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Introduction

Management of critical transportation assets such as bridges and tunnels has traditionally focused on condition
preservation through carefully planned life-cycle activities within a budgetary limit. Although there are calls to
consider various risks from extreme events, existing approaches to risk assessment in transportation asset
management rely heavily on engineering judgement and past experience. This subjective and empirical
approach to risk assessment contrasts to more objective methods that are underpinned by quantitative models of
hazards, vulnerabilities, and consequences. Nonetheless, these quantitative models do not fully consider the
effects of deterioration on structural vulnerability under extreme events, thus hindering their direct application
in transportation asset management. The primary goal of this research is to facilitate risk-based transportation
asset management using (a) objective and consistent risk assessment and (b) performance risk analysis for
large-scale transportation networks. Three major tasks were conducted: (a) establish the general framework for
objective risk assessment of deteriorating assets; (b) achieve objective agency risk assessment in transportation
asset management systems; (c) develop effective and efficient methods for network-level performance risk
assessment.
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Scope
The study had the following objectives:

e Propose a practical framework for risk
assessment and decision support that can be
implemented with existing transportation asset
management systems with minimal effort.

e Develop a practical method to objectively
identify hazard scenarios used for asset risk
assessment, focusing on agency risks.

e Establish a scalable approach to performance risk
assessment for large-scale transportation
networks.

e Identify opportunities and challenges to achieve
risk-based transportation asset management using
the proposed framework and methodology.

Methodology

Framework for Risk Assessment and Asset
Management

Risk of transportation assets is measured by the
product of the likelihood of an adverse event, the
structural vulnerability to sustain damage under the
event, and the anticipated outcomes given the
sustained damage [2]. Among various types of
extreme events, seismic events have the most
established framework, known as probabilistic
seismic risk assessment (PSRA) [3]. The PSRA
framework not only considers all three aspects of
risk, but it also accounts for the uncertainties
involved in the assessment of likelihood,
vulnerability, and consequence. In particular, the risk,
R, is expressed by the following integral:

k= fim LZ cq(ds) - posym(ds|im) | Ay (im)dim

Equation 1. Risk integral.

where cq(ds) = average consequence given the
damage state (DS); ds [4]; ppgm (im) = probabilities
of different DSs given a specific value of intensity
measure (IM), obtained from a fragility model [5];
Ay (im) = annual likelihood for a specific value of
IM, as indicated by a hazard model [6]. With this
framework, the risk is derived from physics-based
quantitative models, thereby enabling objective risk
assessment with a minimum amount of subjectivity.
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Although this framework has been applied in several
tools for risk and resilience assessment [7,8], these
existing tools do not fully consider the deteriorated
conditions of transportation assets, even if
deterioration may affect structural vulnerability under
extreme events [9].

To unify risk assessments described above with the
transportation asset management (TAM) practice, we
first introduced the risk of deterioration-induced
service disruption, R;.;, described by the following
equation:

Raee = ) caz - py(er) - peaer)

cr

Equation 2. Deterioration risk.

where cq = disruption consequence; CR = condition
rating (CR) used as the IM of deterioration; p(cr) =
annual failure rate given a CR, used to model
structural vulnerability to deterioration.

To reflect deterioration on extreme event risks, the
expected consequences given an IM value, i.e., the
term in the square brackets in Equation 1, was
revised as follows:

CQ(mlt) = ) cq(ds) - posym @slim, 0

ds

Equation 3. Time-based expected consequence.

CQGmler) = D> pealer) - ca(ds) - posyu(dslim, cr)

cr ds

Equation 4. CR-based expected consequence.

where CQ(im|t) = expected consequence given
IM=im when a time-based fragility model, i.e.,
Ppsm (ds|im, t), is used to reflect the deterioration

effect; CQ(im|cr) = expected consequence using a
CR-based fragility model, i.e., ppsjm (ds|im, cr);
pcr(cr) = probability of CR = cr.

Based on the formulation from Equation 1 to
Equation 5, the unified framework was established by
considering TAM as a problem of minimizing the
total risk due to deterioration and extreme events.
Data needs for this framework, as well as existing
sources and knowledge gaps, are further clarified and
summarized in the full report [1].
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Objective Hazard Selection for Agency Risk
Assessment

Although the risk integral provides a consistent and
objective framework for risk assessment, it differs
considerably from the risk assessment practice in
TAM. The risk integral accounts for all potential IM
values based on the hazard model, while the existing
TAM practice uses a small set of hazard scenarios
subjectively identified by an expert panel [3]. This
subjective approach in practice may result in
inconsistent assessment results among different
panels or for different hazards, and add much burden
to asset managers in making important decisions on
selecting critical scenarios in risk tables.

To reduce the effort required to calculate the risk
integral, an approach was proposed to (a) select
hazard scenarios that can efficiently and objectively
estimate the risk integral and (b) preserve the general
format of a risk table for seamless integration with
bridge management practices. This approach, named
the weighted hazard scenario approach to risk
assessment, was built on the Gaussian quadrature
method for the numerical integration of the risk
integral.

Figure 1 conceptually illustrates the Gaussian
quadrature method. The analytical expression of the
risk integral is illustrated in Figure 1(a), where the
shaded area under the multiplication of the hazard
likelihoods and consequences represents the precise
value of the risk integral. Figure 1(b) exemplifies the
identified hazard IMs and consequences in the
traditional process of expert elicitation. Based on
Gaussian quadrature, the weighted hazard scenario
approach can strategically select the hazard scenarios,
represented by the locations of the highlighted points
in Figure 1(c), and the weights of the selected
scenarios, represented by the widths of the rectangles
in Figure 1(c). Consequently, with the same number
of hazard scenarios, the risk integral can be more
accurately estimated.

The complete formulation of the proposed approach
can be found in the full report [1]. To facilitate the
application of the weighted hazard scenario approach,
a program named pyRiskTable was developed. The
program can automatically generate a risk table as a
comma-separated values (CSV) file based on custom-
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defined hazard, structural fragility, and damage
consequence models. Each scenario includes its IM
value, responsibility weight to the total risk, a
nominal annual rate of occurrence, and the expected
consequence given the occurrence of the scenario.

4 Likelihood Consequences |,

/

/7

Likelihood x \ ol
’
consequences -/

Risk integral

EV

(@)

4  Likelihood Consequences

'

s

rd

Likelihood x \ P
7
consequences -

Expert elicited hazards IM
(b)

4 Likelihood Consequences

4
g
& Likelihood x \ #

consequences -

ra

Weighted hazard scenarios IM

(©

Source: FHWA
Figure 1. Concept of Gaussian quadrature for numerical
integration: (a) precise risk integral, (b) risk estimated by
expert elicitation, and (c) weighted hazard scenarios from
Gaussian quadrature.
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Performance Risk Assessment of Large-Scale
Transportation Networks

Apart from direct financial risks to the owner
agencies, highway systems also carry important
functions for freight and personal transport. These
indirect consequences of asset failure may
demonstrate the so-called “network effect”, under
which the combined impact of risk on multiple assets
is different from the total impact of risk on each
asset. This network effect arises primarily due to the
interdependency of assets in an interconnected
network such as transportation systems [10].
Examples of transportation performance that may
exhibit network effects include accessibility to
critical services, freight capacity, and travel time of
road users [11]. The performance risk, pygr, of a
transportation network can be expressed as [12]:

PNET = Z p(s) - |CNET (s) - CNET,Ol
s

Equation 5. Performance risk of networks.

where p(s) = probability of the system state s, which
includes conditions of all assets in the system;
Cyer(s) = system-level performance given the
system state S; Cygr o = system-level performance
without any damage.

The evaluation of system-level performance calls for
the complete knowledge of all asset conditions. For a
large-scale transportation network with hundreds to
thousands of assets, assessing the performance risk is
complicated by the enormous amount of unique
system states. As a result, existing approaches either
deal only with small networks with dozens of assets
[13,14] or rely on Monte Carlo (MC) simulation
[15,16], which, although scalable, may give
unreliable risk estimates when or if the performance
risk is heavily influenced by systems states with low
likelihood of occurrence but high consequences, i.e.,
the so-called “grey swan” events.

To overcome the shortcomings of existing methods, a
novel sampling method was developed. Specifically,
the risk calculated in Equation 5 was reformulated to
the evidence term in Bayesian updating. A
Transitional Markov chain Monte Carlo (TMCMC)
algorithm [17] was then leveraged to approximate the
risk in a sequential process, during which the
sampling effort shifts from the prior joint distribution
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of asset conditions to the system states more critical
to estimating the performance risk. More details on
the weighted hazard scenario approach can be found
in the full report [1].

Results & Discussion

Seismic Risk Assessment with the Weighted
Hazard Scenarios

Comparison with the BMS practice

The weighted hazard scenario approach, as outlined
previously and detailed in the full report [1], was
compared with the expert-elicited approach from
NCHRP Project 20-07/Task 378 [3] and adopted in
several bridge management systems (BMSs).

The example bridge, its fragility model, and the
damage consequences can be found in the full report
[1]. The seismic risk was selected as the example due
to the availability of data and models associated with
earthquake hazards compared to other extreme
events. The hazard IM and the annual rate of
exceedance were characterized by the hazard curve in
Baker (2013) [6]. The bridge fragility curves and the
consequences for different DSs were selected from
Basoz et al. (1999) [4].

Table 1 and Table 2 present the risk tables obtained
from the expert-elicited approach and the weighted
hazard scenario approach, respectively. Table 1
shows the hazard scenarios with return periods
commonly used in expert-based seismic risk
assessment or seismic design of structures. All
scenarios contributed equally to the total seismic risk
of the bridge. With the weighted hazard scenario
approach, the hazard scenarios as well as their
responsibility weights in Table 2 were derived from
the Gaussian points used to carry out the risk integral.
Since using more scenarios typically results in better
accuracy, both approaches were compared using the
same number of scenarios for the risk analysis for an
equal comparison. Using the weighted hazard
scenario approach, additional scenarios beyond six
did not significantly improve prediction accuracy.

The benchmark seismic risk for the bridge was
calculated as 0.00332 based on Equation 1 using a
numerical integration tool. This risk value is
relatively low because (a) the value corresponds to an
annual risk and (b) the assumed fault only generates
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magnitude 6.5 earthquakes with a return period of
100 years [6].

Table 1. Risk assessment based on the expert-elicited approach.
Source: FHWA

Hazard Description Annual rate Consequence Risk
scenario (return period, PGA in g) (cost ratio) (cost ratio)

1 225 yr, PGA=0.326 2.444E-03 0.326 7.958E-04

2 500 yr, PGA=0.554 9.740E-04 0.554 5.397E-04

3 975 yr, PGA=0.691 3.590E-04 0.691 2.480E-04

4 1500 yr, PGA=0.758 1.670E-04 0.758 1.266E-04

5 2000 yr, PGA=0.795 9.600E-05 0.795 7.633E-05

6 2475 yr, PGA=0.819 4.040E-04 0.819 3.309E-04

Total risk 0.002117
Table 2. Risk assessment based on the proposed approach using weighted hazard scenarios.
Source: FHWA
Hazard Description Annual rate  Consequence Weight Risk
scenario (return period, PGA in g) (cost ratio) (cost ratio)
1 104 yr, PGA=0.136 1.119E-02 0.021 0.171 4.078E-05
2 240 yr, PGA=0.424 1.712E-02 0.348 0.361 2.148E-03
3 1435 yr, PGA=0.873 2.855E-03 0.752 0.468 1.004E-03
4 8873 yr, PGA=1.379 3.991E-04 0.916 0.468 1.711E-04
5 36247 yr, PGA=1.828 8.597E-05 0.966 0.361 2.995E-05
6 82265 yr, PGA=2.116 3.502E-05 0.980 0.171 5.879E-06
Total risk 0.00340

Based on this benchmark, the weighted hazard
scenario approach resulted in a negligible error in the
estimated risk (0.00340 vs. 0.00332). The expert-
elicited approach underestimated the precise value by
36% (0.002117 vs. 0.00332).

Potential effect on asset management

The risk value obtained above is only a snapshot (i.e.,
annual risk of a pristine bridge) of the entire risk
profile within its service life. With deterioration, the
seismic fragility curves change over time. It is
important to verify whether the hazard scenarios in
Table 2 as well as their corresponding weights can
also accurately estimate the risk for deteriorated
assets. To this end, the research team assumed an
exaggerated deterioration rate over a service life of
75 years. This deterioration was represented by
reducing the median IM of the fragility curves.
Detailed description and justification for the assumed
deterioration can be found in the full report [1].

Figure 2 shows the risk profile in the 75-year service
life using the scenarios and weights in Table 2. The
effect of deterioration was accounted for by using
age-based fragility curves, which increased the
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expected consequences associated with each hazard
scenario. The risk profile was compared with the
precise risk profile, also shown in Figure 2, obtained
by evaluating the risk integral in each year of the
service life with a numerical integration tool. The
difference between the two profiles represents the
error in risk assessment when using the same set of
weighted hazard scenarios derived for a pristine
bridge. Figure 2 indicates that this error is negligible
in the entire service life for the assumed extent of
deterioration. Since the assumed deterioration is
conservative (i.e., overestimating the capacity loss),
the error in more realistic settings can also be
negligible.
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Figure 2. Error of using the same set of hazard scenarios
and scenario weights for deteriorating assets.

Due to the improved accuracy in the estimated risk,
the weighted hazard scenario approach can better
quantify the risk reduction associated with
maintenance and retrofitting activities in the service
life. The project compared two hypothetical
maintenance sequences (i.e., life-cycle plans) to
demonstrate the implications of accurate risk
assessment on asset management. Each asset was
assumed to be restored to its pristine condition by
each maintenance action. The cost of the restoration
was assumed to be proportional to the capacity
improvement needed. Detailed descriptions of the
decision-making problem and other relevant
assumptions can be found in the full report [1].
Figure 3 presents the benefit-to-cost ratios of both
plans, evaluated based on both the weighted hazard
scenario and the conventional BMS approaches. The
comparison indicates that the conventional approach
may not deliver reliable rankings for different life-
cycle plans.
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Validation and Application of the TMCMC
Algorithm for Performance Risk Assessment

Algorithm verification via analytical examples

The effectiveness and efficiency of the developed
TMCMC algorithm were first investigated based on a
series of analytical examples. The investigation
focused on the influence of “grey swan” events,
which may occur due to network effects. The
analytical examples were designed such that (a) the
number of assets was large enough to invalidate
existing non-simulation-based methods that can
handle “grey swan” events, and (b) the precise risk
was still tractable despite the large number of assets.
The full report [1] includes the detailed setup of the
analytical examples.

Figure 4 presents the results of the estimated risks
using (a) crude Monte Carlo (MC) simulation and (b)
the proposed TMCMC algorithm. The comparison
was based on the same number of performance
evaluations, i.e., computation of pygr(s) in Equation
5 for different samples of s. To draw statistically
significant conclusions, the risk assessment was
conducted 10 times using each method with different
random seeds. Figure 4 indicates that the proposed
TMCMC method can accurately estimate the
performance risk even when “grey swan” events are
involved. The observed error ranged from —11.31%
to +7.18% compared to the precise risk, with the
mean of the 10 implementations closely matching the
precise value (44.659 vs 45.001). In contrast, the MC
method failed to reliably estimate the risk due to the
difficulty in sampling “grey swan” events. Most of
the 10 MC implementations yielded severely
underestimated risk due to the lack of representation
of “grey swan” events among the samples.
Occasionally, the “grey swan” events were
overrepresented, yielding drastically overestimated
risk values.
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Figure 4. Method comparison using analytical examples
involving network effects and grey swan events.
Case study with Oregon highway network
To demonstrate the scalability of the proposed
TMCMC method, a transportation network of a
realistic scale was analyzed for its performance risk
in terms of freight capacity losses due to potential
bridge failures. The case study focused on the entire
Oregon highway network with thousands of
vulnerable bridges. The reliability index of each link
with vulnerable bridges was randomly assigned. Due
to this random assignment of link reliability, the
results of this case study should be viewed only for
algorithmic validation purposes and should not be
regarded as the actual risk related to the Oregon
highway network. The goal of the case study was to
test the effectiveness of the TMCMC method for
realistic large-scale networks.

The network model was developed based on several
publicly available or open-source mapping and
geospatial databases. The resulting model is a graph
comprising 6,437 nodes and 10,637 links, among
which 1,938 are vulnerable bridge links (i.e., assets).
The freight capacity of the intact or damage network
was computed using a preflow-push algorithm used
for analyzing complex networks. More details
regarding the data collection and preprocessing can
be found in the full report [1].

Using the TMCMC method, the performance risk of
this network was estimated at 0.3360. This indicates
that given the failure probabilities of the 1,938 bridge
links, the expected decrease in freight capacity is
33.60%. The computation was carried out on a stack
server using 80 processes and had a wall-clock
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runtime of 22.66 hours. In total, 44,213 unique
system states were analyzed. The result demonstrates
the effectiveness of the TMCMC method in a large-
scale network.

In addition to assessing risk, the TMCMC method
can identify routes and assets that contribute the most
to the performance risk, thereby offering insights to
intervention prioritization. Based on the case study
results, Figure 5 presents the identified routes that
significantly impact the performance risk. Note that
the results herein hinge on several assumptions, e.g.,
the failure probabilities of different bridges.
Therefore, it is reiterated that the results should not
be considered the actual vulnerable assets within the
Oregon highway network.

0 20 40 Miles
L |

—— All Links
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Rank = 3
® OD Nodes

Source: FHWA
Figure S. High-risk routes in Oregon highway network
identified with the TMCMC method.

Conclusions

Practical frameworks and methods for risk-based
bridge and tunnel management were developed in
this project. Both direct and indirect risk analyses
were considered. The following conclusions can be
drawn from this project:

e Risks from structural deterioration and extreme
events can be integrated to obtain lifetime risks
expressed in monetary units. This integration
allows for risk-based bridge and tunnel
management to better coordinate between
condition preservation and risk mitigation
activities. To realize these benefits, it is important
to provide objective risk estimates that are
consistent across different hazards, analysis tools,
and transportation agencies.
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To achieve consistent and objective risk
assessment, a novel approach using weighted
hazard scenarios was established to fill the gap
between risk analysis and asset management.
Rather than rely on expert elicitation to identify
hazard scenarios, the weighted hazard scenario
approach can generate scenarios that best capture
risks from various hazard intensities and
frequencies, structural fragilities, and damage
consequences. This enables simple and accurate
risk assessment that can be consistently applied to
different hazards and limits biases from the
agency or its analysts. The weighted hazard
scenario approach maintains the simplicity of the
expert-elicited approach currently used in BMS,
but can yield much higher accuracy compared
with the benchmark produced by comprehensive
risk integral.

The weighted hazard scenario approach to
objective risk assessment was also applied to
interacting hazards such as the seismic events
compounded by structural deterioration. For
stationary hazards (i.e., hazard frequency and
intensity do not change over time), it was found
that as long as the deterioration effect is reflected
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