!) | H/D | Loading

Size | DBars Protocol
C{S)-4.0-#7(1.3)-0.05 #7 10 0.0153 0.05 4.0) Cvelic
C(5)-4.0-45(1.4)-0.05 #5 20 | 0.0137 0.05 4.0 | Cyelic
ClS)-4.0-#7(2.7)-0.05 7 20 0.0265 0.05 4.0) Cyelic

C(S)-4.0-#7(1.3)-0.05-EQ | #7 100 | 0.0133 0.05 4.0 EQ

CiS)-4.0-47(1.3)-0.15 #7 10 0.0133 0.15 4.0 Cyelic
C(S)-6.0-#7(1.3)-0.05 #7 100 | 0.0133 0.05 6.0 | Cyelic

20 #5 long.

20%7 long.

10 #7 long.




Test Matrix

— FRP Jacket

Long. i , Loading
Column LD. Ear Long. | A;/4A, P,’(Agﬁ: ) H/D Protocol
S1ze Bars
C(CFRP)-4.0-27(1.3)-0.05 27 10 | 0.0133 0.05 10 | Cyelic
C(CFRP)-4.0-#5(1.4)-0.05 #5 20 0.0137 0.05 4.0 Cyclic
C(CFRP)-4.0-£7(2.7)-0.05 27 20 | 0.0265 0.05 40 | Cyelic
C(CFRP)-4.0-#7(1.3)-0.05-EQ #7 10 0.0133 0.05 4.0 EQ
C(CFRP)-4.0-27(1.3)-0.05-2X | #7 10 | 0.0133 | 005 40 | 2x Cyclic
C(CFRP)-4.0-#7(1.3)-0.15 27 10 | 0.0133 0.15 10 | Cyelic

20 #5 long.




Column Drawings
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Footing Drawings
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Steel Reinforcement Properties

B
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Sample Ty fu
1.D. [ksi] | [ksi] (%]

Elongation | Sample fo | fu

I.D. [ksi] | [ksi] (%]

Elongation

#5 Test 1 | 48.5 | 72.0 39 #7 Test 1 | 46.5 | 69.0 16
#5 Test 2 | 52.0 | T4.5 32 #7 Test 2 | 51.0 | 73.0 17
#5 Test 3 | 51.0 | 74.0 39 #7 Test 3 | 51.5 | 73.0 54

Average | 50.5 | 73.5 36.7 49.8 | TL.7 29

0.6
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Test Set-Up
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est Set-Up: Axial Load Application
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Loading Protocol
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Loading Protocol

Cumulative Plastic Deformation

Loading protocol:
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Loading Protocol
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Test Video
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Test Results: Load-Deformation
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Test Results: Load-Deformation - Steel
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LATERAL LOAD [KIP]

LATERAL LOAD [KIP]
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Test Results:

Load-Deformation - FRP
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est Results: Deformation Capacity

Steel Jacket Retrofitted:

Lateral Failure Axial Failure
Column LD, % (Cyele Number) Drift [%)] f—u (Cvele | Drift

(+) (—) (+) | (=) | Number) | [%]
CIS)-4.0-#7(1.3)-0.05 | 15.0(1)+ [ 150(1)= | 60 | 60 | NA. | NA.
C(S)-4.0-45(1.4)-0.05 | 125(1)+ | 15.0(1)— | 5.0 | 6.0 NA. | NA
CIS)-4.0-#T(2.7)-0.05 | 125(2)+ [ 15.0(1)— | 625 | 7.5 | NA. | NA.
CS)-4.0-#7(1.3)-0.05-EQ | 12.5(1)+ | 15.4(1)— | 50 | 6.1 NA. | NA
CIS)-4.0-#7(1.3)-0.15 | 12.5(1)+ | 125(2)— | 6.25 | 6.25 | 20.0(5)— | 10.0—
CIS)-6.0-#7(1.3)-0.05 | 125(1)+ | 125(1)— | 6.25 | 6.25 | 200(1)= | 10.0—

FRP Jacket Retrofitted:
Column I.D. Lateral Failure
% (Cycle Number) Drift [%]

(+] = i+ -

C{CFEP)- #7(1.3)-0.05 20.0 (1) + 15.0(1)— 8.0 6.0

C(CFRP)-#2(1.4)-0.03 15.0(2) + 15.0(1)— 6.0 6.0

C(CEEP)-#7(2.7)-0.05 15.0 (1) + 15.0 (1) — 7.5 7.5

C(CFRP)-#7(1.3)-0.05-EQ 20.0 (1) + 20.0 (1) - 8.0 8.0

C{CFEP)-%#7(1.3)-0.05-2X 15.0(1) + 12.5 (4)— 6.0 5.0
C(CEFEP)-#7(1.2)-0.15 12.5(2) + 12.5(2)— 6.25 6.25




Reinforcement Fatigue
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Bar Testing Setup

100 Kip Actuator with load plate
braced against out-of-plane

buckling

Load and actuator
displacement recorded t

Machined Rebar Grips per
Brown and Kunnath (2004)
specifications

y

Bar unbraced length
Between 4d, and 6d, \

I 1” Extensometer to record strain
and control displacement protocol

Base of test frame fixed to
laboratory floor



Stress (kip/ inz)

Constant Amplitude Testing

Koh-Stephens
(total-strain amplitude)
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Column Modeling
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Deformation Capacity Model

Steel Jacket Retrofitted Column: Hinge Rotation Model: Plane-Strain Behavior:
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OpenSees Model

L.CI ap 1

Elastic
beam-
column
element

Fiber
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where C*d, accounts for
strain penetration
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Grade 60
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Plastic Hinge Length

= Alsiwat and Saatcioglu (1992):

Extension:
—F Bt = E:ch + ﬂ'S[EJ + E:J'I]LJFI
strain harded ing cone breakout + 015(% + Ey:'Lrp + ﬂj{ﬁﬂf—w
' Slip: .
yield plateau~ N ‘/a 5 = 5 ! 2
- e Ty l"' _— . —
elastlc\/ 5 1 "
H ™ 3-{]
Eﬂ = Tl
/ % t _ ) L
A—— " 4 30
u, = if L) = L,
L e
| b '@ u, = % if L.p = L,
Total: .
- |u. .
(9 K 6total = 6ext + 65

FIG, 1. {a) Reinforcing Bar Embedded in Concrete; (b) Stress Distribution; (c)
Strain Distribution; (d) Bond Stress between Concreie and Steel
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Bond Slip Model
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Effective Stiffness

= Elwood and Eberhard (2009) procedure for
reinforced concrete columns:

A= Aflexure + Aslip + Ashear

2
A _ 0y
flexure — 3

. Hdbfy¢y _ Hdbfy¢y

Aoyi =
slip Su 8(9.6@)

My My

A,Gers  (0.85D)(0.2E,)

Ashear -
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Effective Stiffness

= Chai et al (1994) procedure for steel jacketed reinforced
concrete columns:

P
l R
= 4 P L+ (fave

Chai et al (1994):

fj } (f trj) HVE

— |-Jacket

Assumed Vertical Stress
in Steel Jacket
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Derformation Capacity Model -
Fatigue

Coffin (1954 and 1971) and Manson (1965) formulation:
-m
&p = &o(2Ny)

(-m)~1og(Z2)

2N =10
Brown and Kunnath (2000, 2004):
g = 0.12
m = 0.44
Minor’s rule:
Dy — 2n;
2Ny

DI > 1.0 » Failure
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Model Validation — FRP Jacket
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Model Validation — FRP Jacket
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Column Fragqility
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Column Sections Considered

16 #7 long. s o

36

48 #7 long.

Column | Jacket | Long. | #Long.

Column Name Shape | Type | Bar Sfi;ze Barsg As/Ag | P/(Agf'c)
C(S)-#7(0.9)-0.05 | Circular | Steel #7 16 | 0.0094 | 0.05
C(S)-#11(0.9)-0.05 | Circular | Steel #11 6 0.0092 0.05
C(S)-#7(2.8)-0.05 | Circular | Steel #7 48 | 0.0283 0.05
C(S)-#11(2.8)-0.05 | Circular | Steel #11 18 | 0.0276 | 0.05
C(S)-#7(0.9)-0.15 | Circular | Steel #7 16 | 0.0094 | 0.15
C(S)-#11(0.9)-0.15 | Circular | Steel #11 6 0.0092 0.15
C(S)-#7(2.8)-0.15 | Circular | Steel #7 48 0.0283 0.15
C(S)-#11(2.8)-0.15 | Circular | Steel #11 18 | 00276 | 0.15
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SDOF Nonlinear Time History Analyses

Site locations of Seattle and Forks, site class C

SaW/Fy of 3, 4, and 5 used to determine mass k

SaW  Sgmg

E

F,

Structural periods of 0.25s, 0.5s, 0.75s, 1.0s, 1.5s, 2.0s, and 3.0s Clsed to

determine stiffness (i.e., height of column)

Model columns, each with axial load of 0.05Agf’c and 0.15Agf'c
Site-specific M9 ground motion suits provided by UW/USGS (Cervantes,

2019):
Table 3.1. Station ID, Coordinates, and Rcdeve Used to Represent Washington Cities
City Location Nearest Station Location
City Name Latitude  Longitude Station 1D Latitude  Longitude R ooy (k)

Forks 47.9504 -124.3855 ZOFORK 47.9456  -124.5662 25.92

Ocean Shores 46.9737 -124.1563 Z0XO0CSs 469778  -124.1544 23.94

Port Angeles 48.1181 -123.4307 ZOXANG 48.1191  -123.4309 57.61

Olympia 47.0379 -122.9007 ZO0CPW 469717  -123.1376 75.53

Port Townsend 48.1170 -122.7604 ZOXTWN 48.1146  -122.7561 95.73

Vancouver 45.6272 -122.6727 ZOHUBA 456287  -122.6526 109.49

Tacoma 47.2529 -122.4443 ZO0TBPA 47.2559  -122.3682 105.61

Seattle 47.6062 -122.3321 ZOXWLK 476120  -122.3375 114.56

Graham 47.0529 -122.2943 ZOOGHW 47.0395  -122.2737 117.40
Everett 47.9790 -122.2021 ZOEVCC 48.0056  -122.2043 128.53 42




Column Fragqility — Lateral Failures
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Summary and Conclusions

Loading protocol formulated for CSZ demands

= Cyclic content found to impact column deformation capacity
Concrete damage limited to gap and footing cover concrete
Strength degradation due to fatigue fracture

= 20% strength loss (lateral failure) at first fracture

Lateral failure at 12.5 to 15.0 0y (5% to 6.25% drift)
Axial failure at fatigue fracture of all longitudinal bars

= 10% drift at axial failure in test columns
Fatigue life lower for historic reinforcement

OpenSees + fatigue model to predict column behavior

= Used for nonlinear time history analysis

Lateral failure probability higher for short period bridges
near coast and for periods of ~0.75-s and higher4i4p
sedimentary basin



Questions?
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