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ABSTRACT: The United States Inland Marine Transportation System (IMTS) encompasses nearly 12,000 
miles of navigable inland waterways that play a vital role in the U.S. economy.  Annually there are approxi-
mately 265 billion ton-miles of commodity movements on the IMTS with each movement often hundreds of 
miles in length from point of origin to destination and traversing many of the almost 200 locks in the system.  
It is imperative that the locks and dams on the IMTS are available and reliable to ensure these movements.  
This requires the understanding and focus of maintenance and capital investments on those locations and 
assets / components where mechanical failure(s) would cause an unscheduled outage with the highest 
economic risk exposure on shippers and carriers. 

 

1 INTRODUCTION 

The U.S. Congress, starting in 1824 with the 
General Survey, and the Rivers and Harbors Acts, 
has commissioned the U.S. Army Corps of Engi-
neers (USACE or Corps) to develop and maintain a 
system of waterborne transportation that facilitates 
efficient movement of goods within the U.S. and the 
world.  Inland waterways in the U.S. are, arguably, 
the most advanced and definitely the most exten-
sive in the world, greatly aiding in the economic de-
velopment of vast expanses of interior North Ameri-
ca. These waterways provide benefits to U.S. con-
sumers and producers of electricity, agricultural 
products, construction materials, petroleum prod-
ucts, steel and other commodities. The inland wa-
terways complement a network of highways and rail 
lines to form a national multi-modal freight transpor-
tation system – an engineering and logistical marvel 
built, redesigned, improved and expanded through-
out the Nation’s history. As part of the national 
freight network, it efficiently serves the largest and 
the smallest communities in the U.S. from coast to 
coast and allows goods produced far from ocean 
ports to reach and compete in global markets. 

The inland waterways play a critical role in the 
U.S. freight network. In 2013, cargo transport on 
inland waterways reached a five-year high, account-
ing for approximately 567 million tons of cargo 

moved from the producers to consumers. Barge 
transportation on the waterways eases congestion 
on the Nation’s highways and rail lines. In 2013, 68 
million tons of grain moved on the inland waterways. 
Had this tonnage been shipped by rail, it would have 
required 680,000 new railcars to the system, which 
is the equivalent of approximately 7,600 miles of 
trains. 

The inland waterways and coastal channels are 
comprised of 25,000 miles of navigable waters 
throughout the Nation and referred to as the Marine 
Transportation System (MTS). The MTS includes 
13,000 miles of coastal harbors and channels, and 
hundreds of jetties, breakwaters, bridges and other 
navigation structures. Additionally, there are approx-
imately 12,000 miles of the inland waterways and 
214 lock chambers constituting the commercially 
active system developed and maintained by the 
Corps, referred to as the Inland Marine Transporta-
tion System (IMTS). Today, the Corps operates, 
maintains, and manages nearly $264 billion of water 
resources infrastructure assets, of which a large 
portion is related to its Navigation mission. 

While the Nation depends on this world class 
system of locks, dams, structures, and channels, 
most of the infrastructure was built over 50 years 
ago.  As with any constructed system, investment is 
needed for maintenance, rehabilitation and modern-
ization to continue providing the service and func- 
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tion for which it was originally designed as well as to 
meet future requirements.  

2 DETERMINING RISK REDUCTION OPPORTU-
NITIES FOR ANNUAL MAINTENANCE BUDGETS 

2.1 Background  

In calendar year 2010 the U.S. Army Corps of 
Engineers was developing and implementing two 
foundational life cycle asset management processes 
for use in the Fiscal Year 2013 budget cycle: (1) 
Operational Condition Assessment (OCA) and (2) 
Operational Risk Assessment (ORA). Together the 
OCA and ORA provide the basis for a risk informed 
budget focused on critical non-routine maintenance 
budget work packages. Underlying both the OCA 
and ORA processes was the establishment of a 
common and consistent inventory and asset hierar-
chy across the entire navigation portfolio. This in-
ventory in many cases drove down to the “sub-
component” level if necessary to have visibility of a 
mission critical component. Further, an automated 
tool was developed to capture the condition as-
sessment process and all relevant data and infor-
mation.  

Figure 1 above depicts an illustrative example of 
the OCA Administrative Tool. The asset hierarchy to 
the “subsystem” level is shown in the left pane and 
the Component and Sub-Component level in the 
adjacent panes. Generically the asset hierarchy is 
as follows: 

• Feature 
o System 

§ Sub-system 
• Component 
o Sub-component 

 

A practical example of this hierarchy would be: 
• Lock 
o Lock Gates and Operating Machinery 

§ Lock Gate Anchorages & Support Fea-
tures 
• Miter Gate Anchorage 
o Anchorage Bar (Parallel)   
o Anchorage Bar (Perpendicular)  
o Anchorage Pin/Wedge Pin  
o Embedded Anchorage Assembly  
o Link Pin  

§ Lock Gate Structures 
• Miter Type Gate 
o Horizontal Girders   
o Skin Plate Assembly  
o Vertical Girders  

• Sector Type Gate 
o Bracing/Diagonals   
o Center Post  
o Hinge Assembly 
o Horizontal Trusses  
o Skin Plate Assembly 

In all, across the entire IMTS, the Corps now has 
visibility of the condition to the Component or Sub-
Component level for over 160,000 asset records 
down to this level of detail. 

2.2 Operational Condition Assessments (OCA) 

The Corps completed the IMTS Improvement 
Report in September of 2008 and subsequently cre-
ated an IMTS Working Group that was charged with 
the day-to-day managing and execution of this IMTS 
plan. The plan identified 115 improvements within 
25 business process reviews (BPRs). BPR #5 was 
to establish a Condition Assessment Process, now 
called the OCA. The objective of the OCA process 
was to obtain condition data of the highest quality 
possible and to use this condition information to 
develop estimates of risk that decision-makers may 
utilize to prioritize investments. Guiding principles 
established by the IMTS BPR #5 team determined 
that the OCA process must be consistent and de-
fendable by being: 

• Objective 
• Repeatable 
• Realistic 
• Unbiased and  
• Cost Effective 
 
 
 
 
 
 
 
 
 

Figure 1: OCA Administrative Tool  
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To meet these guiding principles a tiered three 

pronged approach was used: 
 Review of available documentation - exam-1.

ples include but are not limited to lock dive 
inspections, dam safety periodic inspections, 
hydraulic steel structure (HSS) inspections, 
etc 

 Interaction with the project staff - critical in-2.
sights into all component conditions that are 
influencing or affecting operational perfor-
mance, it is essential that the OCA teams 
engage the District project staff to discuss 
operational concerns. 

 Observation of on-site operational conditions 3.
- “Testimonials” are not sufficient “evidence” 
of operational performance issues. The OCA 
teams review all component conditions in the 
field with project staff. Further, the team must 
observe and appropriately document all op-
erational conditions (i.e., corrosion, noises, 
movements, speeds, etc.), which could be in-
dicators of a deficiency that the project staff 
identifies as a concern.  

 This three-pronged approach enables the OCA 
process to be Objective, Repeatable, Realistic and 
Cost-Effective. To ensure results are unbiased, the 
OCA’s should be conducted by experienced multi-
disciplinary Regional subject matter experts. The 
intent, and in reality, is that taking subject matter 
experts (SME’s) out of their normal area of respon-
sibility (AOR) and interacting with their peers from 
other AOR’s leads to not only an unbiased outcome 
but facilitates lessons learned and general profes-
sional development. 
 The OCA is designed as a logic process that 
steps the OCA team through a number of logic 
gates in order to minimize subjectivity. Components 
are assessed and assigned a Condition Rating 
based on their operational condition at the time of 
the assessment. The three primary considerations 
include: 

 Significance of the deficiency  1.
 Degree to which the deficiency degrades the 2.

present components performance 
 Degree of overall effect to the present service 3.

level of the project 
All of these considerations are reflected in the 

standard rating scale definitions, and a standardized 
logical flow diagram. For simplicity, the general pro-
cess has been translated and illustrated in Table 1 
below. 

One of the keys to meeting the overall OCA ob-
jective is to capture more rigorous documented evi-
dence as the assessor navigates from the “C” condi-

tion to “D” condition and to “F” condition to further 
support that objective and defendable condition. 

Lastly, the OCA process is a nationally consistent 
and repeatable approach across the entire IMTS 
providing condition ratings for all of the over 
160,000 components. 

2.3 Operational Risk Assessment (ORA)  

The ORA process currently focuses exclusively 
on the navigation mission at the Corps lock and 
dam projects, specifically the commercial shippers 
and carriers. In order to execute this mission, the 
project must be able to (a) pass the commercial 
traffic and (b) maintain the navigation pool to pass 
that traffic. Risk to the inland navigation mission is 
then defined as a failure of any component that 
would cause an unscheduled outage or unavailabil-
ity lasting one day or more. The magnitude of that 
risk to the navigation mission is then expressed by 
the universal risk formula: 

 
Risk = Probability of Failure x Consequences of 

that Failure 
 
In order to determine the risk to navigation mis-

sion the ORA process has four main elements:   
 Probability of failure (at the component 1.

level) 
 Identification of mission critical compo-2.

nents 
 Recovery duration (in the instance of a 3.

critical component failure) and 
 Economic impact to stakeholders 4.

Each will be discussed in the following sections. 

2.3.1 Determining the Probability of Failure 

As discussed above, the Corps had established 
its baseline inventory and hierarchy, down to the 
component or sub-component level, and established 
subsequent condition ratings for each one. Howev- 
er, since the form of a condition rating is an “A” 
through “F” there needed to be a means of estimat-
ing the probability of failure in order to mathemati- 

Table 1: OCA Condition Definitions 
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cally execute the Risk formula. To that end, the 
Corps engaged the USACE Risk Management Cen-
ter (RMC) to develop, or establish, the relationship 
between the OCA Condition and an estimate of the 
Probability of Failure [P(f)]. The following steps 
summarize the RMC’s approach utilizing state-of-
the-practice and state-of-the-art models and meth-
ods to map OCA to a P(f). 

Step 1 - Expert Opinion Elicitation  
The approach was based on Expert Opinion 

Elicitation (EOE). EOE is a common practice to de-
velop failure probabilities when there is a lack of 
failure information available, as is the case in the 
Corps. It is also used by industry and government 
agencies and has been in use in the Corps for near-
ly 20 years and is codified in Engineering Pamphlet 
(EP) 1130-2-500 and Engineering Circular (EC) 
1110-2-6062. EOE is a formal (protocol), heuristic 
(through discussion) process of obtaining infor-
mation or answers to specific questions called is-
sues, e.g., failure rates or probabilities, and failure 
consequences. It is used for preliminary risk evalua-
tion (screening) and is not really intended to replace 
more complex reliability models. Per EP 1130-2-500 
and EC 1110-2-6062, the Corps uses a double blind 
response EOE process using SMEs and/or Region-
al Technical Specialists (RTS) navigation experts. 
The RMC facilitated the SME/RTS to estimate the 
median cumulative distribution function (CDF) that 
defines the probability of failure for all baseline 
curves over time. An initial blind opinion is elicited 
from the experts, discussions then take place 
among the experts, and then a second blind opinion 
is provided.  The CDF is used, in lieu of a hazard 
function, to coincide with the OCA condition rating 
that reflects the condition at the time of the rating, 
i.e. both OCA and CDF reflect stress and degrada-
tion from t = 0. 

Step 2 – Estimation of Baseline Weibull Distribu-
tion Models 

The second step in this process is the estimation 
of the Weibull Distribution parameters for each cat-
egory. The Weibull Distribution is a very commonly 
used life distribution since it is very versatile in 
modeling many different types of failure distributions 
from exponential to normal. The median data from 
each EOE was processed real-time for the 
SME/RTS to process and critique the resulting 
Weibull Distribution parameters for characteristic life 
(a) and shape (b). Once agreement was reached by 
the expert panel the values for these Weibull pa-
rameters were finalized and processed to represent 
the baseline Weibull CDF for each component cate-
gory. 

Step 3 –Mapping of Weibull Distribution Models 
to Operational Condition Assessment 

The third and critical step is mapping the base-
line Weibull Distribution function to the condition 
states for each baseline curve. This is estimated 
using the Maximum Likelihood Estimator (MLE) of 
the Weibull CDF. The MLE processing of the CDF 
shows where the points of inflection (slope is equal 
to zero) are over time and hence a resulting change 
of condition (e.g., A to B, B to C, etc…). The initial 
conditions for the MLE are tied to the Mean-Time-
To-Failure (MTTF) for the Weibull Distribution of the 
C to D condition transition. This estimative mapping 
process is considered state-of-the-practice and has 
been fully vetted and reviewed by members of the 
U.S. National Academy of Engineering for both 
technical merit and mathematical soundness. 

Step 4 – Bayesian Updating of Baseline Weibull 
Distribution Models 

As additional OCA field inspection data is col-
lected, Step 4 provides the baseline Weibull Distri-
butions estimated in Step 2 to be continuously up-
dated through a Bayesian likelihood function pro-
cess. These updated Weibull Distributions and their 
parameters will then modify the MLE in Step 3 for 
the mapping of new condition states with time. As 
additional field data is collected over the next few 
years, this estimative process will become very sta-
ble and a tolerable level of convergence should be 
obtained. This will result in well-defined Weibull Dis-
tributions and parameters for all component catego-
ries that will be useful for determining risk for 
USACE inland navigation projects. 

2.3.2 Identification of Mission Critical Components 

A “critical” asset, or component, is defined in ISO 
55000, “Asset Management,” as “having potential to 
significantly impact on the achievement of the or-
ganization’s objectives...and can refer to those as-
sets necessary to provide services to critical cus-
tomers.”   As defined above in the ORA introduction, 
in order to execute the navigation mission, to serve 
its navigation customers, the Corps must be able to: 

(a) pass the commercial traffic and  
(b) maintain the navigation pool to pass traffic.  

If the failure of a component would cause a one day 
or longer unscheduled unavailability, it is by defini-
tion “mission critical.”  This is not to minimize im-
pacts of unavailabilities less than a day in duration, 
but rather to focus on the much more impactful 
longer durations. 
 The Corps team that developed the ORA pro-
cess in late 2010 first developed criteria and defini-
tions to not only identify and distinguish between 
mission critical and non-critical components, but  
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also to capture relative importance between the 
mission critical components. Key considerations in  
the definitions included but were not limited to: loss 
of service resulting in varying lengths of unavailabil-
ity; influence, or effect, of a failure of that compo-
nent on the future service levels; result in damage to 
other critical components (if any); and if there is a 
“workaround” until such time that the component 
failure can be resolved while still maintaining ser-
vice. 
 Once this subset of components has been identi-
fied, then the next step was to generally determine 
the recovery duration to bring the mission back on 
line. 

2.3.2 Identification of “Impact Recovery Durations” 

The purpose was to capture the magnitude of po-
tential "unscheduled" lock outage or inability to 
maintain the navigation pool due to failure of that 
component. Specifically the number of days re-
quired to restore "functionality,” where "functionality" 
is defined as the ability to lock boats and conduct 
dam operations in order to maintain pool. It is im-
portant to note that this duration is essentially an 
emergency repair and not a "complete fix" of the 
component/subcomponent. The ORA process is 
designed to identify those most impactful compo-
nents and systems so that the Corps can proactively 
budget, schedule repairs and execute in a way that 
preempts potential failures that would cause a pro-
longed unscheduled unavailability to minimize or 
eliminate economic impacts on our customers. 

These definitions, along with worksheets repre-
senting the aforementioned inventory, were distrib-
uted to the five Corps Division Navigation Business 
Line Managers (BLM) that have inland navigation 
responsibilities. The Division BLM’s, in conjunction 
with their District and project navigation SME’s and 
RTS’s, determined the values from their regional 
perspective. Once completed at the Division level, 
they were consolidated at the national level and the 
BLM’s plus a selected SME convened to review the 
Regional similarities and to work through all of the 
Regional differences in order to determine a com-
mon and consistent National criticality, or mission 
importance, value. 

Concurrent with the determination of the mission 
critical components, the same Division teams de-
termined the recovery durations, also from their re-
gional perspective. The Recovery Durations were 
determined for three scenarios of varying duration: 

1. The lowest duration value reflects the least 
expected time to restore function. This value 
would be representative of a minor subcom-

ponent failure where spare parts are availa-
ble on-site and easily replaceable by staff. 

2. The mid-range duration value reflects the 
most likely expected time to restore mission 
function. This value would be representative 
of a moderate component/subcomponent 
failure where spare parts may be available 
on-site and where the repair would require 
MSC fleet or hired contract to perform. 

3. The highest duration value reflects the most 
severe expected time to restore function. This 
value would be representative of a significant 
component/subcomponent failure where 
spare parts are not available or easily ac-
quired and where the repair would require ex-
tensive MSC fleet and/or hired contract to 
perform. 

Originally the intent, or sense of the national 
Corps team, was that there would also be “Region-
al” Recovery Durations in lieu of National Recovery 
Durations that would reflect the differences in how 
the majority of major emergency repairs would be 
accomplished. As an example, a Division may have 
a ready response heavy fleet while another Division 
may rely primarily on contractual means to execute.  
However, for the “baseline” ORA process the Na-
tional team converged on a single National recovery 
duration representing the mid-range recovery dura-
tion for all mission critical components. These base-
line durations were validated, where possible, with 
event tree analysis in available Major Rehabilitation 
Reports (MRR). 

2.3.3 Economic Impact 

The last piece of the consequence determination 
is the economic impact corresponding to the various 
outage durations for each project site on the IMTS. 
The IMTS serves primarily tow traffic; however, 
coastal projects also support movement of off-shore 
oil support boats and fishing vessels. At the majority 
of projects the most significant impact from lock 
chamber closure is on commercial towboat traffic 
where the consequence impact transportation costs 
can exceed $1 billion per year. At other projects, 
particularly many along waterways that bisect the 
GIWW, traffic consists predominantly of shrimp 
boats and off-shore oil-drilling support vessels. 
While much smaller in magnitude in terms of ship-
ping costs, these projects are of significant im-
portance to regional and national employment and 
income. The estimation of lock service disruption 
impacts required different methodologies. 

The ~ 200 IMTS lock projects processed approx-
imately 567 million tons of cargo in 2013. Relatively 
speaking this cargo is low-valued bulk materials, 
such as aggregates, steel and grain; however, the 
commodities serve as a critical cog in the Nation’s 
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economy from domestic construction to food to en-
ergy production to all of the benefits related to the  
commodity exports etc. Regardless of the cargo’s 
value, the value of the IMTS is the value of the 
transportation it supplies. This IMTS transportation  
value is a function of the transportation cost / rate of 
a shipment’s next-transportation option / route. In 
short, the value of the commodity transported is 
irrelevant except in its cost relationship with trans-
portation trip time (e.g., inventory holding cost). This 
next-best transportation option / route are assumed 
unconstrained in the long-run, however, in the case 
of unscheduled lock service disruptions, options 
may be limited. 

Tow transportation impacts are estimated using 
the Shipper Carrier Cost (SCC) model. The SCC is 
a vessel-level lock project simulation model sup-
ported by the Corps of Engineers Planning Center 
of Expertise for Inland Navigation and Risk-Informed 
Economics Division (PCXIN-RED) and used to es-
timate increased transportation costs from un-
scheduled lock project service disruption. Generally 
speaking, a lock project is simulated without and 
with a service disruption event (i.e., lock chamber 
closure) where the service disruption is unsched-
uled and its duration is assumed known at its onset. 
The SCC simulates a number of durations from one 
to 365 days. The transportation cost difference be-
tween the without and with service disruption event 
represents the impact cost of the service disruption 
event. Depending on the duration of the closure 
event and whether or not the project has an auxilia-
ry chamber, traffic is either queued incurring a delay 
cost or diverted off the waterway and losing the 
shipment’s waterway transportation surplus (a.k.a. 
rate-savings). 

The key data and assumptions that affect the re-
sults are the lock project traffic volume (tow arrival 
rate), towboat and barge equipment costs, fuel 
price, shipment transportation rate-savings, and 
whether or not the lock project has an auxiliary 
chamber. For tows queued, the delay time is multi-
plied by an average tow cost specific for that lock 
project. For tows diverted off the waterway, the ves-
sel is removed from queue and an average rate-
savings per tow is utilized as the diversion impact. 

The average tow cost and average tow rate-
savings at a lock project is developed off the fleet 
characteristics (i.e., tow tonnage / volume, towboat 
horsepower, barge count and type, and percent 
empty barges) and the movement level rate-savings 
for shipments transiting the project. Given that the 
SCC is a vessel-level project simulation, the volume 
and characteristics of tows is important. While pro-
cessing times do not vary significantly from year-to-

year since each project is designed to process a 
lockage within a given amount of time (i.e., the 
chamber fill/spill time), volume does vary. To miti-
gate yearly fluctuations, an average of traffic (tow 
tonnage / volume) at each project over the most 
currently available five years is used. 

Of the ~200 IMTS lock projects, 35 have two op-
erational lock chambers and 12 have alternative 
water routing that allow tows to detour around the 
closed project without diverting off the waterway 
system. The two chamber lock projects are found 
primarily on the Ohio River and its tributaries while 
alternative water routes are found along the GIWW 
and Gulf Coastal area.  

For the two chamber projects, the closure is as-
sumed to occur in the main (larger) chamber. When 
a closure occurs at a two chamber project, traffic is 
allowed to transit the auxiliary chamber. The auxilia-
ry chambers are typically smaller than the main 
chamber, process traffic much slower given a need 
to break and multi-cut the main chamber tows, and 
often do not have adequate capacity to process the 
normal traffic load. As a result, queues and delay 
costs can accumulate rapidly. This multi-cut lockage 
also occurs on the single chamber projects dis-
cussed below. 

The diversion assumption varies depending on 
the average delay and the expected duration of the 
closure. If all of the traffic can be processed through 
the auxiliary chamber with delays of 36 hours per 
tow or less, then no traffic is diverted. If delays are 
more than 36 hours per tow for a 30 day closure, 
then traffic tows will be rescheduled or tonnage will 
be diverted (actually both are modeled to occur in 
different percentages) until delays fall below 36 
hours per tow. Closures longer than 30 days have 
higher thresholds in terms of the tolerable hours of 
delay.  

For single chamber projects, the closures of the 
main and only chamber results in an immediate river 
closure. For closure durations of 3 days or less 
queue costs are accumulated. For durations longer 
than this, tows are diverted at the project’s average 
rate-savings.  

At a single chamber project, the diversion as-
sumption depends on the expected length of the 
closure. If the closure is three days or less, then 
tows will wait at the lock and / or shipping dock 
while for expected closures of greater than three 
days the normal traffic will be either rescheduled or 
rerouted via alternative modes, with the percent-
ages changing towards more diversions as the ex-
pected duration of the closure increases. 

Twelve lock projects have alternative water rout-
ings when closed. In effect, a separate lock project 
can serve like an auxiliary chamber to the project. 
This is one of the peculiarities of the system that is 
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not conducive to project only analysis which is what 
the SCC is designed to model. However this 
“anomaly” cannot be ignored since it is reality in 
terms of a likely response to lock closure (e.g., as  
evidenced by the closure of Algiers lock and the 
rerouting of traffic through Bayou Sorrel lock). In an 
attempt to adjust for this anomaly, the SCC treats 
the project that receives the diverted traffic as an 
auxiliary to the closed project. While not a perfect 
solution, it does address the “system-like” situation 
where alternative waterway routes exist. 

As discussed, the transportation impact of divert-
ed traffic is estimated with an average rate-savings 
per tow. Tow arrivals in the SCC are average tows 
and are simulated with an average tow processing 
time, not detailed minute by minute Lock Perfor-
mance Maintenance (LPMS) times. As tows are 
diverted, their tonnage and the shipment’s transpor-
tation rate-savings is calculated by an average tow 
tonnage and an average rate-savings per ton. Tow 
arrival rates, tow tonnage, and rate-savings per ton 
are all lock project specific. 

Assuming the diversion transportation impact 
cost as the lost shipment rate-savings is a simplifi-
cation. In the short-run under unscheduled service 
disruption situations, alternative land transportation 
options (and the capacity of those alternative 
routes) varies by movement and service disruption 
duration. In addition to a land transportation routing, 
the shipper response to an unscheduled waterway 
service disruption (e.g., closure) might also be re-
sourcing of the commodity, re-scheduling the ship-
ment of the commodity, or even closure of their fa-
cility. Each of the 14,083 waterway dock-dock 
movements transiting the IMTS lock projects in 
2012 would have its own unique shipper response 
which would vary by the location of the particular 
project closure and by the particular closure dura-
tion. On average, each of these movements transit 
eight lock projects. In short, 112,664 (14,083 x 8) 
unique responses which would probably vary by 
event duration, would need quantified. This level of 
shipper response analysis is done in project feasibil-
ity level studies when a limited number of move-
ments and lock projects are involved. The assump-
tion that the impact cost of diverted tonnage is ap-
proximated by the movement level transportation 
surplus (a.k.a. rate-savings), in effect assumes that 
the alternative mode availability and capacity issues 
are consistent across the Nation.  Given that the 
focus of the SCC impact estimates are to identify 
the relative impacts between projects, alternative 
mode availability and capacity are only an issue if 
there is significant variation across the Nation. 

The SCC resulting analysis output provides 
transportation economic impacts on shippers and 
carriers summarized by lock project (all ~ 200 pro-
jects) by lock closure duration from one to 365 days. 
This single annual transportation impact cost is a 
not only a combination of tow, off-shore oil support 
boats, and fishing vessel costs, but also vessel de-
lay and traffic diversion costs.  

2.4  Determining Risk and Risk Reduction 

Both the “Probability” and the “Consequence of 
Failure” sides of the Risk determination equation 
have been discussed for the ORA. Now that all of 
the pieces of the Risk calculation have been out-
lined the magnitude of the risk to the navigation 
mission that is expressed by the universal risk for-
mula for each of the over 160,000 components 
(non-mission critical components will by definition 
have a Risk = 0) as follows: 

 
Risk = Probability of Failure x Consequences of that 
Failure 

 
Where the Probability of Failure [P(f)] is a func-

tion of: 
1) The OCA Condition (“A” through “F” and 

unique to each IMTS project site based 
on the OCA team assessment) and 

2) The initial baseline National Weibull 
curves (common for similar components 
across the IMTS, but in the future subject 
to Bayesian updating) 

And the Consequences are a function of: 
1) The Recovery Duration (common for simi-

lar components across the IMTS, but 
move to more site specific in future) and 

2) The Economic Impact to Shippers and 
Carriers (unique to each IMTS project site 
and corresponding Recovery Duration) 

 
A generic example using these pieces to deter-

mine the current risk of a mission critical component 
is illustrated next. 

 

 
 
Then to understand the Risk Reduction due to a 
Repair, or Replacement, Investment (corrective ac-
tion/treatment) the above is simply repeated as illus-
trated in the following example: 
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 This process was developed and implemented in 
CY 2010 to be used in the development of the FY13 
Inland Navigation budget, specifically for critical 
non-routine work packages. Since there are dozens 
of mission critical components at each Lock and 
Dam project site there was a need to be able to 
identify which components were causing the most 
risk, thus giving projects a means to begin setting 
priorities for risk-informed decisions on their annual 
maintenance.  In summary, the combination of the 
OCA and ORA processes moves investments much 
further toward a nationally consistent and objective 
approach for risk-informed investments. 

3 PROJECT LEVEL “RISK EXPOSURE” 

3.1 Background 

In April of 2010 the Corps, on behalf of and in 
collaboration with the inland navigation industry, 
developed the “Capital Projects Business Model 
(CPBM).” The CPBM was the initial step in develop-
ing a 20 year capital investment strategy for the 
IMTS.  Unfortunately, all of the Asset Management 
condition (OCA) and risk (ORA) processes and ana-
lytics, discussed above, were not yet fully developed 
and implemented for use in the 2010 CPBM.  That 
team had the foresight to require “a more in-depth 
strategic-level review and refinement of the CIS 
should occur at least once every five years. Such a 
strategic-level review should examine the CIS and 
its underlying assumptions, measured against actu-
al experience under the strategy and any significant 
changed circumstances that may have occurred, in 
much the same fashion that private sector entities 
and some federal agencies periodically review and 
update their respective strategic plans.” 

To that end, at the beginning of calendar year 
2014, the Corps initiated an update that emphasized 
the use of improved Asset Management tools, pro-
cesses, data and analytics such as the OCA and 
ORA.  Further emphasis was added when the US 
Congress passed, and the President signed into 

law, the Water Resources Reform and Development 
Act of 2014 (WRRDA 2014) that required the Corps, 
on behalf of the Secretary of the Army, to “develop 
and submit to Congress a report describing a 20-
year program for making capital investments on the 
inland and intracoastal waterways based on the 
application of objective, national project selection 
prioritization criteria.”  

In response to this statutory requirement, the 
Corps recognized that the current availability of the 
OCA and ORA was considerably more advanced 
than the relatively subjective criteria used in the 
development of the previous capital investment 
strategy in 2010.  It was also recognized that the 
Corps life cycle infrastructure (asset) management 
will continue to evolve and adapt and may include 
initiatives like the next generation of condition as-
sessments, project fault-tree and/or event tree anal-
ysis, total system simulations, etc. Therefore, in 
2015, in the absence of common consistent national 
fault-tree’s etc on all ~ 200 IMTS projects, the cur-
rent maturity necessitates use of existing standards 
and guidelines (such as OCA and ORA), along with 
stretching conventional approaches to infrastructure 
investments. 

3.2 Risk Exposure – The Basics 

As previously mentioned, each Project site has 
dozens of mission critical components, any of which 
would cause an unscheduled outage at any time. 
While there is an approach and tool in place to as-
sist in development of annual budget work packag-
es for critical non-routine maintenance of one or 
two, or a handful at best, of those riskiest critical 
components one cannot help but ask the question, 
“how much risk am I buying down with this annual 
work package at this site, a lot or not much at all?” 
and if it isn’t much at all then do I start preparing for 
a major capital investment action?  It was this ques-
tion and logical answer of “yes” that was the genesis 
of “Risk Exposure.” 

Fundamentally, in a risk-informed investment ap-
proach an organization would focus on: 

• Repair/replacement of the most critical as-
sets/components that... 

• Are in the worst shape/condition that... 
• Have the highest likelihood of failing and... 
• Causes the highest impact on our customers 
This focus inherently increases availability, relia-

bility and service life of the top-level asset, such as 
a Lock or Dam, and/or their critical systems like 
Gates and/or Gate Operating Machinery. 
 General context for “Risk Exposure” as related to 
the OCA and ORA can be found in ISO 31000:2009 
– Risk Management Principles and Guidelines. It 
must be noted that 31000 is intended to set out the  
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principles and generic guidelines for organizations 
to manage risk; it does not prescribe which tools 
and techniques to use. Nonetheless, the following 
key principles and definitions are directly applicable 
to the Corps processes (note that the ISO reference 
numbers are retained here for added clarity). 
(2.20) Risk Profile -- description of any set of risks 
(2.1) (NOTE The set of risks can contain those that 
relate to the whole organization, part of the organi-
zation, or as otherwise defined.) 
(2.23) Level of Risk -- magnitude of a risk (2.1) or 
combination of risks, expressed in terms of the 
combination of consequences (2.18) and their likeli-
hood (2.19) 
(2.25) Risk Treatment -- gives a list in order of 
preference on how to deal with risk: 

1. Avoiding the risk by deciding not to start or 
continue with the activity that gives rise to the 
risk 

2. Taking or increasing the risk in order to pur-
sue an opportunity 

3. Removing the risk source 
4. Changing the likelihood 
5. Changing the consequences 
6. Sharing the risk with another party or parties 

(including contracts and risk financing) 
7. Retaining the risk by informed decision 

(2.27) Residual Risk – is the risk leftover after risk 
treatment options (2.25) have been implemented. 
As an example, the $199,565 in the above Risk cal-
culation example is the Residual Risk left over after 
that Risk Treatment, i.e. Repair. 
While “Risk Exposure” is generally not common 
nomenclature when related to asset or infrastructure 
investments, it is more commonplace in the financial 
sector. Borrowing from the financial sector the fol-
lowing definitions assist in framing the infrastructure 
investment approach: 

Total Risk -- The overall potential for financial 
loss or harm presented by a particular course of 
action. As an example, a measurement of total 
risk for a business could involve summing up the 
various types of risk that it faces that have a non-
zero probability of causing a loss within a given 
time frame 
Total Risk Exposure – the quantified potential 
for loss that might occur as a result of some ac-
tivity …ranks risks according to their probability 
of occurring multiplied by the potential loss. 

One example of risk exposure is noted in PIANC 
Inland Navigation Commission (InCom) Report 129-
2013 “Waterway Infrastructure Asset Maintenance 
Management,” where the St Lawrence Seaway 
Management Corporation (SLSMC) manages risk 
and risk tolerance by including consideration of risk 

exposure.  The risk exposure value is defined as 
“the probability of failure of the asset multiplied by 
the risk index, which is an indicator of the degree of 
consequences should the asset fail.” The Risk Ex-
posure Value is then used to identify “risk zones” 
that classify degrees of risk from negligible to very 
risky. 

The progress the Corps has been able to make 
by developing the OCA and ORA (described in de-
tail in Sections 2.2 and 2.3 above) that is applied at 
the component level and results in economic im-
pacts ($K) to shippers and carriers has enabled the 
Corps to expand the risk exposure approach used 
by SLSMC down to a much finer level of under-
standing of the risk drivers and their monetary con-
sequences on stakeholders.  

3.3 Risk Exposure - The Basics Applied to the 
Corps Current Condition and Risk Processes 

 In the discussion of the OCA process in Section 
2.2 above, the OCA conditions of “A” thru “F” were 
summarized in Table 1. When applying the OCA 
Conditions to determine overall risk exposure we 
need to make a distinction between those mission 
critical components that are already impacting oper-
ational performance (to some degree or another), 
specifically those in “C” through “F” condition, from 
those that are functioning as expected with no per-
formance impacts (those components in “A” and “B” 
condition). These two pieces of the total site risk 
exposure are defined as follows: 

Operational Risk Exposure (ORE) – the total 
operational risk exposure resulting from those 
mission critical components that are already im-
pacting performance (Conditions C – F) 
Residual Risk Exposure (RRE) – the remain-
ing, or residual risk (per ISO definition), after a 
risk treatment. For the current state of the Corps 
asset management, and purposes here, the risk 
treatment equates to a repair or replacement. 
Further, since currently a “repair” is equated to a 
“B” condition and a “replacement” is equated to 
an “A” condition all components currently in 
those conditions are considered as “residual 
risk.” 

When determining the ORE, each mission critical 
component is treated as a single discrete failure 
event, i.e. there is (1) no common cause between 
the components failure (such as a flood event af-
fecting multiple components) and (2) the failures are 
mutually exclusive (will not occur at the same time).  
In the example risk calculation above, Component 
“X” that is in D Condition has an Operational Risk of 
$1,302,197. Each mission critical component, in C 
or worse condition, will have some degree of opera-
tional risk associated with it. Therefore, at the navi-
gation project level its total operational risk “expo- 
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sure,” i.e. where collectively there is the highest 
potential to have the most economic impact on the 
navigation customers, is simply the summation of all 
of the discrete component risks at the project site.  

This Operational Risk Exposure is a mathemati-
cal representation of the basic risk-informed invest-
ment approach mentioned above: 

• Repair/replacement of the most critical as-
sets/components that... 

• Are in the worst shape/condition that... 
• Have the highest likelihood of failing and... 
• Causes the highest impact on our customers 

It should also be noted that by having risk at com-
ponent level, it provides an opportunity for strategic 
investments at the component level in the annual 
O&M program (see Section 4.2 below). 

3.4 Informing the Asset Management Life Cycle - 
The Relationship Between Operational and Residu-
al Risks 

Understanding the current operational risks is on-
ly one piece of understanding an overall life cycle 
investment strategy, one must also understand the 
relationship between the projects Operational and 
Residual Risk Exposures (Figure 2). At one end of 
the spectrum, if a project has the majority of its mis-
sion critical components in good, or like new, condi-
tion (i.e. A and B conditions) relative to those in poor 
or worse condition (C-F) the most likely investment 
strategy would be to focus on Strategic Mainte-
nance Management in the annual O&M program.  

Conversely, at the other end of the spectrum, if a 
project has considerably more current operational 
risk relative to residual risk then that is a leading 
indicator that any “risk treatment or corrective ac-
tion(s)” may likely be beyond the means of the an-

nual O&M funding and a major Construction action 
may be the best or only option to buy down that risk. 
Then there is the instance where the operational 
risk and residual risk relative to each other is fairly 
equivalent, that instance may suggest that the or-
ganization has a threshold decision to prepare plan-
ning for a major construction action or to adjust an-
nual O&M to modify that Risk Profile accordingly. Of 
course, reality dictates that there is an entire 
range/spectrum from this context that may inform 
the investment strategy and is graphically depicted 
above.  
 It should be noted that while the “size of the risk 
exposure pie” illustrated above is the same that is 
just for graphical purposes, in reality the size of the 
pie (or Total Risk Exposure) varies considerably 
across the IMTS. So the primary indicator is the 
overall Operational Risk Exposure value (higher 
would be a leading indicator of a higher total risk 
exposure) but the relationship to the Residual Risk 
at that site must also be considered when making 
an investment decision.  

3.5 ORE Applied to Capital Investments 

Another way to illustrate the use of Operational 
Risk Exposure in a life cycle investment strategy is 
to relate it to the widely known and used “sawtooth” 
diagram (Figure 3) illustrated in the 2006 PIANC 
InComm Working Group 25 report “Maintenance 
and Renovation of Navigation Infrastructure.” Key 
points inherent in the PIANC illustration include: 

• Every asset has multiple, interconnected, in-
vestment strategies throughout its Life-
Cycle. 

• Recognizes that strategies could range from 
performing “no maintenance” (A) to perform-
ing “ideal maintenance” (C) which implicitly 
suggests strategies in a severely con-
strained fiscal environment to an uncon-
strained fiscal environment respectively.  
Reality is closer to (B). 

For the purposes of this paper and the demonstrate 
the use of ORE, the focus will be on Capital invest-
ments, those projects that are “past the point of no 
return” by simply relying on routine and minor 
maintenance activities. This is represented best by 
“Strategy ‘c’ (orange line)” that indicates the deci-
sion to bring an asset back to its original perfor-
mance state, i.e. essentially “like new” condition. 
This action is referred to as a Major Rehabilitation in 
the Corps of Engineers. 

Key Corps specific points illustrated on top of the 
PIANC graphic include: 
• Explicitly recognizes that “Strategy c” is the 

equivalent of a Major Rehabilitation 
• Recognizes and acknowledges that due to in-

creased mission requirements that the Corps  

? 
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Figure 2 – Relationship between Operatio-
nal and Residual Risks Can Inform Investment 
Strategy 
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may also increase performance, or Modernize 
(larger Green line above ‘new asset’ line), when 
compared to the assets original design, as an 
example the addition of a 1200’ lock chamber  

• While subtle, the slope of the “maintenance” 
curve of the Modernized (green line) is also flat-
ter, recognizing the possible use of: 
o Standard designs (via the recently establis-

hed Inland Navigation Design Center) focu-
sed on total cost of ownership 

o New technologies, materials etc. (via the 
Engineer Research and Development Cen-
ter or other technology provider) that inhe-
rently extend productive service life cost ef-
fectively 

o Both of these approaches should also positi-
vely influence the slope of the Major Rehabi-
litation (orange line) curve. 

o Advances in technology, materials etc that 
inherently increase the life cycle performan-
ce (and lower cost) of that asset. 

• Identifies that both Major Rehabilitation and 
Modernization are Construction (Blue oval) and 
cost shared with the Inland Waterways Trust 
Fund. 

• Further notes that everything else in the life cy-
cle investment strategy is annual appropriated 
O&M. 

The Corps is using the Operational Risk Expo-
sure approach as an integral part of the develop-
ment of the WRRDA 2014 required 20-year Capital 
Investment Strategy (CIS) report to Congress.  The 
ORE will identify, validate or confirm those projects 
that are essentially the “riskiest” in the IMTS and 
that should be included for consideration for a Major 
Rehabilitation. That subset of the IMTS projects will 
also be considered for possible Modernization if 

current and/or future traffic demands indicate a 
need for additional primary capacity, or if a redun-
dant, risk reducing, new auxiliary chamber is re-
quired and has an adequate Benefit to Cost Ratio. 

4 RESULTS – APPLYING TO THE IMTS 

4.1 Capital Investment Strategy (CIS) 

 The actual site specific results associated with 
the analysis for the WRRDA 2014 CIS are in Draft 
form and thus not releasable at the time of this pa-
per. However, in an effort to illustrate the results 
generically, the graphic below is representative of 
the actual results.  Each horizontal bar represents 
the Operational Risk Exposure for each of the ap-
proximately 200 Projects on the Y-axis.  

  

 

Of note is that the use of ORE has identified the 15 
or so highest priority projects on the IMTS whose 
combined risk exposure is greater than the remain-
der of the IMTS sites combined.  This result enables 
the Corps to focus capital investments on those few 
projects while applying a mix of annual O&M strate-
gies to the remainder of the projects, including the 
possibility of divestiture.   

4.2 Component/Sub-System/System/Feature Level 
Risk Reduction Opportunities 

In addition to being able to inform the capital in-
vestment strategy, it turns out that having the OCA 
and ORA, and their constituent pieces, at the asset 
component level has also proven to be very useful 
in determining risk reduction opportunities at every 
level from the Project Site all the way down to each 
component, recall the generic asset hierarchy noted 
in Section 2.1. This level of understanding and ca-
pability assists the Corps in overcoming an issue 
identified in Recommendation #17 of the PIANC 
InCom Report 129-2013, “...A further consideration 
is the potential conflict between risk management at  

Figure 3: Modified Life Cycle Illustration 

Figure 4: Integrated Investment Strategy 
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the asset level and the total risk exposure of the 
organisation. If the risks of individual assets are 
managed in isolation, it may not provide the optimal 
solution at the system level.”  As an example, the 
following table reflects the Operational Risk Expo-
sure of the entire IMTS at the Feature level and their 
System level. 
 

 

 
Then those risks can be further decomposed to 

identify potential risk reduction opportunities at any 
level and at any location(s) across the IMTS, includ-
ing by Waterway. The result is a “top down” strate-
gic investment for the entire inland navigation port-
folio.   

5 CONCLUSION 

Just five short years ago the Corps did not have 
a common and consistent means of: identifying its 
inland navigation infrastructure (except at the lock 
and dam level); assessing the condition of this infra-
structure; determining anything but a subjective 
probability of failure (high, medium, low); under-
standing the real consequences of a failure causing 
an unscheduled outage and simply used annual 
tonnage as the consequence. Since 2010 the Corps 
now has the capability to extend all of those key 
investment aspects to the next level with Operation-
al Condition Assessments (OCA) and Operational 
Risk Assessments (ORA). Additionally, using the 
basic analytical roots in the OCA and ORA are now 
also able to view its very large IMTS infrastructure in 
a way that will enable life cycle investments to min-
imize the risk exposure to our commercial shippers 
and carriers.  The next five years promise to bring 
equally large leaps in analytical capability including 
possible use of fault-tree analysis and/or “utility” 
modeling (see Patev R. "Development of Utility 

Functions and Aspiration Levels for Multi-Purpose 
Inland Navigation Projects,” SmartRivers 2015) at 
all sites on the IMTS.  
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