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Abstract: A current focus in earthquake engineering research and practice is the development of seismic design procedures whose ai
is to achieve a specified performance. To implement such procedures, engineers require methods to define damage in terms of engineer
criteria. Previous experimental research on bridge columns has focused on component failure, with relatively little attention to other
damage states. A research program was undertaken to assess the seismic performance of well-confined, circular-cross-section, reinfort
concrete bridge columns at a range of damage states. The test variables included aspect ratio, longitudinal reinforcement ratio, spir.
reinforcement ratio, axial load ratio, and the length of the well-confined region adjacent to the zone where plastic hinging is anticipated.
The progression of damage was similar for all columns. Analysis of the experimental results suggest that key damage states of residu.
cracking, cover spalling, and core crushing can best be related to engineering parameters, such as longitudinal reinforcement tensile stre
and concrete compressive strain, using cumulative probability curves.
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Introduction structures. The specification of performance objectives will de-

- . ) ) pend on the acceptable level of risk, which is dependent on
Most current seismic design codes do not require the engineer t%he seismicity of the site and the importance of the bridge.

explicitly assess performance. Instead, the seismic design actionsl-his framework has found form in various documents

are specified through an analysis of the structure, the structure isror performance-based design of bridge and building
proportioned to resist those actions, and prescriptive details arestructures(e g., ATC 1996; FEMA 1997; Japan Road Association
provided, often without explicit consideration of performance. Al- 999 R ’ '
though damage is anticipated in future earthquakes, the extent Ofl It is useful to define explicit descriptions of the different per-
damage is not a direct consideration in design. Furthermore, little o ; ; o
A . . formance levels so that specific engineering criteria can be em-
attention is paid to performance levels other than life safety. New loved. Table 1 provides an examole of such descriptions that
performance-based seismic design approaches aim to providéo.y ) - P . P ptions
. . ; might be associated with the three performance levels in Fig. 1.
more direct consideration of a broader range of performance ob-FOr the fully operational performance level. the column is de-
jectives to meet the needs of individual owners or society. . y op p T -
In one approach to performance-based seismic design, a struc§'gned to remain aImo;t undamaged and repair is nqt requwed.
ture is designed to achieve different levels of performance when Fg(r:t';h detgesli)éiginozg:ﬁgO;;rlngerefotrhrt:?;e alfr\éeilt,st?jlkzjnsig;z ter:;
subjected to different levels of seismic demand. Fig. 1 illustrates P 9 P

how this pairing might be done for ordinary and important bridge might require repair. Finally, for the stability performance level,
the column may be expected to sustain severe damage requiring

partial or complete replacement of the bridge.
Realization of performance-based seismic design requires
methods to quantify the degree of damage and repair effort. This
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Reinforcement Design

The spiral reinforcement of the columns was designed consider-
Fig. 1. Proposed performance-based seismic design framework ing current recommendations and requirements for shear and con-
finement(Caltrans 1991; AASHTO 1996; ATC 1986The con-
finement requirements of AASHTO, ATC 32, and Caltrans are
expressed by Eq$l), (2), and(3), respectively. Table 3 presents
spiral reinforcement ratios obtained by these expressions for the
) test columns. With the exception of Column 4158, all of the col-
Overview umns meet or exceed these provisions,

Experimental Program

data for bridge columns having details typical of those currently

The experimental program was designed to obtain performance
ps= O.45<
in use in regions of high seismicity in the United States. The

Aq fe fe
——1|— but not less thanp;=0.12— (1)
Ac fyh fyh

columns had circular cross sections and were reinforced with fl 1.25P
well-distributed longitudinal reinforcement and closely spaced Ps=0-16f— 0.5+ ——— | +0.13p,—0.0) (2)
. . . . . vh fCAg
spiral reinforcementFig. 3). The columns were fixed to a stiff
foundation and were proportioned so that flexure would dominate f! 1.25P
the inelastic response under lateral loading. The column dimen- ps=0.12—| 0.5+ ——— 3)
\ . . . . fyn fLA
sions were selected to represent typical bridge column dimensions y ¢'9
scaled to one-third of full scale. In the preceding expressiops is the spiral reinforcement ratio,

Table 2 lists important properties of the test specimens. Eachp, is the longitudinal reinforcement ratid, is the cross-sectional
specimen has an alphanumeric designation. The last two numberarea of the concrete cor,is the applied axial load, arfg, is the
relate to the longitudinal reinforcement ratio while the preceding specified yield strength of the spiral reinforcement.

numbefs) relate to the aspect ratigength/diameter e.g., col- The ATC 32 provisions require a well-confined region adjacent

umn 415 has aspect ratio of 4 and longitudinal reinforcement ratio to expected plastic hinge locations, and allow the spiral reinforce-

of 0.015. ment ratio to decrease outside that region. If the column axial
The 10 columns are organized in five seri@able 2. Test load is less than 04&,f., the length of the well-confined region,

Series LR included columns 407, 415, and 430, the main variable ., must satisfy Eq(4),
being longitudinal reinforcement rati@Column 430 was detailed

with bundled bars, while the others in this test series were not. Lc=minimum of (0.2,D) )

Test Series ARcolumns 415, 815, and 1015tudied effect of In the expressionl. is the column length an® is the column
varying aspect ratio. Test Series Atolumns 415 and 415mMad diameter. The three columns of Test Series CL were designed
axial loads of 0.A,f; and 0.2\,f;, whereA is the gross cross-  using these recommendations. The well-confined region was
sectional area of the column afndis the specified concrete com-  equal to the column diameter for the shortest column and 20% of
pressive strength. Test Series 8®lumns 415 and 415%xam- the column length for the two taller columns. Outside the well-

ined effects of doubling the spiral spacing. Last, Test Series CL confined region, the spiral reinforcement was designed to sup-
included columns 328T, 828T, and 1028T; this series featured press shear failure.

variable spacing of the spiral along the length, with smaller spac-  To the extent possible, the study isolated the column response.
ing near the column end where inelastic flexural response wasAlthough the response of the footing was not modeled, realistic
anticipated. reinforcing details were used to model the response of the joint

Table 1. Description of Performance Levels

Performance level Service Repair Damage
Fully operational Full service of bridge after earthquake Limited epoxy injection required Minimal damage:
Hairline cracks
Delayed operational Limited servigemergency vehiclgs Epoxy injection Moderate damage: Open cracks
Concrete patching Concrete spalling
Stability Bridge is not useable after earthquake Replacement of damaged section Severe damage:

Bar buckling/Fracture
Core crushing

870 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / JUNE 2004



Longitudinal Steel Ratio: 0.75%
11 No. 5 Bars Evenly Spaced
6-mm dia. spiral @ 32 mm

Longitudinal Steel Ratio: 1.5%
22 No. 5 Bars Evenly Spaced
6-mm dia. spiral @ 32 or 64 mm

= :
&610\mm*{

Longitudinal Steel Ratio: 2.8%
28 No. 6 Bars Evenly Spaced
6-mm dia. spiral @ 25 mm

Longtidundial Steel Ratio: 3.0%
44 No. 5 Bars; 2 Bars per Bundle
6--mm diam. spiral @ 32 mm

610 mm

2438 mm !

Fig. 3. Column geometry and reinforcement

region. The longitudinal and transverse reinforcement were de- Test Configuration

signed to ensure that the block did not yield in flexure or fail in

shear. The longitudinal reinforcement was fully anchored into the The columns were tested at the Structural Testing Laboratory at
anchor block. Additional details of the design may be found in the the Univ. of California, Berkeley. Fig. 4 shows a drawing of a
reference reportéHenry and Mahin 1999; Lehman and Moehle column with an aspect ratio of 4 in the test apparatus. To provide

2000; Calderone et al. 20p1 adequate stroke of the actuator, a slightly different apparatus was
used to apply the lateral load to the columns with aspect ratios of
Materials Properties 8 and 10(Lehman and Moehle 2000

Prior to testing, the anchor block was plumbed, seated with

The longitudinal reinforcement met ASTM A 706. The spiral re- hydrostone, and stressed to the laboratory strong floor to prevent
inforcement was 6 mm in diameter. Since this reinforcement was sjiding and overturning.

not available with specified yield strength of 413 ME& ks)), The axial load assembly consisted of a spreader beam, high-
the spiral reinforcement met ASTM A 82. The 28-day strength of gyrength rods, manually controlled loading jacks, and load cells.
the concrete was specified to be 28 Mfaksi. The materials g oad was applied to the high-strength rods on either side of

were tested on or near the day of the column test. Table 4 sum-y,q specimen and the load was transferred to the column through
marizes the results.

Table 2. Specimen Properties

Reinforcement

Series Series Series Series Series Length Pl Spiral spacing Ps LS Axial load
Column LR? AR? AL? SR cL? (mm) Longitudinal (%) (mm) (%) (mm)  y=P/A,f,
415 X X X X 2438 22 No. 5 15 32 0.70 n/a 0.1
407 X 2438 11 No. 5 0.75 32 0.70 n/a 0.1
430 X 2438 44 No. 5 15 32 0.70 n/a 0.1
815 X 4877 22 No. 5 15 32 0.70 n/a 0.1
1015 X 6096 22 No. 5 1.5 32 0.70 n/a 0.1
415P X 2438 22 No. 5 15 32 0.70 n/a 0.2
415S X 2438 22 No. 5 15 64 0.35 n/a 0.1
328T X 1829 28 No. 6 2.8 25/50 0.87 610 0.15
828T X 4877 28 No. 6 2.8 25/50 0.87 915 0.15
1028T X 6096 28 No. 6 2.8 25/50 0.87 1220 0.15

8An entry “x” indicates that the column was part of the test series indicated; for example, Series AR includes Columns 415, 815, and 1015.
bThe first number refers to the spacing within the well-confined region. The second number refers to the spacing outside of the well-confihed region,
‘L. is the length of the well-confined region. The entry “n/a” indicates that the parameter is not applicable to the column indicated.
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Table 3. Required Spiral Reinforcement Ratios Spreader Beam for Application of Axial Load

Column AASHTO/ACI ATC 32 Caltrans
Tip Displacement ]
407 0.60% 0.66% 0.38% : - : : 1
415 0.60% 0.60% 0.38% S e [ Morbenal Actar bﬁg —
430 0.60% 0.86% 0.38% | H
415P 0.60% 0.66% 0.38%
415S 0.60% 0.66% 0.38% )
815 0.60% 0.78% 0.45% High-Strength Rod
1015 0.60% 0.66% 0.38% Displacement Disol .
1splacenmne
328T 0.60% 0.89% 0.41% atTop of Seg‘“e"‘\ Transeneer (Typ)
828T 0.60% 0.89% 0.41% | ]
1028T 0.60% 0.89% 0.41% I ‘ g~ Loading Jack
;- Tie-down beams
TR (e
- Ll
the spreader beam. The actuator attached to the top of the column . ]
applied the lateral displacement history. 5 ﬁ Clevis
- 1

The specimens were extensively instrumented to monitor glo-
bal response quantitie®.g., applied lateral load and displace-
men) as well as local one®.g., steel strains and column segment Fig. 4. Test configuration and instrumentation
rotationg. The instrumentation was similar for all specimens. The
local response instrumentation extended over a length greate
than that for which significant inelastic action was anticipated.
Along that length, external instruments monitored shearing, bend-
ing, and expansion of local segments of the colufFig. 4). Foil
strain gauges on the longitudinal and spiral reinforcement moni-
tored strains within the footing and above the footing.

'were recorded. Recorded data were manipulated using standard
procedures to correct for geometric effects and to produce engi-
neering quantities of interest.

Observed Damage States

Test Procedure The sequence of damage was similar for all columns. The most
notable observations, in sequence of first occurrence, were con-
Similar procedures were used for each test. Axial load was ap-crete cracking, longitudinal reinforcement yielding, initial spal-
plied at the beginning of a test and was maintained constant dur-"ng of the concrete cover, complete spalling of the concrete
ing testing. The target lateral displacement history is shown in cover, spiral fracture, longitudinal reinforcement buckling, and
Fig. 5. The displacement history was based on nominal displace-|ongitudinal reinforcement fracture. These damage states are de-
ment ductility; using a displacement history based on drift or gcriped in the following text and in the photographs of Figs.
displacement would have resulted in very different demands for 6_10. The first occurrence of each damage state is identified in

listed in Table 5. Three cycles were run at each amplitude, fol- pistories of Figs. 1ta—).

lowed by a single cycle at one-third of the amplitude of the pre-
ceding cycle for post-yield cycles.

Data were collected electronically at approximately three-
second intervals. In addition, observed damage patteorsrete Initial damage was in the form of horizontal cracks. Initially, the
cracking and spalling, and reinforcement buckling and fragture cracking spacing was equal to approximately half of the column

Cracking and Yielding

Table 4. Material Properties

Longitudinal reinforcement

Column designation Concrefg 2 (MPa) fym* (MPa) fum® (MPa) Esn’ e’ Spiral reinforcement . (MPa)
415 30 497 662 2.0% 13% 607
407 30 497 662 2.0% 13% 607
430 32 497 662 2.0% 13% 607
815 34 497 662 2.0% 13% 607
1015 34 497 662 2.0% 13% 607
415S 37 462 n/a n/a n/a 607
415P 37 462 n/a n/a n/a 607
328 34 448 634 2.0% 14% 607
828 34 448 634 2.0% 14% 607
1028 34 448 634 2.0% 14% 607

¥ «m is the measured compressive strength of the concrete, based on tests of 150 mm by 300 mm cylinders stored with thé, golntifig, are the
measured yield and ultimate strengths of the longitudinal reinforcerigpt.is the measured yield strength of the spiral reinforcement.

bThe measured strains at the onset of strain hardening and ultimate strength are designatet,,, respectively.
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Specimen 40

- y Displacement 3.00 inches

Fig. 5. Target displacement ductility history

Fig. 7. Spalling at 76 mm cycle for column 407

Table 5. Displacement Levels for Imposed Displacement Histories

Aspect Ratio

Displacement Level 3 4 8 10
Pre-cracking 1 mm 2 mm 4 mm 5 mm
Pre-yield 1 3 mm 3 mm 15 mm 20 mm
Pre-yield 2 5 mm 8 mm 45 mm 64 mm
Pre-yield 3 10 mm 19 mm 89 mm 127 mm
pa=~1 15 mm 25 mm 133 mm 191 mm
pa~1.5 20 mm 38 mm 178 mm 254 mm
pa=~2 30 mm 51 mm 267 mm 381 mm
pa=~3 51 mm 76 mm 445 mm 635 mm
wa=5 71 mm 127 mm

wa=7 102 mm 178 mm

wa~10 132 mm

Fig. 6. Crack patterns for column 40#6 mm cycle and column
1015(127 mm cycle

diameter(Fig. 6). In general, new cracks were not observed at
subsequent displacement cycles at a given displacement level;
however, at increasing levels of displacement demand, new
cracks formed and the crack spacing decreased.

Initial yielding of the longitudinal reinforcement was mea- /nitial Spalling

sured using a strain gauge that was attached to the extreme lonpjtial spalling of the concrete cover followed yielding of the
gitudinal bar immediately above the column-footing interface. longitudinal reinforcement and occurred above the column-
The geometry of a circular-cross-section column is such that ini- footing interface(Fig. 7). During testing, damage to the concrete
tial yielding is restricted to one or two longitudinal bars; there- was monitored by visual observation at the peak of the initial
fore, softening of the load-displacement response occurs onlycycle at a given displacement level. For displacement cycles after
gradually as yielding spreads to adjacent bars around the columrspalling but before apparent crushing of the core concrete, the
circumference. The measured initial yield displaceméuy,, is extent of concrete spalling increased with increasing displacement
listed in Table 6. amplitude but remained essentially constant for cycles at constant

Fig. 9. Bar buckling and bar fractureeolumn 407
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Fig. 10. Final damage states of columns 407 and 1015

amplitude. After the core concrete had sustained apparent damdateral deformation of the buckled b&Fig. 9. The length of

age, cycling at constant amplitude resulted in additional visible the buckled region was similar for all columns and was

damage. Fig. 8 shows two columns after the height of the column centered approximately 8% of the column height above the base

had stabilized. The height of the spalled region was greater for the(Table 7.

taller columns. Table 6 indicates the displacement levels for  Fracture of the longitudinal bars occurred after bar buckling

which initial spalling and initial core crushing were observed.  (Fig. 9). Bar fracture was observed for almost all of the columns.
The bars did not fracture in for columns 430, which had bundled

Bar Buckling, Bar Fracture, and Loss of Lateral bars, or 415S, which had approximately half of the spiral rein-
Load-Carrying Capacity forcement. Fig. 10 shows columns 407 and 1015 at the end of
testing.

Typically, once the cover concrete had completely spalled off and
the spiral and longitudinal reinforcement were exposed, longitu-
dinal bar buckling was observed within the next displacement ] ) o
cycle(Fig. 9). In all cases, the buckled portion of the bar spanned Engineering Limit States

several spiral spacings. The lateral displacement of the buckled

bar increased during subsequent displacement cycles at alhe damage states identified in the preceding section are quanti-
given displacement level and the spirals located within the fied in engineering terms in the following paragraphs. Differences
buckled length extended. Spiral fracture resulted from excessiveresulting from changes in the column parameters are considered.

Table 6. Concrete Damage Parameters

Initial spalling Initial core crushing Spalled region
Column Ayi A? hspallb 8spalld A% Scoref I-spallc %L°
415 16.1 38 102 —0.0068 127 —0.022 305 13
407 15.2 38 114 —0.0064 127 —0.0207 254 10
430 16.8 51 102 -0.011 178 -0.017 356 15
415S 17.4 38 76 —-0.0073 127 —0.0086 406 17
415P 16.0 38 76 N/R 127 N/R 508 21
815 56.6 133 127 —0.0074 445 —0.0201 584 12
1015 76.7 191 229 —0.0039 635 —0.0287 660 11
328 13.0 30 190 —0.0057 71 —0.0098 381 21
828 59.4 178 127 N/R 445 N/R 965 20
1028 97.5 254 559 —0.0043 889 —-0.0175 1350 22
Mean 99 —0.0066 317 —0.0188
CcVv 84% 33% 87% 36%

A is displacement cyclémm).

bhspa” is height at which initial spalling was observéum).

%l spanis length of spalled regiotmm).

dsspa” is compressive strain at circumference of columigg.
%L is lgpan/L.

fe ore IS COMpressive strain in circumference of coredgl/2.
9N/R is data deemed not reliable.
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Table 7. Measured Data at Bar Buckling and 20% Loss of Load

Measured deformations at observed bar bucRling Measured deformations at 20% loss in peak lateraload

Column Npuckied Displacement/cycle Scompd mm/mm £ierr. MM/MmMm Displacement/cycle Scompd mm/mm Eier MM/MmMm

407 102 127/1 —0.027 0.08 127/3 —0.028 0.044
415 102 178/1 —0.047 0.073 178/1 —0.047 0.05

430 76 178/1 —-0.051 0.089 178/2 —0.052 0.044
415P 102 127/2 —-0.037 0.053 178/1 —0.055 0.031
415S 102 127/2 —0.032 0.058 127/3 —0.051 0.048
815 152 445/1 —0.023 0.83 445/2 —0.06 0.051
1015 254 625/1 —0.042 0.095 635/2 —0.048 0.049
328 76 132/1 —-0.057 0.086 132/2 —0.062 0.044
1028 305 889/2 —-0.031 0.098 889/3 —0.044 0.047
Mean —0.038 0.079 —0.05 0.045
Coefficient of variation 30% 20% 20% 13%

&0ccurrence of observed bar buckling during testing.

Phpuckies™ Midheight of buckled bar.

‘Damage state corresponding to loss of lateral load calculated at peak displacements.

dMaximum average compression strains measured using external vertical displacement potentiometers. Strains were interpreted to center of bar.

fAverage tensile strains measured using external vertical displacement potentiometers. Strains were averaged over a length extending fr@a0.5D to 1
center of bar.

Cracking more severe, damage to the core concrete may occur, often ne-

The occurrence of cracking is of some importance in assessingcgzs'tafll_?]g ev¢ten tmofre ex|t|9n5|v1|a rep?r:r me?sal:eli]m.arrl]tet lal. )
the stiffness changes in a column. Perhaps of more importance ir200: The extent of spalling along the column height also is
the context of performance-based earthquake engineering is thd™Portant, as it determines the minimum length over which con-
identification of open residual cracks, as this may determine finément by spiral reinforcement is required. _
whether repair by epoxy injection is required. Some engineering ~ Concrete compressive strains were approximated using exter-
criteria relate crack width to maximum strain in the longitudinal nal deformation measurements. As shown in Fig. 4, steel instru-
reinforcement. Examples include ATC 32996, in which re- mentation rods passed through the column core at selected eleva-
sidual strain is related directly to maximum strain, and ACI 318 tions. The threads of the rods were exposed along a 38(n
(1999 in which maximum crack width is indirectly related to in.) length within the column core so that it would bond with the
maximum strain. concrete. Away from the bonded length, the rods were covered by
Residual crack widthsy,.s, were measured for the eight col- plastic sleeves to prevent bond with the concrete. Vertically ori-
umns of Test Series LR, AR, and CL. Residual crack widths were ented displacement transducers spanned the rods at one elevation
measured at the end of the three cycles at a displacement levehnd those at the next and measured deformations along the span
(zero displacementin most cases, the residual force was small. between rods. Rotations between sets of rods were obtained as the
For Test Series LR and AR, the measured residual widths of difference between potentiometer readings on opposite faces of
the cracks were located at heights of approximately 150 @m  the column divided by the distance between the potentiometers.
in.) and 300 mm(12 in) above the top of the footing. For each  ayerage curvatures were obtained by dividing average rotations
column of Test Series LR and AR, the measured residual widths py the spans between rods. Average strains at locations of interest
of the cracks were located at a height of approximately 300 MM \yere obtained similarly. The term “average” is used here because
(12 in.). .Long|.tud|nal strains were measur.ed on the.extreme bars o quantity measured was the average of values along the gauge
using foil strain gauges glu_ed to the Iongltgdmal remforc_ement. length between instrumentation rods; actual peak local values
m i:?n 1r§ Srh(il\/iVS thle r:e:?tldoiz ??tvi\ffer r?'i‘:altfr%CkDW'dtth ?r?d would be equal to or greater than the averages. Table 6 presents
aximum previous fongitudinal reinforcement strain. Due 1o the ., cycle displacement, average strains at the extreme compres-
scatter in the data, it is not realistic to develop a deterministic _. = 7. . .
X i o . - sion fiber of the cross section at spallirg,,,,, and the average
relation between maximum longitudinal strain and residual crack L ) pat .
A . - strains in the core concretdefined at the inside diameter of the
width. Instead, cumulative probability curves were developed. ~ . : .
spira) when core crushing was apparest,.. Mean and coeffi-

Fig. 13 shows relations developed for residual crack widths ex- ™ L X
ceeding 0.13 mm and 0.25 mm. For each curve, the abscissac'ent of variation(COV) values are provided for each deforma-

indicates the percentage of the crack width data that exceed thdon tyPe. The COV values are significantly lower for the strains
value indicated in the legend. The corresponding ordinate indi- for both damage states and therefore only the strain values are

cates the maximum measured strain. discussed further. _
Initial spalling occurred over a wide range of stra{rs0.0039

) ) to —0.011), with a mean value of-0.066 and standard deviation
Concrete Cover Spalling and Core Crushing of 0.022(Table §. ATC 32(1996 cites an extreme fiber concrete
The occurrence and extent of spalling are important parameterscompression strain of-0.004 before spalling, which is approxi-
for performance assessment. The onset of spalling signals a poinmately equal to the mean minus one standard deviation of the
at which more costly, time-consuming, and possibly disruptive recorded data. Fig. 14 presents distribution and cumulative prob-
repairs likely will be required. As concrete crushing becomes ability curves for the data.
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Fig. 11. Force-displacement response of columns
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load, reinforcement ratio, and confinement ratio were not ob-
served to have significant influence on the spalling strain.
Additional damage to the cover concrete and damage to the

Force (kN)
o
\‘

R S : ‘ : core concrete results from larger displacement demands and ap-
L@d e plication of additional displacement cycles. Damage to the core
2000 800 600 400 200 © 200 400 600 800 1000 concrete may require a more extensive repair metth@hman
Displacement (mm) et al. 200). Identification of this damage state requires consistent

() Force-Displacement Response of Column 1028 measurement. However, this is difficult in that concrete damage is

not measured using external instrumentation and is instead noted
through observation. During testing this damage state was defined
to correspond to the displacement level at which the inside diam-

. . . . L ) eter of the spiral reinforcement was fully exposed.
It is worth noting that spalling did not initiate at the interface The strains corresponding to initial crushing of the core con-

between the column and footing, but instead occurred a distanCegrete are indicated in Table 6. Fig. 16 shows the distributed and
hspai @bove the interface. The strain values given correspond 0 ¢ ymylative probability curves. For the range of the study param-

average strain at the elevatiog,,. Fig. 15a) shows the relation  gters. there was no apparent effect of axial load, reinforcement
between spalling strain and the corresponding valug,gf;. The ratio, or aspect ratio.

trend is fore gy, to increase with decreasing valueshgf,,. One

explanation is that the footing concrete may be confining the col-

umn concrete close to the footing. It is also possible that the Bar Buckling, Bar Fracture, and Loss
spalling strain was influenced by the moment gradient along the Of Lateral-Load-Carrying Capacity

column height—for steep moment gradients in columns with pegradation of column moment strength may adversely affect
small aspect ratios, sections with lower strain demand can confineggijsmic response and may signal the onset of bridge column fail-
adjacent sections with higher strain demand. As shown in Fig. yre  For the columns tested, loss of strength resulted from bar

15(b), columns with higher moment gradients tended to have pyckiing, spiral fracture, and longitudinal bar fracture, usually in
larger initial spalling strains. Other study parameters such as axial

Fig. 11. (Continued
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Fig. 12. Residual crack width as a function of maximum strain compressive strain corresponding to initial spalling
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12%—73 12% . characterize failure under generalized loading. More general
ol o models for fatigue of reinforcement, including effects of rein-
Sosn| % Boon] o8l * forcement buckling, are needed. Examples of damage models
B 0.4% . . D9.4% may be found in(Park et al. 1985; Kunnath 1997; Lehman and
0.2% 0.2% Moehle 2000.

0.0% 0.0%

. 200 P w00 0 . o 5 Some procedures for evaluation and dedigmy., ATC 1996
(2) Height of Spall (mm) () Aspect Ratio define failure according to the compressive strain at which the
hoop reinforcement ruptures. These procedures are based on mod
els developed from pure compressive tests of confined concrete
cross sections in which hoop rupture due to concrete dilation was
a predominant failure modéMander et al. 1984 As shown by

this order. The onset of this type of damage led rapidly to signifi- the tests reported here, under reversed cyclic loading it .is more
cant loss of lateral-load strength. An arbitrary but convenient common for hoop rupture '_[0 be controlled by local strains n-
point to represent failure, then, is when lateral-load strength drolosduced as the longitudinal reinforcement buckles and bears against

by more than 20 percent of the peak value. This same definitionthe hoo_ps. Ne_w models for compressive strain limits, based on

has been used previouslpark and Paulay 1975 longitudinal reinforcement buckling, are needéfliso see Wat-
Table 7 reports the average tensile strain at the center of theSON and Park 1994; NZS 1995; Moehle et al. 1996.

extreme longitudinal bar and average compressive strain at the

extreme fiber of the core at time of failurgColumn failure was

not achieved for column 828.Both compressive and tensile

strains were obtained using the external instrumentation attachetberformance-based seismic design methods require quantifiable
to rods, as described previously, because strain gauges were Ngheasures of performance as well as efficient structural details that
reliable to large strains. Average tensile strains were obtained be-cqrrespond to the performance needs. An experimental study was
tween instrumentation rods located at 0.25D and 0.5D from the conducted to quantify performance measures and examine one
top of the foundation, where D is the column diameter. The mea- 45pect of detailing for reinforced concrete bridge columns. The

surement between 0 and 0.25D could not be used because it prizyydy consisted of 10 columns that were one-third scale models of
marily measured slip of the reinforcement out of the foundation. spirally reinforced, circular-cross-section bridge columns. The

Previous research has shown that the cyclic history has a stronyimary test variables were column aspect ratio, longitudinal re-
ger influence on bar buckling than on damage states such as initiainforcement ratio, spiral reinforcement ratio, axial load ratio, and
spalling(Kunnath et al. 1991 The displacement histories used in e length of the well-confined region. During testing, the col-
the experimental program described here was intended to be simiy;mns were subjected to a constant axial load and cyclic lateral
lar for all of the columns tested. Therefore the results may not be |pads. Data were collected to define load-deformation relations as
generally applicable and cumulative probability curves are not \yq|| as performance states at various stages of testing.

presented for these damage states. . . Within the limitations of the test program, the following con-
It is unclear whether the maximum compressive strains or the ¢|,sions were reached:

maximum tensile strains are of greater significance in determining 1  The progression of damage was similar for all columns: con-
cross section failure. As noted previously, failure generally was crete cracking, longitudinal reinforcement yielding, cover
initiated by buckling of the longitudinal reinforcement, which spalling, core crushing, longitudinal reinforcement buckling,
might suggest compressive strain as the key parameter. However, spiral fracture, andin most caseslongitudinal reinforce-

the previous maximum tension strain may be more important be-  ment fracture. In all cases, spiral fracture results from exces-
cause of the Bauschinger effect, the instantaneous tangent modu-  gjye longitudinal bar buckling, and not solely from overall

lus and the fact that compressive stress under cyclic loading are dilation of the core concrete.

controlled by the strain excursions in tension. Therefore, simple o Residual crack widths increased with increasing maximum

models based on peak strains are unlikely to be able to fully measured longitudinal reinforcement strains at comparable
locations, though the scatter in results was considerable. The
residual crack width was not measurable if the strain was

Fig. 15. Dependence of initial spalling strain da) height of spall
and (b) aspect ratio

Conclusions

100% | I less than the yield strain. Considering the degree of scatter, it
g S0% 7] " Cumulative V. was unrealistic to define a deterministic relation between re-
g 80% I Distributed /7 sidual crack width and maximum previous strain in the lon-
g 70% / gitudinal reinforcement. Instead, a fragility curve was pre-
2 60% sented to define the probability of exceeding a target residual
© 5o crack width.

340% 3. Cover spalling was identified as a damage state requiring
g 20% / N repair. Concrete spalling strains ranged from 0.0039 to 0.011
g 20; A— N in compression. Lower spalling strains were associated with
g / \ larger column aspect ratios. The tendency to have higher
10% \/ I spalling strain for low aspect ratio was attributed to confine-
0% ment provided by the foundation block as well as by the
0000 0005  0.010 0015 0020 0025  0.030 moment gradient. Axial load ratio, reinforcement ratio, and
Compressive Strain, ¢ confinement ratio were not observed to have a significant

influence for the considered range of each parameter.
4. Crushing of the concrete core was identified as a damage
state requiring more significant repair than would be re-

Fig. 16. Distributed and cumulative probability curves for
compressive strain corresponding to initial core crushing
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quired for cover spalling. This damage state was observed California Department of Transportatig€altrang. (1991). Bridge De-
for compressive core concrete strains as low as 0.010 and as  sign Specification Manual.
high as 0.029. Calderone, A. J., Lehman, D. E., and Moehle, J2P01). “Behavior of

5. The deformation at column failure, defined as the deforma-  reinforced concrete columns with varied zones of confineméey.,
tion where dramatic moment strength loss occurred, could be ~ UCB/PEER Pacific Earthquake Engineering Research, Berkeley
identified by the deformation at which lateral load resistance _ Calif. o
dropped by 20% of the maximum lateral-load capacity. Col- Federal Emergency Management Agend@p97. NEHRP guidelines of
umn failure was linked to the longitudinal reinforcement the seismic rehabilitation of buildinggEMA 273 Washington, D.C.

buckling, which in turn led to spiral fracture and longitudinal He?)ry' L., and fMahig’ S A(1t99t€))._d8tudy |°f brﬁlgk"ntg ?; loggilt.:fdin?l
reinforcement fracture. This failure mode depends on the ars In reinforced concrete bridge columisep. fo the tatifornia
applied deformation history. It is unlikely to be adequately Department of Transportation

B 7 . Japanese Road Associatiqi998. “Specification for highway bridges,
modeled by a single limiting strain value. Improved models

for | itudinal bar buckli ded Part V Seismic design,PWRI(English edition.
or longitudinal bar buckling are needed. Kunnath, S. K.(1997. “Cumulative seismic damage of reinforced con-

crete bridge piers. NCEER-97-0006National Center for Earthquake
Engineering Research, Buffalo, N.Y.
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