Developing Fragility Curves for
Concrete Bridges Retrofitted with Steel Jacketing
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ABSTRACT

The ultimate goal of this research is to improve highway system performance in earthquakes by evaluating the effectiveness of retrofitting
ki dges with column jacketing. The objective of the study is to determine if steel jacketing increases the ductility capacity of bridge columns and
reince improves the fragility characteristics of the bridge. Analytical fragility curves are used to adjust the empirical fragility curves obtained for
-3 urretrofitted bridges using seismic damage data collected following past earthguakes. The adjustment was carried out by increasing the
r~adian values of the empirical curves through comparison with the median values of the corresponding fragility curves obtained analytically, both
boefore and aofter being refrofit.
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1 Introduction time histories developed for the Los Angeles area by the
Federal Emergency Management Agency(FEMA) SACSEAOC

Several recent destructive earthquakes, particularly the ATC-CUREg) steel project(Somerville et al., 1997). Monte
189 Loma Prieta and 1994 Northridge earthquakes in Carlo simulation was used to study fragility curves representec
California, and the 1995 Kobe earthquake in Japan, have by lognormal distribution functions with two parameters

czused significant damage to highway structures. The in- (fragility parameters consisting of median and log-standarc
vestigation of this damage gave rise to a serious review of deviation) and developed as a function of peak grounc
existirg seismic design philosophies and led to extensive acceleration(PGA). Fragility curves of the bridges before anc
rzsearch activities on the retrofit of existing bridges as after column retrofit were compared and the results show
v72ll as the development of seismic design methods for new that steel jacketing improved the seismic performance of

kridges. This study presents an approach to the fragility bridges.
assessment of bridges retrofitted by steel jacketing of

czlumns with substandard seismic characteristics. 2. Retrofit of the concrete columns

This study presents the results of an in-depth fragility
aralysis of typical bridges in California that have been Concrete columns commonly lack flexural strength, flexura
s:engthened using steel jacketing of bridge columns. A ductility and shear strength, especially in the bridges
czmputer code was developed and used to calculate bilinear designed under older codes. The main causes of these
hvsterestic parameters of the bridge columns before and structural inadequacies are lap splices in critical regions
afer steel jacketing. Nonlinear dynamic time history analysis and/or premature termination of longitudinal reinforce-
v/as tsed to evaluate the responses of the bridges before ment.
ard after column retrofit under sixty ground acceleration A number of column retrofit techniques, such as stee
- jacketing, wire pre-stressing and composite material jacketing
CIEE - (@AY Baried AAOEAL : Khsl210@chol.com) have been developed and tested. Although advanced com:
2 =gl g EolE 2003 12'9J 31Y7A 3= B FAE 2 AdE AA
ERISSEY (=mEwol : 0B 7. 5/ AAERY : 2003 8. 12) posite materials and other methods have been recently
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Developing Fragility Curves for Concrete Bridges Retrofitted with Steel Jacketing

studied, steel jacketing is the most common retrofit technique.

An experiment was performed by Chai et al? to
investigate the retrofit of circular columns with steel
jacketing. In this experiment, for circular columns, two
half shells of steel plate rolled to a radius slightly larger
than the column are positioned over the area to be
retrofitted and are site-welded up the vertical seams to
provide a continuous tube with a small annular gap around
the column. This gap is grouted with pure cement. Typically,
the jacket is cut to provide a space of about 50mm(2 inches)
between the jacket and any supporting member. This is to
prevent the possibility of the jacket acting like a compressing
reinforcement by bearing against the supporting member
at large drift angles. The jacket is effective only in passive
confinement and the level of confinement depends on the
hoop strength and stiffness of the steel jacket.

3. Moment-curvature relationship

3.1 Confining effect of transverse reinforcement

Chai et al” also observed that confinement of the
concrete columns can be improved if transverse reinforcement
layers are placed relatively close together along the lon-
gitudinal axis by restraining the lateral expansion of the
concrete. This makes it possible for the compression zone
to sustain higher compression stresses and much higher
compression strains before failure occurs. Unfortunately,
however, it can not be applied to existing bridges to
enhance the performance of columns by adding transverse

reinforcement layers.

3.2 Compression stress-strain relationship for confined
concrete

Confinement increases the compression strength and

340 m

ultimate strain of concrete. Many different stress-strain
relationships have been developed for confined concrete.
Most of these are applicable under certain conditions. A
recent model applicable to all cross-sectional shapes and
all levels of confinement? is used here for the analysis
together with key equations from Priestley et al..”

4. Bridge Analysis

4.1 Description of bridges

Two example bridges used for the analysis are shown
in Fig. 1 and 2. Bridge 1 has the overall length of 34m with
three spans. The superstructure consists of a longitudinally
reinforced concrete deck slab 10m wide and is supported
by two pairs of columns(and by an abutment at each
end). Each pair has three columns of circular cross section
with 0.76m diameter. The overall length of Bridge 2 is 242m
with five spans, with an expansion joint in the center
span. This bridge is supported by four columns of equal
height of 2lm between the abutments at the ends. Each
column has a circular cross section of 244m diameter. The
deck has a three-cell concrete box type girder section 13m
wide and 2m deep.

A column is modeled as an elastic zone with a pair of
plastic zones at each end of the column. Each plastic zone
is then modeled to consist of a nonlinear rotational spring
and a rigid element depicted in Fig. 3. The plastic hinge
formed in the bridge column is assumed to have bilinear
hysterestic characteristics. For Bridge 2, the expansion joint
is constrained in the relative vertical movement, while
freely allowing horizontal opening movement and rotation.
The closure at the joint, however, is restricted by a gap
element when the relative motion of adjacent decks ex-
hausts the initial gap width of 2.54cm.”’ A hook element
sustaining tension only is used for the bridge retrofitted by

13.5m

10.5 m | |
L T

10.0 m

4.7 m 4.7m

T

®

T thickness of steel jacket = 3.8 mm

Fig. 1 Elevation and column section of Bridge 1
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Fig. 2 Elevation and column section of Bridge 2
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Fig. 3 Nonlinearities in bridge model

restrainers at expansion joints and the opening is restricted
by the element when the relative motion exhausts the
intial slack of 1.27cm. Springs are also attached to the
bzses of the columns to account for soil effects, while two
azutments are modeled as roller supports. To reflect the
cricked state of a concrete bridge column for the seismic
resporise analysis, an effective moment of inertia is em-
ployed, making the period of the bridge correspondingly
loager.

4.2 Thickness of steel jacketing

The thickness of the steel jacket is calculated from the

fs lowing equation.”

 ).18(e—0.004)Df-,
o fyjes“m (1)

viere g, is the strain at maximum stress in concrete, ¢,
is the strain at maximum stress in steel jacket, D is the
ciameter of circular column, f,, is the compressive strength
cf confined concrete and f,; is the yield stress of steel jacket.

<. 3 Nonlinear dynamic analysis

Nonlinear time history analysis has been performed using
€.AP2000 Nonlinear® for the example bridges under sixty
Los Angeles earthquake time histories(selected for FEMA
SAC oroject) to develop fragility curves before and after
cclurn retrofitting the column with the steel jacket.

These acceleration time histories were derived from past
recorcls with some linear adjustments and consist of three
g ours(each with 20 time histories) with probabilities of
e ceedence of 10% in 50 years, 2% in 50 years and 50% in
Z( years, respectively. A typical acceleration time history
i~ each group is plotted in the same scale to compare the
raagnitude of the acceleration in Fig. 4.
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Fig. 4 Acceleration Time Histories Generated for Los Angeles

4.4 Moment-curvature curves and damage states

Nonlinear response characteristics associated with the
bridge are based on moment-curvature curve analysis
taking axial loads as well as confinement effects intc
account. The moment-curvature relationship used in thie
study for the nonlinear spring is bilinear without amy
stiffness degradation. Its parameters are established using
the computer code developed by Kushiyama®” and by
Caltrans(COLx).

These moment-curvature curves for a column of Bridge
1 are plotted together in Fig. 5. In the present study
Kushiyama’s curves are used for the dynamic analysis
The result shows that the curve after retrofit gives a muct
better performance than before retrofit by 2.6 times basec
on curvature at the ultimate compressive strain(or curvature)

The parameter used to describe the nonlinear structura
response in this study is the ductility demand. The ductility-

demand is defined as 6/0,, where 4 is the rotation of
bridge column in its plastic hinge under earthquake grounc:
motion considered and §, is the corresponding rotation a:
the yield point.

A set of five different damage states is also introducec!
following the Dutta and Mander® recommendations. Thes:
five damage states and the corresponding drift limits for .
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typical column are given in Table 1. For each limit state,
the drift limit can be transformed to peak ductility capacity
of the columns for the purpose of this study. Table 2 lists
the values for Bridges 1 and 2. The values for Bridge 1
are also shown in Fig. 5 for easy understanding,

Details for section of the column, stress-strain relation-
ship, distribution of axial force, P-M interaction diagram,
moment-curvature curve and moment-rotation curve for a
column before and after retrofit are given in Shinozuka et
al.®
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Fig. 5 Moment-curvature curves for column of Bridge 1

Table 1 Description of damage states

Damage state Description Drift limits
Almost no First yield 0.005
Slight Cracking, spalling 0.007
Moderate Loss of anchorage 0.015
Extensive Incipient column collapse 0.025
Complete Column collapse 0.05
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Table 2 Peak ductility demand of columns of example bridges

Bridge 1 Bridge 2
Damage before after before after
State retrofit retrofit retrofit retrofit
Almost no 10 10 1.0 1.0
Slight 14 24 15 23
Moderate 3.1 79 35 75
Extensive 53 148 6.0 143
Complete 10.7 32.1 12.3 309

4.5 Bridge response

Typical responses at column bottom end of Bridge 1 are
plotted in Fig. 6. As expected, the rotation after retrofit is
generally smaller than before, while the accelerations do
not necessarily behave similarly and are quite different
each other. Some higher fluctuations in the acceleration
response appear after retrofit because the column becomes
stiffer than before. The same trend is observed for Bridge 2.

Typical responses at expansion joints of Bridge 2 are of
interest and plotted in Fig. 7 to show the differences in
structural behaviors in terms of relative displacement
between right and left girders for the cases without and
with considering gap and hook elements used in this
study. The effect of restrains is significant and can be seen
by comparing Figs. 7(a) and (b).

5. Fragility analysis of bridges

It is assumed that the fragility curves can be expressed
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Fig. 6 Responses at column end of Bridge 1
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Fig. 7 Displacement at expansion joints of Bridge 2

i the form of two-parameter lognormal distribution functions,
and the estimation of the two parameters(median and
log-standard deviation) is performed with the aid of the
rraxirnum likelihood method. A common log-standard
cweviafion, which forces the fragility curves not to intersect,
cen also be estimated. The following likelihood formul-
etion described by Shinozuka et al? is introduced for this
p arpcse.

Altaough this method can be used for any number of
dmaze states, it is assumed here for the simplicity that
there are four states of damage from none to severe. A
fzmily of three fragility curves exists in this case where
events Ei, E; Es and E4 respectively indicate none, minor,
iroderate and major damage. Py=P(g;, Ex) in turn indicates
th e probability that a bridge i, selected randomly from the
cemp.e, will be in the damage state Ex when subjected to
gound motion intensity expressed by PGA=g;. All fragility
qurves are then represented

iaj; ¢, &)= (D[ )

In(a;/c;)
& ]
where @() is the standard-normal distribution function,
¢; axd ¢, are the median and log-standard deviation of
tte fragility curves for the damage states of “at least
ninor”, “at least moderate” and “major” identified by j=
. 2 and 3. From this definition of fragility curves, and
unxder the assumption that the log-standard deviation is

equal to ¢ common to all the fragility curves, one obtains ;
21=Pla;, E)=1-F(a;; ¢;, §) 3)
2= Pla;, E)=F(a;; ¢, D—Fylai; 0, ) (4
2a=Pla;, E3)=Fy(a;; ¢z, £)—Fs(a;; c3, ©) ©)
Py= Pla;, E;)=F3(a;; ¢c3, &) (6)

e likelihood function can then be introduced as

7 4

L(cy, ¢, ¢35, )= l];Il k:lPk(al-; E)™ 7
where
xz'k'__l (8

if the damage state E, occurs in the /-th bridge subjectec

to a=a,; and
xx=0 (9

otherwise. Then the maximum likelihood estimates ¢, fo-
¢; and &, for ¢ are obtained by solving the followin;;
equations,

dlnL(cy, ¢, ¢3,8)  dInL(cy, ¢, 3,8 —0
ac, = a9t =

(i=1,2,3) (1C;

by implementing a straightforward optimization algorithm.

5.1 Fragility Curves

Fig. 8 shows a typical fragility curve, based on 60 tim:
histories, along with the 60 point pairs indicating whethe -
the damage state was sustained or not. A total of 6°
diamonds plotted on the two axes at x;=0 for the stat:

of 'no damage’ and x;=1 for the state of "slight damage .

T e T
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16 cases Observation Points
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Fig. 8 Fragility curve for slight damage state
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Developing Fragility Curves for Concrete Bridges Retrofitted with Steel Jacketing

The corresponding fragility curves are derived on the basis
of theses diamonds in conjunction with Eqgs. (2) through(10).

The fragility curves for Bridges 1 and 2 associated with
these damage states are plotted in Figs. 9 and 10, re-
spectively, for before and after retrofit as a function of
peak ground acceleration. Note that the same log-standard
deviation value for the pair of fragility curves in Figs. 9
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and 10 is obtained by considering the two cases(before
and after retrofit) together and calculating the optimal
values from Eq. (10) for these fragility curves. This is
because the bridge with jacketed columns is expected to
be less vulnerable to ground motion than the bridge
without column jacketing and, therefore, the pair of these
fragility curves should not theoretically intersect.
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5.2 Effect of steel jacketing

""he damage state of a bridge in this study is defined
by the maximum value of the peak ductility demands
obrerved among all the column ends. In this context,
ccinpasison between the two curves in Figs. 9 and 10
incicatzs that the bridge is less susceptible to damage
from the ground motion after retrofit than before. The
si-wlaed fragility curves demonstrate that, for all levels
of damage states, the median fragility values after retrofit
are larger than the corresponding values before retrofit.
This iraplies the following: for Bridge 1, on average, there
is a small number of damaged bridges after it has been
retrofitted. Tables 3 and 4 list the number of damaged
bridges both before and after retrofit for Bridge 1 and
B dge 2, respectively. The results in Tables 3 and 4 are
cosistent with the observation that the fragility enhance-
mwent is more significant for more severe states of damage.
It shows that column retrofit greatly improves the seismic
pa-formance of bridges; Bridge 1 is up to three times less
{r:zgile(complete damage) and Bridge 2 is 2.5 times(extensive
dimage) less fragile after retrofit in terms of the median
va.ues

The effect of retrofit is demonstrated by comparing the
reio of the median value of the fragility curve for
re-rofirted column to that of the unretrofitted column. This
rerio is referred to as fragility “enhancement”. Considering
3rdges 1 and 2 with circular columns and corresponding
se.s of fragility curves before and after retrofit, the average
Tegility enhancement over these bridges at each state of
dzmage is computed and plotted as a function of the state of
damag>. An analytical function is interpolated as “enhancement

Taole & Number of damaged Bridge 1(sample size=60)

Damage states before retrofit after retrofit
:_ Almost no 56 53
" Sight 51 44
Vioderate 41 28
B xtensive A 15
B ZComplete 17 2

Tzole 4 Number of damaged Bridge 2(sample size=60)

i Demage states before retrofit after retrofit
B Almost no 51 50
Slight 47 41
| Moderate 37 22
| Extensive 30 10
Complete 14 4

curve” and is plotted through curve fitting as shown in
Fig. 11. This curve shows 20%, 34%, 58%, 98% and 167%
improvement for each damage state described on the x
axis in Fig. 11.

It is assumed that the fragility enhancement obtained
from this function also applies to the development of the
fragility curves after the retrofit for the empirical fragility
curves(Fig. 12) associated with expressway bridges in Los
Angeles and Orange County, California subjected to the
Northridge earthquake.

Assuming that Dutta and Mander’s damage states(1999)
are interchangeable with Caltrans definition so that
“slight=minor”, “moderate=moderate”, “extensive=major”
and “complete= collapse”, three enhanced empirical fragility
curves after retrofit for minor, moderate and major damage
are plotted in Figs. 13, 14 and 15, respectively, for use in
expressway network performance analysis.
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5.3 Fragility curves for retrofit with restrainers

Fragility curves for Bridge 2 are also developed to
demonstrate the effect of retrofit at expansion joints by
extending seat width in Fig. 16 and installing restrainers
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Fig. 14 Enhanced empirical fragility curves for Moderate damage
after retrofit

(modeled as the hook element introduced in Fig. 3) designed
for anchor force capacity in Fig. 17. These two figures
show excellent improvement for both retrofit methods at
expansion joints. However, this observation might not always
apply, depending on the specific bridge characteristic.
Further study is in progress.

6. Conclusions

This research presents a fragility analysis of two typical
bridges in California before and after column retrofit with
steel jacketing. The analytical fragility curves are
constructed as a function of peak ground acceleration
utilizing nonlinear dynamic analysis to investigate the
effect of the column retrofit. Two-parameter lognormal
distribution functions are used to represent the fragility
curves by using the maximum likelihood procedure. Each
event of bridge damage treated as a realization from a
multi-outcome Bernoulli type experiment.

Analytical fragility curves computed for various damage
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Fig. 16 Fragility curves for expansion joint retrofit by extension of
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Fig. 17 Fragility curves for expansion joint retrofit by restrainers
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Developing Fragility Curves for Concrete Bridges Refrofitted with Steel Jacketing

stztes in this study make intuitive sense relative to the
bridge’s design, retrofit and performance in past earthquakes.
T~is research provides information necessary to the design
profession from performance design perspective, and paves
{te way for ensuing analysis to determine the level of
enaancement of transportation network performance due
tc the retrofit. This research is thus beneficial to bridge
enzineering, transportation engineering and management
p:otessionals.

The following conclusions are drawn from the results of

thrs stady.

(1. Th: simulated fragility curves after column retrofit with
steel jacketing show excellent improvement(less fragile)
when compared to those before retrofit by as much as
three times based on median PGA values.

(Z. Afer retrofit, the number of damaged bridges sub-
stantially decreases; especially for severe damage states
deined in this study.

‘> Ar “enhancement curve” is proposed and applied to
develop fragility curves after retrofit on the basis of
enr pirical fragility curves.

. Fragility curves developed for retrofit with restrainers
provide useful information to the seismic design practice
by quantifying the improvement due to retrofit.

& Or. the strength of the results obtained in this and
others studies, uncertainty analysis will be performed
in relation to fragility characteristics.
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