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Conversion Factors,
Non-SI to SI Units of
Measurement

Non-SI units of measurement used in this report can be converted to SI units
as foil ws:

mum* By To Obimin

eet 0.3048 mews

inches 0.0254 mwetas

kips 4.448 klonewtons

tons 907.185 klograms

mile e hour 0.447 meoers per second

kips per squar inch (ksi) 6894.57 kmlopascels
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1 Background

Miter gates and other hydraulic steel stuctures (HSS) must be designed to
withstand loads due to the weight of the structure and pennanent attachments,
operating equipment, barge impact, hydrostatic and hydrodynamic effects, and
environmental effects. The maximum structural response to approprate com-
binatiom of operating and environmental effects is compared to the design
strength of the structure to ensure acceptable performance.

The design of miter gates in the past has been based on allowable stress
design (ASD) principles (Heauarters, Department of the Army 1972), the
traditional approach to steel design embodied in the American Institute of Steel
Construction (AISC) specification (AISC 1978). In ASD, the design safety
check is of the form

A(EQ) < Fan - Fu IFS (1)

where

ftEQi) = the elastically computed stress arising from the combined nominal
loads, EQ

Fay = allowable stress

Fu = limiting stress (for yielding, rupture, buckling)

FS = overall factor of safety

The FS represents the traditional way of addressing the problem of design
uncertainty and does so in a purely subjective way.

There are a number of shortcomings in ASD (Galambos et al. 1982) which
are remedied in the new 'load and Resistance Factor Design Specification for
Structural Steel Buildings" (AISC 1986). In contrast to ASD, Load and Resis-
tance Factor Design (LRFD) is a limit states design method which is much
better keyed to the behavior of steel structures at design conditions. Design
uncertainties are taken into account using modem structural reliability analysis
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techniques to suAtem t professional Judgment. In LtFD, the basic safety
check is of the foam

Required stren,:;, < Design strength (2a)

Eyj nj <#R4(2b)

where

R= nominal strength

* - resistance factor that reflects uncertaunty in sutengt

- load factors to account for unertainty in the loads

Note that the factors # and yj serve the s-me purpose as the overall FS in
Equation 1. However, they are reflective of the variability in the individual
parameters to which they are assigned.

The LRFD Specification (AISC 1986) provides a comprehensive treatment
of design strength for the limit states of yielding, inelastic deformation, frac-
ture. and instability for steel members and cmnectios. Studies have shown
that cost savings often can be achieved in design by using LRFD rather than
ASD. Efforts are now underway to adapt the LRFD Specification to the
design of miter gates and other hydraulic steel structures (Headquarters,
Department of the Army 1991 and 1993).

The required strength in Equation 2b is defined for ordinary buildings and
other structures by the load requirements in Section 2.4 of American Society
of Ovil Engineers (ASCE) Standard 7-88 (formerly American National Stan-
dard (ANSI) Standard A58.1-1982) on minimum design loads (ASCE 1990).
Environmental effects (wind speed, for example) are specified as N-year mean
recurrence interval (MRI) values, i.e. those values with a probability of I/N of
being exceeded in a given year. Generally, however, two or more
time-varying effects must be considered in combination. As illustrated by the
typical load sample functions in Figures la though c, the extreme values of
the individual effects rarely occur simultaneously, and simply combining the
N-year MRI values is unduly conservative. Probabilistic load combination
analysis methods (Ellingwood et al. 1982; Galambos et al. 1982) were used to
develop the load factors and load combinations used to compute the required
strength in Equation 2b for building structures (ASCE 1990). Statistical data
are required to define the cumulative probability distribution functions for the
environmental loads and to set these loads and load combinations.
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Figure 1. Stochastic responses to environmental events

The application of the load factors in ASCE Standard 7-88 (ASCE 1990) to
the loads considered in design of miter gates is questionable, because the load
combination analysis alluded only to above utilized data on common structural
loads for buildings. One might expect that the load requirements for design of
miter gates would have a similar format but that the load factors would be
different. Moreover, the load factors in Equation 2b were determined through
a calibration process in which common strucftura members designed by ASD
were evaluated using structural reliability techniques. The new load
requirements for LRFD were based on the target reliabilities determined
through this assessment of existing designs. This calibration process makes
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sawse for ordinary construction, where design criteria are supported by years of
experience. There is less experience for miter gates. A review of the pat
criteria for hydraulic suctus (Headquarters, Department of the Army 1972)
does not reveal any rational basis for some of the design requirements, e.g.
that the AISC-specified allowable stresses be multiplied by a factor of 5/6 in
pl ortioning members for combinations of normal operating or hydrostatic
loads.

The development of probability-based load requirements for use in LRFD
requires the following steps:

a. Identification of structures to be covered.

b. Identification of limit states for structural components and systems.

c. Identification of significant loads and load combinations, and the devel-
opment of a statistical database to suppon probabilistic load combina-
tion analysis.

d. Collection of statistics to describe the structural capacity.

e. Analysis of reliabilities associated with current design procedures
(Headquarters, Department of the Army 1972), and selection of target
reliability levels.

f Development of LRFD load requirements, including load combinations
and load factors.

g. Comparative design studies to determine cost savings or penalties asso-
ciated with the proposed criteria.

This report focuses on steps c, e, and f.
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2 Objectives and Scope

This repw describes an improved basis for determining load requirements
for design of hydraulic steel structures using modem structural reliability anal-
ysis and probabilistic load combination techniques. This methodology will
facilitate the development of design loads and their combinations for use in
LRFD.

The methodology is demonstrated for miter gates by considering load com-
binations involving dead load, hydrostatic load, hydrodynamic load during gate
operation, temporal hydraulic head, and barge impact load.

Chapmr 2 Objs•cvm d Soap 5



3 Reliability Bases for LRFD

Basic methods of Reliability Analysis

This section presents some of the basic tools for the development of
reliability-based load combinations for hydraulic structures such as miter gates.

First-order reliability methods

A limit state represents a condition in which the structural system or one of
its componens fails to perform its intended functions. For HSS, strength or
safety-related limit states include yielding, rupture, instability, or loss of over-
all equilibrium. Serviceability limit states include excessive deformation or
vibration. A limit state is described by a behavioral equation or failure func-
tion developed from principles of structural mechanics

.3D =0 (3)

where

X. =xx2,.,x.)

= random variables describing loads, material strengths, and dimensions.

Failure is taken, by convention, as the state in which G(.) < 0.

The limit state probability or probability of failure provides a quantitative
measure of reliability and performance. If the joint distribution of the Xi is
known, this probability is

6 ChaptW 3 RMObiW Baes for LRFD



where

fla) - Joint probability density function of X and the integration is per-
formed over diat portion of the domain of a in which G(j) < 0

The joint density in Equation 4 is rarely available and the integration is
difficult to perform. Moreover, Pf is very sensitive to the behavior of the
extremes of ff), which awe diffilcut to define with the limited data that typi-
cally are available in structural reliability analysis. First-order (F0) reliability
methods have been developed to address these problems. In FO reliability
analysis, Pf as a measure of reliability is replaced by a "reliability index." P,
defined as the minimum distance from the mean of I to the failure surface,
measured (when the random variables are statistically independent) in standard
deviation units (Melchers 1987). The coordinates of the point of minimum
distance on the failure surface (sometimes termed the checking or design point)
can be defined as

X i - mi * ki Oi,. i - l,2,..., n (5)

where

Mi, Ii = mean and standard deviation in Xi

ai = sensitivity coefficient describing the relative importance of variable
X in the reliability analysis

The plus or minus sign on oý depends on whether Xi is a load or strength vari-
able, respectively. If all variables are described by a normal distribution and
function G(.x) is linear in x, P and P/are related by

Pf 0-P (6)

where

0 = standard normal probability integral

In this case, FO reliability analysis is a tool for approximately integrating
Equation 4. Clearly, estimates of means and standard deviations in loads are
essential in developing probability-based design requirements.

7chwimr 3 RuI~y Bags b LRFD



Eammadon of mesures of uncertinty

Let X denote a basic resistance or load variable. The true statistical charac-
tr.cs of X shoud be emploe when evaluating P or P and when deriving
app op ate factors of safty for design. However, ie random characteristics
of X seldom are known precisely in suuctful enineerti owing to insuMcient
data and imperfect information. Ths is especially tire for miter gates, where a
consistent database on opeating events does not exist. Estimates of the mean,
mx, and the standard deviation, ax, and coefficient of variation, Vx, that
describe inherent variability, are obtained from small samples of data or are
infenul on the basis of expert opinon Additional ucertainties arise ftom the
small sampie sizes, differences between the laboratory conditions under which
some data are gatmed Nd field conditions, and structural modeling errors.
As a result of these additional uncertainties, the mean and coefficient of varia-
tion used in structunl reliability analysis should be determined as

mx B mx (7)

VX [VX2. VD] (8)

where

mx and Vx = data based

B =bias in prediction

V3 = modeling uncertainty, assumed to be vested in the uncertainty
in predicting the mean, mx.

When data are available, mx and Vx can be estimated from data samples.
Frequently, little data are available to supplement engineering judgement.
Occasionally, the engineer may be able to estimate from past experience the
rang over which the data should lie. In this case, the mean and coefficient of
variation can be estimated from the range if some assumption is made about
the general shape of the probability distribution. If, for example, it is assumed
that X has a bell-shaped frequency distribution and that roughly 95 percent of
all values lie between x1 and x2, the implied mean amc! coefficient of variation
in X are

mx - (xI + X2)/2 (9)

8 3ha S Rsby Bms for LRFD



vX - 0-5(X2 - XI)% + xI) (10)

Because of the scarcity of data, it will be necessary to estimate statistics for
several of the loads using similar techniques in the sequeL

The Delphi as a basis for uncwtnty analysis

A slgniflcut amount of load survey and modeling data were available to
develop the load combinations in ASCE 7-88 (ASCE 1990) for building struc-
tares and in the AISC LRFD specification. The loads used in miter gate
design are defined in EM-I 110-2-2703 (Headquarters, Department of the Army
1984). These loads apparently are based on experience rather than on in situ
load measurements, and their quantitative basis, if any, cannot be determined.
Statistical data of the sort available for buildings are not available for loads on
miter gates and other hydraulic structures, and it is not feasible to perform the
necessary load surveys.

A Delphi, or consensus estimation survey, was conducted to remedy this
situation and to provide statistical data on loads necessary to develop proba-
bility-based load combinations. A Delphi is an organized method for eliciting
expert opinion or intelligent judgement from a group and is used to quantify a
phenomenon when empirical data are limited or do not exist. Delphi's have
been used in a number of structural engineering applications: in revising the
live load tables in ASCE 7-88 (Corotis, Fox, and Harris 1981) and, more
recently, in seismic hazard analysis at nuclear plant sites in the Eastern United
States where there is little or no historical seismicity (Bermreuter et al. 1989).
Of course, the accuracy of the results depends on the knowledge, biases, and
judgement of the participants and the extent to which they utilize any available
empirical data. In a typical application, a load questionnaire initiaily is circu-
lated to the group and each participant is asked to provide a best estimate of a
parameter and an estimate of its variation. The results of the questionnaire are
compiled and recirculated for revisions. Although in the ideal situation there
may be several iterations of the questionnaire, constraints prevented this in the
Current project.

The questionnaire was developed and distributed to each U.S. Army Corps
of Engineers (USACE) District and to the locl-ý'-aster of each lock and dam
that is operated and maintained by the Corps (Ciasten 1992b). Each lock
operator was asked to c~mplete the survey on the basis of his own experience.
A total of 108 responses were received, representing most of the major river
systems in the eastern United States.

A typical survey question asked for a best estimate of a parameter, X (say,
hydrodynamic head), and a plus-or-minus variation, AX. This information is
used to estimate the mean and standard devirtion (or c~efficient of variation)
in variable X. The variation given was interptit, As corresponding to * 2

clpeW 3 RdIt, y for b' LRFD9



standard deviations (representing approximately the 95 percent confidence
bomnd for normal random variables).

Suppose thnt di. two estimates provided by die 0 participant are xk and
£.Xk. k a 12,...N. The mean value of X is estimated from

E~ k mk -MX

Assuming that the participants am equally experienced, X is an unbiased esti-
mate of the mean.

The actual value of X can be expressed as

X - mx + U + V (12)

where

mX= true mean of X

U = zero-mean random variable describing deviation of mean values esti-
mated by participants

V zemr-mean random variable denoting the deviation in the variation
estimated by each participant.

Assuming that U and V are statistically independen the variance in X is esti-
mated by

2 2 +(13)

where

a 2 (14)
U i kk

10Chapla 3 PAbIWty Buns.tar LRFD



E E (xk)2(15)

The coefficient of variation in X is estimated as Vy - GvoX

The results of the Delphi are summarized later in this report

Stochastic Modeling of Load Events

Load events occur randomly in time, and the magnitude during any event
also is random. If the effect of the load on the structure is static, it can be
assumed that the load magnitude remains essentially constant during an event
with mean duration, c. (If the load varies slowly in the interval, the load
magnitude can be set equal to the maximum value within the interval). With
these assumptions, each load can be modeled as a sequence of random pulses
(a so-called pulse process), as illustrated by the sample functions in Figure 2.
Permanent loads, such as dead and permanent equipment loads, are essentially
constant in time. Sustained loads may change their magnitude in a stepwise
fashion from time to time but in between these changes remain relatively con-
stant. Hydrostatic loads fall into this category. Such loads may be intermittent
in nature, i.e., there are substantial periods when the load is not acting.
Finally, transient loads occur infrequently and usually last for a very short
duration; the durations of such loads often are so short in comparison to those
of sustained loads that they can be modeled as impulses. Earthquake loads
and barge impact loads are examples of short-duration transient loads. The
probability densities for these load processes sampled at an arbitrary point in
time are illustrated at the left-hand side of each sarwple function in Figure 2.
The discrete probability mass ax zero magnitude represents the probability that
the load is absent (not acting) at the time of load sampling.

The load processes in Figure 2 must be described statistically to perform
the load combination analysis. The probability distributions of the
point-in-time loads, Q, and the maximum loads to occur during an interval of
time (0,t), Q.. are required for load and load combination analysis (Turkstra
and Madsen 1980; Ellingwood et aL 1982). It often is assumed that the
occurrence in time of load events is described by a Poisson process. With the
Poisson model, the probability of observing n events in interval (04) is

P[N(t) - n] - ('tR e-Xt; n - 0,1,2 .... (16)
n!

where

X = mean rate of occurrence of events

chWs 3 eW Bý for• UW11



a. Pemavent loads

2

b. Sustained loads

1[3

maim

N

c. Tramsent loads of short duration

d. Total load

Figure 2. Pulse process models of loads
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The probability distribution of the maximum load to occur during (0,t) can be
obtained from the theorem of total probability

Fq.w (,X) " o•Q_ < XW IN n] PIN(.) - n] (17)

If the Individual loads in the sequence are assumed to be identically distributed
and statistically independent random variables, the cumulative distribution
function of the maximum load in (04) is obtained from Equations 16 and 17 as

F(IU(x) - exp [- Xt(l - F N))] (18)

This distribution of the maximum load demonstrates the importance of
obtaining daft on the rate at which accidental events occur (parameter X) and
on their magnitude (described by FQ (x)).

The distribution of the maximum of a combination of time-dependent stoch-
asic variables generally cannot be determined exactly, and approximations
must be sought. Several methods for evaluating combinations of stochastic
variables are available (Larrabee and Cornell 1981; Pearce and Wen 1984;
TurkstM and Madsen 1980). All of them require infonnation on the mean rate
of Occurnce, ,, of each load event, the duration, c, of the event (see Fig-
ure 2), and the probability distribution, FQ (x), of each load magnitude.

Suppose that a combination of loads is defined as

U(t) - X(t) + X2(0) ÷. . (19)

Um = maxU(); o: t 5T (20)

where

X4t) = stochastic load event

An upper bound for the probability that Umax exceeds the value, x, during per-
iod (O,T) is given by

Chqmr 3 Reidy Bamfo LRFD 13



Gu.(x) < vv(x)T (21)

where

VV(x) = mean rate at which the combined process U(t) crosses x with a
positive slope

The function vJ(x) can be pprximamd by (Peare and Wen 1984)

VgXX) M EV1 GUU() + EEvij Gui.v,(x) +.. (22)

where

Gua and v1 - conditiona probability of U, exceeding x and mean
occurrence rate of U, alone

GUi+Uj and v.- = conditional pwobability of U,+U. exceeding x and mean
occunvnce rate of U,+UO occurring simultaneously

If the individual loads are modeled as Poisson pulse processes, the mea
rate of occurrence and duration are sufficient to describe the temporal charac-
teristics of the load. The probability, p, that the load is nonzero at any time
equals v1i. If the load is always nonzero, p = .0 if the load is inemittent.
pi will be less than 1.0. If two intermittent processes combine, the mean rate
of occurrence and duration of a coincidence of the two loads i and j are given
by (Pearce and Wen 1984)

vii -vi v ( el +*j) (23)

' ,=j .. 2+ (24)

As can be seen from Equations 21 and 22, events (or combinations of events)
with very small vi (or v.) contribute very little to the probability of exceeding
x. Load combinations involving loads with very low probability of coinci-
dence do little to enhance structural reliability. This ot-vervation will be used
subsequently to screen certain load combinations from Aurther consideration.

14 chsP3 R3labi•t Ba•s. for LRFD



4 Load and Resistance Data
for Lock Structures

Basic Description of Structural Loads

Structural actions on miter gates due to hydrostatic pressure (H.), temporal
head (Ht), hydrodynamic load (He), equipment loads (Q), and impact (I,) arise
from the normal operation of the locks. Thus, the statistical analysis of struc-
tural loads requires knowledge of the operating characteristics of the lock
gaes, which depends on the usage of the locks. General operating character-
istics of locks on heavily traveled rivers may be quite different from those on
secondary rivers, and it might be expected that the design requirements would
depend on river use. For this study, the emphasis is on high-use rivers
because of the economic impact of lock design and operation.

The "Ohio River Standard" (110 by 600 ft or 34 by 183 m) lock is com-
mon on rivers in the North Central Division, USACE. There are 21 of these
locks on the Mississippi and 7 on the Illinois River (Reuter 1990). The tow-
boat or tug and the collection of unpowered barges are referred to collectively
as the "tow." On the Upper Mississippi River, tows are limited to a maximum
of 15 barges which typically are 35 ft wide by 195 ft long (11 m by 59 in).
When locking through an Ohio Standard Lock, such tows must be recon-
figured. The first lockage would involve nine barges, and the second lockage
would involve six, plus the towboat.

The starting point for load event analysis is the rate of occurrence of lock-
ages. The "Lock Accident Study," TR-REMR-HY-7 (Martin and Lipinski
1990), Appendix B, provides data on number of lockages and total tonnage
obtained from seven USACE District Offices, comprising up to 11 years of
data at 80 locks on 10 rivers. A review of these data revealed that on the
Mississipp. River, lockages occurred nearly uniformly during the period April
through December of each year, while during the January through March
quarter, lockages were approximately 70 to 80 percent of those in the other
three quarters. On the Ohio River, on the other hand, lockages were essen-
tially uniform throughout the year. This lack of a strong seasonal effect
implies that lockages may be assumed to occur uniformly during the entire
year for load combination analysis purposes. A summary of 1986 lockage data

hMrw 4 L.ad ,dW R*Wsta af l r Lo* Smeun 15



for six locks showing the highest average annual damages to miter gates is
pmsented in Table 1.

Table 1
Lockag-- In 1986 In Locks with High Damage Rates

Tomme
&Wr LAW* Ldmm SarOM (OmWAd) Raw (me,)

blsksp 17 4.236 25.616 27.125 353
21 4,385 25,726 26.088 365
22 4.443 26.446 26.8N6 370
24 4,581 28,064 28,161 383
25 4.718 28,101 28.15

Ohio GWX& 1 5.972 34.617 34.282 496

Some of the data prsented in Appendix B of REMR-HY-7 (Martin and
Lipinski 1990) are for 9, 10, or 11 months; all data in Table I have been nor-
malized to a 12-month period. No differentiation was made between upstream
and downstream lockages in the TR REMR-HY-7 database. Although some of
the lockages might have been associated with pleasure craft, the database is not
specific on this point

An idealization of lock operation for purposes of idealizing the temporal
characteristics of loads Hr, Hd, Hr and Q is shown in Figures 3 and 4. Fig-
ure 3 shows a downstream lockage and the loads developed. Figure 4 illus-
ttes the temporal characteristics of the resulting loads from two successive
lockages, the firat from a vessel traveling downstream and the second from a
vessel traveling upstream. The upper gate is assumed to be open at the begin-
ning of the cycle. Several distinct stages that are repeated in sequence for
each lockage are identified in order to relate temporal characteristics to avail-
able data. Appendix D of TR REMR-HY-7 (Martin and Lipinski 1990) indi-
cates that at Mississippi River Locks 24 and 25, the "processing time" is
approximately 80 min. In the context of Figures 3 and 4. the processing time
is interpreted as the time from when the tow begins maneuvering to enter the
lock to the time it exits, including gate operation time. The "chambering" time
(time tV dewater the lock and open the lower gates) for these two locks
averages about 35 min. The time required to open or close the gates is
approximately 2 min. (Green, Murphy, and Brown 1964), and the dewatering
(watering) period is approximately 30 min. At a typical tow entry velocity of
2 mph (0.90 m/s) (Rteuter 1990), the entry or exit period is about 5 to 7 min.
Finally, operator experience suggests that tows typically spend 20 to 30 min in
the holding area in the handling/maneuvering phase. These times are
summarized:
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Figure 3. Idealization of loads developed during lockage

C,6 4 Lood WAf Rtwm Deft for Loj c w 17



z

I - • -1 m- -It, *-

a "U

Figure 4. Temporal characteristics of loads during lockage

Handling and maneuvering 20 to 30 min
Tow enters upper lock 5 to 7 min

lose upper gate 2 to 3 min
Dewater lock 20 to 30 min
Open lower gate 2 to 3 min
Tow exits 5 to 7 min

Total 54 to 80 min

Operating Loads

The hydrostatic load, H., on the miter gate in the closed position is deter-
mined by the upper and lower pool elevations. These pool elevations are
site-dependent. Their variation is dependent on weather conditions upstream,
primarily rainfall/nInoff. Figure 5 shows a vertical section through a typical
miter gate, illustrating the resultant hydrostatic pressures and the overall force
developed.
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Figure 5. Typical miter gate vertical cross section

The resultant force per linear unit width acting on the miter gate is

F=w(2p _ 2)/2 (25)

where

yw = density of water

Hp= depth of upper pool

HP = depth of lower pool

Since the differential elevation is A = HP - Ht.
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F- WARH P H,)I (26)

The maximum animal rensuam force occurs when A is at Its annual maximum
value or when H is at its animal maximum value. The pressure at any dis-
tance, z, below tre top of the gate is given as

0; Z:H8 -Hm

p([ - - (HS - HpA] Hg - Hp <Z < HS ,(7

YW(Hp - H,) = YWA, HS - H, < z

where

Hs height of the gate

The load per unit length on a horizontal girder at z is

H, M s p(z) (28)

where

s = vertical spacing of the girders

The mean and standard deviation of F or H. can be developed from Equa-
tions 26 or 28, as appropriate.

Stage duration curves at Lock and Dans (LD) 24, 25, and 27 on the Upper
Mississippi River and at Cheatham LD on the Cumberland River were ana-
lyzed to determined statistics of annual extreme pool and tailwater elevations
and annual maximum differentials in elevation. The elevations are measured
upstream and downstream from the LD's. Statistics on pool elevation and
differential are summarized in Table 2. While there is natural variation in pool
elevations from year to year, the variability in elevation and in differential is
smaller than one might expect because the river level is controlled by dams
upstream and downstream for flood control.

The characteristics of river flow are different from lock to lock, and the
annual maximum differential does not necessarily coincide with the maximum
pool. At LD's 24 and 25, for example, the annual maximum differential often
occurs at the same time as the maximum pool, whereas at LD 27, they rarely
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Table 2
StatM c for Hydrosta Loads

LD Yews MSm 8D COV Mni 8D WOV

24 48 451 2.6 0.01 13.8 0.94 0.07

25 48 437 2.9 0.01 14.3 1.25 0.00

27 37 417 7.5 0.02 15.7 2.6 0.17

Chefan 15 389 4.0 0.01 rNSI"

occur together. The mean values of pool elevation and mean differentials
shown in Table 2 are dependent on the site of the LD. They are of less inter-
est for the probabilistic load modeling herein than the standard deviations (SD)
or coefficients of variation (COV), which measure the relative control on water
level provided by upstream and downstream dams and directly impact the vari-
ability in the load that must be taken into account in the load combination

The randomness in F ad Hs can be inferred from the statistics presented in
Table 2. At LD 27, where the maximum overall force is associated with maxi-
mum pool, the COV in F from Equation 26 is about 0.30, while the variability
in H. from Equation 28 is 0.17. At LD's 24 and 25, where maximum force
and pressure both tend to be associated with the maximum differential, the
COV's in F and H. are on the order of 0.20 and 0.10, respectively. These
observations are based on an examination of data at only three sites. Pending
acquisition of additional data, the COV in Hf, and F is set equal to 0.25; this
value contains an allowance for load modeling uncertainty.

The hydrodynamic load Hd and equipment load Q arise during operation of
the miter gates from fluid-structure interaction. Miter gates are never operated
under static head, and thus loads Hd and Q are mutually exclusive of Hr
Water level on each side of the gate is equalized before the movement of the
gate is initiated. Hd and Q include effects of friction, wind loads, surges, and
hydraulic drag. Friction and wind effects normally are very small in compar-
ison with the hydrodynamic effects due to fluid-structure interaction (Green,
Murphy, and Brown 1964). Under normal operating conditions, the effects of
Hd and Q represent a statically equilibrated force system. These loads are not
uniform in time. Uncertainty in Hd and Q may arise from variations in pool
elevans, which affect the depth of submergence, from surge effects caused
by movement of the gates or overtravel of water in the culvert system during
filling and from variations in the angular velocity of the gate.

Green, Murphy, and Brown (1964), in Technical Report (TR) 2-651, sum-
marize the results of tests conducted on 1:20-scale models of miter gates.
Three different types of operating machinery linkage were considered: modi-
fied Ohio River, Panama, and Ohio River. To consider a variety of operating
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cmnidltoni6 depth of sumrecoperating time, chamber length, bottom
clearance under gate, and presece of barges in the chamber were varied inde-
pefdenty. These model itudles indicate that the hydrodynamic effects depend
wimarily an the angular velocity of the gate leaf and the depth of submer-
Sence, and that the maximum effects usually occur as the gate leaf reaches the
mitered position upon closure. Plots of maximum torque versus operating time
and depth of sbmergece (e.g. Plate 47 of TR 2-65 1) show that the loads are
relatively predictable and depend primarily on the velocity of the gate leaf and
the depth of submergence, both of which are likely to be known. The Appen-
dix to TR 2-651 summarizes the results of scaled model (I".5) tests conducted
in 1942 for the Third Locks of the Panama CanaL Figures 7 and 8 of that
Appendix show the torques measured during opening and closing operations at
various times with baseline conditions. The maximum deviation from average
in four tests was 8.1 percent during the opening operation and 3.8 percent dur-
ing the closing operation. Using these data with Equation 10, the implied
coefficient of variation in Q would be about 0.05.

This variability in Q is associated with the basic hydrodynamic effect, since
the tests were conducted under baseline conditions. Additional variability
would arise from variations in the pool elevations (submergence) and angular
velocity of the gate leat, these additional uncertainties would increase the
overall variability in HR and Q.

The Delphi partcipants were requested to provide information on the differ-
ential in water level as the gate moves through the water. The current design
value is 6 in. (154 mm). On the basis of the Delphi and using Equations 11
through 15, the mean differential is 4.4 in. (112 mm) and the COV is 0.53.
This value represents a substantially higher uncertainty in Hd than that indi-
cated from the model tests discussed above.

If there is a submerged obstruction, the bottom of the gate leaf may bind
during operation while the operating load is applied at the top of the leaf,
causing the gate leaf to twist. In this case, Hd and Q do not form a force cou-
ple. The maximum twist in the leaf depends on the maximum operating
equipment load, Q. Operating machinery often includes a safety device that
limits the maximum force and acts as a structural fuse. Common devices
include shear pins that are attached to the operating strut and fail at a certain
force, hydraulic relief valves limiting the cylinder pressure supplied to the
operating strut, and overload torque devices on electric motors. The maximum
operating strut force is s•pplied to the structural designer by the mechanical
engineer.

Many Delphi respondents (59 of 108) indicated that the load-limiting device
on their gates had been activated at some time. The frequency of activation
varied, but most values cited ranged from I in 1,000 lockages to I in
100 lockages. Reasons cited included debris or ice caught in the gate bays,
high water or opening against a head, and human error. Shear pins usually
were reported as mild steel 0.5 to 0.75 in. (13 to 19 mm) in diameter. The
behavior of such pins is relatively predictable; the mean and coefficient of
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varlaion In ultimate shear strength a about 125 times the nominal R. =
FvAbalt and 0.10 (Galambos et aL 1982). Hydraulic opering systems with
relief valves apparntly are most common. Th behavior of such systems is at
least as predictable as the behavior of shear pins. Sources of variability arise
from possible malfunctions of the safety relief valve on the cylinder. Few data
were reported on torque limits for electric motwo.

Temporal hydraulic loads, H. occur due to temporary variation in water
level and wave action caused by tow movement in the lock or overfilling or
underfifling the lock chamber. These loads can occur while the gate is in the
mitered or open position. Delphi participnts were asked to provide inform-
ation on both cases. The curremnt design value for any cause of H, is S in.
(381 mm).

In the mitered position, H, can occur due to overfill or underfill of the lock
chamber. The momentum of the flowing water determines whether the cham-
ber is filled or emptied to the appropriate level. Using Equations 11 through
15, the mean and coefficient of variation for overfill were 5.4 inches (137 mm)
and 0.94; for underfill, 3.8 in. (97 mm) and 1.03. Waves also may be pro-
duced by the towboat and barge as the lock is exited. The mean and coeffi-
cient of variation were 12.0 in. (305 mm) and 0.76; the latter mean H, is the
largest value of all those repoted.

In the open position, H, may occur from water entrapment as the gate is
moved into the lock wall recess. The difference in water elevation behind the
gate and in the chamber has a mean value of 3.0 In. (76 mm) and a coefficient
of variation of 0.87. Waves also may be pushed outward toward an open and
recessed gate as the tow ent or exits the lock. The mean and coefficient of
variation for this event are 6.4 in. (163 mm) and 0.88.

The means for temporal head, H,, for gates in the open position are sub-
stantially less than for gates in the mitered position. This suggests that H,
should be treated differently in load combinations intended to be applied to
open and mitered gates; in particular, H,, (mitered) and H,, (open) should be
specified in separate load combinations addressing these conditions.

Ice and mud (denoted C and M) may accumulate on a miter gate and act as
a gravity load that adds to the weight of the gate. This accumulation causes
twist about the shear center of the gate when the gate is not in the mitered
position. A significant number of the Delphi respondents believed that ice
accumulation is a significant problem, both on upstream and downstream faces
of the gate. Most accumulations reported ranged from 6 to 36 in. (152 to
914 mm); using Equations 9 and 10, the mean and coefficient of variation
would be 21 in. (533 mm) and 0.35. Mud and silt do not appear to be as
significant a consideration; accumulations reported ranged from 2 to 12 in.
(51 to 305 mm), suggesting a mean of 7 in. (178 mm) and a coefficient of
variation of 0.36.
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In addition to the accumulation of ice and mud on the gate, accumulation
of ice sheets in the water on either side of the gate may result in lateral forces
on the gate due to latral expansion of the ice. Many Delphi respondents
(59 out of 108) indicated that this is a potential problem. An analysis of their
responses suggests that the mean ice thickness is 10.1 in. (257 mm) and tie
coefficient of variation is 0.77.

Inpac loads

Impact loads, Ira, arise from accidents in which vessels collide with lock
structures. Such accidents may be caused by misalignment during entry or
departure, failure of steering or towing accessories, wind and current, turbu-
lence, excessive entry velocity, or pilot error. Each lockage presents an impact
hazard. These accidents can result in extensive repairs to both the lock and/or
the vessel and in long costly delays. Vessel entry is the most critical part of a
lockage. Proper entry velocity is 2-1/2 mph (1.1 m/s) or less. The primary
causes of accidents include excessive speed or inability to stop; misalignment
of the tow'. faulty communications between the lockmaster and tow operator,
equipment failure; pilot error, surges in the lock chamber due to filling system;
river stage and discharge; current patterns; and visibility (Martin and Lipinski
1990; Reuter 1990). The Delphi reported 71 instances of collision over an
unspecified period of time. Most of these collisions involved damage to the
girders or the skinplate of the gates.

The incidence of significant impacts, the duration of the impact hazard, and
the intensity of the impact are required for event combination and reliability
analysis. The basis for the data on impact occurrence is the records kept by
each USACE District office on accidents involving damage to U.S. Govern-
ment property of collisions at locks and dams within the individual jurisdic-
tions. These data are summarized in "Lock accident study," a technical report
by Martin and Lipinski (1990). Accident data reflecting the severity and fre-
quency of vessel collision to USACE lock facilities, specifically to miter gates,
were collected.

Data on accidents involving lock structures and, in particular, miter gates
are summarized for several heavily used rivers in Table 3. These data present
a rough overall picture of the incidence of accident loads and, in particular,
those affecting miter gates. The Mississippi, Illinois, Ohio, and Tennessee
rivers are considered "high-use" rivers, while the Cumberland River (Cheatham
Lock) is considered a "low/moderate use" river. The average rate of accidents
involving miter gates at locks on the Mississippi, Illinois, and Ohio rivers is
approximately 0.06/month. A majority of these accidents involve barge
impact. Not all accidents result in significant lock downtime, however.

It has been suggested that downstream tows carry a higher impact hazard
an upstream tows. Data obtained independently on operation of the

Demopolis Lock, USACE District, Mobile, over the 11 -year period 1979
through 1989 (private communication), indicate that the annual number of
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Accident Incidence Statistics by River System

PAeddnea

SAU Acciden MM isW

Lo-l .ee.
mOI -Look-

INO No. MOID•tl Num~ber Rate (me')"1 Mm• Rmi(neO"

Molt kmin 12 1.248 124 0.099 76 0.061

& Louis 4 352 97 0.276 s5 0.165

s& Paw 12 1.500 173 0.129 134 0.069

ToWI 28 3.100 394 0.127 266 0.096

a 632 21 0.025 9 0.011

Ohio

Hunrflon 6 738 64 0.114 55 0.075

Lousvb 6 a08 52 0.064 25 0.031

PtItbugh 6 540 32 0.059 na na

TOWi 20 2.066 168 0.081 s0 0.052

TOen .6 576 }32 J 0.056 6 0.010

i mnod I72 1 10.014 0o -

upstram and downstream tows is roughly equal. However, !he annual down-
stream tonnage exceeded upstream tonnage by factors ranging from 2:1 to
more than 10:1 over the I l-year period. Miter gates are not symmetric - the
upstream face is smooth while the stiffeners are fabricated on the downstream
face. It is assumed that for data analysis and design purposes it is not neces-
sary to distinguish between upstream and downstream tows. Since the down-
stream and upstream tows occur more or less uniformly over the year, the
difference in tonnage downstream and upstream simply would contribute to the
variability in the impact load, given that an impact occurs.

Some locks are more hazardous and prone to accidents because of their
position with respect to the channel, turns in the river, current outdrafts, wind
and turbulence, and other factors noted previously (Reuter 1990). Additional
information is provided by considering accident statistics at specific locks.
Table 4 presents the same information as Table 3 for the six locks with the
highest average annual damages to miter gates (Table 8 (Martin and Lipinski
1990)). The five Mississippi River locks are all single-chamber locks, while
the Gallipolis Lock has an auxiliary chamber. These locks also appear in lists
of the locks with the most number of accidents, highest average cost per acci-
dent, or highest average annual damages, and with the most damages (Martin
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Table 4
Accident Incidence Statistics for High-Risk Locks

AM Aesidmnt M1W Goes CadMWG

FWLeok. Raft Ras RO AteRive Lee uM, N (I,") No. (,e-) N. (meo)

MAs. 17 104 10 0M8 5 0.077 4 0.038

21 104 6 0.077 5 0.048 4 0.038

22 104 25 0.240 1i 0.173 5 0.048

24 as 26 0.296 15 0.206 3 0.034

25 as 29 0.329 15 0.170 1 0.011

"Qapo s 2 0.42 3A 3 0.268 7 0.057

and Lipinski 1990). The "All accidents" column refers to total accidents
involving lock Structures; "Miter" refers to accidents involving miter gates; and
"Cat/MG" refers to those accidents having damages greater than $50,000 in
which the miter gate was struck. Approximately 25 percent of the accidents
involving miter gates fall in the "CaIMG" category. Assuming that these per-
cenages apply to locks in general, the mean rate of occurrence of structurally
significant accidents to miter gates is approximately 0.016/month, or about 1
every 5 years. Accidents over $50,000 accounted for 77 percent of total dam-
ages, and over 72 percent of such accidents involve miter gates.

The force due to tow impact depends on the mass of the tow and its
velocity at impending collision. Because of the limited data available to
describe these parameters, several questions on the Delphi were designed to
elicit this informiaon. Included were queries on the number of barges per
lockage, fractions of barges that were full, partially full, or empty of cargo,
weight of a fully loaded barge, and initial and terminal velocity of the tow in
the lock chamber. A large amount of data were generated in response to these
queries, and it was not possible to analyze these data completely in the course
of this study. It is clear, however, that impact should be treated as a concen-
trated force in design rather than as a uniformly distributed load, as is current
practice.

The total mass (weight) of a tow in the lock is modeled as
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Nb (29)
WT E W(i

i-l

where

WbI = weight of an individual barge

Nb = mmtbr of barges comprising the tow

Both Wbe and Nb am random variables. The mean and variance of WT are
(Benjamin and Cornell 1970)

WT - Nb WbN (30)

4T = ]'a W b ' b"CN b (31)

in Which k. W~b are mean values and,0bad 4  aevrace2fN n
Wbir Note that randomness in both Wb1 and Nb contibute to the overall uncer-
tainty in WT.

A standard barge measures 35 by 195 ft (10.7 by 59.4 m) and, when fully
loaded, draws 9 ft (2.74 m); when empty, the barge draws 1.5 ft (0.46 m).
Thus, the cargo capacity of a fully loaded barge is approximately 1,500 tons;
the empty barge displaces about 290 tons. The randomness in the weight of
an individual barge arises from its overall capacity, density of cargo, and the
percentage of barge capacity taken up by cargo. The mean and variance in Wb
were obtained from the lock operator responses to questions concerning the
relative percentage of fully or partially loaded barges passing through the lock
and the type of barge. Taking into account the fact that some barges are fully
loaded while others are not, the overall mean and standard deviation in indi-
vidual barge weight for all locks reporting such weights in the Delphi were
870 tons (7.89 x 10" kg) and 303 tons, respectively; the COV is 0.35. Exami-
nation of subsets of the data led to similar values. For example, in subset (I),
10 locks measuring 110 by 600 ft on the Mississippi River, SL Paul District,
were considered. For this subset, the mean and standard deviation in Wb were
911 and 120 tons, respectively. In subset (2), 10 locks measuring 110 by
600 ft on the Mississippi River, Rock Island District, were considered. For
this subset, the mean and standard deviation in Wb were 986 and 298 tons,
respectively. Both subsets correspond to high-use rivers.
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A brief examination of data reported for other river and districts did not
indicate my significant variations in t statistics of individual barge unit
weights. These barge weights am consistent with dxe summarized in
Table 4.1 (Martin and Upiskli 1990); at LD 25, for example, the unit barge
weight reported in 1986 was 1.002 Utare. Additional data on barge mass
were obtained from an hInependent survey by USACE personnel (QCuten
1992a) of 48 lockages at locks on the Ohio, Kanawha, and Tombigbee Riven
with chumber lengths ranging from 360 ft (110 m) to 1,200 ft (366 m). 7Th
mean aid standard deviation of barge weight for downstream lockages was
1,361 tbarge and 623 tbare. respectively. For upstream ckaeps, the mean
and sMt•d deviation were 659 Vbarge and 703 tibarge, respectively, the high
standard deviation is due to the fact that many of the barges were empty. Tli
overall tonmage in each lockage dearly was dependent on the length of the
lock; thus, it would be reasonable to assume that the total mass at impact is
linearly proportional to the damber length for chambers of the same width.

The number of barges in a lockage, Nb, clearly depended on the dimensions
of the chamber, and the mean and variance in N•1 are similarly depent.
Chamber sizes in the Delphi varied from 56 by 360 ft (17.1 by 109.7 m) to
110 by 1,200 ft (33.5 by 365.8 m). The lockinasters participating in the Del-
phi provided estimates on the frequency of the number of barges per lockage.
These data can be used to determineNb a a2 Nb; WT aid 02 wT follow

directly from Equations 30 and 31. However, the number of barges per lock-
age reported in the Delphi frequently ranged from I to 15 in 110- by 6O0-ft
locks that cannot admit more than 9 barges per lockage. in such cases, the
data were enonmalized by apportioning the barges to two successive lockages:
the first consisting of nine barges and the second consisting of the the remain-
ing barges (plus the towboat). For data subset (1) above, WT = 6,031 tons and
OwT = 2,343 tons; the coefficient of variation is 0.39. For data subset (2)
above, WT = 6,863 tons and a = 2,242 tons; the coefficient of variation is
0.33. To this, of course, must le added the weight of the empty barges in
computing the total mass involved in the impact. These values are higher than
those implied from the data in Table 1; at 1D 25, e.g., WT averages
5,968 t/lockage. Additional data was provided for the Demopolis Lock during
1979-89. The lock chamber at Demopolis measures 110 by 600 ft, admitting a
maximum of nine barges/ockage. The mean and standard deviation of esti-
mated monage/ow downstream was 6,615 and 595 tons, respectively. Data
reported from the same lock (Chasten 1992a) on 12 downstream lockages
showed that the mean and standard deviation were 7,117 and 3,143 tons,
respectively. Clearly, more work is required to evaluate statistics of mass at
impact.

The lock operators were asked to provide information on the entry and
approach velocity of tows in the lock. The entry velocity averaged 2.9 fA/s
(0.88 m/s), with a COV of 0.56. The approach velocity averaged 2.2 ft/s
(0.66m/s), with a COV of 0.62. The kinetic energy of the tow is proportional
to the square of its velocity, and thus the coefficient of variation in kinetic
energy at impending impact may be over 100 percent if these estimates are to
be believed. Additional confirmation of these values was obtained from an
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independent survey of barge tow velocity measurements (Chasten 1992a). The
mean entry velocity ranged from 1.8 to 3.4 ft/s (1.2 to 2.3 mph). wrisistent
with prudent navigtion. The terminal (approach) velocity is defined as the
tow velocty in the last t 100 ft(15 to 30m) of the locL The weighted
mean and COV in terminal velocity are 1.26 ft/s and 0.42, respectively.

Ift y, neither the entry nor the terminal velocity depended on the length
of the lock.

A set of barge impact tests were conducted recently at LD 26 on the
Mississippi River. The miter gates at LD 26 are vertically framed. Table 5
smnarizes the loads measured from a fully loaded nine-barge tow of approxi-
mately 15,000 tons (Chasten and Ruf 1991).

Table 5

Barge Impact Test Results

Veod•,y (Ml) Imped Foe (kips)

0.36 442
0.50 443
0.73 488
0.94 60

These tests were conducted at very low velocities to avoid permanent damage
to the miter gates. Unfortunately, the relation between impact force and veloc-
ity in Table 5 is not linear, making it difficult to determine forces due to the
terminal velocities reported in the Delphi by extrapolation.

Dead load

The dead load consists of the weight of the miter gate. In contrast to the
dead load in building structures, where nonstructural attachments are the main
source of variability in dead load, miter gates are well defined as structures
and their dead loads are quite predictable. Accordingly, the dead load is
assumed to be described by a normal distribution, with a mean value equal to
1.0 Dn, where D. is the nominal dead load and a coefficient of variation taken
as equal to 0.05.

Uve loads

Live loads are due to the weight of moveable equipment and attachments
and individuals and their possessions. Live loads are not significant in design
of miter gates, and thus need not appear in the load combinations. For appur-
tenant structures, the load combination for live loads appearing in ASCE 7-88
(ASCE 1990) is recommended.
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loads

Ehquae effects on building structures usually are determined using an
equivalet utatic-for-dynamic analysis in which a base shear is computed from
die slsmnic hazard mid general structural characteristics, and from it a distrbu-
don of lateral foces Is determined in a manner consistent with the fundamental
mode shape of the structure. In the new NEHRP provisions (Federal Emer-
gency bMuigement Agency (FEMA) 1992), this base shear is determined as

V - CS W (32)

where

Cs = seismic design coefficient

W = total dead load and portions of other loads

Coefficient C. is defined as

C, W 1.2 A, S/RT" < 2.5 A./R (33)

whene

A. and A, = effective peak acceleration and velocity-related accelerations
determined from seismic ground acceleration maps or site-
specific seismic hazard analysis

S = coefficient for soil profile characteristics

R = structural response modification factor

T - fundamental period of the structure

The coefficient, C,, is tantamount to an inelastic yield spectrum for an oscilla-
tor with 5 percent damping. For hydraulic structures, the seismic hazard anal-
ysis is used to determine a value of acceleration; inertial hydrodynamic forces
on the gate resulting from the design ground motion are determined from
Westergaard's equation (Westergaard 1933; Chiarito and Morgan 1991)

(34)
p(y) - 0.875 Ty A, rHW
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Whem

-- density of water

A, = velocity-raed effective peak ground acceleration (expmssed in units
of gravitational acceleration, g)

H - pool depth

y - depth below pool surface

It is apparent that the basic seismic hazard analysis is a key ingredient in
the analysis of earthquake force, regardless of which of these two approaches
is taken. Research in earthquake-resistant design during the past 15 yeats has
enabled seismic hazard analysis and design ground motions at a particular site
to be placed on a probabilistic basis (Algennissen et al. 1982). Earthquake
hazards in the western United States generally can be associated with a series
of capable faults. Such faults are not apparent in the eastern United States,
and the seismic hazard analysis there begins with an identification of postu-
lated seismic source zones. Seismicity is determined within these zones of
potential future earthquake occurrence, and mean rates of occurrence of earth-
quakes of various magnitudes (or intensities) are identified. Attenuation func-
tions relating peak ground acceleration to magnitude and epicentral distance
are used to relate the arthquake ground motion at the building site to the
magnitude or intensity at the source. Finally, a probability distribution of
effective peak ground acceleration at the site is detenrined by summing (inte-
grating) over all possible earthquake sources and magnitudes consistent with
each underlying source hypothesis. The result is usually presented as a com-
plementary cumulative distribution function, GA(a), or seismic hazard curve,
showing the annual probability of exceeding a specified ground acceleration.

Typical seismic hazard curves for building sites in the western United
States and the eastern United States are compared in Figure 6. For moderate
accelerations a seismic hazard curve can be described by a Type II distribution
of largest values (Cornell 1968).

GA (a) = 1 - FA (a) 1 - e1p[-(a/u-] (35)

where

FA(a) = cumulative distribution function of effective peak ground
acceleration

a = ground acceleration u and a are parameters of the distribution,
as described below
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Parameter a detemnnines the slope of the hazard curve. The curve in tie
eastern United States is much ftier (smaller a) dan that in the western
United States (see Figure 6); this is because of the relatively larger uncertainty
associated with eastern seismicity due to the absence of larg historical events
during tie pedriod of modern I.tnumentatkn. The western U. S. hazard curve
saturates at acceleration levels on the orde of 1.2 to 1.8 times the design
eartquake; in the east&e United States, the saturation level is unknown but is
believed to be on the order of 2.0 to 3.0 times ft design earthquake.

0 a)

a a

Ninetern us Western us

%€,C,

1/475

A Ground acceleration, a
map

Figure 6. Typical seismic hazard curves

Parameter a is related to the coefficient of variation in annual maximum
effective peak acceleration. The seismic hazard analyses (Algermissen et al.
1982) on which the NEHRP Recommended Provisions for Seismic Regulations
(FEMA 1992) are based indicate that a tends to be larger for sites in the west-
ern United States, decreasing from about 5.5 (COV = 0.28) at San Francisco,
CA, to approximately 2.3 (COV = 1.38) at Boston, MA, and Memphis, TN.
The latter coefficient of variation is substantially larger than coefficients of
variation in other loads considered in the load combinations.
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The NEHRP R, ecmmended Provisions are being adopted, with minor var-
ants, by ASCE Standard Committee 7 for its revision to the Standard on
Stnrctural Loads and by the Model Codes. 71le design earthquake envisioned
for buildings. as rfflected in the design Wgound motion contour maps, is based
on a specified probability of 0.10 or less of being exceeded in 50 years; this
corresponds to a mean recurrence interval of about 475 years. This probability
is much less than the probabilities of exceeding the design snow or wind loads
in ASCE 7-88 (ASCE 1990), which are 0.01 to 0.02 on an annual basis.
Earthqakes with magnitudes less than ML = 4.0 or Mercallintensifies less
tham V were not considered in evaluating seismicity for this map, because it
was believed that their capability for causing structural damage was negligible.
The uncertainty in the earthquake effect is vested in this conservative speciff-
cation of the structural action, E, due to the earthquale. As a result, the load
factor on E in the NEHRP Recommended Provisions is set equal to 1.0 rather
than a greater value.

The design earthquake proposed for USACE hydraulic structures reportedly
is based on a probability of 50 percent of being exceeded in 100 years, corre-
sponding to a mean recurrence interval of about 145 yearn. Under the assump-
tion that the seismic hazard is described by a Type H distribution of largest
values, two mean recurrence intervals N1 and N2 and corresponding effective
peak ground accelerations a, and a2 can be related by

N21NI - (a2/al)u (36)

For example, if a = 2.3, the NEHRP and USACE design-basis ground motions
would be related by

I (37)
aNEHjtP - aUSACE (475/145)"a = 1.68 aU&4CE

If at = 5.5, the NEHRP and USACE design-basis ground motions would be
related by

aNFJRp - aUSACE (475/145)"a = 1.24 aUSACE (38)

In the eastern United States, the selection of a design earthquake ground
motion has a more substantial impact on the economics of design because the
seismic hazard curve is so flat.

There has been substantial research in earthquake-resistant design since the
San Fernando earthquake of 1971 began accelerating developments in this
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area. most of tis research has shown that the earquake hazard unds to be
underestimated. The eurnee intervals betwem larg events In the eastern
United State e Im becamse the hazard curves are laL, amd as a result most
easternrs have little or no experience with eartihuakes. Nonetheless, the
damae potetial is ther; the coneq --ces- economic and otherwise, of lock
and dam filume should be considerd carefully in etuing the design criteria.

0te mnvironmeental loadl

Loads due to sow, wind, temperature, and self-training actions generally
are not significant in the design of miter gates. For appurtenant structures, ft
load combination for these loads appearing in ASCE 7-88 (ASCE 1990) is
rommended.

Summary

Table 6 summarizes the mean occurrence rates, durations and statistics of
H,, Rd and Q, Rd and 4, based on the data summarized. Figure 4 shows the
idealizations for the load pulse idealizations used in the subsequent structural
reliability analysis. The hydrostatic load, H,, has been idealized in time by a
uniform rather dum a trapezoidal pulse for simplicity. Note that the mean
occurrence rate of H, is the number of lockages per year divided by 2 (assum-
ing upstream and downstream lockages alternate), while the mean occurrence
rate of Hd and Q is the total number of lockages (each gate must be operated
for each lockage).

Table 6
Load Statistics

Nab (mO-i) Ouadmef MGM COY pt.L

D 50 Yr 1.0 Dn 0.06 Normal
He 200 90 min 0.9 Ha 0.25 Type I
HeCOequi) 400 2 min 0.7 Hdn O03 Type I
o (obet.) 0.4 1 mi 1.25 On 0.10 Type I
H,, 400 2mm 0.6 Hin 0.76 TypeI
H a 400 2 min 0.43 Hi 0.68 Type I
m 0.016 15 sc 1.0 tIr e Type I

The nominal values, denoted with subscript "n", are assumed to be those
defined in EM 1110-2-2703 (Headquarters, Department of the Army 1984). If
these were to change at some future time, the mean values in Table 6 also
would change. It is assumed that a best estimate of impact force would be
used for design.

The statistical data summarized in Table 6 on mean rate and duration of
significant load events can be used to screen certain event combinations from
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subsequet -- ldeain For examIe, comsider the ccmbuntion of Card)-
quake with ate operation loads H nr Rd nd 0). The mean durati of these
events is .rinoxmately 2 min (3.803 x I0" yr) and they occur at a rute of
4,800/yr. If te mean rant of occurrece and duration of a significant (gmreatr
than ML - 4) eardlpake is assumed to be O.l1/yr mad 30 sc (9.506 x
I0"? yr). Equation 23 cm be used to show that the mean rate of a coincidence
of earthquake with gate operation is

v,£E - (4,800XO.IX3.8 x 10-6 + 9.51 x 10-7 )

- 2.29 x 1O'3/yr

Similarly, significant impacts occur at 0.O16/mo or 0.19/yr and have a duration
of 15 sec (4.75 x 107 /yr) or less. The mean rate of coincidence of earthquake
and impact is

ViE - (0.19X0.1)(4.75 + 9.51) x 10-7(40)

- 2.71 x 104tyr

The mean rates of occurrence of combined loads due to these effects are very
small in comparison to those loads associated with normal gate operation,
which typically occur on the order of 4,000 to 5,000 times/yr. On the other
hand, the mean rate of occurrence and duration of Hs are 2.400/yr and 90 min
(1.711 x 10"4yr). Accordingly, the mean coincidence rate of H, and E
becomes

vHJE - 2,400(0.1OXI.171 x 104 + 9.506 x 10-7) - 0.0413/yr (41)

This mean rate is sufficiently high that H. and E should be considered in
combination.

Structural Resistance of Steel Shapes and Plates

Properties of structural steel required for structural reliability analysis
include the yield strength and modulus of elasticity. The existing literature on
this subject for common grades of structural steel was reviewed in depth as
part of the effort to develop load and resistance factor design for steel
structures (Galambos and Ravindra 1978). These data are summarized in
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Table 7. Probability disbuions of mec a properie of gae typicany
Mare Cew-positve, and t'he lognonnal distribution has been a satsactory model

in previous Smudlme

TOMas 7

Str ttics7 of Tensile PMperties of Strel PlM and Shapes

puimemIr••ma ftpt ,.m Co.,

Pkps. wtW in bda •.aF 10o 0.10

P--ms.-I - 9 1.10F 0.11
T,_ T_ 0.64 F 0.10
Tensio coupon. s cbun 0.06
Tenin, coaqwpmsuon coupon PoisGson' 0.3 0.03

Strength properties depend on the rate of load. For mill test conditions, the
yield strength is somewhat higher than is obtained under so-called stMc load
conditions. All dMa Presented in Table 7 have been corrected to a satic rate
of load.

Additional daM was located on strength of SASl6/Grade 60 carbon steel
plate used as a liner in nuclear power plant n For l/4-in.-thick

plate- the mean, standard deviation and coefficient of variation in yield strength
were 48.5 ksi, 3.3 ksi, and 0.07, respectively (122 samples). For l/2-in.-thick
plate, the mean, standard deviation and coefficient of variation in yield strength
were 42.1 ksi, 2.6 ks/, aid 0.06, respectively (48 samples). The specified yield,
Fy, for tWs material is 32 ksi. The lognormal distribution provided the best fit
to the data of several common distributions teged statistically.

Structural resistance used in LRFD is defined in terms of the structural
action or limit state. For example, the resistmce for the limit states of tension,
flexure, shear, and compression are summarzed in the foliowing.

Tension:
Inelastic deformation: R = F A
Net section fracture: R W Ae

Flexure:
Formation of plastic hinge
in compact beam: R= FyZ

Compression:
Instability: R =Fcr A
Inelastic deformation: R = Fy A

Shear:
Yielding: R = Fv Av

Other limit states are expressed similarly. Statistics to describe strengths of
structural shapes and plates for various limit states can be developed from the
statistics prented in Table 7. The resistance statistics in Table 8 are typical
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TawleS
i mie im P, Staesilo for SteW Msembwe and Components

Mamobw e= TC.O.V.
Ydh& member

YIeld 1.05 FA ________1_

CMpegf em 1.1 FuZ 0.13

Cutinusu 1.11 F, Z 0.13

C~nompol 1.04 Liu 0.14

Laerel-ksiane buck 1.06 Fv 8 0.14

8*e In howe 1.10 F, Aw 0.15

hftm ONelm

Ylelin 1.06SFy S 0.14

-Laftrul4ateWrd buck 1.20 FerS 0.17

Shea 1.0S F, A 0.17

Celmu 1.0SFor A 0.15

Wei"e ohned mese 0.86SF, A 0.18

Boiled Cosmeedee, skw0.60 Fu A 0.10

for h-oftrold steel and welded-plate girder stnjctural members. In this table,
the strengths F F5 , F1,, and Fc and section properties A, S. and Z are those
nominally spciled by AISC for design.
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5 Development of
Probability-Based Design
Requirements

Reliability Associated with ASD

Reliability indices 0 associated with existing design criteria provide bench-
marks for the development of new probability-based load combinations. Expe-
rience with ordinary building structures has revealed that the P's for existing
criteria vary over a considerable range, reflecting the fact that past codes and
standards have not dealt with uncertainty in a consistent fashion (Galambos et
al. 1982). One simple illustration of this point is the treatment of dead load in
combination with other loads in ASD. It might be observed from Equation I
that the same factor of safety is applied to dead load and to other variable
loads in the combination. However, dead loads are relatively predictable,
whereas operating and environmental loads can be highly unpredictable (uncer-
tain). Consequently, the likelihxod of failure in structures in which overall
stress is dead load dominated is much less than in structures where the major
portion of the stress arises from operational loads that may vary in time.

To illustrate the calibration process, we consider a compact flexural mem-
ber in a gate, for which the limit state is the formation of the first plastic
hinge. It is assumed in this illustration that the combination of hydrostatic and
temporal head governs the design. This component is designed by ASD using
the current requirements in EM 1110-1-2101 and EM 1110-2-2703 (Head-
quarters, Department of the Army 1972 and 1984, respectively)

5/6 Fb Sx k Hsa + Hm (42)

where

Fb and S. = allowable stress and elastic section modulus from the AISC
Specification
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H and Has - force resultants in the flexural member from nominal
(code-specified) hydrostatic and temporal head

(The subscript "a" has been appended to the forces to emphasize that these are
nominal forces rather than random variables.) The factor 5/6 is required by
EM 1110-1-2101; although the basis for this factor is uncertain, it is believed
to reflect the severity of the operating environment for lock structures and the
possibility of material deterioration over time. A flexural element that satisfies
the code requirements is obtained from Equation 42 as

Sx > (Ha,, + HM)A56"Fb) (43)

The limit state for this member is given by (cf Equation 3)

G( ) •y zx - H., - R, < 0 (44)

where

FY = yield strength

Zx = plastic section modulus

H. and H, - random forces from hydrostatic and temporal head

Observing that Zx typically is about 1.12 Sx for W-shapes, the limit-state equa-
tion for a flexural member designed according to code is defined by substi-
tuting Sx from Equation 43 into Equation 44

1.344 (H.= + Ht) F/Fb - Hs - H, - 0 (45)

The reliability index associated with the current code requirement (Equa-
tion 43) now can be determined by first-order methods (page 6), using the load
and resistance statistics summarized in Tables 6 and 8.

Consider a design situation in which the structural effect of Hsn ranges
from I to 25 times H,,. The latter situation might exist for the submerged
lower girders on the miter gate. The results of the FO reliability analysis are
presented in Figure 7 as the curve labeled ASD. In the limiting case in which
the structural action arises almost entirely from H., P = 3.1. The P's am
lower for low H,,/H,, because H,, is relatively more important in the load
combination and its coefficient of variation is substantially larger than the
coefficient of variation in Hs. When H,, - Hsn, relevant for girders in the
partially submerged upper portions of a gate, P = 2.7.
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Figure 7. Realabkty Indices for flexural memners designed by ASD and by LRFD

To estabfish a frame of reference for thes reliability indices, an FO relia-
bility analysis of simply supported compact stee beams designed by ASD for
the combination of dead plus live load leads to O's that decrease from about
3.0 to about 2.2 (50-year basis) as La/In increases from about 0.5 to 4
(Galambos et al. 1982). On a comparable 1-year basis, these P's would be
approximately 4.1 to 3.4, assuming the loads to be statistically independent
events.

Probability.Based Load Criteria

The basis for the load combination analysis is the probability distribution of
the maximum, U,. of a sum of time-dependent structural loads. Difficulties
in determining the distribution of Umax exactly have led to the approximation
(Turkstra and Madsen 1980)
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UOU - max [ max Xi WQ + E X (0t (46)
i 0<t<T

which truusftms the load combination analysis into a problem of random
variables rather than random procesm . Research i probabilistic load combi-
natio analysis has shown tih failures usually occur when one of the
time-varying lokus attains its maximum value (Equatio 46, term max X1(t),
termed the "pricipal action") while the other loads equal their point-in-time
values (terms Yxt) In Equation 46, the companion actions). Since it is often
not known which of the actions is at its maximum value when the maximum
combined effect occurs, each time-vayg load must be positioned, in turn, as
the principal action to determine the maximum combined effect

The required strength, Us in Equation 2b is determined as an appropriate
conservative fractile of U.., i.e., Ud has an acceptably small probability of
being exceeded. QOmistent with the principal action/companion action format
in Equation 46, the required strenm is expressed as the set of equations

Ud - ,D)+ *yQQ + E yQ1  (47)

The factord load, QQ is denoted the principal acton, while the terms -aQi
are the companion actions. In principle, if them are n time-varying loads,
Equation 47 consists of n equations in practice; however, it seldom is neces-
say to consider all n equations in designing a particular member, since experi-
ence rapidly indicates those that control design. Equations 46 and 47 are the
basis for the principal action-companion action format used in LRFD and most
modern limit state codes (ASCE 7-88; Eurocode No. I (ASCE 1990)).

The focus in the following is on the load factors needed to define the
required strength, Ud in Equation 47. The first objective in the load combin-
ation development process is to minimize the variation in reliability as the
loads in a combination vary in proportion to one another. A second objective
is to balance the design risk associated with the different load combinations. It
is desirable that these two objectives be met so that the load combinations are
applicable to the relatively broad scope of structures and components within
the purview of the code.

Load factors for designing miter gates are determined using methods similar
to those used to develop probability-based limit-state design criteria for build-
ing structures (Ellingwood, et al. 1982), utilizing the load and resistance data-
p--sented in Section 4 and the results of the calibration studies in Section 5.
Noting from Equation 5 that the factored load for a prescribed reliability index
is equivalent to the load at the checking point, we have that
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where

"* = load fahcor

Xu = nominal or characteristic load value speciffed by the standard

V5 a coeflicient of vaito in Xi

Solving for yi, we obtain

.Y - (M,,) (10 + i Vi) (49)

Experiece has shown that although the product 0 vules in reliability-based
design accordin to the reliability level and the relative imponrtace of load X,
In the combination, a typical value is approximately 2 when X., is considered
as the principal varia=le load in the combination and when p 3-3.5. Thus, in
approximation

S- (m/Xg ) (1 2 V,) (50)

The ratio (m/X, ) reflects the bias in the specified nominal load with respect to
its mean value. In curmt design puaice, where the nominal loads tend to be
estimated conservatively, this ratio often is less than 1.0. The coefficient of
variation Vi is a dimensionless way of representing uncerainty arising from
inherent randomness and modeln

The relIability requirement can be expressed by one equation (Equation 4),
while there are many load factors in the design requirements. Thus, the selec-
tion of load factors is a trial-and-eror process (Eliingwood et al. 1982). Equa-
tio 50 provides an initial estimate of the load factor for each load. For
example, for the load Hs, we have that

y,. - (0.9) (1 + 2 x 0.25) = 1.35 (51)

Subsequent adjustments to the individual load factors and load combinations

are made from FO reliability analyses.
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It was determined frm the discussion of See operati d e in
Section 4 mad Equation 23 and 24, dt the following coincidences of loads
had u•fflclunly mail pmbability that they could be neglected in the load

I need not be combined with H., Q. mad H,;

1m need not be combined with E;

HR Q, and H, need not be combined with E; ard

H, need noA be eombined with HR, Q

The load combinations Preommended below correspond to specific load
scenarios: (1) gates in the mitered position; (2) gates operating, and
(3) emnnmimental effects. Permaum loads appear in all combinations.
Time-varying loads appear as principal or companion actions, as appwopriate.
Postulated loads are assigned a load factor of 1.0, since it is assumed that the
c mservatalm necessary for design is taken into account in the associated haz-
ard scenario rid specification of the nominal load. The load specification is
made as general as possible; note, however, that the maximum stnuctura action
may occur when one (or more) of the loads in a combination is equal to zero.
This advisory also is contained in ASCE 7-88 (ASCE 1990) and in the AISC
LRFD Specifcation (AISC 1986). The subscript "n" on load, denoting
nominal value, has been omitted in the following for simplicity.

The following loads are considered, individually and in combination:

D = deadload
C = ice load
M = mud load
H, - hydrostatic head
H, = teLporal hydraulic load (1io: gates open; H,,: gates mitered)
Q = operating equipment load
I, = impact load
E = earthquake load

The hydrodynamic force, H& is not considered since it does not govern in
strength design. Hd should be considered in fatigue analysis of the gate; how-
ever, fatigue behavior is outside the scope of this study.

Gate In the miterd posMton

(1) 1 .4 H, + 1.0 Ham

(2) 1.0oIm + 1.I H,
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Combia~n (1)is applicable to the ubmerged portion of the pae. Combina-
tion (2) is applicable to the girders above the wMatedine. Ice and mud kmads are
noM included in these load combinatdos becate their effects are not sipgifi-
ct They are included in the operating load combinations where their effects
may control. Lateral forces due to ice have less of an effect than does the
impact force in combination (2). The probablity of a coincidence of impact
and latal Ice is negligible. Ths this effect is not considered. It is assumed
that there is a potential for impact any tme from the bepging of handling
and maneuvering in the holding area to the time when the tow completes its
exit from the lock.

GateM opwUng

(3) 1.2D + 1.6 (C+M) + 1.0 H,

(4) 1.2D + 1.2Q + 1.6(C+M)

During normal gate operation, there are no differential hydrostatic loads. The
temporal hydraulic load acts on the submerged portion of the gate as it moves
through the water and is staticaly equlbrted by the fore on the opemating
sawL This may cause twist of the gate leaf the effects of which are checked
by combination (3). However, if there is a submerged obstruction, the gate
may bind during operation, causing a force on the operating stmt not statically
equilibraed by the hydrodynamic effects; combinaton (4) addresses this sium-
ton. Mxload factor 1.6 on (C + M) is consistent with a mean od of
0.95 times the nominal specified load and a Coefficient of variation of 0.35.

Envdronmmtal efct

(5) 1.2D + 1.0E + 1.2 Hs

The presumption in combination (5) is that the gate is in the mitered position.
The probability of a coincidence of earthquake forces with forces from gate
operation or impact is negligible (cf Equation 23 and related discussion in
Section 4). The earthquake force, E, on a structural component is determined
from p(y) defined in Equation 34. The load factor of 1.0 on E is based on the
assumption of a NEHRP-magnitude design earthquake. For an earthquake
with an MRI of 145 rather than 475 years, this load factor should be increased
to 1.4.

The design equation is (cf Eqn 2b)

aRt # R >Ud (52)
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A reliability factor, a, has been introduced to the design equation to account
for the severity of the operating environment for hydraulic structures and the
difficulties in their inspection and maintenance. Factor a normally is 0.9; if
the strcture cannot be inspected regularly or if it is in brackish water or sea-
water, a = 0.85. Each adjustment increases the reliability index by about 0.5.
No adjustments are made for the nominal resistance, R.. or resistance factors,
*. defined in the current LRFD Specification (AISC 1986).

The results of reliability analyses of flexural components designed by the
proposed LRFD load combinations are presented in Figure 7 where they are
compared to similar analyses for flexural components designed by ASD.
Three curves are presented, correspondirg to load factors on H. (in combi-
nation 1) of 1.2, 1.4, and 1.6. The load factor 1.4 leads to designs that are
somewhat less conservative than those obtained using ASD and EMl 110-2-
2101 (Headquarters, Department of the Army 1972). However, the decrease in
P is comparable, in an average sense, to the decrease that occurred in the
changeover from ASD to LRFD for steel buildings. Moreover, the reliability
of the gate leaf as a structural system is substantially higher than indicated in
Figure 7 due to its highly redundi.t nature.
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6 Recommendations

The development of load combinations for designing miter gates was handi-
capped by the lack of statistical data on which to base the reliability analyses
and load factors. A Delphi was designed to provide the necessary data on an
interim basis. A large amount of data was developed by the Delphi, and it
was not possible to analy'e these data completely within the scope of this
work. Additional analyses of these data should be performed, focusing in
particular on the data needed to specify barge impact load Im. Attempts also
should be made to design a data acquisition program to improve the database
on operating loads.

The current specification for loads due to temporal head, Hr also should be
revised. The Delphi indicated that the characteristiks of temporal head for
gates in the mitered and open positions were substantially different. Under the
circumstances, consideration should be givern to specifying two different values
to Ht rather than one value, such as the 15 in. (381 mm) found in EM 1110-2-
2703 (Headquarters, Department of the Army 1984). Suggested values might
be H,,, = 15 in. (382 mm) and Hto = 9 in. (229 mm); however, additional
measurements should be taken at selected locks to confirm and possibly
modify the s.atistics reported in the Delphi.

The previous REMR study and the Delphi in this study provided informa-
tion on the incidence of barge impact, tonnage, and velocity at the time of
impending impact There appear to be inconsistencies in the data reported in
these two studies. Additional work is needed to develop improved barge
impact loads to be used in design. This research should take into account the
significant nonlinearities in material and structural behavior that are likely to
occur during significant impacts. Reportedly, a test program is in progress
aimed at shedding light on miter gate behavior during impact. It makes sense
to consider design procedures that are based on the concept of energy dis-
sipation rather than withstanding the force by traditional elastic design meth-
ods, since the latter are likely to lead to prohibitive weight requirements. In
the load combinations, a load factor of 1.0 was assigned to impact; it is cus-
tomary to deal with rare events in this way, and the load combinations will not
need to be redone when additional data on impact forces becomes available.
In any event, impact should be treated as a concentrated force, not as a uni-
formly distributed load.
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TMc LRFD seismic icquirmnet should be made as consistent as possible
with the new NEHRP provisions nearing mpinmentadon (NEHRP 1992).
NoeMwtMt curnet practice, the possibility of eafthquake damage to lock
and dmn structues and the economic impacts of such damage shdd be
coniduef

A set of tulative designs of miter iae componet should be performed
using ft proposed design requiements xad a compariso should be made with
gates desined by ASD and EM 1110-1-2101 (Headquartes, Department of
the Army 1972) before the LRFD criteria supphant ASD.
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