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Abstract: In order to reliably obtain seismic responses of as-built and repaired reinforced concrete bridge columns under near-fault
ground motions, pseudodynamic testing of two bridge columns with a reduced scale of 2/5 was performed. Pseudodynamic test resul
reveal that a ductile member may have no chance to entirely develop its ductile behavior to dissipate seismic energy, because it me
suddenly be destroyed by a significant pulse-like wave. The seismic performance of the two damaged bridge columns can be recovere
after repair with carbon fiber reinforced plastics composite sheets. It is also experimentally confirmed that the flexural failure moment
obtained from the pseudodynamic test is in good agreement with the plastic moment predicted by the ACI 318 code. As pseudodynami
test results are believed to be more accurate than numerical solutions, they can be considered as reference solutions in developing
finite-element model. An identical specimen was tested under cyclic loading to estimate basic properties of these columns, such as she
strength, flexural strength, and ductility, so that the seismic responses obtained from pseudodynamic tests can be thoroughly discusse
Furthermore, its hysteretic response may also be used to match a mathematical model to simulate the very complicated load-displaceme
relation for analysis.
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Introduction 1995; AASHTO 1996 It seems that the cause of this damage is
primarily due to the near-fault ground motion, which is charac-
On September 21, 1999, the Chi-Chi earthquilah et al. 2000 terized by a pulse-like motion that exposes the structural system
struck the central region of Taiwan. The magnitude of this earth- to high seismic energy at the beginning of the ground acceleration
quake was measured to Bé;=7.6 on the Richter scale, and record. To explore the capacity of reinforced concrete bridge col-
there were 10 aftershocks whose magnitudes were greater thammns, a series of cyclic loading tests were performed at the labo-
6.0. In this area, there are many hundreds of bridges and approxiratory of the National Center for Research on Earthquake Engi-
mately 10% of the bridge inventory experienced moderate-to- neering(NCREB (Chang and Chang 1999; Hwang et al. 1999;
major damage. It seems that the use of old design codes, jand Chu 1999 These tests include two categories of columns.
AASHTO 1969 and AASHTO 1971, is responsible for the severe one category is for columns with substandard design details and
damage, because a large number of the damaged or collapseghe gther is for those with well-designed details. In addition to
reinforced concrete bridges were designed based on these codeg,qqg tests; this study will also aid the understanding of the seis-
The most significant examples of poorly designed bridge columns i esonse of a reinforced concrete bridge column that is de-

ﬁ“.e tr:]te inzdt?]quat% Icl)ngitudingl bars O::Je to cut-loﬁ at cholurgntmid- signed according to the updated version of the Taiwan Bridge
eight and the widely spaced as well as poorly anchore rans-Design Code(1995.

verse reinforcement. However, moderate-to-major damage was . . . . . .
- . . . In nonlinear dynamic analysis, an idealized load-displacement
also observed in newly constructed bridges, which were designed . . . .
model is generally required to determine the restoring force after

according to new design coddaiwan Bridge Design Code the displacement is found. Thus, the accuracy of these numerical
solutions is highly dependent upon the mathematical model,
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Univ. of Technology, Taipei 106, Taiwan, R.O.C. is a very difficult task, because the load-displacement model for a
3Professor, Dept. of Civil Engineering, National Taiwan Univ., Taipei reinforced concrete bridge column is very complicated and con-
106, Taiwan, R.O.C. sequently is hard to simulate accurately. This difficulty is because
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provide a more reliable solution when compared with the numeri- « 75 »

cal solution. )
The pseudodynamic testing method is basically the same as 5 SR EASan
the step-by-step integration procedure for a time history analysis. =T |E X
. . . . g = b ! 10¢
At first, the test structure is idealized as a discrete system, then 2] |k 10
the equations of motion governing the dynamic behavior of the y adedoobo
test structure are formulated. A step-by-step integration method is Section A-A

needed to solve the governing equations in performing a pseudo- 10—y,
dynamic test. It is worth noting that the inertial and damping B ]
properties in the equations of motion are, in general, analytically k
describedShing and Mahin 1984while the restoring forces are

no longer expressed as the product of the displacements and stiff-
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ness matrix, as is usually seen in a step-by-step integration pro- v S|y
cedure. Rather, the restoring forces are experimentally measured 2
in a pseudodynamic test. Hence, the difficulty in modeling accu- 7 - g
rately the load-displacement relations for inelastic structures dis- é_ %
appears. This experimental measurement indicates that pseudody- _ Yy
namic tests will give more reliable test results than for the step- |1 concrete stengmn 1; =212 28
by-step time history analysis, because they do not involve any |*}sem i, xe 20 2 =
idealized mathematical model for the load-displacement relation- | / =20Mpa:for10¢ hook4-19¢ 3
ship. B
Even though a more accurate seismic response can be obtainecs¢ets _19 M € , |
from pseudodynamic tests, the application of this technique to " g -

investigate the seismic behavior of reinforced concrete bridge col- ‘
umns is very rare. In this study, three identical reinforced concrete e.19¢4 ~<
bridge columns were fabricated. One column was used to perform

the reversed cyclic loading test in order to obtain the basic prop-
erties of these specimens, and the other two were tested pseudo- wgols N5
dynamically so that accurate seismic responses and reliable hys- e 200 NPl
teretic loops of the reinforced concrete bridge columns under 2452150

near-fault ground motions can be achieved. In addition to pseudo-

dynamic testing of the as-built bridge columns, the damaged Fig. 1. Design details for reinforced concrete bridge columns
bridge columns were repaired with carbon fiber reinforced plas-
tics (CFRP and retested pseudodynamically. This retesting is in-
tended to determine whether the damaged reinforced concretesamples and were found to be 500 and 350 MPa, respectively. In
bridge column may be restored to an acceptable seismic perfor-aqdition, the concrete cylinders were tested to determine the con-
mance after repair with CFRP composite she@ischheim and  crete strength of the test specimens. The actual compressive
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Moehle 1992; Priestley et al. 1996; Reinhorn et al. 1998 strength of concrete was found to be 23 MPa at 28 days. In both
cases, the actual strengths of the concrete and steel are higher
Fabrication of Specimens than the design strengths.

Three identical reinforced concrete bridge columns with a scale of
2/5 were cast. The design of the specimens was based on the 199%est Setup and Lateral Force Correction
version of the Taiwan Bridge Design Code and is a standard de-
sign for the Taiwan Highway Bureau. The scaled-down bridge The test setup for the cyclic loading test is implemented as shown
columns had a height of 3,250 mm and a rectangular cross sectiorin Fig. 2. In this setup, the test specimen was mounted on the
with a dimension of 758600 mm. The longitudinal reinforce-  strong floor and the reinforced concrete bridge column was axi-
ment consisted of 32 No. @9 mm diameterbars with a design ally loaded by a pair of 39 mm diameter high-strength pretension
yielding strength off, =420 MPa, which were evenly distributed rods through a rigid beam that was placed across the top of the
on all faces and throughout the height of the column with a con- column. The lateral force was applied at the top of the specimen
stant concrete cover of 25 mm. The concrete had a design com-through a servo-hydraulic actuator, which was mounted horizon-
pressive strength of 21 MPa at 28 days. The transverse reinforcetally on the reaction wall. The actuator was an MTS 243.70
ment was made up of No. @0 mm diameter stirrups with a single-ended static type. The built-in load cell and a linear vari-
design yielding strength df,=280 MPa at a spacing of 100 mm. able displacement transducgVDT) were used to measure the
In addition, there are five confining crossties. The anchorage ofrestoring force developed by the specimen and the imposed dis-
the hoops and crossties at their two ends were 90 and 135°, replacement, respectively. Because the reinforced concrete bridge
spectively. Design details of the specimens are shown in Fig. 1. column will be simulated as a single degree of freed@DOP
These design details result in a longitudinal reinforcement ratio of system in performing the pseudodynamic test, the test setup is the
1.95% and a transverse reinforcement ratio of 1.04%. It should besame as that for the cyclic loading test.
mentioned that the footing and the load stub were designed to In all of the tests, the axial load is taken to be 680 kN, which
exceed the capacity of the column. is often used by the Taiwan Highway Bureau to simulate a two-
The vyield strengths of the longitudinal and transverse rein- lane bridge deck. It should be mentioned that the axial load varies
forcement were obtained by standard tensile tests on steel bawith lateral deflection, because the pretension rods necessarily
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Fig. 2. Test setup for testing of reinforced concrete bridge columns

elongate when the bridge column deflects. A load cell is mounted
on one end of each pretension rod and is used to measure the
actual tension force for each rod. The symbblrepresents the i
height of the bridge column and is equal to 3,250 mm while the
depth of the footing plus the depth of the strong floor is denoted
by h and is equal to 1,950 mm. Because the axial load of the
reinforced concrete bridge column is vertically loaded through a Fig. 3. Correction of lateral force
pair of pretension rods during the test, it will not introduce any

horizontal component force if the bridge column is undeformed.

However, a horizontal Component of the axial load is found if the Because the value af can be measured by the built-in LVDT

Column footing

Strong floor

B B Y e ]

bridge column is deformed horizontally. It is apparent that this yithin the servo-hydraulic actuatat,is not measured in the tests,
thhorlzbor?lttQI c?mgonelrllt f]f);ﬁe will be r'}”ZIUdei.d n tthetreadl_ling from and asd~d, the displacemert was assumed equal tin the

€ utl' -In fof;]. cet o 3 fservoj ydraulic actua o(rj. tence, I'a computation of the horizontal component of the axial load. As a
correction oFthis measured lorce IS necessary in order o rea IS'result, the restoring force actually developed by the test structure
tically obtain the actual developed restoring force in performing

. ) - ; can be calculated by
either a cyclic loading test or a pseudodynamic test.
The details of the lateral force correction are schematically _ Pd
shown in Fig. 3. In this figure, the centerline of the bridge column =r— m (2)
coincides with the centerline of the pretension rods when the

horizontal displacement is zero at the point where the servo- wherer =force from the load cell of the servo-hydraulic actuator;

hydraulic actuator is imposed. However, when this horizontal dis- and P=measured axial load applied by the pair of pretension
placement is nonzero, the centerlines no longer coincide, becauseods.

the bridge column deforms like a cantilever beam while the pre-

tension rod is deformed like a two-force member. The horizontal

displacement for the centerline of the bridge column at the point Cyclic Loading Test

where the servo-hydraulic actuator imposed is designated| as

and similarly the horizontal displacement for the centerline of the A reversed cyclic loading test was conducted for Specimen A.
pretension rods is designated @s It is worth noting that the ~ The test was conducted in a displacement control mode, and the
difference betweenl andd is very small, as their locations are l0ading sequences of the column are shown in Table 1. In this
close together at the top level of the bridge column. The imposedtable, the drift ratio is determined from the ratio of the imposed
horizontal displacement will cause the pair of pretension rods to displacement over the height of the bridge colurkin,Two dis-
introduce a horizontal component force, and its value is equal to Placement cycles were performed for each drift ratio.

o Flexural cracks, perpendicular to the vertical column axis, ini-
P,=Pd/\d2+(H+h)? 1) tially occurred in the bottom region of the column at a drift ratio

Table 1. Loading Sequences for Cyclic Loading Test

Cycle number

Parameter 1,2 3,4 56 7,8 9,10 11, 12 13, 14 15, 16 17, 18 19, 20
Drift ratio (%) 0.25 0.50 0.75 1.00 1.50 2.00 3.00 4.00 5.00 6.00
Displacement{mm) 8.125 16.25 24.38 32.50 48.75 65.00 97.50 130.0 162.5 195.0
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Fig. 4. Specimen A after cyclic loading test

of 0.25%. During the drift ratio of 1.5%, these cracks started to
open. At the 3% drift ratio, they were widely opened and slightly
spalled. Buckling of the longitudinal steel bars was visible at the
drift ratio of 4%, while fracturing of the bars began at the drift

ratio of 5%. A plastic hinge was formed near the bottom of the
column during the test. However, there was no significant diago-
nal shear crack on the specimen at the end of the test. Thus, it i

fied as a flexural failure. For this column, the crushing of concrete
and the rupture of longitudinal steel bars at the end of the cyclic

loading test can be seen in Fig. 4. The hysteretic response for

Specimen A is shown in Fig. 5. In this figure, the load-

displacement relation can be roughly considered to be linear when

the drift ratio is smaller than or equal to 1.0%. The strength deg-

radation between successive cycles became significant for drift

ratios of 1.5% and larger. The rupture of a longitudinal steel bar

can also be identified from the hysteretic loops where a sudden
drop in the load is observed. The stiffness degradation can be seen

in the hysteretic loops for the different drift ratios.
Pinching of the hysteretic loops was also explicitly observed
for large drift ratios, although the specimen is a well-designed

reinforced concrete bridge column. Pinching is characterized by
the negligible stifness of the specimen as it passes through zerq)

displacement, which leads to less energy dissipation per cycl
when compared to a hysteretic loop without pinching. Pinching

(38.4,376)
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Fig. 5. Hysteretic response for Specimen A

S
apparent that the failure mode of this specimen should be classi-

might arise from the slippage of the longitudinal bars and the
closing of flexural cracks in the plastic hinge zone of the rein-
forced concrete bridge columns. Because of the test setup, the
axial load varied with lateral deflection. An average value of the
axial load for the complete test is found to be 716 kN and a
maximum value of 916 kN was found at a lateral displacement of
195 mm. Because this average value is slightly larger taaout

5%) the expected value of 680 kN, a slight increase in shear and
moment capacities is anticipated. However, this increase must be
very small. On the other hand, tiie— A effect will be increased

by the slight increase in axial load as a large lateral displacement
is imposed. Apparently, the extRa— A effect due to the increase

in axial load is not very significant, because the increase in axial
load is only about 5% and the maximum lateral displacement is
195 mm in the test.

The vyield displacement of the specimen, accounting for
second-order effects, is estimated using the analytically calculated
yield momentM, = 1,248 kN-m, and the experimentally obtained
hysteretic loop shown in Fig. 5. The yield displacement was
found to be 38.4 mm at an applied lateral forceFot 376 kN.

This data point is indicated by a solid square symbol in Fig. 5.
This yield displacement ok, =38.4 mm is used to determine the
displacement ductility herein. Meanwhile, the ultimate lateral
force of the specimen is defined as being 80% of the maximum
lateral force from testing, and the corresponding displacement is
considered as the ultimate lateral displaceméhtestley et al.
1996. Applying these definitions, maximum lateral forces, ulti-
mate lateral forces, and ultimate lateral displacements in both
push and pull directions are shown in Fig. 5, where the subscript
“+" represents the push direction and the pull direction is de-
noted by the subscript-+". As a result, the average value of the
maximum lateral forces, the ultimate lateral forces, and the ulti-
mate lateral displacements aFg,,,=434 kN, F,=347 kN, and
A,=144.0 mm, respectively. Hence, the ductility for the speci-
men isp=A,/A,=3.75. Finally, the ultimate flexural moment is
estimated to béM ,=F ,H+PXA,=1,226 kN-m.

On the other hand, according to the provisions of ACI 318, and
using the actual strength of steel and concrete, the nominal flex-
ural strength of the reinforced concrete bridge column is com-
puted to beM ,= 1,480 kN-m and the plastic moment capacity is
M,=1.25M,= 1,850 kN-m. Employing the equation developed
y Aschheim and Moehl¢1992, the nominal shear strength is

found to beV,=750kN. As a result, the design shear strength is

V4=¢V,=638kN, where the shear strength reduction fadtis
0.85. These computation results attest to a flexural failure of the
specimen, because the ultimate lateral force from testig,
=347kN, is far less than the design shear strengtk 638 kN

and the ultimate flexural momeM = 1,226 kN-m is close to the
design flexural strength My=¢M,=1,140kN-m, where
$=strength reduction factor and is computed to be 0.77 for this
case.

In the Taiwan Bridge Design Cod@aiwan 199%, the total
cross-sectional area of transverse reinforcement for a rectangular
reinforced concrete column shall not be less than the greater value
of the following equations:

£ (A
Ashz 03(Hhcf—h A——l
y c

Pe

5

’
feAq

®)

Ash=o.12ahnyh

0.5+1.25

wherea=vertical spacing of hooptirrup9 in mm with a maxi-
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mum of 150 mmA,=area of the concrete core in imeasured Damping is difficult to model, because various damping mecha-
to be the outside of the transverse reinforcemagt;-gross area nisms may exist in a structure, such as Coulomb damping, vis-
of column in mn¥; A ,=total cross-sectional area in f hoop cous damping, and hysteretic damping. Hysteretic damping and
(stirrup reinforcement including supplementary cross tieste Coulomb damping are automatically taken into account in a

that this should be calculated for both principal axes of a rectan- pseudodynamic test procedure, while viscous damping is speci-
gular column; f.=specified compressive strength of concrete in fied in the equation of motion. Because of the difficulty in sepa-

MPa; f,,=yield strength of hoop or spiral reinforcement in MPa; rating one damping effect from the other in a pseudodynamic test,
h.=core dimension of tied column in mm; afj=factored load it is almost impossible to determine the exact viscous damping
in kN. property of the test specimen. Even though viscous damping is

These design equations and other design requirements forincluded in Eqs(4) and(5) for completeness, it will be assumed
transverse reinforcement for confinement at plastic hinges are theto be zero in this study. This assumption is justified because the

same as those specified in AASHT@996 for seismic perfor- hysteretic damping is the major source of damping to dissipate
mance categories C and D, except that a maximum vertical spacseismic energy for the reinforced concrete bridge column and will
ing of 100 mm is adopted and the second line of Bj.is re- be automatically taken into account in the pseudodynamic test.
placed byAs,=0.12ah.(f /f ) in AASHTO (1996. It is found The following execution steps are a summary of using the
that the transverse reinforcement used in the tested columns folNewmark explicit method to perform the pseudodynamic tests
confinement is insufficient to meet the requirement Af;, starting at the beginning of the { 1)th time step:
=0.12ah,(f¢/fyn). This requirement implies that a better ductil- 1. Calculate the displacemedt, , for this time step by using

ity may be achieved if using the design details of AASHTO the second line of E(5).

(1996 for reinforced concrete for seismic performance categories 2.  Impose the computed displacement, upon the test speci-

C and D. men by using the servo-hydraulic actuator.

3. Immediately read the force, ; from the built-in load cell
right after the stop movement of the actuator, then use Eq.
Pseudodynamic Test Procedure (2) to calculate the actual restoring force ; developed by

the test structure.
A structure has to be idealized as a discrete-parameter model ir4,  Compute the acceleratian, ; and the velocity;_ ;.

order to be tested pseudodynamically. In addition, the reliability 5. Repeat steps 1-4.

of pseudodynamic test results essentially depends on the realisnThis pseudodynamic test procedure can be repeated until the de-
of the idealized test model. In general, the dead load of the rein- sired response time history is achieved.

forced concrete bridge column originates from the weight of the

cap beam, the girders, and the deck. Therefore, it is appropriate to

analytically simplify the bridge column as a single degree of free- Pseudodynamic Results for As-Built Specimens

dom (SDOBR system where the lateral displacement at the top
level of the bridge column is taken as the only degree of freedom.
As a result, the total mass attributed to the bridge column is
lumped at this degree of freedom. The equation of motion for this
SDOF system is found to be

It is believed that many buildings and bridges were damaged or
even collapsed due to the strong near-fault ground shaking during
the Chi-Chi earthquaké_oh et al. 2000. Therefore, it is interest-

ing to pseudodynamically evaluate the seismic performance of
mu+cu+ku=f 4) reinforced concrete bridge columns under this type of ground

motion. Many near-fault ground motion data were collected by

the Central Weather Bureau under the Taiwan Strong Motion In-

strumentation Program during the main shock of Chi-Chi earth-

quake, which was caused by the rupture of the Chelungpu Fault.
external nodal force. It should be mentioned that the tkrnis Q:?J fégu;:rir?giﬁil:‘?;'::Q;’u;ek?ggiggzrgnS;:tt'ﬁgssggrﬁgﬁpjpﬁl
generally replaced with the restoring forcein performing a this investigation. The ground acceleration and the ground veloc-

seudodynamic test, because the stiffness i o o
Fning acc)[Jratelly during theutest I s Is very hard to deterlty for TCUO75 and TCU102 are plotted in Figs. 6 and 7, respec-

Many step-by-step integration algorithms can be employed to tively, where the_ velocity-wave form |s_computed_ from the
solve the equation of motion. The Newmark explicit method ground acceleration data through a baseline correction and inte-

(Newmark 1959 where acceleration is assumed to be constant gration process. It can be seen from the two bottom plots that a

ithi h i : in thi Vo | f |a- Pulse-like wave in the velocity-wave form is identified for
within each time step, is used in this study; its general formula TCUO75 and TCU102. This pulse-like wave may have significant

wherem, ¢, andk are used to denote the mass, viscous damping,
and stiffnessy, u, andu represent the nodal displacement, ve-

locity, and acceleration at the point where the servo-hydraulic
actuator is imposed, respectively; ahés used to represent the

tion is . o o
influence on the seismic response of a structure, because it will
ma 1+Cuj1tric1=Fiiq impose high seismic energy on the structure.
1 A reinforced concrete bridge column is simulated as an SDOF
dis=di+(At)v;+ E(At)zai (5) system with a concentrated mass at the top of the bridge column.

The lumped mass for Specimen B is assumed to be 27,500 kg and
1 the system is subjected to the ground acceleration record of
Vi41=0i+ E(At)(ai +aji1) TCUO075 with a peak ground acceleration of@.8eanwhile, the
lumped mass for Specimen C is specified to be 68,000 kg and the
where d;,, vi;1, and a;,;=approximations to the displace- system is excited by TCU102 with a peak ground acceleration of
ment, velocity, and acceleration at thie-(1)th time step. In ad- 0.79. It was estimated by the IDARC program that the peak
dition, r;,, is introduced to denote the restoring force actually ground acceleration of 0g8for TCUO75 and that of 0g for
developed by the test specimen at the endiefX)th time step. TCU102 are the maximum earthquake inputs that will not col-
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Fig. 6. Ground acceleration and velocity for TCUO75 Fig. 7. Ground acceleration and velocity for TCU102

lapse the specimens. Both pinching and softening effects for a
reinforced concrete bridge column have been considered in the In the top plot of Fig. 9, it can be seen that the pseudodynamic
IDARC program(Reinhorn et al. 1998 In fact, strength soften-  test was stopped dt=16.25s because the concrete cover was
ing is used to define the reduction in component strength capacityseverely spalled, some longitudinal steel bars were buckled, and
under cyclic loading after reaching the ultimate strength limit. some of these were almost fractured at the bottom of the bridge
Pinching is used to define the ratio of the retained stiffness to the column. At this time, the horizontal displacement at the top of the
initial stiffness on the unloading path. bridge column was as large as 250 mm, which corresponds to a
The rate of loading imposed upon the specimen was taken todrift ratio of 7.7%. However, in order to clearly display the time
be 0.1 mm/s in performing all the pseudodynamic tests. Pseudo-history and hysteretic loops for the two plots shown in the figure,
dynamic test results for Specimens B and C are plotted in Figs. 8the lateral displacement was plotted in the rangetd50 mm,
and 9, respectively. Each figure consists of two plots. The top plot not 250 mm. Very significant stiffness degradation and a very
shows the time history of the displacement response, and the hysiarge amount of energy dissipation were observed during the time
teretic response is depicted in the bottom plot. In Fig. 8, it can be interval of 14<t<15s. It is clear that the reinforced concrete
seen that maximum values of the displacement and lateral forcebridge column cannot survive the significant pulse-like wave,
were reached at a time 6&14.52 s and were 68.3 mm and 467 which has a peak ground velocity at the timetef16.78s, as
kN, respectively. The maximum flexural moment also occurred at shown in Fig. 7. A drastic softening of the bridge column was
this time and was found to be 1,563 kN-m, which is less than the found as the very significant pulse-like wave struck it. These hys-
plastic moment capacityl ,= 1,850 kN-m. The maximum ductil-  teretic loops reveal that a well-designed reinforced concrete
ity experienced is found to b na=Amax/Ay=1.78 at this time, bridge column might have no chance to develop its energy dissi-
where A,,,=68.3mm andA,=38.4mm. Stiffness degradation pation capacity when subject to the very intense ground shaking
can be seen in the hysteretic response. It seems the reinforcedf the near-fault ground motion. In fact, the near-fault ground
concrete bridge column can effectively dissipate the seismic en-motion usually contains pulse-like velocity wave forms that may
ergy through ductile behavior. At the end of this test, yielding of be more destructive than the peak ground acceleration for some
some longitudinal steel bars was detected, but there was no buckstructures. Meanwhile, it can be found that the maximum lateral
ling among them. However, flexural cracks were found and slight force is as large as 551 kN at,=144.0 mm, which is the ulti-
spalling of concrete cover was also observed, as can be seen imate lateral displacement defined previously and is larger than
Fig. 10. In general, this column was not damaged to a point of that for Specimen A. This result might be due to the fewer cycles
loss, because the maximum lateral force and the maximum flex-of loading when compared with those of Specimen A. In addition,
ural moment are less than the shear capacity and the plastic mothe flexural failure moment of this bridge column is found to be
ment capacity, respectively. Furthermore, the maximum ductility 1,870 kN-m and is almost exactly predicted by the ACI 318 code
experienced is less than the ductility ratio of 3.75 determined with the value ofVl ;= 1,850 kN-m. As a result, a flexural failure
from the cyclic loading test. mode can be identified, and this result seems to experimentally
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Fig. 8. Pseudodynamic results for as-built Specimen B subject to Fig. 9. Pseudodynamic results for as-built Specimen C subject to
TCU102 with PGA=0.7g

TCUO75 with PGA=0.8

confirm that the plastic moment estimated by the ACI 318 code is much larger than the design earthquake load. Thus, repair is in-
very reliable. The maximum displacement ductility observed in tended to restore the design strength to the preseismic event ca-
this specimen was approximately 6.5 when the test was stoppedpacity. Both columns were wrapped with CFRP composite sheets,
and was 3.75 at the maximum applied load. This indicates, de-which were manufactured by the Industrial Technology Research
spite the extreme loading associated with the pulse, that goodinstitute in Taiwan. The fibers within the CFRP composite are
ductility was achieved, exceeding that observed in the cyclic test. unidirectional. Mechanical properties of the component carbon
fiber are summarized in Table 2. Properties of the CFRP wrap will
be lower than these.

Because Specimens B and C were damaged and failed in the
plastic hinge zone, the repair of these specimens was focused in

this area. Since reinforcing bar fractures occurred in Specimen A,
Some bridges that were designed to modern codes were also dam-

aged or even failed during the Chi-Chi earthquake. This damage
may be becausdl) the fault rupture was directly under or be-
tween bridge foundations; d2) near-fault ground motions are
very intense and extremely punishing to these bridges. It was
urgent to restore the damaged bridges immediately following the
catastrophic earthquake due to the need to reopen highways for
emergency rescue. Because CFRP reinforcement possesses excel-
lent properties, such as low weight, high strength, and high cor-
rosion resistance, and because it is much easier to handle on site,
this material was widely chosen for repairing and retrofitting im-
mediately after the Chi-Chi earthquake.

It is very interesting to study the seismic performance of the
damaged reinforced concrete bridge columns after repair with
CFRP composite sheets. Because the test specimens for this study
were designed to the new code, there was no specific structural
deficiency, such as shear strength, flexural strength, and ductility,
based on the new design code. Damage to the specimens origi-
nates from the very intense near-fault ground shaking, which is

Repair of Damaged Specimens with Carbon Fiber
Reinforced Plastics Composite Sheets

Fig. 10. As-built Specimen B after pseudodynamic test
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Table 2. Properties of Carbon Fiber Reinforced PlasticERP 80

Property CFRP 60 | as-built column
""""" repaired column
Thickness of layefmm) 0.1375 e
Width of layer (mm) 400 § "
Component fiber ultimate strengtMPa) 4,200 -
Component fiber elastic modul(sPa) 235,000 % 0
Component fiber ultimate strait36) 1.8 % 20
)

-40

this specimen could not be repaired with CFRP sheets alone and [

was not retested. At first, the damaged concrete cover was re- 0 - L L > L - .
moved and replaced with nonshrink mortar. It is worth noting that ’

there was no treatment for steel bars, because they did not break. Time (sec)
However, the tilted specimen was moved back to its original po- 600

sition by using the servo-hydraulic actuator before repair, al-

though this might not be feasible in the field. It is worthwhile to 400 [

as-built column

repaired column
200 -

note that the as-built Specimen C under TCU102 with a peak s
ground acceleration of Ogawill collapse in practice, because the =
test was stopped at a specified maximum displacement of 250 mm g
although the time step was not completed in the pseudodynamic = °r
test. This emergency stop was intended to protect the specimen%"
from collapse so that it could be repaired and retested. Thus, this
specimen is more likely to be demolished than repaired in prac-
tice. Next, all the corners of the test specimens were beveled and

-200 |

Resto

-4

=3

0 |-

rounded to a radius of 30 mm to reduce stress concentrations in o ‘ 5""Am=1x=-72;1 mm . . . . ‘
the CFRP composite sheets that occur due to the rectangular ge- o6 80 60 40 20 0 20 40 60 80 100
ometry of the cross section. The calculation of repair thickness for Displacement (mm)

the CFRP composite sheet at the potential plastic hinge zone is_ ] ] ) ]
based on force-based desi¢g@altrans 1986 and the resulting Fig. 11. P§eudodynamlc results for repaired Specimen B subject to
required thickness is 0.31 mm. Thus, three layers of the CFRPTCU075 with PGA=0.89
composite sheets, whose total thickness is 0.41 mm, were applied
in the potential plastic hinge zone, which was about 1/4 of the
column height, i.e., in the 800-mm-long portion of the bridge footing interface. Additionally, any yielding of the longitudinal
column above the top of the footing. Meanwhile, a single layer steel may have penetrated the footing and will result in a reduced
was wrapped around the rest of the column, although there is nolateral stiffness of the column. However, the strength and ductility
need to repair this portion of the column. The CFRP composite of the repaired bridge column may be largely restored after the
sheets wrapped around the bridge columns in this manner areCFRP composite sheets are engaged and external confinement is
intended to provide external confinement, to prevent spalling and developed at larger lateral displacements.
crushing of the concrete cover, and in turn to prevent buckling of  In Fig. 11, it can be seen that the displacement response time
the longitudinal reinforcement. history of the same column before and after repair is very similar
except that a slightly larger displacement response occurs during
testing of the repaired specimen. In fact, the maximum displace-
Pseudodynamic Results for Repaired Specimens ment and maximum lateral force which occurred at the time of
t=14.55s were found to be 72.1 mm and 510 kN, respectively,
Tests for the repaired Specimens B and C were performed in theand the maximum flexural moment was 1,705 kN-m. In addition,
same manner as the as-built Specimens B and C. Results for thehe maximum ductility is found to be 1.88, as shown in the bot-
repaired Specimen B are plotted in Fig. 11, while those for the tom plot of this figure. Thus, it seems that the seismic perfor-
repaired Specimen C are depicted in Fig. 12. The results for themance of the damaged Specimen B was recovered after repair
as-built column are also superimposed in Fig. 11 for Specimen B with CFRP composite sheets. The hysteretic loops shown in Fig.
and in Fig. 12 for Specimen C so that the differences in seismic 11 reveal that the flexural stiffness of the repaired Specimen B is
responses between the as-built and repaired columns can be easilelatively more stable than that of the as-built Specimen B. The
observed. stiffness degradation is insignificant for the repaired Specimen B,
For comparison, the initial stiffness for each pseudodynamic while it can be observed for the as-built Specimen B. It is also
test specimen was determined from thetf8s ofeach displace-  very interesting to find from Fig. 11 that the lateral stiffness in-
ment response time history through a linear curve fitting method creases slightly, as the absolute value of the lateral displacement
and is listed in Table 3, whei€, denotes the initial stiffness and is greater than 20 mm. This result may be caused by the signifi-
f, is used to represent its corresponding structural frequency. Thiscant development of the hoop strain and corresponding concrete
table clearly shows that the initial stiffness after repair is only confinement in the CFRP composite sheets for a relatively large
about 72% of that of the as-built bridge column for Specimen B lateral displacement. At the end of the test, there were no observ-
while that for Specimen C is only about 74%. The reduced stiff- able flexural cracks on the outside carbon fiber layer along the
ness of the repaired specimens can likely be accounted for by thefiber direction and no tension failure of the CFRP composite
fact that the CFRP jacket is not bridging the crack at the column/ sheet.
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Fig. 13. Repaired Specimen C after pseudodynamic test

column as shown in the bottom plot of Fig. 12. The maximum
lateral force was found to be 532 kN at the lateral displacement of
245 mm and the flexural moment at this time was 1,892 kN,
which is very close to the flexural failure moment 1,870 kN for
the as-built Specimen C. It seems the capacity for this destroyed
specimen can likely be recovered after repairing with CFRP com-

posite sheets. However, its seismic performance was not as good
as that of the repaired Specimen B. This repaired specimen was
still not strong enough to resist such a large earthquake input.

600 ! 1 ! ) L
-150 -100 -50 0 50 100 150

Displacement (mm)

Fig. 12. Pseudodynamic results for repaired Specimen C subject to

TCU102 with PGA=0.7 g Seismic Performance of Bridge Columns

Comparing the pseudodynamic test results shown in Figs. 11 and

In Fig. 12, it is evident that the pseudodynamic test was 12, it is very intere_sting to further explpre why the as-built and
stopped att=16.31s, since the outside carbon fiber layer had LhnederfFt)r?gedroﬁggcgn;sgle?at%nr:yo?'(l'%ﬂggge\?vit?O;er:;ek d;muﬁge
flexural cracks along the fiber direction and visible tensile failure > 9 - . . peax g
of the CFRP composite sheet was also observed; both can be See%cceleratlon of Q@ while _Spemmen C experienced S|gn|f|(_:ant
in Fig. 13. Furthermore, the CFRP composite sheets delaminate amage apd ultimately failure under .the ground accelerat!on of
at the bottom of the column where bulging of the concrete was CU102 with a peak ground acceleration of@).th order o gain

also observed. This condition also can be clearly seen in Fig. 13_|n5|ght into the difference in response between Specimens B and

. .S C, it is useful to calculate the Fourier response spectrum of the
Strain gauges measured the peak value of the hoop strain in the o ) .
seudodynamic displacement response time history for each

CFRP at a location 75 mm above the top face of the footing to be P . .
0.28%. At this time, the horizontal displacement at the top of the pseudodynamic re_sult and to_ construct the displacement response
column was larger than 250 mm. It is found that the maximum spectrum fqr the linear elastic SDOF systems. Even though the
lateral force is as large as 475 kNlmg=144 0mm. which is the linear elastic displacement response spectrum cannot totally re-
ultimate lateral displacement defined previously, and is larger ﬂ?Ct th_e amp_||f|ca_t|on effect in the dlsplacement response f_or_a
than that for Specimen A. Similar to the as-built Specimen C, the highly inelastic reinforced concrete bridge column system, it is
maximum displacement auctility observed in this specimen ,was still indicative, because the variation of the structural frequency

about 6.5 when the test was stopped and was 3.75 at the maxi-for the highly inelastic bridge column system can alternatively be

mum applied load. Again, good ductility was achieved, exceeding gi(;r;smered as many linear elastic systems with different frequen-
that observeql in the cyclic test. It is. sh.own in the top plot of Fig. Tlhe four plots shown in Fig. 14 are obtained from the fast

12 that the displacement response is, in general, much larger thar?:ourier transforms of the numerical results of the top plots of

that of the as-built Specimen C. Furthermore, the stiffness and _.

. ~Figs. 11 and 12. In Fig. 14, it can be found that the frequencies of
strength are considerably reduced when compared to the as-buil he as-built and the repaired Specimen B were reduced during the

pseudodynamic testing due to damage to the test specimen. In
fact, the dominant frequencies for the as-built and repaired Speci-
men B tend to be about 2.5 Hz for a complete test and are much
smaller than the initial structural frequency of 5.06 and 4.30 Hz

Table 3. Comparison of Initial Structural Properties

As-built specimen Repaired specimen

Ko fo Ko fo for the as-built and repaired Specimen B. It is apparent that the

Initial property (kN/cm) (Hz) (kN/cm) (H2) frequency content of the repaired Specimen B is very similar to

i that of the as-built Specimen B. This comparison indicates that

Speo!men B 278.0 5.06 201.1 430 the seismic performance of the repaired Specimen B can be ef-
Specimen C 293.2 3.30 217.3 2.85

fectively recovered with CFRP composite sheets. On the other
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Fig. 14. Fourier amplitude of displacement response time history

hand, for Specimen C, the frequency content of the as-built col- fact, the stiffness for Specimen C is determined from the hyster-
umn is quite different from that of the repaired column. It seems etic curve in the time interval of 655t<7, because the peak

that there exist some explicit bands of dominant frequency over
the range of 0—3 Hz for the as-built column. This dominant fre-

50

quency might arise from the sudden spalling of concrete cover or .‘\
sudden buckling of longitudinal bars, which will result in a large .. 4 )
and rapid drop of lateral stiffness. As a result, some frequency & 4 l TCUOTS with PGA=0.8 g
content corresponding to the lateral stiffness drop is lost and the «* 35t \ : £=0.02 ‘
Fourier amplitudes for these specific frequencies are very small. g \ ------ £=0.05
Consequently, a significant valley is formed. Although the domi- g 25 \
nant frequency content for the repaired Specimen C spreads over-g, \’\A
the range of 0.5-2.5 Hz, there is no significant valley. This indi- & AA ultimate displacement = 13.83 cm
cates that stiffness degradation occurs in a gradual manner. Theg " L ) :
gradual stiffness degradation is the result of the CFRP composite 8 ' R AVERESS
sheets, which provide a gradual increase in external confinement” s . ST ]
and avoid a sudden drop of lateral stiffness at least until the rup- 0 L L Y i
ture of the CFRP composite sheets. R

Displacement response spectra for linear elastic systems sub- Frequency (Hz)
jected to the ground acceleration of TCUO75 with a peak ground 50 :\
acceleration of 0@ and that of TCU102 with a peak ground s i
acceleration of 0F are plotted in Fig. 15. It is apparent that, for § 4| i TCU102 with PGA =07
a frequency in the range of 0—2 Hz, the spectral displacement is ,+ : /\ £=0.02 e
larger than the ultimate lateral displacement and consequently theg o \ J \ ______ £=0.05
specimen may have failed. Observing the top plot of Fig. 15, itis & \/\
clear that Specimen B, either as-built or repaired, only experi- % B
enced moderate damage, because the dominant frequencies are i \ VST e
the range of 2.5—-3 Hz. On the other hand, failure of the as-built § 5| \v/\ - :
and repaired Specimen C is shown, as the dominant frequenciesg 10 \\
spread over the range of 0—3 Hz for the as-built Specimen C and © AN
0.5-2.5 Hz for the repaired Specimen C. . R S R T

In order to clarify why Specimen B could survive the pulse- 00 05 10 15 200 25 30 35 40 45 50

like wave of TCUO75 but Specimen C was destroyed by the
pulse-like wave of TCU102, it is very important to consider the

Frequency (Hz)

Fig. 15. Displacement response spectra to TCU075 and TCU102

frequency right before the experience of the pulse-like wave. In
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