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Introduction 
This work explores the application of algorithms 
born in the reinforcement learning branch of 
artificial intelligence (AI) industry and applied 
to hydraulic steel structure asset management. 
Specifically, the use of a Partially Observable 
Markov Decision  

 
 
Process applied to deterioration of radial 
(Tainter) gates on dams. The fundamentals of the 
problem include structural inspection, structural 
deterioration, maintenance activities, maintenance 
intervals, and condition states. Optimizing 
inspection intervals depends on much more than 
just the condition of the structure.

Findings
1. The deterioration on structures with private owners was 

faster compared to government due to maintenance and 
operational policies.

2. There is a spike in fatigue deterioration between 60 
and 70 years old which corresponds with the advent 
of welding technology. A large percentage of the 
deterioration for fatigue/cracking on radial gates is 
related to tack weld cracking. It is difficult to decipher 
between a fatigue related tack weld crack and otherwise 

so the cracking was lumped into what would be more 
appropriately called “Fatigue and Cracking”.

3. Older-riveted hydraulic structures show less fatigue 
damage than welded structures.

4. The inspection costs per gate and per square foot of 
projected area varied depending on quantities. The more 
gates or structures to inspect the lower the cost per item.

5. More detailed inspections cost more but the benefit of a 
higher probability of detection can outweigh added cost. 
The model does not give up on better observation data 
even if it costs more.

6. The modeling showed that early rehabilitations on 
structures can help curb the deterioration model early. 
This is opposite from what many asset owners often do 
but if done early on the deterioration curve the structure 
benefits through its entire remaining life cycle vs. just the 
last few years. Early retrofit work pays off in the long run 
more than waiting.

7. The higher the cost of an activity the less likely the 
agent will choose it. If a failed condition state has a large 
negative value the agent will take actions that keep it away 
from the expensive place. The higher the cost the more 
conservative the agent will be in its avoidance.
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Table 1: Required Radial Gate Inspection Intervals 
 
  Gate Inspection Interval 

Owner/Regulator High and Medium 
Hazard Low Risk Reference 

Federal Energy 
Regulatory 
Commission 

10 years None FERC Tainter Gate Initiative - Rev 1 

United States 
Army Corps of 
Engineers 

5 years 5 years ER 1110-2-8157 

United States 
Bureau of 
Reclamation 

6 years (max) 6 years 
(max) 

Reclamation Manual - Directives and 
Standards During Comprehensive and/or 
Periodic Facility Reviews (3 year) 

 
ASCE Gate Inspection Criteria for Water Control Gates, Guidelines for Inspection and 
Evaluation (ASCE Water Control Gates, 2012), gives an industry guideline for gate 
structures. It states that inspection interval and qualifications would be based on type, 
usage requirements, hazard classification of the dam, and consequence of operational 
failures.  Concrete structures (Dam, Spillway, or other) outside federal jurisdiction are 
not regulated specifically regarding component inspection intervals but most state dam 
safety programs perform annual visual walkthrough inspections.  
 
Rating systems. Bridge rating systems such as those developed by the national bridge 
inventory (NBI) or element level (Fig. 1) are used nationally.  There are nuances in how 
each state prefers the data but overall the idea was to gather data that could be used in 
deterioration models and asset management systems.  Element level inspection is specific 
to the material in which it is made. 

 
 

Figure 1: FHWA Element Level Inspection Example. Element 107 – Steel Open 
Girder/Beam. Manual for Bridge Element Inspection. 

 

The condition 
warrants a 
structural 
review to 
determine the 
effect on 
strength or 
serviceability 
of the element 
or bridge.  

Example Element Level Rating System
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Markov Decision Process
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Figure 2  Markov Chain with Terminal State 
 
Markov Decision Process (MDP) 
 
A Markov Decision Processes (MDP) is a method of finding optimum solutions based on 
probabilities.  A MDP depends on 4 variables (States, Actions, Transitions, and Rewards) 
along with a discount rate.  The variables used in this paper for hydraulic structures will 
be developed in subsequent sections.   
 
Throughout this series of papers the term Agent is used. Agent is the decision maker in 
the model and basically gathers information in order to select the optimum solution. The 
agent can be thought of as the owner but in this case the tracking of the data is all internal 
to the modeling program.   
 
Markov Decision Processes contain the Markov Property which assumes perfect 
inspections and does not care about previous steps in the series.  This is important 
because the traditional Markov model does not care about the history of the asset and 
only sees the last step in the sequence before the present state.   The Markov Decision 
Process uses what is called the Bellman Equation (or dynamic programming) in order to 
seek an optimal solution to a stochastic problem.  It essentially iterates trying to find the 
most likely (or most rewarding) solution given a fairly random problem.  Dynamic 
programming is an algorithm that uses previously computed values to compare with new.  
It then can find the optimal value and keep it for the next iteration.  The first description 
of the Bellman Equation was written in 1957 by Richard Bellman in the Journal of 
Mathematics and Mechanics (Bellman, 1957).   
 
States. States such as structural condition states are chosen based on a rating system.  That 
system can be a letter grade such as A-F or numerical grading 1-100. In this research the 
grading system for structural condition states used is 1-6 simulating the A-F scale. 
 
Actions. Actions are typically an inspection and maintenance action pair. The actions 
always exist in pairs since there is always the option to do no-repair or no-inspection. 
Actions are chosen for the system based on the most common inspection and maintenance 
types for that particular structure.   
 
Transition Probabilities. The probability that the structure transfers to a different condition 
state in a given time defines transition probabilities.  Transition probabilities are based on 

Example Deterioration Matrix
3 Condition State
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deterioration models (deterioration curves) and deterioration models are generated from 
observed inspection data.  Data on a structure or particular element are collected by 
structural inspections and uploaded to a database.  The database can then be queried for 
transition trends.  Synthetic deterioration curves can be modeled in order to project 
transitioning to a different state based on the amount of data available.  An explanation of 
how data can be extended using synthetic deterioration curves is presented in (Riveros, G 
2010) and calculations for a radial gate deterioration model can be found in (Ford, T. 2017).  
An Example 3x3 matrix shown in (1) is a representation of a transition matrix created to 
model Figure 1. This matrix has 3 states and shows the probability of moving from one 
state to another. CS2-3 means the probability of transitioning from condition state 2 to 
condition state 3 and CS2-2 means the probability of staying in condition state 2. Note, the 
probability matrix must be square in shape and is the size of the possible states. The rows 
must add up to a probability of 1.0 and any number below the principal diagonal would 
indicate an improvement in the condition.   
 

 (1) 
 
Rewards. MDP (and POMDP) solvers are typically written to seek the highest reward such 
as for machine learning so costs are input as negative rewards. The inspection costs, 
maintenance costs, and the cost to replace the structure make up the primary rewards but 
user/penalty rewards may also be applied such as costs from reduction in service, working 
accidents, competitiveness loss or environmental impacts.  Some studies including this one 
have also incorporated the high cost of failure associated with each structure into the 
rewards vectors.  A typical rewards vector depends on the condition state. If a structure is 
in a lower condition state (more significant deterioration) it will cost more to repair.  
Equation (2) shows an example rewards vector for this 3 state problem.  Note the rewards 
are also based on the actions taken for both maintenance and inspection in a given year as 
well as operational costs. This vector represents a maintenance action of cleaning and 
painting and an inspection action of arms reach visual inspection. The variable in this 
vector is the condition state.   
 

   (2) 
 
MDP Calculations 
 
MDP calculations consist of a summation of optimum values for each possible outcome. 
The model tries multiple action pairs trying to get the biggest bang for the buck.  It varies 
the policy or group of actions each year to find an optimum solution.  Fig. 3 is a visual 
representation of the 4 inputs.  For the math behind the MDP modeling see 
Papakonstantinou 2014 or Ford 2017.  Essentially the model plots a value function based 

Example Rewards (Cost) Vector
3 Condition State

Example Observation Matrix
3 Condition State
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Possible Observations. Like condition states, the set of all possible observation methods 
must be defined and the observation method has associated probability of detection 
(POD).  Detectability tells the agent with how much certainty it is observing the 
condition state and is higher with better inspection methods.   
 
Observation Probabilities. By definition, POMDP’s are partially observable meaning the 
true condition is only observed though probabilities.  Much like the real world, 
inspections and inspection methods are not perfect.  A perfect inspection would mean the 
agent is given information on every possible flaw down to the molecular level and knows 
with 100% certainty the condition of the structure.   Depending on the inspection method 
these defects may not be detectable or only partially detectable.  Each observation has 
associated observation probability.  For example, a visual inspection from beyond arms 
reach may not give the same level of certainty as a non-destructive and arms reach visual 
inspection would.  The more accurate the inspection, the more value the model will put in 
the data.  
 
The observation probabilities are set up in a matrix of the same dimensions as the 
transition matrices since it has the same condition states and must be multiplied.  
Equation 4 shows a typical observation matrix and the probabilities of landing in a 
separate condition state than expected.  CS2-3 would mean the probability of the agent 
thinking it is in condition state 2 when the structure it is actually in condition state 3.  
CS2-2 would mean the probability of the agent thinking it is in condition state 2 and 
actually being in condition state 2.  The observation matrix adds a large amount of 
uncertainty the problem but more accurately models real life. The observation matrix 
must be the same size and follow the same general rules as the underlying MDP 
deterioration matrix.   
 

  (4) 
 
Incorporating Bayes Rule. Bayes Rule is used to incorporate the probability of detection 
and back calculate at the same time.  Observations, Observation Probabilities and Belief 
Space (possible states) are added in the equations.  Belief space is the summation of 
possible results and a belief state is the state in which the POMDP believes the structure 
will be in given the other probabilities in each time step.  Bayes Theorem (5) provides a 
way to understand how the future affects the present and present affects the past within 
the POMDP.   
   

����� � ������� ��
�������� ∑ ����|�� ��������� 	 	 (5) 

Two State and Three State Belief Simplex with  
a-vectors Plotted - Forming a Visual Representation  

of the Value Function
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alpha (α) vectors and gives the gradient of the value function at any point.  The value 
function as a combination of multiple alpha vectors is visualized by plotting each alpha 
vector on a belief simplex between 0 and 1.  The piecewise linearity part of the function 
just means that it is composed of multiple straight line α-vector segments or hyper plains 
(for more than 2 states) and the convexity stems from the likelihood that the value of the 
belief is close to where things are fully certain (0 or 1) and will seek the lowest cost.  An 
illustration of a two state PWLC value function is shown in Fig. 5.  A set of belief states 
is represented as α-vectors over a region of the simplex.  
 

 
Figure 5: Two State and Three State Belief Simplex with α-vectors Plotted - Forming a 

Visual Representation of the Value Function (Papakonstantinou, 2014 Part I).  
 
 

DEVELOPING POMDP MODEL PARAMETERS FOR SPILLWAY GATES 

The following sections describes the radial gate model inputs which each required a 
separate (ongoing) research effort.  States, Actions Transitions, Observations, 
Observation Probabilities, and Rewards are all developed from either available data or a 
Formsite Survey.  

Deterioration Modeling and Condition States   
 
A Formsite survey was sent to owners and other industry professionals asking for them 
for data that included rating an existing structure based on the most recent inspection 
providing the age and opinions about inspection types.  The responses were 
supplemented by data from existing inspection reports and random number generation for 
synthetic distributions.  Several agencies and private owners responded to the anonymous 
survey questions and most stated that they were unable or unwilling to share inspection or 
deterioration data due to the high security and risk with releasing information.  In total, 
72 dams (~800 individual gates) were used in this study for the deterioration modeling.   
The current corrosion, fatigue and damage Condition States of each of the 72 dams with 
various numbers of gate were plotted in relation to age of each structure. Fig. 6 shows the 
basic age of the structure with respect the data received and entered. 
 

Number of Structures in Each Age Group Reported in  
Formsite Survey and Used in the Analysis.

Example Formsite Survey Results with all Dam  
Names Removed.

Deterioration Modeling
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Figure 6: Number of Structures in Each Age Group Reported in Formsite Survey and 

Used In The Analysis 
 
Each inspection report was reviewed by a hydraulic structure or structural inspection 
industry expert who in turn provided a condition state rating based on deterioration 
condition states 1-6 after ERDC/ITL TR-09-4.  Condition state 1 would be good 
condition and 6 would be a failed condition.  Within each defect (Corrosion, Fatigue, and 
Damage) there are 6 condition states.  Table 2 shows example survey responses with 
condition states between 1 and 3 at three different dam sites.  
 
Table 2: Example Formsite Survey Results with All Dam Names Removed. 
 

Name # of Structures, Dimension and Type        Corrosion 
Condition State    

Fatigue Condition 
State 

Deterioration is a driving factor and impacts the decision to inspect, rehabilitate, or 
replace a structure.  The deterioration curves generated in this study are converted into 
transition probabilities within a matrix and used in the POMDP.  The derivation of 
transition probabilities followed (Riveros, 2010) using a Weibull Distribution.  Figs. 7A 
and 7B are an example of this process showing the synthetic corrosion deterioration 
model. Random number generation was used at each 10 year interval using a Latin 
Hypercube Simulation based on the raw data statistical parameters.  
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Table 3: Action Pair Summary (policy numbers used in fig. 7) 
Action Pairs  No Repair 

Clean‐
paint 

Paint‐
strengthen  Replace 

No Inspect  1  6  11  16 

visual‐inspect‐
walkabout 

2  7  12  17 

visual‐inspect‐
drone  3  8  13  18 

visual‐inspect‐
armsreach 

4  9  14  19 

ut‐plus‐
armsreach‐
visual‐inspect 

5  10  15  20 

 

Possible Observations and Detectability 
 
The Formsite survey included an opinion section rating the detectability of each method 
based on personal experience.  The survey results included less responses on 
detectability.  Many others said they had no experience with one or more methods.  The 
data is not enough to say it is statistically significant but did give a range for each 
method.  The results were extended using random number generation but further research 
is needed on probability of detection. The arms reach visual observation matrix used for 
this model is shown in (9) and shows a probability of detection of 0.75.  The other 
probabilities of detection included no inspection (0.00), walking inspection (0.33), drone 
inspection (0.46) and ultrasonic+arms reach (0.86) respectively.  
 

    (9) 
 
The rewards (costs) for this study (10) were gathered for both the anticipated 
maintenance and inspections.  Cost data were gathered from the survey and industry 
tracking spreadsheets for retrofit as well as new designs.   All costs are input into the 
optimization model in $1k increments, so a $43,000 inspection would be input as -43 into 
the rewards vector.  
 
 
 
                                                                                     = (10)    
 
 
 

Increasing 
Cost 
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deterioration models (deterioration curves) and deterioration models are generated from 
observed inspection data.  Data on a structure or particular element are collected by 
structural inspections and uploaded to a database.  The database can then be queried for 
transition trends.  Synthetic deterioration curves can be modeled in order to project 
transitioning to a different state based on the amount of data available.  An explanation of 
how data can be extended using synthetic deterioration curves is presented in (Riveros, G 
2010) and calculations for a radial gate deterioration model can be found in (Ford, T. 2017).  
An Example 3x3 matrix shown in (1) is a representation of a transition matrix created to 
model Figure 1. This matrix has 3 states and shows the probability of moving from one 
state to another. CS2-3 means the probability of transitioning from condition state 2 to 
condition state 3 and CS2-2 means the probability of staying in condition state 2. Note, the 
probability matrix must be square in shape and is the size of the possible states. The rows 
must add up to a probability of 1.0 and any number below the principal diagonal would 
indicate an improvement in the condition.   
 

 (1) 
 
Rewards. MDP (and POMDP) solvers are typically written to seek the highest reward such 
as for machine learning so costs are input as negative rewards. The inspection costs, 
maintenance costs, and the cost to replace the structure make up the primary rewards but 
user/penalty rewards may also be applied such as costs from reduction in service, working 
accidents, competitiveness loss or environmental impacts.  Some studies including this one 
have also incorporated the high cost of failure associated with each structure into the 
rewards vectors.  A typical rewards vector depends on the condition state. If a structure is 
in a lower condition state (more significant deterioration) it will cost more to repair.  
Equation (2) shows an example rewards vector for this 3 state problem.  Note the rewards 
are also based on the actions taken for both maintenance and inspection in a given year as 
well as operational costs. This vector represents a maintenance action of cleaning and 
painting and an inspection action of arms reach visual inspection. The variable in this 
vector is the condition state.   
 

   (2) 
 
MDP Calculations 
 
MDP calculations consist of a summation of optimum values for each possible outcome. 
The model tries multiple action pairs trying to get the biggest bang for the buck.  It varies 
the policy or group of actions each year to find an optimum solution.  Fig. 3 is a visual 
representation of the 4 inputs.  For the math behind the MDP modeling see 
Papakonstantinou 2014 or Ford 2017.  Essentially the model plots a value function based 

FHWA Element Level Inspection. Element 107 - Steel Open Girder/Beam.  
Reference - FHWA Manual for Element Level Bridge Inspection

The deterioration models are used to calculate transition probabilities for  
each deterioration matrix. For the Radial Gate Model 6 condition states were used  

similar to ERDC-ITL-TR-09-4.

Example three state Markov Chain with terminal condition state showing  
probabilities of transitioning from one state to another.

Mathematical Engine - Incorporating Bayesian Methods
Reference - Papakonstantinou 2014

Visual Presentation of Value Funtion Output
Reference - Papakonstantinou 2014

Required Radial Gate Inspection Intervals

Input Examples Data Gathering & Analysis for Radial Gates
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Inspection and Maintenance Costs. Inspection costs are based off responses from the 
survey and from industry data.  Typically, the more gates that are inspected the cost per 
gate goes down due to efficiencies such as inspection setup and mobilization.  The bulk 
of the modeling costs are estimated based on the available data (Planck, S. 2017 with 
Ford, T. additions) and converted to present value. Cleaning and paining can almost be as 
much as painting and strengthening due to the large mobilization costs. The costs in the 
rewards vector also include operational costs of that asset for that year.  
 

SPILLWAY GATE MODEL RESULTS 

For this study, a single simulated 40 ft high by 40 ft wide radial gate was chosen as a test 
structure. The POMDP solver used is called Perseus (Spann 2005). Perseus proved to be 
the most user friendly academic software as it has a Matlab Linux interface and the 
output studies proved to have the most consistent and expected trends. The simulated 
project includes only a single gate and is assumed to have been newly constructed.  An 
optimal policy graph is shown in Fig 8.  The vertical axis shows the inspection/repair 
action pairs and is read horizontally to match up with the policy for that structure age.  It 
primarily uses walkabout visual inspections with drone and arms-reach inspections 
spaced at about 4 and 8 years respectively.  It also illustrates 3 strengthening projects 
over the first 100 years as pointed out in Fig. 8. The initial replace action in year 3 is 
considered a starting point as while it is in fact optimal, replacing a structure that often is 
not considered feasible.   

 
Figure 8: Optimal Policy for Low to Medium Risk Dam with Single 40’x40’ Radial Gate. 
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Projects 

Radial Gate Rating System for Corrosion  
ERDC-ITL TR-09-4   |   6 Condition State

Strengthening Projects

Drone Inspections 4 years min

Routine Inspections Annual min

Rope Access Inspections 8 years min

6 Structural Failure

For Further Details See: 
USSD Publication: Optimization of Hydraulic Steel Structure Inspection 
Intervals Using Reinforcement Learning_Part 1 - Overview
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