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Summary

For many bridges which were designed and built before structural reliability methods were
applied to structural design, there is an urgent need to quantify their safety from a system
reliability viewpoint. Optimum inspection, repair, and replacement strategies need to be
developed based on minimizing the expected cost of keeping the system reliability above the
established target level during the anticipated remaining service life of these bridges. These
strategies need to be updated over time through timely inspections based on changing conditions.
This study proposes a methodology for a system reliability-based condition evaluation of existing
highway bridges. The approach is illustrated for an existing steel bridge located in Colorado. The
initial optimum repair strategy is updated using both biennial visual inspections and specific
nondestructive evaluation testing.

1. Introduction
Over the past several decades, the concepts and methods of structural reliability have developed
rapidly and become widely accepted among researchers and increasingly acknowledged among
practicing engineers. The United States has a national inventory of almost 600,000 highway
bridges, many of which have deteriorated substantially and will require large expenditures to
repair. A system reliability approach to optimizing the inspection and repair of these bridges will
provide a more efficient use of the scarce funding resources by providing an acceptable level of
safety at a minimum expected cost. For many bridges which were designed and built before
structural reliability methods were applied to structural design, there is an urgent need to quantify
their safety from a system reliability perspective.

This study proposes a methodology for condition evaluation of existing highway bridges based
on system reliability. The technique is illustrated using State Highway Bridge E-17-AH, located
in the metro Denver area of Colorado. An optimum lifetime repair strategy is developed for the
bridge by minimizing the expected lifetime cost and maintaining a prescribed level of system
safety throughout the life of the bridge. This repair strategy is only as valid as the assumptions
that were made when the bridge was placed in service. The repair strategy must be updated and
revised throughout the life of the bridge based on the results of periodic inspections. The
methodology for revising the repair strategy for Bridge E-17-AH is developed based on both the
mandatory biennial visual inspections and some specific non-destructive evaluation (NDE)
testing.
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2. System reliability approach to the repair optimization of an existing
highway bridge

A time-dependent system reliability approach is applied to optimize the repair strategy for an
existing highway bridge (Colorado State Highway Bridge E-17-AH). The bridge is on State
Highway 33 in Denver, Colorado, and has three 13.36 m simply-supported steel-concrete
composite spans. The 12.18 m wide roadway carries four lanes of traffic with an Average Daily
Traffic (ADT) of 8500 vehicles. The deck is reinforced concrete and the steel girders are standard
rolled shapes with simple-span supports. The interior span supports are reinforced concrete pier
columns with a pier cap, four supporting square tapered columns, and individual column
footings. The concrete abutments are supported by concrete piles cased in steel. A local railroad
spur runs underneath the bridge. The cross section of the superstructure is shown in Fig. 1(a)
where the girders are classified as exterior (E), interior-exterior (I-E), and interior (I).

Using 24 separate random variables, the intact bridge was analyzed with respect to 16 different
failure modes including moment failure of the slab, moment and shear failure of the girders, and
multiple failure modes of the pier cap, columns and footings. Limit state equations were
developed and the reliability of each component was computed separately. The bridge system
was modeled as a series-parallel model. Both the component reliabilities and the system
reliability of the bridge were computed. A simplified system model for the bridge where it is
assumed that the superstructure will not fail until three adjacent girders have failed is shown in
Fig. 1(b). The simplifying assumptions, a more refined model, and a complete description of
these calculations are given in Estes [5].

(a)
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Fig. 1 Colorado State Highway Bridge E-17-AH: (a) Designation ofgirders, and (b) Simplified
series-parallel model

The reliability of the bridge system is decreasing over time as the live load increases and the
structure deteriorates. The time-dependent live-load shear and moment effects are a function of
the length of the span, the average daily truck traffic, and the shear and moment caused by an
AASHTO HS-20 truck as proposed by Nowak [9]. It is assumed that the slab and pier cap
deteriorate due to the penetration of chlorides through the concrete as suggested by Thoft-
Christensen [11]. Corrosion begins once the chlorides reach a critical threshold concentration at
the level of the reinforcing steel. The time required for corrosion to begin is the corrosion
initiation time 7). The rate of corrosion rcorr determines the amount of section loss in the
reinforcing steel over time. The girders are corroding using the model developed by Albrecht and
Naeemi [1]. The corresponding section loss reduces the web area and plastic section modulus
over time. This reduces the girder shear and moment capacities, respectively. The deterioration
process introduces new random variables into the limit state equations which include diffusion
rates, chloride surface concentration, and corrosion parameters.

A minimum allowable (i.e., target) lifetime system reliability index fir,system n/e 2.0 is
established. The bridge is inspected every two years and anytime the system reliability of the
bridge falls below the prescribed minimum, some type of repair or replacement must be made.
After considering the initial cost of the bridge, Colorado Department ofTransportation (CDOT)
cost documents [3] and conversations with experts at CDOT, the following repair options and
their associated present day (1996) costs were established: (a) Option 0: Do nothing -» $0; (b)
Option 1 : Replace deck -» $225,600; (c) Option 2: Replace exterior two girders (E and I-E in
Fig. 1(a)) -> $229,200; (d) Option 3: Replace exterior two girders and entire deck -> $341,800;
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(e) Option 4: Replace entire superstructure -» $487,100; and (f) Option 5: Replace entire bridge
-> $659,900.

For option 1 (replace deck), Fig.2 shows the time-dependent reliabilities of the bridge system and
of all components shown in Fig. 1(b). The deck is replaced when ßsyStem < 2.0. Consequently, the
deck is replaced twice at years 50 and 94 of the bridge life. At year 106, a deck replacement is
not sufficient to improve ßsysiem to a value larger than 2.0. Due to the parallel nature of the
system, the reliability of some components are allowed to fall below ßr,system u/e =2.0. Due to
varying deterioration rates, the critical component early in the life of the structure is not

Time (years)

Fig* 2 Results ofrepair option 1: Replace deck on Bridge E-l 7-AH using series-parallel system
model requiring thefailure of three adjacent girders
Let's assume the bridge is placed in service in 1996. Accounting for all combinations of options
and using an assumed discount rate of 2%, the possible repair strategies and their associated
present value costs are shown in Fig. 3. The analysis continued until replacement of the bridge
(i.e., option 5) becomes the only available solution. From Fig. 3, the optimum strategy can be
determined for the expected life of the bridge. For example, for a life of 50 years, no action
should be taken; for 50-94 years, replace the deck at year 50 ($83,813); 94-106 years, replace the
deck at year 50 and year 94 ($118,881); 106-108 years, replace the slab at year 50 then replace
the exterior two girders and slab at year 94 ($136,945); and after 108 years, replace the slab at
year 50 then replace the bridge at year 94 ($186,393).

The bridge was analyzed for several different series-parallel system models where the failure of
two adjacent girders or failure of a single girder would cause failure of the superstructure. Other
parameters such as random variable correlation, deterioration rates, and discount rates were
varied and often produced very different results. A repair strategy based on uncertain information
must be updated throughout a structure's life based on inspection results. Without a series of
specialized tests, the reliability of the bridge when placed in service is based on the same
information available to the designer. During the design phase of a structure, the random
variables are based on data from other projects, manufacturer specifications, and available
literature. For an existing structure, the availability of material tests and field measurements can
improve the knowledge of random variables.
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Fig. 3 Strategy options and associated costs

The reliability of a structure can be improved by increasing the capacity of the members,
reducing the demand on the structure, or reducing the uncertainty in the random variables. In
general, many uncertainties are site specific and if a structure already exists, these uncertainties
are lower than those at the design stage [12]. By conducting tests to determine the actual
strength of the steel, the unit weight of the concrete, the live-load traffic pattern, the girder
distribution factors, or the thickness of the asphalt, the results may allow the subjective
uncertainties to be reduced, or even eliminated, and should at least improve the knowledge of the
mean value and degree of dispersion of the random variables. A sensitivity analysis of the
random variables would help indicate which tests would produce the greatest benefit. This study,
however, is limited to updating the effects of the time-dependent deterioration and updating the
chosen deterioration models.

3. Updating the system reliability from the biennial visual inspections
In the United States, all bridges in the National Bridge Inventory (NBI) must be inspected every
two years. The results are reported to the Federal Highway Administration (FHWA) and are
maintained in a national data base. The minimum reporting requirement is to provide a condition
state which ranges from 9 (excellent condition) to 0 (failed condition) for the bridge deck,
superstructure, and substructure. As bridge management has improved over the past two decades,
many states have adopted bridge management systems and more detailed inspections which
provide much more information about an individual bridge. The PONTIS Bridge Management
System [4] has been adopted by many states and assigns condition ratings to many elements of a
bridge. These bridge elements incorporate components such as railings, joints and decks; types of
materials such as concrete, steel, or timber; and other relevant information such as protected or
unprotected decks, open or closed girders, and painted or unpainted stringers.

In the PONTIS system, each bridge element is visually inspected by a trained inspector and
classified into one of five condition states, although some elements have fewer condition states.
The five condition ratings for Element 107: Painted Open Steel Girders [4] are shown in Table 1.

Updating the reliability of a bridge based on visual inspections is only possible if the conditions
states are specific and quantifiable. The condition states in Table 1 rely on rust codes R1 through
R4 to quantify the percent section loss.
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CS Description Rust Code

1 No evidence of active corrosion. Paint system is sound and protecting
the girder.

-

2 Slight peeling of the paint, pitting, or surface rust, etc. No section loss. light R1

3 Peeling of the paint, pitting, surface rust, etc. No section loss. R1

4 Flaking, minor section loss (<10% of original thickness). R2

4 Flaking, swelling, moderate section loss (>10% but < 30% of the
original thickness). Structural analysis not warranted.

R3

5 Flaking, swelling, moderate section loss (>10% but < 30% of the
original thickness). Structural analysis is warranted due to location of
corrosion on the member.

R3

5 Heavy section loss (>30% of original thickness), may have holes through
the base metal.

R4

Table 1. CDOTsuggested Condition State (CS) ratingsfor Element 107: painted open steel
girders [4]
The location of the damage also must be known. A segment-based inspection first proposed by
Renn [10] is used here where the location of all damage on the structure is identified. On the
simple-span Bridge E-17-AH, for example, the corrosion near the supports affects the area of the
web which reduces the shear capacity of the girder. The corrosion in the center of the girder
reduces the plastic section modulus which is critical to the moment capacity. Furthermore,
identifying whether the damage is on an exterior, interior-exterior, or interior girder also affects
the system reliability.
The parameters of random variables cannot be obtained directly from a visual inspection. Some
assumptions must be made regarding the accuracy of the results and quality of the information
provided by the inspectors. This study assumes that condition state deterioration over time is
linear and that the deterioration intensity is normally distributed. It is further assumed that when
a bridge element is at the halfway point of a specific condition state, the mean value of the
normal distribution is at the halfway point of the condition state definition (see Fig. 4).

The standard deviation is determined by the assumed quality of the inspection program. If the
inspector is believed to be correct 90% of the time when the member is at the halfway point of
the condition state, then 90% of the values in the normal distribution will be within the values
prescribed by the condition state. To make this assumption conservative, the condition state is
assumed to begin at the halfway point and shifts progressively to the right as shown in Fig. 4. If
the element remains in the condition state longer than expected, the distribution will remain at
the far right position until an inspection reveals a switch to the next condition state. The
exception will be for the first and final condition states where a lognormal distribution is used.

This study considered three different qualities of inspection programs, A, B, and C, where the
inspectors were provided the correct rating 95%, 85%, and 75% of the time, respectively. The
quality of the inspection program was determined based on seven criteria [5] which included
inspector training, a quality assurance program, and inspector experience. The density
distributions associated with condition states 1 through 5 for Inspection Category A and Element
107 as listed in Table 1 are shown in Fig. 5. Condition states 1,2, and 3 were modified to reflect
section losses of 0-2%, 0-5%, and 0-10%, respectively. Once the parameters of the random
variables which describe the percent section loss for the corroding steel girders are defined, the
area of the web and the plastic section modulus at the time of inspection can be computed. With
the revised sheaf and moment capacities of the girders, the updated reliability of the bridge
girders is computed. Assuming linear condition state deterioration over time, the future
performance of the structure is predicted.
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|4=20
<J=6.08

End of CS 4
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<5^6.08

40 % Section Loss
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Second half of Condition State: Incremental Shift from (1= 20 to n= 30

Fig. 4 Density distribution ofdeteriorationfor Element 107 in Condition State 4 when inspectors
are correct 90% ofthe time.

Unfortunately, an update of the deck or the superstructure was not possible based on a visual
inspection. The PONTIS inspection was only able to report the number of cracks, degree of
efflorescence, and percentage of surface spalls. While this information is valuable for assessing
the general surface condition of the deck or the pier cap, the information was not sufficient to
infer the randomness of the section loss in the corroding steel reinforcement embedded in the
concrete. A series of NDE inspections are needed to update the reliability of the deck.

4. Reliability updates based on Non-Destructive Evaluation (NDE) methods
While the biennial visual inspections evaluate the entire bridge, a program ofNDE tests focuses
on particular defects in specific areas. The tests must be selected to provide the relevant
information needed to update the reliability. In this study, the thickness of the girder flanges is
measured using calipers or a micrometer to obtain actual section loss. For the deck, half-cell
potential tests provide the degree of active corrosion and allow the corrosion initiation time 7} to
be updated. The rate of corrosion rcorr is then assessed using three-electrode linear polarization
(3LP) test results. Because these tests were never actually conducted on Bridge E-17-AH, the
inspection results from other similar structures were applied to this bridge to illustrate the
updating process.

4.1 Thickness of the girders
Thickness readings on the girders were taken at numerous locations on the girders after 15, 30,
and 55 years of service. The mean and standard deviation of the corrosion depth dcorr (in mm)
were established for each type of girder (interior, interior-exterior, and exterior) for each
inspection. The same format as the original deterioration model was used where time t is in
years :

The corrosion parameters A0 and^i were computed by a curve fit through the data points,
producing the following results:

A comparison of the revised corrosion model with the original corrosion model [1] reveals that
the actual rates of corrosion were slightly higher than predicted for the exterior girders, slightly
lower than predicted for the interior-exterior girders, and almost the same for the interior girders.
The inspection results produced a smaller standard deviation of thickness loss for all types of
girders. This reduced uncertainty in thickness loss improves the reliability of the girders.

dcorr ~ A** (1)

dcorr: exterior
dcorr: ml.-ext.
dcorr: interior

0.13218 t
0.12151 t'
0.03015 t'

0.595478

0.568652

0.690171
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Fig. 5 Density distributions associated with Condition State (CS) ratings CS1-CS5for Element
107: painted open steel girders, Inspection Category A

4.2 Section loss in the deck reinforcement

The half-cell potential test is conducted to obtain the percentage of the deck experiencing active
corrosion. The half-cell potential survey measures the electrical potential difference between a
standard portable copper-copper sulfate half-cell placed on the surface of the concrete and the
embedded reinforcing steel. A potential reading more positive than -0.20 volts indicates a 90%
chance ofno active corrosion at the point the reading is taken. A reading more negative than
-0.35 volts indicates a 90% chance that active corrosion in underway. Readings between these
values are considered uncertain. By plotting a cumulative distribution of the half-cell readings
throughout the deck and making a linear approximation in the uncertain range as shown in [6],
the percent of the deck which is damaged can be assessed. By performing the test at several
points in time, the chloride initiation time and its updated distribution can be determined as
detailed by Estes [5]. In this study, the updated initiation time Ti was :

ßTj 49.0 years and oTj =15.0 years.

The original deterioration model predicted :

pTi =19.6 years and aTj =7.5 years.

While the half-cell potential test indicates ifactive corrosion has begun, the corrosion rate
determines the amount of section loss in the reinforcing steel which results in diminished
moment capacity and reduced reliability. The three-electrode linear polarization test (3LP) uses
polarization resistance to determine the amount of electrical current flowing in actively corroding
reinforcement. If a large flow of current is required to cause a specific change in electrical
potential, the bar is corroding at a high rate. Conversely, if a small current flow is needed to
cause the same change in potential, the bar is corroding more slowly. These current readings can
be converted to corrosion rates as described by Clear [2].
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Using current readings taken at 38 locations on the structure and using only those readings where
the half-cell potential was more negative than -0.35 volts, the updated parameters of the
corrosion rate rcorr for the embedded deck reinforcement are :

il 48.5 um/yr and a. =29.9 um/yr.' 'corr ' 'corr 1 J

The values for rcon from the original deterioration model [11] were :

u. =50.7 um/yr and a. =5.8 um/yr.r rcorr r * rcorr r J

The mean value of the corrosion rate is only slightly less than the original model but the standard
deviation is about five times higher. Contrary to the expected result from [12] where testing is
expected to reduce the uncertainty, these test results represent an exception where inspection
results provide greater uncertainty in a random variable. With revised values for the corrosion
initiation time 7/ and the rate ofcorrosion rcorr, the reliability of the slab can be updated.

4.3 Reliability update of the bridge

Using the results ofNDE inspections, the reliability of the girders, the deck, and ultimately the
system are updated. Using the same repair options listed earlier, Fig. 6 shows the results of
Option 1 : Replace the Deck. Fig. 6 can be compared to Fig. 2 which showed the time-dependent
reliability of the bridge components and bridge system when the deck was replaced twice using
the original deterioration models. Despite the updated inspection results, the figures are quite
similar, except for the reliabilities with respect to girder shear. The girder reliabilities with
respect to moment are close to the original model. The moment capacity is dependent on the
plastic section modulus which is less sensitive to the small changes in the thickness loss. In
Fig. 6, the slab is replaced at year 52 and year 98, and at year 108, a slab repair is no longer
sufficient to raise the system reliability above ßmi„ =2.0.
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Fig. 6 Updated results ofrepair option 1 on Bridge E-l 7-AH using simplified series-parallel
model requiring thefailure ofthree adjacent girders
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With regard to the reliability of the system, the girder reliabilities do not dominate the system.
The reduced girder corrosion rate uncertainty improves the reliability of the individual girders,
but has little to no effect on the system. The slab, which is deteriorating more rapidly than the
other critical failure modes, eventually dominates the reliability of the system. The effects of
longer chloride initiation time 7) and increased uncertainty in the corrosion rate rcorr offset each
other. As a result, the minimum system reliability ßmi„ =2.0 is violated after 52 years of service,
which is very close to the 50 years of service in the earlier model. Again, accounting for all
relevant repair possibilities and using a discount rate of 2%, Fig. 7 shows all feasible strategy
options and their associated costs which can be compared to Fig. 3 using the original model.

I 1 $80,562

I 1 $122,057
g — Optimum strategy
•2 I 1 $173,944
& 5° I 1 $235,651
00 I

1 I 1 1 $112,960
M

I 1 1 $175,330

I H 1 $190,703

1 1 1 1 1 1 1

40 60 80 100 120 140 160 180 200

Time (years)

Fig. 7 Updated strategy options and costs (2% discount rate) for Bridge E-l 7-AH using
simplified series-parallel model requiring the failure ofthree adjacent girders

As a result, the updated optimum strategy is as follows: for a life of 52 years, no action should be
taken; for 52-98 years, replace the deck at year 52 ($80,562); 98-108 years, replace the deck at
year 52 and replace the deck again at year 98 ($112,960); and after 108 years, replace the slab at
year 52 and replace the bridge at year 108 ($175,330). Updated inspection results would not
always produce such minor changes in strategy. The lack of change in this update is due to the
compensating differences in the deck results where the positive effect of an increased chloride
initiation time was offset by a more uncertain corrosion rate. If the slab had been deteriorating
more slowly and the girders more rapidly than the model suggested, then the updated lifetime
bridge repair strategy would have been quite different.

5. Concluding remarks
Using Colorado State Highway Bridge E-17-AH, this study illustrated how system reliability
methods can be used to optimize the lifetime repair strategy while minimizing total cost and
maintaining a prescribed level of system reliability. Because the initial strategy is based on
assumptions that must be verified over the life of the structure, inspection results can be used to
update the reliability of the structure and the repair strategy. With some reasonable assumptions,
the biennial visual inspections can be used, but often the information provided is not sufficient or
the condition states are not well enough defined to update the reliability. The reliability update of
a structure can be completed with much greater confidence if specific NDE inspection techniques
are used to provide the relevant information. In this case, thickness tests, half-cell potential
readings, and three-electrode linear polarization (3LP) methods were used to update the
reliability of the deck and the girders.

With the relevant NDE inspection techniques identified, the next step is to determine the
optimum number and timing of these inspections over the life of the structure to minimize the
life-cycle cost. As an example, Estes [5] uses a given deck structure and optimizes the number of
lifetime inspections and their intervals for the half-cell potential test. There has been tremendous

progress in applying reliability-based methods to optimize bridge management. As reliability
theory has become better understood and accepted, the trend in research has moved toward more
realistic and practical applications [7, 8]. This study is just one example of a reliability-based
application which improves the life-cycle cost analysis ofbridges.
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