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Cumulative Seismic Damage of Circular Bridge Columns:
Benchmark and Low-Cycle Fatigue Tests
by Ashraf EI-Bahy, Sashi K. Kunnath, William C. Stone, and Andrew W. Taylor

An experimental study was undertaken to investigate cumulative
damage in reinforced concrete circular bridge piers subjected to a
sertes of earthquake ercitations. Twelve identical quarter-scale
bridge columns, designed in accordance with current AASHTO
specifications, were fabricated and tested to failure. This paper sum-
marizes the results of Phase I testing that consisted of benchmark
tests to establish the monotonic force-deformation envelope and the
energy capacity under standard cyclic loads, and constant amplitude
lests to determine the low-cycle fatigue characteristics of typical flex-
ural bridge columns. A companion paper will present the resulls of
wariable amplitude testing that focused on the effects of load path on
cumulative damage. Test observations indicate fwo potential Jailure
modes: low cycle fatigue of the longitudinal reinforcing bars; and
confinement farlure due to rupture of the confining spirals. The
Jormer failure mode Is associated with relatively large displacement
amplitudes in excess of 4 percent lateral drif}, while the latter is asso-
clated with a larger number of smaller amplitude cycles. A fatigue
life expression is developed that can be used in damage-based seismic
design of circular, flexural bridge columns.

Keywords: bridges (structures); cyclic loads; damage; ductility; earth-
quake-resistant structures; fatigue tests.

INTRODUCTION

Damage to bridge structures in past earthquakes has been
significant. The 1971 San Fernando earthquake significantly
damaged as many as 41 bridges. More recently, the 1989 Loma
Prieta earthquake caused more than $5.5 billion in damage, of
which almost a third was attributed to highway failures, the
most notable being the collapse of a section of the Cypress via-
duct.! Post-earthquake reconnaissance and follow-up research
have indicated that most of the damage in highway bridges is a
result ot some or all of the following reasons: 1) insufficient col-
umn ductility and/or energy dissipation capacity to sustain the
large imposed lateral displacements; 2) insufficient shear ca-
pacity in short columns; and 38) lack of adequate anchorage
length in the longitudinal reinforcing bars of the piers.

The basic philosophy behind past and present AASHTO® or
CALTRANS? specifications for the seismic design of bridge
columns is based on a prescriptive approach; that is, the speci-
tications place constraints on such factors as material proper-
ties, minimum reinforcement or confinement requirements,
and column geometry, without specifically linking these re-
quirements to the performance of the column when it is sub-
Jected to a particular earthquake. A designer who follows the
prescriptive code requirements is ostensibly assured that the
structural safety of the bridge pier will be preserved under
maximum likely carthquakes at the bridge site. However, the
designer cannot assess the degree and extent of damage suf-
fered by the bridge coluimn due to any magnitude of ground-
shaking during its lifetime. The larger issue of seismic safety in
future carthquakes, as well as the criteria to be used in upgrad-
ing, remains unresolved.
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Much of the strength and deformation requirements in current
highway bridge design procedures have been derived from exper-
imental testing and limited analytical studies. However, it must
be noted that most of the testing conducted in the past was direct-
ed towards the objective of understanding postyield behavior un-
der cyclic load reversals to develop detailing strategies to insure
satisfactory performance under seismic action. As such, these
tests have provided pertinent knowledge regarding the cffects of
various important parameters, such as the influence of varying
axial forces, the presence of high shear, confinement, and multidi-
rectional loading, on the failure of bridge coluinns. Issucs related
to performance or correlation of observed behavior to damage
have not been addressed directly; therefore, efforts related to cal-
ibrating damage models have not met with any success.

A major factor that has hindered the development of a per-
formance-based design mcthodology is the fact that no system-
atic experimental program has yet been undertaken wherein
the imposed loading, the system variables, and the measured or
observed response were tailored to specifically monitor, model
and calibrate cuinulative seismic damage. The effort described
in this paper is an initial step in this direction.

RESEARCH SIGNIFICANCE

This study is an attempt to understand the mechanics of cu-
mulative damage in reinforced concrete bridge piers subjected
to multiple earthquakes of varying magnitudes. The experi-
mental program was designed to specifically address issues re-
lated to damageability and reserve capacity following a seismic
event, and correlate observed damage with well-recognized
damage parameters. [t is the premise of this study that struc-
tural damage resulting from earthquake-induced forces is inex-
tricably linked to the fatigue behavior of concrete and steel.
The fatigue characteristics of typical flexural columns will pro-
vide a basis to develop a model of seismic structural damage for
use in seismic performance assessment. This study is also con-
cerned with identifying criteria for low-cycle fatigue failure of
the column section on a general level with particular interest
in the longitudinal reinforcing bar, and the role of confinement,
as prescribed in modern codes, in altering flexural failure
modes. Ultimately, the results of this study will contribute to
the overall task of damage-based seismic design and the predic-
tion of flexural failure modes in bridge columns.

SUMMARY OF PREVIOUS EXPERIMENTAL WORK

The carliest tests on bridge columns under simulated
carthquake loads were carried out in Japan® and New
Zealand.” The first shaking table study was conducted by
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Munro et al.f on a 1:6-scalc model pier. Since then, a number
of additional experiments have been carried out in Japan, New
Zcaland, and the U. S. on the inelastic shear and flexural be-
havior of bridge columns, the most significant of which are
summarized as follows.

Mander et al” tested the first large-scale square hollow
bridge piers under lateral eyclic loading to establish the ductil-
ity capacity of hollow bridge piers that are commonly used in
New Zealand. It was determined that the main parameter that
controlled the ductility capacity of the columns was the amount
of the lateral reinforcement. Another significant contribution of
this particular work was the development of an analytical model
leading to a better understanding of the role of confinement in
seismic damage of reinforced concrete (RC) columns.

Full-scale and 1:6-scale model columns, which simulated both
shear and flexural behavior, were tested at the National Institute
of Standards and Technology to verify the adequacy of CAL-
TRANS design specifications.® No significant drawbacks in the
design were identified. Column tests dedicated to the study of
shear behavior include the work of Ang et al.'® and Wongetal."'
The latter study focused on multidirectional loading, and con-
cluded that biaxial loading patterns led to more severe stiffness
degradation than uniaxially imposed loads.

Recently, Priestley and Benzoni'? tested two large-scale cir-
cular columns with low longitudinal reinforcement ratios. Onc
of the columns had 0.5 percent longitudinal reinforcement,
while the second column had 1 percent, which represents 50
and 100 percent of the minimum reinforcement requirement of
ACI, respectively. Both columns performed well, pointing to
the possibility that the ACI minimum requirements for flexure
can be further reduced. Additionally, there have been numer-
ous tests conducted at the University of San Diego examining
retrofit of columns and bridge bents.'® Priestley et al.'* tested
a half-scale model of a typical section of a double-deck viaduct
under simulated seismic loading. The 90,000-kg model was
controlled by 14 hydraulic actuators and represents one of the
most complex civil structures ever tested. The test was used to
validate capacity design procedures that were proposed to ret-
rofit existing double-deck bents in the California freeway sys-
tem following the collapse of the Cypress viaduct in the 1989
l.oma Prieta carthquake.

Hwang and Scribner'” were the tirst, and perhaps only, in-
vestigators to study the effect of variations in displacement his-
tory. They clearly concluded that methods previously used to
calculate energy dissipation capacity of members (for standard
cyclic tests) did not consistently predict the cyclic capacity of a
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Table 1—Details of prototype and model

[tem Prototype Moadel Remarks
Longitudinal . . N
Y a0 « . 3 A — oy
reinfarcement | 2 No. 11 (36 mm) |21 No. 3 (9.5 mm)| p = 2 percent
. . Wire = l-‘!ngn’lv i -
Spirals No s (16 mm . 3
pirals No. 5 (16 nun) diameter Smooth wire
Spiral pitch 76 mm 19 mun P, =01
<l et e
piral yic 11 M 480 to +30 MPa —
strength
Column diameter 1.22 m 0.3 m Scale 1:4
Column length 55m 1.87m Scale 1:4
Cover 50 mm 12.5 mm Scale 1:4
- Tension = 1.4 m “ension = 0.85
Fmbedment siot ”'! n Tension 0.35m
1(‘[) [Il ()(l)‘”‘"& C()II)')TCS.\I()I\ C(H“PI‘(’SSIOH = -_—
) Aare 072 m 0.18m
Axial load 3225 kN 806 kN 0.1 flA,
Lateral load 1550 kN 358 kN V, =M/
. 0 o B - =
capacity B r [
Spacing of
L RS 100 mm 25 —
longitudinal steel ! > mm

flexural member subjected to an arbitrary displacement histo-
ry. This is despite the fact that the tests conducted by Hwang
and Scribner were not truly random: they alternated cycles of
low ductility with cycles of larger ductility demand.

The only work on low-cycle fatigue behavior of bridge col-
umns is the experimental testing reported by Mander and
Cheng'® who mvestigated the applicability of specially detailed
fuse bars 1n the plastic hinge region of the pier. The f‘atigu&
based modeling reported in the study based on previous rein-
forcing bar fatigue tests conducted by Mander et al.'" is an im-
portant development that shares the conceptual framework of
the testing presented in this paper.

DETAILS OF EXPERIMENTAL PROGRAM

The test program was designed to keep material, geometric,
and section variables to a minimum. Since different failure
modes may resultin different critical damage parameters, only
flexural failure modes were considered in this study. The ex-
perimental program consisted of tests on 12 quarter-scale, cir-
cular, reinforced concrete columns. In keeping with the main
objectives of the study, the primary variables considered were
the amplitude, sequence and type of loading pattern. The tests
were conducted in two phases. Phase [ testing, reported in this
paper, consisted of benchmark tests that included characteriza-
tion of the fatigue behavior of the model columns. In Phase 11,
another set of six identical specimens were subjected to ran-
dom displacement histories, the details of which are described
in a companion paper.

The full-scale single-bent pier on which the model column
was designed conforms to the specifications of AASHTO A
quarter-scale model was selected as an appropriate size within
the limits of the testing capabilities available, and for which no
special modeling treatment of the constituent materials (with
the exception of the hoop stecl) was necessary. Only dimen-
sional scaling was used. Material properties were selected to
match those of the prototvpe. Table 1 shows the dimensions,
reinforcement details, applied axial load and lateral load capac-
ity for both the prototype and the model. Dimensional and re-
inforcement details of the specimen are shown in Fig. 1.

Material properties

The steel used for the main longitudinal bars of the columns
was Grade 60 reinforcing bars with an average yield strength
ot 470 MPa. At a scale of 1:+. the model pier required 9.5-mm
{(No. 8) bars conforming to ASTM A 615-90, which was not @
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Fig. 1—Specimen details: (a) configuration and dimensions; and
(b) reinforcement.

problem since this size is commercially available. Fig. 2 shows
typical stress-strain curves of the No. 3 bars used as main lon-
gitudinal reinforcement. However, for the hoop reinforcement,
the dimensional scaling resulted in the use of 4-mm-diameter
wires. Commercially available gage wire had to be annealed
through carefully controlled heat treatment. The heat treat-
ment produced an average wire yield strength of 408 MPa,
which was comparable to Grade 60 bars, though the strain-
hardening characteristics were different. Fig. 3 displays the
achieved stress-strain behavior of the annealed wire used as
confining spirals.

The stress-strain curves presented in Fig. 2 and 3 do not in-
clude the fracture strain. The extensometers used to measure
the specimen elongation had to be removed prior to fracture to
prevent damage to the instrument. However, the total cl(mga—
tion of the gage length was measured, the resulting final strain
was calculated, and these results are tabulated in Table 2. The
energy to fracture was computed by assuming that the stress-
strain diagram was linear from the last instrumented strain
reading to the fracture strain. Assuming that a typical hoop bar
exhibits characteristics similar to a 9.5- or a 16-mm (No. 3 or 5)
bar, yicld strength and ductility parameters obtained for the an-
nealed steel wire may be considered acceptable, even though
the fracture energy exhibits variations up to 20 percent. The
significance of this difference in predicting the fatigue life of RC
columns is discussed in the concluding sections of both papers.
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Fig. 2—Stress-strain profile of main No. 3 longitudinal bars.
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Fig. 3—Stress-strain profile of annealed hoop reinforcement.

The columns were poured monolithically with the footings.
The concrete used in the construction had an average slump of
200 mm and a maximum aggregate size of 12.5 mm. The spec-
imens were cast in two batches of six specimens each. The spec-
ified mix proportions resulted in an average concrete strength
of 36 MPa for the first batch, and 40.1 MPa for the second
batch, as measured at the time of testing.

Setup and instrumentation

The test setup was assembled from standard steel wide-
flanged sections. Lateral bracing was provided in the direction
of the applied load, and two steel beams with smooth surface
plates were attached to the testing frame on either side of the
specimen parallel to the direction of loading to prevent any
out-of-plane displacement during testing. Rollers were at-
tached to the column head to permit relatively friction-free
movement. The final setup with the specimen in place and the
test apparatus, but without the out-of-plane support system, is
shown in Fig. 4. Note that the foundation block is composed of
three parts: the midsection is cast as part of the pier, while the
side blocks were cast separately as reusable end blocks that
were connected to the specimen through post-tensioning. The
foundation block of the specimen, as poured in-place, measures
approximately 460 x 875 mm. However, once the side blocks
are attached and post-tensioned, the width of the foundation in
the direction of loading is approximately 2.0 m. The use of
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Table 2—Summary of reinforcing bar characteristics

Specimen
Group No. S MPa E,, MPa Jon MPa €,,, percent | €, percent Eg MPa
No. 5 3a 463 218,500 733 8.5 14.6 99.25
reinforcing 3b 472 215,900 T14 9.7 13.8 90.95
bar sc 476 227,300 723 7.9 15.7 106.59
7 ad —_ i y
- Wi 419 234,600 471 175 80.44
diameter W2 407 210,900 455 — 19.1 85.01
wire W3 598 216,100 4715 — 16.9 78.40
5 22 2920,6 5 4 K 2.7
No. 5 5a 42 290,600 650 8.2 16.9 102.70
reinforcing 5b 430 226,100 664 7.7 17.8 105.80
bar 5¢ 423 208,200 656 8.3 16.2 97.72

Notations: f; = yield stress; E, = Young's modulus. f,, = ultimate (peak) stress; €,, = strain at peak stress; £, = fracture strain;

and £, = fracture cnergy.

post-tensioned blocks considerably reduced the amount of con-
crete required to construct cach specimen.

The lateral displacement was applicd by a servo-controlled
670-kN MTS hydraulic actuator with a stroke of 150 mm.
The applied lateral displacement and load were measured using
a calibrated linear variable displacement transducer (LVDT)
and load cell, respectively. On the opposite side of the loading
actuator, a string potentiometer and two LLVDTs were mount-
cd against the specimen to measure the lateral displacement of
the specimen at different elevations. The string potentiometer
was placed at the same level of the actuator centerline: 1370
mm from the top of the footing. The two LVDTs were placed
at 455 and 910 mm from the top of the footing. The vertical
load was applied using a 220-kN servo-controlled MTS ram.
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The vertical load was recorded using the calibrated load cell of
the actuator. The applied vertical load during testing was ap-
proximately constant at 0. l_f('/Ig, which is the estimated weight
of the bridge deck.

The curvature in the plastic hinge region was caleulated us-
ing six clip gages mounted on opposite sides of the specimen in
a plane parallel to the loading direction. The clip gages consist-
ed of two strain gages mounted on light-gage C-shaped stecl
sections that, in turn, were hooked between two points on the
specimen equal to the gage length L. The curvature was calcu-
lated using the following expression

o= B2 (1
Lx
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effects.

where

A, = contraction or expansion measured by Clip Gage 1;

A, = expansion or contraction measured by the opposite Clip
Gage 2;

L = gage length; and

x = distance between the gage mount points.

The previous equation is generally valid only under the as-
sumed condition that plane sections remain plane after bend-
ing. Curvature measurements beyond yield were also affected
by spalling of the cover concrete.

Four clinometers were mounted on the specimen, as shown
in the figure, to measure the angle of rotation at the base of the
column during testing. The clinometers were connected to a
special base, which in turn was connected to threaded rods that
were embedded inside the specimens. The clinometers were at-
tached to the specimen at 150, 300, 450, and 600 mm, respec-
tively, from the base of the column (top of the footing).

Finally, four strain gages were installed on each specimen:
two each on opposite longitudinal reinforcing bars in the load-
ing plane. The strain gages were installed at 100 and 200 mm
from the base of the column. These locations were based on es-
timates of the plastic hinge length of the specimen after yield-
ing. The strain gage readings were used to check the initiation
of yielding and the spread of plasticity.

RESULTS OF PHASE | TESTING

Six specimens (labeled A1 to A6) were tested in this
phase. Benchmark tests were conducted to obtain relevant
force-deformation and low-cycle fatigue characteristics of
the specimen. As will be shown later, these response parameters
are critical to developing damage-based performance criteria.

1. Monotonic loading (Specimen A1)}—The purpose of this test
1s to develop the backbone force-deformation envelope for the
specimen. Some damage models use strength and deformation
quantitics derived from a monotonic test to normalize and/or
formulate damage expressions.

9. Standard cyclic test (Specimen A2)—This was considered es-
sential since all past laboratory testing has been based on this
approach. This would provide a convenient benchmark against
which to compare random amplitude testing.
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3. Low-cycle fatigue testing (Specimen A3 1o A6)—1In an attem pt
to calibrate fatigue-based damage models for flexural mem-
bers, these tests provided the basis for developing a fatigue-life
expression for the specimen.

Records kept during testing included information such as
crack widths, spalling, exposed reinforcement, ete. that permit
calibration of damage to visual observations in post-carthquake
reconnaissance. Failure was typically defined by cither the rup-
ture of confining spirals or fracture of longitudinal reinforcing
bars. Other essential details, such as necking of hoops or buck-
ling of longitudinal bars, were also monitored.

The recorded force-deformation data was converted to shear
versus displacement response, taking into consideration the
additional moments induced due to P-delta effects. Fig. 5
shows a schematic diagram of the test setup and the relevant
quantities required to derive the necessary forces and mo-
ments. With reference to Iig. 5, the shear force 7in the column
is given by

V=pP+ ’—;’1_‘ (2)
where
x = (L+H)sin® (3)
and

6 = tan*l(é) (4)
L
Benchmark tests
Monotonic fest—Specimen A1 was tested under a monotoni-
cally increasing lateral load until failure. Spalling of the con-
crete cover was observed at approximately $5-mm (2.5 percent
drift) lateral displacement. The maximum lateral load reached
66 kN before additional displacement caused a gradual soften-
ing of the column stiffness. Two longitudinal bars showed
signs of buckling as the lateral load capacity of the specimen
began to drop at a drift of approximately 4.0 percent. The def-
inition of failure in a monotonic test is difficult to establish,
while it is conceivable that large lateral displacements (without
reversals) can strain the longitudinal bars to fracture, such a
level of displacement was not possible in the present test, given
the limitation of stroke capacity of the hydraulic actuator. Ad-
ditionally, at these large displacements, P-delta effects are sig-
nificant and the resulting secondary moments can result in
collapse of the structure. Again, the test setup, consisting of
hydraulic actuators mounted directly onto the specimen, will
prevent this from happening. Given these circumstances, it was
decided to stop testing at a lateral drift of 11 percent, at which
state P-delta collapse was considered to be the possible failure
mode. Fig. 6 shows the resulting force-deformation envelope.
Standard cyclic test—Specimen A2 was subjected to three cy-
cles each at lateral displacement amplitudes of 1.0, 1.5, 2.0, 2.5,
3.0, 4.0, 5.0, and 6.0 percent until failure [Fig. 7(a)]. A smaller
displacement cycle of 0.5 percent drift was applied between
cach increase in amplitude to monitor changes in the specimen
stiffness. Crack widths up to 1.5 mm were measured at Cycle
19 when the drift was approximately 8 percent. Yiclding of the
extreme longitudinal bar was estimated at a displacement of 20
mm when the lateral load reached approximately 65 kN. Spal-
ling of the concrete cover was observed at Cycle 15 at a drift of
approximately 8 percent. Significant cracking propagated up to
225 mm beyond the base of the column at this stage. Minor bar
buckling and significant spalling was evident by the end of Cycle
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22 at an imposed drift of 4.0 percent. Failure of the specimen oc-
curred at a drift of approximately 5.5 percent following rupture
of the confining spiral in the plastic hinge zone. The plastic hinge

i .
w
=}

£

S length was estimated as 180 mm, though cracking propagated

@ beyond this region. The recorded shear force versus lateral dis-

§ & placement of the specimen is displayed in Fig. 7(b).

]

&) 1 2 Low-cycle fatigue tests

g Rig i1 (1R 4 & Specimen A3 was subjected to constant amplitude cycles at

§ ] a displacement amplitude corresponding to 2 percent lateral

] 130 drift. After 40 complete cycles at a constant displacement am-

E ] plitude of £26 mm, no visible deterioration of the specimen was

: . observed. The maximum measured crack widths on either side

0 i D D D 1. R T were approximately 0.8 to 1.0 mm. Loading of the specimen

0 5 10 15 20 25 a0 a5 continued over a two-day period for 150 cycles without any
further visible damage. Later, it was analytically estimated that

Cycle Number this specimen would have sustained approximately 400 or

(a) more cycles. Since one of the objectives of the test program was

to evaluate different damage models, it was decided that the cy-

Drift Angle (%) clic loading could be discontinued and a monotonic load ap-

6 3 o 3 6 plied until failure. This would provide information on reserve

capacity that is crucial to many damage modeling theories. The
specimen sustained a final drift amplitude of almost 10 percent.
Results of the observed force-displacement response are pre-
sented in Fig. 8.

Specimen A4 was subjected to repeated cyclic loading at 2
constant displacement amplitude of 57 mm until failure. This
displacement was equal to a drift of approximately 4.0 percent.
On the very first cycle, spalling of the cover concrete was ob-
served on the compression side of the specimen. By the third
cycle, spalling had progressed to approximately 150 nun on
both sides of the specimen. At the end of Cycle 8, the plastic
T - hinge stabilized at approximately 150 to 160 mm. Buckling of

- N%:ng\:?)l SIIrength 1 longitudinal bars was observed on both sides of the specimen
wih E2ed after 17 cycles. This led to necking of the confining spiral rein-
<t—— Nominal capacity forcement. Failure of the specimen occurred at Cycle 26, fol-
lowing the rupture of a spiral approximately in the middle of
the plastic hinge zone on the tension side. The recorded shear
Displacement, A (mm) force versus lateral displacement response history for Spect-

(b) men A4 1s shown in Fig. 9.

" Nominal shear

Shear Force, V (kN)
(=]

L b 2 N

-80.0 -40.0 0.00 40.0 80.0

Specimen A5 was tested under repeated cyclic loading at 3 I
constant amplitude of £75 mm, corresponding to a drift gfap’ .
Fig. 7—Response of bridge column to standard cyclic loading: (a) proximately 5.5 percent. Cracking of the concrete, in]dmg ;’_
imposed displacement history; and (b) load-deformation behavior. the longitudinal reinforcement, and spalling of the cover €O~ j
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Fig. 9—Response to constant amplitude cycling at 4.0 percent lateral
drifl.

crete were all observed in the very first push to the peak dis-
placement. Significant buckling of longitudinal bars was
observed on both sides of the specimen at Cycle 9. The plastic
hinge length was approximated as 175 mm. The specimen
failed through fracture of a longitudinal bar before the comple-
tion of Cycle 10. The complete load-deformation history of the
specimen is plotted in Fig. 10.

The final specimen (A6) to be tested under constant ampli-
tude loading was subjected to a displacement amplitude of + 95
mm, corresponding to approximately 7 percent drift. The dam-
age progression was similar to Specimen A5. The plastic hinge
length, however, was much longer, reaching a total length of
almost 250 mm. During the third cycle, hoop failure was initi-
ated by a spiral rupture (followed by the fracture of a longitu-
dinal bar) leading to a dramatic decay in load-carrying
capacity, as is evident from the load-deflection plot shown in
Fig. 11.

FATIGUE LIFE RELATIONSHIP
A more complete understanding of the cumulative damage
process is possible with the establishment of a fatigue life rela-
tionship for the columns evaluated in this experimental study.
The most widely used fatigue life equations are adopted from

the following form of the Coffin-Manson'®'? expression
= e (N, )¢ 5
Ep - gf( Zf) (’))
where
€, = plastic strain amplitude;
£ = a material constant to be determined from fatigue testing,
J ! A g
Ny = number of complete cycles to failure; and
¢ = material constant to be determined.

A similar expression more suitable for structural compo-
nents was suggested by Krawinkler et al.,* as follows

Ny = (a8 (6)

where A8, is the plastic deformation and ¢ and € are material
constants to be determined experimentally.

The results of the constant amplitude tests were utilized in a
curve-fitting exercise using a format similar to kq. (5) and (6)
that yiclded the following relationship
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Fig. 10—-Shear displacement response of column to 5.5 percent con-
stant amplitude cycling.
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Fig. 11—Response of column to low-cycle fatigue loading at con-
stant drift amplitude of 7.0 percent.

8, percent = 10.6(N,) *** (7)

where 8 is the lateral drift.

The plot of the previous expression shown in Fig. 12 indi-
cates that experimentally observed values lie reasonably close
to the proposed fatigue-life line, despite the fact that only three
points were used to construct the expression. The fourth point
cnrr(‘sponding to Specimen A3 was extrapolated theoretically,
using Eq. (5). This fatigue-life equation will be utilized to pre-
dict the damage sustained by a second series of columns sub-
Jected to random amplitude loading and is reported in a
companion paper.

SUMMARY OF FINDINGS

At the outset, it must be mentioned that this rescarch in-
vestigation was limited to the study of circular columns
with a predominantly flexural response. Circular sections
have the advantage of possessing fairly uniform properties
in any direction, and are commonly used in bridge construc-
tion, particularly in seismic zones. The observations, find-
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ings, and conclusions are therefore limited to seismically
detailed flexural circular columns only. Failure, as defined
in this study, is restricted to damage to the bridge pier only.
Other potential damage sources, such as foundation failure
and deck-abutment connection failures, are beyond the
scope of this investigation.

1. Three potential failure modes were identified (Fig. 13): the
first is essentially a precursor to the ultimate failure mode and
consists of global buckling of the longitudinal bars that occurs
over a length corresponding to several hoop spaces; the second
failure mode is a result of confinement failure following the
rupture of the transverse hoop steel; and the third observed
mode of failure, typically associated with large displacements,
is a low-cycle fatigue fracture of a longitudinal bar.

2. There exists a threshold ductility level for well-confined
flexural circular columns designed by current CALTRANS (or

AASHTO) specifications beyond which severe degradation of

stiffness and strength takes place. For the bridge columns test-
ed in this study, this threshold displacement ductility level oc-
curs between 3A), and 4A’,, which corresponds to a lateral drift
between 4 and 5 percent. Specimen A3, which was cycled 150
times at  percent drift, showed virtually no signs of damage or
deterioration. Specimen A5, which was cycled at a lateral drift
of 5.5 percent, failed in less than 10 cycles. It may, therefore, be
stated that carthquakes that impose displacement ductility de-
mands less than 2.0, bridge columns can survive a series of sim-
ilar events without undergoing any significant structural
damage. When the ductility demand approaches 4.0, the likeli-
hood of moderate to severe damage is high and depends on the
number of such inclastic cycles experienced by the structure.
Further, it is estimated that the yield displacement (A, for the
prototype column is approximately 1.5 percent, assuming that
the force-deformation backbone envelope is idealized as a bilin-
car function.

3. Under a sequence of predominantly low amplitude cycles,
it is more probable that the confining spiral will fail prior to
low-cycle fatigue failure of the longitudinal reintorcing bars.
Conversely, if the bridge column is subjected to predominantly
high amplitude inclastic cycles, it is more likely that the longi-
tudinal bars will rupture before confinement failure oceurs. In
the present study of flexural columns, it was found that the
threshold low-amplitude cycle is approximately € to 4 percent
drift, while high-amplitude cycles are those in excess of + per-
cent drift. Tt must be added that this finding may contradict the
observation ot hoop failure in Specimen As; however, fatigue
cracks were also initiated in the longitudinal bars. A possible
explanation for premature hoop failure is the fact that the frac-
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Fug 139—Typical failure modes: (a) longitudinal bar buckiing (b) hoop
Sfracture; and (c) loww-cycle fatigue farlure of longitudinal bar.

ture energy capacity of the annealed wires is less than that for
comparable normal deformed reinforcement (Table 2).

4. The tests also revealed that the energy capacity of a member
at failure is dependent on the drift amplitude. Fig. 14 summarizes
the dissipated hysteretic energy of each of the six specimens. The
energy capacity clearly decays with drift amplitude.

5. The findings and observations from this phase of testing
will be utilized in a study of cumulative damage resulting from
random amplitudes that are more characteristic of carthquake-
imposed loading, and will be presented in a companion paper
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CONVERSION FACTORS
Imm = 0.0394 in.
Im 3.28 ft
1mm? 0.00155 in.?
IMPa = 145 psi
kN 0.225 kip-force

1l

H

NOTATIONS

/fg = gross area of column section
E; = fracture energy
E, = Young's modulus

=
i

) unconfined concrete compressive stress
Ju = ultimate (peak) stress

I = yield stress

H = height of column

M, = nominal moment capacity of column

N = axial load in column

Ny = number of complete cycles to failure

P> = applied shear force on specimen

7" = shear force in column

x = distance between gage mount points

A, = contraction or expansion measured by Clip Gage 1

A, = expansion or contraction measured by opposite Clip Gage ¢
€, =  material constant to be determined from fatigue testing
€, = plastic strain amplitude

€, =  strainat peak stress

€, = fracture strain

p = longitudinal reinforeement ratio
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Influence of Interfacial Shear Transfer on Behavior of
Concrete-Filled Steel Tubular Columns

by Andrew E. Kilpatrick and B. Vijaya Rangan

As part of a research program on the behavior under load of high-

strength concrele-filled steel tubular (CIST) columns, a sertes of

tests has been undertaken to study the influence of the shear transfer
by bond between the infill concrete and the inner surface of the circu-
lar steel tube. Three different cases of bond were examined rogether
wnth four different loading regimes and slenderness ratios. Compan-
1on tests on similar empty steel tubes were also undertaken to high-
light the synergistic effect of the steel and concrete acting compositely
together. Conctustons are drawn on the significance of bond in the
columns tested in this investigation.

Keywords: columns (supports); composite construction (concrete and
steel); high-strength concretes.

INTRODUCTION

Concrete-filled steel tubular (CFST) columns offer a number
of advantages in both design and construction. The steel tube:
(1) acts as permanent formwork for the plastic concrete; (2)
provides well-distributed reinforcement in the most efficient
position to resist applied bending moments; (3) confines the
hardened concrete, which increases its strain capacity and
strength; and (4) protects the surface of the concrete from
physical damage and deleterious environmental effects, such as
carbonation. In turn, the concrete increases the critical buck-
ling stress of the (imperfect) steel tube by changing its buck-
ling mode, particularly so for noncircular sections. Overall,
composite column construction: (1) improves the speed of con-
struction; (2) reduces the cross-sectional dimensions of the col-
umn for a given column strength, thereby making more floor
area available for occupants’ use; (3) encourages the use of sim-
ple connections to steel floor beams, which reduces the design
time; (4) offers higher impact resistance and considerable
toughness; and (5) improves overall member ductility. Some
disadvantages include a reduced resistance to fire, and connec-
tions between the steel floor beams and tubular columns some-
times being limited to simple joints because of the difficulty of
achieving full moment continuity.

Nonetheless, in the many situations, the advantages offered
by CFST columns outweigh their disadvantages. Consequent-
ly, this form of construction has enjoyed an increase in popu-
larity in recent years, and has been used primarily as columns
supporting platforms in oftfshbre structures, roofs of oil storage
tanks, columns for large industrial workshops and open-air
overhead travelling cranes, as well as piles and piers for bridg-
es and viaducts. Their use as columns in multistory buildings
has increased in recent years as the benefit of incereased load-
carrying capacity for a reduced cross section, resalting in an in-
crease in net floor space, has heen realized. Because of their ex-
cellent ductility, CFST columns have also been used in
earthquake resistant structures, particularly in Japan.
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RESEARCH SIGNIFICANCE

One of the concerns associated with composite columns is the
influence of the bond between the inside of the steel tube and the
infill concrete upon the behavior under load of both stub col-
umns and slender columns alike. Recently, a comprehensive se-
ries of pushout tests on stub columns has been reported.'™
However, little work has been undertaken on the influence of
bond upon the load-deformation response and strength of slen-
der and stocky composite columns; this is the subject of the work
summarized here and fully reported elsewhere.®

TEST PROGRAM

Thirteen circular CFST beams and columns were tested to
study the influence of bond upon their strength and load-defor-
mation behavior. Both the loading regime and slenderness of
the specimens were varied to cover the range from concentri-
cally loaded stub columns through to beams. A summary of the
test program is given in Table 1. Tests were also carried out on
four companion empty steel tubes and seven unconfined con-
crete cylinders.

BOND CONDITIONS

Maximum bond

To maximize the transfer of shear between the inner surface
of the circular steel tube and the infill concrete, 30-mm long x
4.9-mm hardencd sheet metal self-tapping screws were inserted
through holes in the wall of the tube prior to placement of the
concrete. To avoid significantly weakening the steel tube as a
whole, these screws were placed in a double helix pattern, with
each helix having a pitch of 80 mm, as shown in Fig 1. Chemical
bond between the steel and concrete was maximized by pick-
ling the specimens in an acid bath followed by neutralizing in
an alkaline bath.

Partial bond

An intermediate level of shear transfer was achieved by a
thorough degreasing of the inside of each specimen in the as-
received condition. This process insured some chemical bond
to the factory-painted inner surface of the tube would be
achieved, together with a limited amount of mechanical inter-
lack due to its inherent surface roughness. This level of prepara-
tion reflects that undertaken in current construction practice.

Minimum bond
Chemical adhesion between the conerete and the inner surface
of the stecl tube in the as-received condition was minimized by
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