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What is a Concrete-Filled Steel Tube?

O Concrete-Filled Steel Tube (CFST) elements are circular
(most common) or rectangular steel tubes filled with
concrete.

O They are fully composite members maximizing the
benefits of the steel and concrete:
— Steel tube confines the concrete
— Concrete increases stiffness and compressive strength
— Local buckling is delayed

O CFT elements are not simply RC columns with steel
jackets, as is commonly used in seismic retrofit



Application of CFST

> CFST can be used as foundation elements (piles, shafts) and
piers in elevated bridges

> Under extreme loads, inelastic deformation must be isolated
to CFST component. Surrounding concrete components
remain essentially elastic for large reversed cyclic
displacement demands
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Advantages of CFST in ABC

o Relative to RC columns:

O No formwork to construct, tear
down or store

O Internal reinforcement not
required

O Self-consolidating concrete
O Smaller diameters

o0 Relative to precast columns:
O Lighter facilitating placement

O Length and diameters can easily
vary within a structure

O Smaller diameters than RC
columns

Photo Courtesy of MDT

O Can also be integrated with
precast cap beams.




Accelerated Construction Sequence

(0) excavate soil for

pile cap or spread
( foundation

----‘

W



Accelerated Construction Sequence

(1) cast spread footing

or pile cap with voids
( for CFST

L .

‘\——pile typ.




Accelerated Construction Sequence

WD Connection:

(2) deliver steel tubes

to site with annular ring
welded to one end and bars
welded other

ER Connection:

(2) deliver steel tubes

to site with annular ring
welded to each end w

(o)




Accelerated Construction Sequence

(4) grout stee-l- tubes

/ _-into foundation using
/ fiber-reinforced grout




Accelerated Construction Sequence

(5) cast CFST
1—f




Accelerated Construction Sequence

(6) place precast

cap beam onto \
L -

CFST columns




Accelerated Construction Sequence

Embedded Ring (ER)

+ |~ annular
a . . ring S

cap
:‘> beam

> let
> ( corrugated

void filled

with fiber pipe*
reinforced CFST

grout* column

.

.........
e -~

_________

Welded Dowel (WD)

vent o} transverse

fill tube*
tupe* / hoops /

.......

(7) grout dowey’“

into cap beam
OR

(7) grout CFST
into cap beam

L, corrugated
pipe*
cap
Y beam
s | N\ void filled
© b Ser‘IJpL.with fiber
ST s Al .
"+ ;de-bonded || annutar 9
- - region “I] ring
R 47,4-‘
N weld
region
CFST
column
friction collar
(during
construction)




Accelerated Construction Sequence




Accelerated Construction Sequence

(9) cast closure
@ (pour and deck
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CFST Bridge System (Funding Agency)

Welded Dowel (WD) Embedded Ring (ER)

cap Cap Beam Connection (7)
beam (Caltrans)
deck
l‘ CFST Component:

. (WSDOT, ARMY)
' > Flexural Strength (6)
— > Shear Strength (21)

> Deformation Capacity

=5 e
‘__: 'i"ff’ g :7‘ . “1
column o e,
typ. { —
foundationp f=——"1 .

=== Foundation Connection (17):
g e =3 (Caltrans, WSDOT, ARMY)

typ.

Embedded Ring (ER)

Deep-Foundation Connection W
and Soil-Structure Interaction (Proposed)



Design & Implementation

O Combined Loading:
Flexure and Axial
Strength

O Shear Strength

O Connections

Alaskan Way Viadut (CST piles)
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CFST Component Testing

UNIVERSITY of WASHINGTON




Steel Tubes

O Spiral Weld Tubes

O Economical, widely available, larger diameters and lengths than
straight seam tubes

O Fabricated by running a coil of steel through a machine that spins the
coil into a spiral

O Double submerged arc weld is used to seal the spiral; continuous x-ray
of weld

O Weld provides mechanical
bond
O Straight Seam Tubes

O Thicker tubes available;
as such typically used
for driven piles

EXTERIOR
HOT-ROLLED WELD

0 No mechanical bond; o CoIL
low-shrinkage concrete 0,//
or binding through B O ~

bending required for composite action. ROLLS  SIDE



Flexural Response

Initial Buckling
(~2.3% drift)

Initial Tearing
(~2.7% drift)
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Complete Tearing
(3% drift)

-10000

* Increased Stiffness
* Increased Strength
* Increased Deformability

* No loss of strength after buckling
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Composite Action in CFST

Simple, filled-tube push-through tests and 3-point bending tests

applied

* load

Applied Load
2. 4m lb. UTM

strain gage
location typ.

d=197%"

t=%"
welded wire
gage location
typ. ——~ i im concrete fill
f ! length = 60”

air gap to
allow slip

rigid base
support

. v ~ Instrumented
s 20 in. Dia. Tube

4-Test Matrix

Tube Concrete

Conventional

Straight
Seam Low
Shrinkage
Conventional
Spiral
Weld Low

Shrinkage

UNIVERSITY of WASHINGTON




Composite Action

A

Chemical Bond/ Mechanical Bond
Adhesion ﬁ In Spiral Weld Tube

1.2 +

A
1
T

— Straight Seam-Conventional
Straight Seam-Low Shrinkage

— Spiral Weld-Conventional

— Spiral Weld-Low Shrinkage

Average Stress/\f_

0 I 1 i 1 I I 1 1 I I
0 01020304 05 06 07 08 09 1

Average Displacment (in) w-



Shear Strength of CFST

21 tests on CFST specimens conducted. New expression proposed.

> Current design expressions include steel tube only (V,) or
treat CFST as an RC section with V_ =V, + V_. Neither
approach is correct.

> Both underestimate the shear strength by a factor of at least
two.

> Testing investigated: (a) aspect ratio, (b) D/t, (c) concrete
strength, (d) internal reinforcement ratio, (e) tail (anchorage)
length, (f) axial load ratio.

> Results show that CFST sections are very strong in shear.

UNIVERSITY of WASHINGTON



Experimental Setup

PURE

——MOMENT— -
REGION T 2=
aj 7 r
(Prims;l:eTeif ;: ion) Shear Span
y & \ (Primary Test Region)
Tail Length Tail Length

( Pure Moment Regior
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Test Matrix (21 Specimens)

Specimen | a/D |t (in) | a (in) | D/t | Fy (ksi) Y| f. (ksi) | P/Py | Ly (in.) | pine | Interface ?
10° 0.375 | 0.25 7.5 80 42 6.0 0 % 2D 0% Clean
1 1.0 | 025 20 | 80 42 6.0 0 % 2D 0% Clean
2 0.25 10 80 42 6.0 0% 2D 0% Clean
3 0.25 10 80 42 6.0 0% D/2 0% Clean
4 0.25 10 80 42 6.0 0 % D 0% Clean
5 0.25 10 80 42 6.0 0 % 2D 0% Muddy
6 0.5 0.25 10 80 70 6.0 0% 2D 0 % Spiral
9 ' 0.25 10 80 42 6.0 0% 2D 0% Greased
12 0.25 10 80 42 6.0 0% 2D 1.13 % Clean
17 0.25 10 80 42 12 0% 2D 0 % Clean
18 0375 | 10 | 533 42 12 0% 2D 0% Clean
19 0.375 10 53.3 42 12 0% 2D 1.07 % Clean
7 0.25 7.9 80 42 6.0 0% 2D 1.04 % Clean
8 0.25 7.5 80 42 6.0 0% 2D 2.01 % | Clean
11 0.375 0.25 7.5 80 42 6.0 0% D/2 0 % Clean
13 0.25 7.5 80 42 6.0 85% | D/2 0% Clean
16 0.25 7.5 80 42 12 0% 2D 0% Clean
21 0.25 7.5 80 42 gravel | 0% 2D 0% Clean
14 0.25 5 80 42 12 0% 2D 0% Clean
15 0.25 | 0.25 5 80 42 12 0% 5/8D 0% Clean
20 0.25 5 80 42 2.5 0% 2D 0% Clean

! Specimen 10 is the baseline test in the entire series. The test parameters that differ

from this specimen are highlighted.

2 All tube steel conformed to both API 5L X42 and ASTM A53B standards, except

Specimens 6 and 22 which conformed to ASTM A1011 HSLAS Gr 70 C1/C2.
3 All specimens were constructed with straight-seam tubes unless noted otherwise.

Parameters

a/D

L,

D/t

Tube type

£/
Tube-to-Concrete
interface condition

pint
o P/P,

O O O 0O O O

O



Specimen 17

Test Results: Flexural Response D =05 fuy =95 ks
L, =2D Pine = 0%
D/t =80 clean interface
Midspan
e & Typical shear span ratios: 1.0 and 0.5

Flexural buckling of steel tube
Vertical tube tear in constant moment region

©O O O O

Concrete fill crack patterns:
O Dense transverse flexural cracking in
0 midspan region
O Minor to no diagonal cracking in shear spans

Shear Span

.a . ..'."_‘_

L 5




[ Specimen 14/8
Test Results: Shear Response =025 ks

L. =2D Pint = 0%/2%
D/t =80 clean interface

Shear Span
T i Typical shear span ratjps:d%x855 and 0.25
SN P pan ratio
.. . S Evident shear strain in shear span

Inclined tube tear in shear span region

O O O O

No visible deformation of steel tube in pure
moment region

O Concrete fill crack patterns:

O Minor flexural cracking in midspan region

O Extensive diagonal cracking in shear spans




Simulation of Shear Response

+1.150e+01
+6.013e+00
+5.230e-01
Max: +6.640e+01
Elam: TUBE-1.234
Noda: 458
Min: +5.230e-01
Elem: TUBE-1.1340
Mode: 298

Specimen 16

(a/D = 0.375, F, = 56.8 ksi, f',,, = 8.61 ksi, flex-shear)

Steel Tube Deformations

PE, Max. Principal

+2.693e-01
+2.468e-01
+2.244e-01
+2.020e-01
+1.795a-01
+1.571e-01
+1.3468-01
+1.1222-01
- +8.976e-02
+6.732a-02
+4.488e-02
+2.244e-02
+0.000e+00

Max: +2.693e-01

Min: 40.000e+00

Elem: CONC-1.1027 Int: 1

Elem: CONC-1.104 Int: 1

Concrete Cracking




Parameter Studies

Crushing Capacity:
/ PU — AstF:yt + Asrlﬁyrl + 09514{’)0:

> Axial Load Ratio, P/P, <
New developments

> Internal Reinforcement Ratio, p, .

> Tube Diameter-to-Thickness Ratio, D/t

Confirmed

> Concrete Strength, f’ — experlmgntal
conclusions

> Tube Steel Yield Strength, Foi



Proposed Shear Design Expression, V

)

Vn(prop) =2V + Vs +1V, ‘ I

(0.0316A,\/f-) (ksi

P
where: n = 5(1 + 5—) <10
Po

VSt —_ 06Fyt(05ASt)
Vsri = 0-6Fyrl(0-5Asrl)

V. = 0.0316A4./f. (ksi)
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Connection
Tests

) /| :
\
| !
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Test Apparatus — Long.

=

self reacting

steel frame —

axial load applied A
via UTM setup

')

/i,

ENANNNY

low friction

\EI swivel head

bearing
horizontal actuator variable
CFT column ..—-/ super
Y structure

—1 / sliding track

post-tensioned
anchor

4

!

B \B B ©® & &

\ 1-in. gap between
super-structure and

reaction block

anchor
block



Embedded Ring (ER) Connection

vent Q
deck~ tube\ | fill tube”
y J !
R BI____|. _____ RE———
ch H'-:l'- ! ty
RS EREEE <M annular
< 1 Y } -J2 g <
L. % o
T .a ofe
1 I cap
v 2 N & ‘7 beam
: 4,’ t (
void filled 3 corrugated
with fiber pipe*
reinforced
grout* column

Note: Cap beam reinforcing not shown
* Used for precast construction

mm

24 0.25 0.05 Straight Seam APIX42
'
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Performance of ER Connection

Tube Buckling Increases

~3.5%-4% Drift
Tube Buckling Develops <

}‘ A _ IS s|  Final State
o Initiation of Tearing Sh oo

T
¥
h | J vv




Response of ER Connection

@ MORNNG
: . initiation of
buckling visible tearing

I M/MP,CFT

Failure mode and loss
of lateral load
initiated by ductile
tearing of steel tube

Buckling does not
impact performance

Theoretical plastic
moment capacity
achieved

Axial load capacity
maintained after

tearing



Observed Behavior ~ Inadequate Embedment

Final state: 8%o drift



Comparison of ER Specimen:
With and Without Adequate Embedment

1.2
0.9
0.6
0.3
0
-0.3
-0.6
-0.9
-1.2

-

M/Mpcrr

---------------------------------

_M/MP,SD=1 ..... ................ | [

I SNSRI ST EI-I' —
-10-75 -5 25 0 25 5 7.5 10

Drift (%)

W



Key Takeaways — ER Connection

> Utilizing steel tubes which exceed the AASHTO LRFD
slenderness limit buckled at earlier drifts

s 2Z0,15-—
t F,

> Utilizing steel tubes with larger ultimate strain capacities
develop tearing at larger drifts even for large D/t ratios

® D/t=120 ¥ D/t=103
+ D/t=96 B D/t=80

—_
N
oo

EN
o
(]

-\J

(0]
i
1
(o))
®

(o))

.......................

&)

%Drift @ Tearing
',"-\4
. .
+
%Drift @ Fracture

4 ) . . ) 4 : . )
20 25 30 35 40 45 50 08 1 12 14 16
&u (D/t)/(D/t)

limit



Welded Dowel Connection (WD103L)

vent ¢ transverse

fill tube*

gap between
' heads and
top of void
(L measured
from the bottom
Le corrugated of this gap)
pipe*
cap
beam
— \ Void filled
‘ okl e soth with fiber o
A T reinforced
- 1 2 il grout*
24d, i f qzzdé-'b(.)ndledd ::;umr
+ - region
A, -
L e | .. q- weld ,r"‘ m:l
y w Lo "A_' T . region (effective throat)
U 5 o
i column
friction collar
(during Note: Cap beam reinforcing not shown.
construction) Deck reinforcing not shown.

* Used for precast construction

mmr

25.75 0.25 103 0.10 A706 Grade 60



Performance of WD(db) Connection

d Increased
W rocking

9% Drift

. W




Performance of WD Connection

. IVl/lv'P,CFT

0
Drift (%)

1) Achieved
symmetric drifts of
up to 9% with no
degradation

@ Theoretical plastic
moment capacity of
CFT achieved due
to similar
mechanical
reinforcing ratio

W



Key Takeaways WD Connection

> Debonding longitudinal dowels decreases damage to cap
beam

> Including transverse joint reinforcing in the joint improves
confinement in soffit

v )

WDS0T1 @ 10% Drift WDS0T2 @ 10% Drift




Reinforced Concrete (RC) Connection

transverse '
spiral ring of
vent headed _.
* fill *
deck~ tube | /bars ! t;jbe

friction
collar
(during
construgtion)
~N 7
Lg

y Y

transverse reinf.
spaced equally
from bottem of
head through
development
length of bars

in column

gap between
— heads and

top of void (L,
measured from
bottom of this

gap)

\Noid filled

with fiber

reinforced
grout*

gap between
tube and

cap beam (same
as L)

Note: Cap beam reinforcing not shown
* Used for precast construction



Performance of RC Connection

e I




Performance of RC Connection

TV

]

north bar :;E;
1.5 fractEJre northwest and gjs
. northeast |
bar fracture
1 /
0.5 1 Failure mode
: fracture of
s O . .
S reinforcing bars

-0.5

south bar

fracture
17
southwest and /

southeast

(~8% drift)
 Strength limited by

reinforcing ratio

I I

| |

- l !

bar fracture 12 8 4

and moment arm

W



Hysteretic Comparison

y M/ MP,CFT

i M/MP.CFT

V72 g
A

=17

L]

g =N,
="

m_ -

0 12
Drift (%)



Design/

Construction
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Design Expressions

> Strength
— Flexure
— Axial
— Shear
> Connection
— Embedded Ring
— Welded Dowel

> Standard Drawings

> Comparison of RC and CFST geometries

Expressions have been implemented in WSDOT Bridge Design Manual

http://www.wsdot.wa.gov/publications/manuals/m23-50.htm
UNIVERSITY of WASHINGTON



Key Considerations for ER Connection

(1) Annular Ring Dimensions & Weld
(2) Embedement Depth of CFST

(3) Punching Shear above Annular Ring
(4) Cap beam reinforcement

vent (@ o
tube*
deck~ "~ | fill tube
O R Fan
—_~_ o ___ S D% S I______ e
Lp_ n‘-gf- I ty
A ~ . - } a + - l
: .oyt e 7 SRy~ annular
% ‘ 4 '-‘]| P ‘ fing %
QNI Soibe
,'.:."_ ) R . .I . - " ..,:. cap
Vi D e
. a4 - i'. ‘t(
void filled o corrugated
with fiber pipe*
reinforced CFST
grout* column

Note: Cap beam reinforcing not shown
* Used for precast construction



Annular Ring

> Welded to tube to provide
anchorage and stress transfer

> Same thickness and strength
as steel tube

> Projects inside and outside
the tube for a distance 8t

> Welded to the tube using CJP
or fillet welds designed to
transfer the tensile capacity of
the steel tube

minimum fillet
weld size

1.31XF o Xt

w >

Fexx

vent
deck~, (b€ fill tube*
2 &?
L s
< « < N~ annular
SN S ring
L. TP Sl
S cap
N ‘7 beam
“ 2 5 let ‘
void filled > ( corrugated
with fiber pipe*
reinforced
grout*®

Note: Cap beam reinforcing not shown
* Used for precast construction

F .= ultimate strength of steel tube

u,st—

F..=tensile strength of weld metal

W



Embedment Depth

compression

top of deck strut)

> Adequate embedment must
be provided to eliminate g
pullout from cap beam
> Derived using pullout model | % ()

v
A

bottom of .
. . . .. m  ~tension corrugated
with empirical stress limits wbean e’ [ poett
, . . c ALF, applicable
> 6Vf for seismic %
y . . onical Pullout Model  stress limit to acheive
> 8\/f C fOI' yleldlng ¢ Inli’ﬁ:l (ptS:\)/I o yiteld momtetnt of CFST
0 2 4 6 8 ] 10
1 1 . 12 = (') : E : E ‘
YIe,dlng. g»lo . ..... Ogi/
D2 DtF, D s | . %
Le 2 T ) (pSl) % stress Iimi: to acheive;%o* ’%
8 U:’C cap S 6 pIaSti‘c'mbhﬁérit'df'CFST g o ':‘ o "
\J ES 4 'gNo‘Damage‘ """ QE: 8
1 Vol S Limited Damage - - :
S@ISI’THC. o 2 'EIPartia|'fPunoutgFaimre' S
2 . { Cone Pullout Failure ! !
L. 5 D + DtFu . 2 (psi) 0 0.2 0.4 0.6 0.8
e —

n\fc (MPa)

4 6 f! 2 Evaluation of Stress Demand on Conical Surface
Q c,cap




Punching Shear

> Adequate depth must be
provided above
embedded tube to
eliminate punching
shear

> Derived using ACI
procedure for flat slab to
column connections

h > D_z + CctCst+Paxial _ 2 _
- 2

340031647 [f' . cany

(f,c,cap in ksi)

L, > 8t

C= compressive force in concrete
C,=compressive force in steel

vent ¢
tube*, *
deck ~ | ﬁII‘tube
% W B
A oF ) G T, N
h| T b ok
L v
Ayl - Eooa AN |
7 B Sy e 7 Y~ annular
SEIRE ]| -4 gt ring e
Le 7 p . ! i < . ._'
e 4 . . : i N B
. R 2 cap
R s
void filled s corrugated
with fiber pipe*
reinforced CFST
grout* column
Note: Cap beam reinforcing not shown
* Used for precast construction
10000 ! !
P/Po=0.1 :
Fy=50-ksi : Lo
8000 | f'ec=Bksi -~ i "_,f-’f
g 60000 - - .................... . ,'.’.‘ ...............
8 ——t=10.25-n ST
% ........... t =0.5-in ,./’ e
O 4000 Cimmimmint = 0754 P .;_.' ...............
—-—=t=-1-in. e
200008 - ------- ;.','./.‘. .'. . ,j.‘.'.-—.". L et
o Lesfziin




Key Considerations for WD Connection

vent ¢ transverse

fill tube*
/

@ Flange dimensions
(2) bowel weld length
(3) Anchorage depth of 3
headed bar mo o B
@ Dowel debonded length = : J‘\ s

4 I A Ja . reinforced
£ S W grout*
4 Jde-bonded grinular
..+ - region _ fing
L
R eld
o, T 1 region
. . A |-:.‘§'r-\4
@ Cap Beam Reinforcing | ] cret
i column

I
. fricti Il
@ Ca p Bea m Wldth (girli(:lgco " Note: Cap beam reinforcing not shown.

construction) Deck reinforcing not shown.
* Used for precast construction

gap between
! heads and

top of void
(Lg measured
from the bottom
of this gap)

(5) Punching shear above
headed dowels

W



Dowel to Steel Tube Welds

Longitudinal dowels are welded to the inside of the steel tube
Weld type is flare bevel groove weld as specified in AWS D1.5

Required weld lengths based on typical limit states for flare bevel groove
welds
> Strength reduction factors have been incorporated into the equations

vent ¢ transverse fill tube*
/

|

% f | gap between
----- L//4{~/ iop of void 5.64pFy
) o s o et LN s by ’
1§ : A'H J—tStﬂEXX db

of this gap)
ube

) { ipe
=>4 PP weld~

T, -
ERIVisld ———=5 I,
i intore PP
-

Tgrout*

~ column J
friction collar

|
(during Note: Cap beam reinforcing not shown.
construction) Deck reinforcing not shown.
* Used for precast construction



Standard Drawings

STANDARD CONCRETE
w FILLED TUBE CAP BEAM
STEEL _,_ — REINFORCING CONNECTIONS
TUBE BAR Max Stephens
STEE ANNULAR RING Max Siephens
TUBE EXTENDS 8t TO : 24 October 2014
[Page:
gﬂiws%ﬁ;s REINFORCING o =
ANNULAR ( BAR
RING
»~WELD
Ly GENERAL NOTES:
ANNULAR RING SECTION B-B AL STEEL - ) 7
(TRANSVERSE REINFORCING ,=0.2d, 1. All connections can be used with cast-in-place or precast cap compenents. See page 2 for standard
EXTENDS 8t TO TUBE
THE QUTSIDE NOT SHOWN) precast cap beam requirements.
OF THE TUBE | Option "A"
1. Thickness and strength of annular ring shall conform to the thickness and
DETAIL A (SCALE NOT CONSISTENT) strength of steel tube,
ANNULAR RING RING OF RING OF 2. Steel tube shall be welded to the annular ring using fillet welds designed to carry the full tensile
EXTENDS 8t TO HEADED STEEL HEADED capacity of the tube.
THE INSIDE BARS TUBE ~, B) ~©) o BARS 3. Strength and ductility of connection controlled by CFT component.
OF THE TUBE Option "B*
. . 1. Thickness and strength of annular ring shall conform to the thickness and
SECTIONA-A ANNULAR 1" COVER strength of steel tube,
RING SHEAR MIN. 2. Steel tube shall be welded to the annular ring using fillet welds designed to carry the full tensile
REINF. capacity of the tube.
3. Strength and ductility controlled by longitudinal reinforcing which extends from CFT into
SECTION B-8 cap beam. ) !
(TUBE AND ANNULAR RING SECTION C-C 4. Welded longitudinal bars must be placed with sufficient space to allow for welding.
NOT SHOWN) 5. Half of debonded length must extend into cap beam while half of the debonded length must
B (C;)\- @ extend into the CFT column.
(;q\ SHEAR SHEAR REINF. 6. Transverse reinforcing required to increase confinement in joint region. One hoop must be placed
in the thickness of the soffit.
‘/REINFA SPACED EQUALLY  wn
-T- 7 o FROMBOTTEMOF 107 T Option "C N L )
HEAD INTO SOFFIT. b 1. Strength and ductility controlled by longitudinal reinforcing which extends from CFT into cap beam.
ANNULAR RING f NOTE: ONE HOOP L It is difficult to acheive the plastic moment strength of the composite column using this connection
L, (SEE SECTION A-A) L, =— Ll MUST BE PLACED i type due to the moment arm and reinforcing ratio of longitudinal reinforcing.
IN SOFFIT 2. Transverse reinforcing included along the length of the longitudinal reinforcing.
1 3. Friction collar required if this connection type is used with precast cap beam element.
Les——— N [ = BOTTOM OF
\_eorromor T — BT OF “Tlr tc.m:- BEAM
CAP BEAM H
e [N
WELD REGION (SEE SECTION B-B) L ~— FROM BOTTEM OF
., (SEEDETAILA) ~ L Ly <\ HEAD THROUGH
Y DEVELOPMENT MATERIALS:
LENGTH OF BARS
IN COLUMN REINFORCED CONCRETE
1 ' P = 6,000-psi
L >~ e NOTATION AND DEFINITIONS: LOW SHRINKAGE ADMIXTURE REQUIRED
dy - Reinforcing bar diameter IN CONCRETE CORE
T Ly - Development length of reinforcing. CONNECTION REINFORCING

Ly - Debonded length of reinforcing as calculated  f, = 60,000-psi
according to a moment curvature analysis. A706 REINFORCING REQUIRED

Lo - Embedment of steel into cap beam as STEEL PIPE

calculated using EQ. xx. Fy (minimum yield strength) = 45,000-psi
L. - Soffit depth as calculated using EQ. xx. Fu(minimum tensile strength) = 60,000-psi
Ly - Weld length as calculated using EQ. xx. AP| GRADE STEEL PREFFERED

t - Thickness of steel tube

ty Effective weld throat thickness 'ANNULAR RING SHALL HAVE SAME

STRENGTH AS STEEL PIPE

ALTERNATIVE "A" ALTERNATIVE "B" ALTERNATIVE "C"




Redesign of RC Bridge (Cold Water Creek Bridge)

14000 - - - : P-M interaction
12000 faes ©o oo s o N o onginal RG,
S 10000 &iciviviiimding 1IN
< material based " ' ' :
o 8000 piyyinteraciion for “upny N
S 6oop | EFSTeoumn TN L )
T e\
< 40001 - AashTo 'dés‘_ignf SRR
* interaction curve -/ - :
20000 T s
0 2 = 6 8 10 12 14
Moment (kip—in) « 10
No. 4 spiral
@ 3.5"
RC Pier CFEST Pier

Original CFST

RC Pier Pier
Concrete Strength (ksi) 4.0 4.0
Steel Strength (ksi) 60.0 50.0
Diameter (in.) 72.0 42.0
Tube Thickness (in.) - 0.75
Concrete Area (in.?) 4000.0 1288
Steel Area (in.?) 101 97.19
Weight/ft of Pier (kips) 4.4 1.63
Total Pier Weight (kips) 231 85.4
Difference in Pier Weight 63% Reduction

W



Summary and Conclusions

 Spiral weld provides mechanical interlock and superior bond
capacity.
J CFST bridge columns and connections are efficient relative to

RC. CFST columns are stiffer and stronger for a given cross
section. Material savings between 20 and 60%.

J The embedded connection is applicable to cap beam and
foundations and capable of developing the full composite
flexural strength of the CFT.

[ Design expressions have been implemented in the WSDOT
Bridge Design Manual (BDM) and AASHTO (strength).

J CFT is a viable solution for rapid construction of bridges. w.
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Experimental Matrix

Connection Type Loading Direction D (in) | t(in) | Tube Type Axial Load (P/Po)
Embedded Ring Transverse 20 0.25 | Spiral Weld 0.1
e L Transverse 24 0.25 | Straight Seam | 0.05
Longitudinal 25.75 | 0.25 | Spiral Weld 0.1
Longitudinal 24 0.25 | Straight Seam | 0.05 *
Welded Dowel
V_l \j Transverse 20 0.25 Straight Seam | 0.1
De-bonded Welded Dowel
n : F —_— Transverse 20 0.25 | Spiral Weld 0.1
' Longitudinal 20 0.25 | Spiral Weld 0.1 *
Reinforced Concrete
J_J LW Transverse 20 0.25 | Spiral Weld 0.1




Slenderness (D/t ratio)
The local slenderness of the tube shall satisfy: D/t < O.15E/Fy

1.75
1.5
1.25

—

--------------------------------------------------------------------

o
N
o

___________________________________________________________________

0

Measured Moment/Predicted
Moment
o
o
(8] o

0.15 £

F,
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D
(Local Slenderness Ratio)/(AISC D/t Limit) ( t )



Axial Resistance
The factored resistance, P,, of a composite CFST column subject
to axial compression shall be determined as: P, = ¢.P,.

P =095/ A +F A, +F,A,

yst= st

o [fP,>0.44P,, then:

. p- anlzﬁ
=0.658" (K1)
P.=0.658>P,
= t+ si si+ ' clc
Y If pe < 0.44P0’ then: Ely=E.l.tEsl.TCE.I
Pn:O.877 Pe C,=015+ P + Ast +Asb SO.9
P, A,+A4,+A4,
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Comparison with Buckling

Based on AISC Buckling Curve

Pcr,FEM/Po or P,test/Po

Buckling parameter A

2.5

e AISC buckling curve_ El from AISC

o E X » + X © O O O

Han & Yan (2000)

Kloppel & Goder (1957)
Gardner & Jacobson (1967)
Fujii (1994)

Pan (1988)

Masuo et al. (1991)

Cai etal. (1984 & 1985)
Cai & Gu (1985)

Matsui et al. (1995)
Gardner (1968)_Spiral Welded Tube
Ghannam et al. (2004)

Han & Yao (2004)
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Length Dowels Extend into Cap Beam

The headed reinforcing extends into the cap beam to fully develop the
dowels while eliminating the potential for a conical pullout failure

ACI Development of bars
with

transverse
vent ¢ VEISE il tube*

: / // | gap between
I s e T | heads and
top of void
h . | i " (E':r?'le\;oslured
mechanica a”ﬁ'b%ib F
of this gap)
g e y,b . { “corrugated
L > d 5 pipe*
e o b . begm
f f = Void filled
g ‘ EE (with fiber
,:"4-, I fill | relnfo‘rced
f’,= grout strength ;Mb "+ S desondod, ::;mar‘grout
F ,=yield strength of dowel AN
v,b . j ) ,_: A - - weld
W _=bar coating factor ol T T regen
d,=dowel diameter _—
friction collar :
1 1 i Note: Cap beam reinforcing not shown.
L e n g t h tO el I m I n at e S:%l:;?rguction) De'::k reinforcing notgshown.
. * Used for precast construction
conical pullout |
compression
lopofdeck _____ strut_
o] [
+

> DZ 1.2 * Fy,b * ASt,b B 2 | Y.
e — 2 L

A corrugated
,
4 N ““ pipe
o |f' 2
S AN 5. W | )
Ccap bottom of

AﬁlFLl \
A, ,= total area of dowels %




Dowel Debonded Length

i
> De-bonded with the I T otonar
intent of increasing === nuam
ductility R
— Limits strain in dowels A i , .
— Limits damage to cap oy Tl
|

beam CFST

column Note: Cap beam not shown

> Two methods to

Moment Curvature Oy
calculated de-bonded  Approach b= ¢
Iength @,= curvature limit corresponding to a maximum steel strain

as obtained using a moment curvature analysis
— Moment-curvature

analysis Rigid Body | _tanf(D —t—dy/2)

— Rigid body kinematics Approach g 0.7¢,

€,= ultimate dowel bar strain



Punching Shear Requirement

> Adequate depth
must be provided g e
above the headed A R S— -+ ey
dowels to eliminate
punching shear

> Experimental
research discussed 1] e
here used 4d, '

friction collar

> 3d, may be 08y " St ot
adequate based on
a survey of relevant
research

from the bottom
of this gap)




Caltrans Example Bridge

14000 ——a>—>———"—"— Original CFST
12000 L5+ bl RC Pier | Pier
B 10000) . o iR NG :
< TR\ N\ Concrete Strength (ksi) 4.0 4.0
S 8000 |material based : o b ST N
8 P-M interaction for : : : \ -
— 6000 |CRST.colimn. T77 NN -1 ez s Steel Strength (ksi) 60.0 50.0
;20 40001 - - .ng.m.a‘;ndﬁ:tz : N A : .
2000 | -AAsHTG design 87 ) o AL Diameter (in.) 72 50
interaction curve -
O i ) ) ~ ) i i o o _
0 2 4 6 B 10 12 14 16 18 Tube Thickness (in.) 0.625
Moment (kip—in) 104 :
X Concrete Area (in.2) 4072 1866
T
£ = 0.625-in. Steel Area (in.?) 92 96.94
4 @50-in.
Weight/ft of Pier (kips) 4.4 2.2
Total Pier Weight (kips) 209 104
Difference in Pier Weight 50% Reduction
No. 8 hoops
@ 6"
RC Pier CFEST Pier

UNIVERSITY of WASHINGTON



Flexural Strength: Plastic-Stress Distribution Method

> Method of choice for flexural strength calculation
> Equilibrium-based method

A ;?A%, P-M Interaction Diag.
N 7 F, 0.95f
neutral axis — — %/I/ééf// — _ o c 1'?
. / 0.8
centroid e
F, 06
0.4
AS \—$ 0.2
steel concrete ° 5 O 1 s
stress  stress MM,
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Comparison with Test Data

17/

QO Kingsley, Williams, & Chronister

AThody etal.

© Boyd, Cofer, & McLean

i Wheeler & Bridge

X Han, Lu, Yao, & Liao

+ Elremaily and Azizinamini

1.00 — i

+ Elchalakani et al.

4 Marson & Bruneau, et al.

Mexperimentall M predicted

0.75
B Morino et al.
OZhang et al.
0.50 +
0.00 0.20 0.40 0.60 0.80 1.00

Axial Load Ratio (P/Po) SHINGTON




Embedded Ring Connection

O Fully restrained (Full Strength)
CFST moment connection

O Tube embedded in foundation
concrete

O Annular ring used to transfer
overturning forces




