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PURPOSE: The deterioration of elements of steel hydraulic structures (SHS) on our nation’s
lock system is caused by combined effects of several complex phenomena: corrosion, cracking
and fatigue, impact, and overloads. This Coastal and Hydraulics Engineering Technical Note
presents examples of deterioration and a method for predicting future deterioration based on
current conditions. In a companion Technical Note (Riveros and Arredondo 2010), the procedure
for generating the deterioration rate curves are presented and explained with practical examples.

BACKGROUND: In the absence of a mechanistic-based deterioration model that requires
quantitative contribution of these complex phenomena based on environmental effects and
maintenance constraints, SHS inspection data can be used to determine the need for rehabilita-
tion or replacement and prioritize the order of work and funding. This can be accomplished by
the use of deterioration models (Bulusu and Sinha 1997; Madanat et al. 1995; Madanat et al.
1997; Morcous et al. 2002).

Information on current and future conditions of navigation or flood-control SHS is essential for
maintenance and rehabilitation of our navigation infrastructure. Current conditions of our navi-
gation infrastructure are measured by periodic and detailed inspections following recommenda-
tions from Engineer Regulation (ER) 1110-2-100, Periodic Inspection and Continuing Evalua-
tion of Completed Civil Works Structures, (Headquarters, U.S. Army Corps of Engineers
(HQUSACE) 1995); ER 1110-2-8157, Responsibility for Hydraulic Steel Structures (HQUSACE
2009); and EM 1110-2-6054, Inspection, Evaluation, and Repair of Hydraulic Steel Structures
(HQUSACE 2001). The accuracy of these conditions depends on the type of inspection per-
formed. On occasions, detailed inspections are conducted when a problem is perceived by the
operators. In some cases the deterioration of the SHS has been found to be critical and emer-
gency repairs and contingencies have been conducted. This reactive approach will usually incur
more cost. These emergency repairs could be avoided if a proactive approach (e.g., a deteriora-
tion model) is used to predict the future condition of the structure. The prediction will indicate
when the structure will fall below a satisfactory performance level and when its condition may
become severe if the structure is not maintained properly. Accurate predictions of the condition
of the structure in the future are essential to maintain the inventory at a safe and reliable level of
performance.

Methods for predicting infrastructure deterioration can be categorized into deterministic- and
probabilistic-based models. Deterministic models are those in which no randomness is involved
in the development of future deterioration states of the system. These models calculate the con-
dition of the system as a precise value based on mathematical formulations of the actual deteri-
oration (Ortiz-Garcia et al. 2006). Probabilistic-based models consider the deterioration states of
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the system as random variables and are modeled by underlying probability distributions
(Agrawal et al. 2008).

This Technical Note presents deterioration examples, describes deterioration states that have
been developed for SHS, and presents a method for predicting future deterioration states based
on current conditions.

DETERIORATION EXAMPLES OF STEEL HYDRAULIC STRUCTURES: The following
examples illustrate the potential results of casual inspection combined with inattention to deteri-
oration of different components of SHS.

Figures 1 and 2 show some particularly bad corrosion occurring in miter gate compartments that
are normally above the waterline. In Figure 2 the coating has not been kept in good condition,
thus allowing general corrosion to occur. Figure 2 illustrates the adverse affects of corrosion
inside a lock miter gate compartment. This figure shows that this particular miter gate has not
had an impressed current cathodic protection system for many years. If the protective system is
not preserved and repairs are not performed periodically, it will lead to significant amounts of
section loss caused by corrosion, damage that may require an emergency closure for repairs and
maintenance.

Figure 1. Corrosion on miter gate.
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Figure 2. Corrosion inside a lock miter gate compartment.

Quoin block deterioration analysis conducted by Riveros et al. (2009) demonstrated that deteri-
oration in the quoin block (Figure 3) can drastically affect the state of stresses on the element
transferring loads to the pintle and the pintle connection. If the deterioration is severe, the
stresses can reach undesirable levels. The location of the stress concentrations depends on the
quoin deterioration area: if the deterioration occurs in the pintle area (bottom section of quoin
block), the maximum stresses will be generated in the pintle zone; and if the deterioration is in
the upper region of the quoin block, the maximum stress will be generated in the elements near
the quoin block effective area end. This deterioration will cause such elements as the thrust
diaphragm, thrust diaphragm stiffeners, end diaphragms, and the pintle connection to be over-
loaded from the redistribution of the forces not being transmitted to the wall when the gate is in
the miter position. In some cases some of these elements have shown buckling failures when
severe deterioration of the quoin block is present.
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Figure 3. Quoin block failure.

Barge impact is one of the main concerns regarding the nation’s navigation infrastructures (Fig-
ure 4). Figure 5 shows a tainter gate with strut arm damage from barge impact before and after
repairs. Loss of navigation pool can have serious effects. Failure of the project operating systems
can render lock and flow control gates inoperable, causing delays to river traffic or possible
overtopping of the project. Structural failure of a lock gate could severely impede or stop river
traffic. Catastrophic failure of a spillway gate, dewatering bulkhead, or a lock gate could cause

uncontrolled release and/or loss of pool resulting in loss of life (ER 1110-2-8157 (HQUSACE
2009)).
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Figure 4. Barge impact at Belleville Locks and Dam.

Additionally, it would be necessary to close that section of the river to navigation traffic, dis-
rupting the movement of coal shipments to power companies and impacting the towing industry.
If the impact causes a long closure of the lock, the industry may have to find alternative routes or
sources of transportation, decreasing production and causing lost sales and loss in revenue in
addition to the extra cost to the district office for extra labor hours for the repairs.

Figure 5. Tainter gate with strut arm damage from barge impact before (left) and after (right) repairs.
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In many cases, the primary forms of distress have been fatigue damage and fracture. The most
common causes of fatigue cracking have been a lack of proper detailing during design, poor weld
quality during fabrication, and poor detailing and execution of repairs. Recent inspections by
districts have indicated that a significant number of stop logs and bulkheads had deficient welds
that required repairs.

Many of these deficiencies were the result of ineffective quality control during the original fabri-
cation welding of the structures (Figure 6).

Figure 6. Fatigue crack in diaphragm flanges of miter gate.

CONDITION STATES FOR STEEL HYDRAULIC STRUCTURES: Infrastructure condi-
tion is often represented by discrete condition states (Madanat et al. 1995). Condition states have
been used to define the condition of individual components of bridges and sewer pipes (Agrawal
et al. 2008; Federal Highway Administration (FHWA) 1995; American Association of State
Highway and Transportation Officials (AASHTO) 2002; Thomson and Shepard 2000). New
York State Department of Transportation uses a rating system (condition states) from 1 to 7,
where 7 represents near-perfect conditions (Agrawal et al. 2008). AASHTO (2002) recommends
a rating system from 1 to 5 where 1 is near-perfect condition.
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Sauser and Riveros (2009) developed a condition rating system similar to that in AASHTO
(2002) for SHS that uses an ordinal, integer-value scale from 1 to 5. This system indicates rela-
tive health of the infrastructure elements for the four most common deteriorations encountered in
SHS: protective system, corrosion, fatigue and fracture, and impact or overloads. The overall
condition rating of the entire structure is computed by a weighted average of the individual ele-
ment condition ratings and is a function of selected weights. The selection of appropriate weights
is driven by sound engineering reasons, such as the importance of fracture-critical members,
primary members, pintle, etc. The system is described in the following paragraphs.

Various condition states follow a natural progression of deterioration that typical members expe-
rience. Subjected to similar conditions, all members of similar materials should deteriorate at
similar rates. Therefore, to track conditions and predict deterioration rates, the exact number and
extent of condition states are not important. It is important to understand the mechanism for dete-
rioration, recognize the various stages of deterioration, and understand the impact on perfor-
mance and reliability. For example, behavior of steel members subjected to conditions that lead
to corrosion and section loss can be described in the following stages:

1. The member is protected by a protective coating or other means or has not been subjected
to corrosive action. The member is in like-new or as-built condition and has no deteriora-
tion.

2. The member has lost some of its protection or has been subjected to corrosive action and
is beginning to deteriorate (corrode) but has no measurable section loss. Deterioration
does not impact function. This state is bounded minimally by the onset of corrosion and
maximally by section loss that is not measurable, e.g., pitting not measurable by simple
hand tools.

3. The member continues to deteriorate and measurable section loss is present but not to the
extent that it affects its function. The upper bound of this state is, for example, pitting to a
depth less than 1.5875 mm (0.0625 in.) or total loss of section thickness less than
3.175 mm (0.125 in.).

4. The member continues to deteriorate, and section loss increases to the point where func-
tion may be affected. An evaluation may be necessary to determine if the structure can
continue to function as intended, if repairs are needed, or if its use should be restricted.
The upper bound is a function of member strength, member load, and member use, but
could be capped at 10 percent of total section loss for ease of and consistency in report-

ing.

5. The member continues to deteriorate, and section loss increases to the point where the
member no longer serves its intended function and safety is affected. An evaluation may
be necessary to determine if the structure can continue to function safely.

MARKOV CHAIN PREDICTION MODEL APPLIED TO STEEL HYDRAULIC STRUC-
TURES: The literature reveals that Markov models are extensively used to predict infrastructure
deterioration (Madanat et al. 1995; Micevski et al. 2002; DeStefano and Grivas 1998) with
bridges being a frequent candidate (Agrawal et al., 2008) followed by pavements (Ortiz-Garcia
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et al. 2006), and sewer pipes (Micevski et al. 2002; Baik et al. 2006). The Markov chain predic-
tion model is a stochastic process that is discrete in time, has a finite state space, and establishes
that the future state of the deterioration process depends only on its present state.

Applying the Markov process to predict the deterioration of navigation structures involves the
following observations and assumptions. The deterioration process of a structure is continuous in
time. However, to render it discrete in time, the condition is usually analyzed at specific periods.
For SHSs these periods correspond to periodic and detailed inspections. The condition of a
structure can have an infinite number of states. But in reality the condition of an SHS is defined
by a finite set of numbers (Sauser and Riveros 2009) such as 1, 2, 3, 4, and 5 where 1 represents
the structure is in its best condition possible and 5 represents imminent failure of the structure.
The future condition of an SHS is assumed to depend only on its present condition and not on its
past conditions.

The Markov process can be expressed as follows:

P(Xt+1 = it+l | X, = it’ g = it—l""’ X, = i1’ Xo = io): P(Xt+1 = it+1 | X, = it) 1)
where P is a function of X representing the probability to change from state i to state j at time
t+1.

For all deterioration states ig,is, ...,it1,it,it+1 and all t > 0.

The Markov process assumes that the conditional probability does not change over time. There-
fore, for all states i and j and all t,

P(Xt+1:j|xt:i):pi,j (2)
is independent of t where pj; is the probability that given the system is in state i at time t, it will
be in state j at time (t + 1).

The transition probabilities are expressed as an m x m matrix called the transition probability
matrix. The transition probability matrix is defined as

pl,l pl,z o pl,m
P— p:2,1 pf,z pzz,m (3)
pm,l pm,z e pm,m

The probability that the system goes from state i to state j after t periods can be obtained by mul-
tiplying the probability matrix P by itself t times. Thus:

P= Pt (4)
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If Qo is the initial state vector, then the state vector Q; can be expressed as

Q=Q,-P ()
where

Qo =[Gy, U]
and q; is the probability of being in state i at time 0.
When the process is used to simulate deterioration, the following condition applies:

pij=0fori>]j (6)

This is because the condition of a deteriorating element will not improve by itself. When an ele-
ment reaches its worst state, the following condition applies.

Pmm =1 (7)

This is because the condition of a deteriorating element will not change after it reaches the worst
state. Consequently, the general form of the transition probability matrix for a deteriorating ele-
ment is defined as

i p1,1 p1,2 p1,3 e Py m |
0 pz,z p2,3 pz,m
P=| 0 0 Pss e Psm (8)
i 0 0 0 1 |

A further restriction allowing the condition to deteriorate by no more than one state in one rating
cycle is commonly used in deterioration modeling. The transition probability matrix is then
denoted as

i p1,1 p1,2 0 0
0 P, Py 0
P={ 0 0 pg - O ©)
0 0 0 1 |
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However, some SHS inspection reports have shown that the structure has changed by more than
one state during the inspection period; therefore, the transition probability matrix defined in
Equation 8 may better fit actual inspection data.

A procedure for generating a deterioration rate curve when condition state inspection data are
available is presented in Riveros and Arredondo (2010).

Using this procedure with data obtained from the New York State Department of Transportation
and Agrawal et al. (2008), shown in Figure 7, a deterioration rate curve was generated. The
resulting deterioration rate curve is shown in Figure 8.

Mean Condition States

—— Steel Plate Girder Mean Condition Rating

—— Steel Rolled Beam Mean Condition Rating

Weathering Steel Rolled Beam Mean
Condition Rating

Weathering Steel Plate Girder Mean Condition
Rating

Condition State

—#—\Weibull

0 20 40 60 80 100 120
Years

Figure 7. New York State Department of Transportation condition rating states.

CONCLUSIONS: The theory of the Markov chain is well developed and based on simple mul-
tiplications of matrices. The application of the Markov chain provides navigation structure man-
agers a powerful and convenient tool for estimating structure service life. Service life prediction
using the Markov chain has the advantage over the statistical regression approach in that it can
be used to estimate not only the average service life of navigation structures but also the service
life of any individual structural component. Furthermore, the Markov chain prediction is based
on the current condition and age of the structure; therefore, it is simple and can be updated by
new information on condition states and structure age. However, it should be noted that this
study was based on synthetic data and assumed that limited numbers of inspection reports with
conditions states are available. However, by utilizing the Latin hypercube analytical tools to gen-
erate random numbers based on a predefined distribution, it was possible to obtain realistic val-
ues to define the transition probability and therefore the deterioration curve.

10
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Figure 8. Deterioration rate.

ADDITIONAL INFORMATION: For additional information contact Dr. Guillermo A. Riveros,
Information Technology Laboratory, U.S. Army Engineer Research and Development Center,
3909 Halls Ferry Road, Vicksburg, MS 39180 at 601-634-4476, or e-mail Guillermo.A.Riveros@
usace.army.mil. This effort was funded through the Navigation Systems Research Program.
Program Manager is Charles Wiggins, phone (601-634-2471), e-mail Charles.E.Wiggins@usace.
army.mil. This CHETN should be cited as follows:

Riveros, G. A., and E. Arredondo. 2010. Predicting deterioration of navigation
steel hydraulic structures with Markov chain and Latin hypercube simulation.
Coastal and Hydraulics Engineering Technical Note, ERDC/CHL CHETN-IX-24.
Vicksburg, MS: U.S. Army Engineer Research and Development Center. An
electronic copy of this CHETN is available from http://chl.erdc.usace.army.mil/
chetn.
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