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1. Purpose. This manual provides guidance in the mechanical and electrical design of
navigation lock and dam operating equipment and control systems for both new
construction and the rehabilitation of existing projects.

2. Applicability. This manual applies to all HQUSACE elements, major subordinate
commands, districts, laboratories, and field operating activities having responsibilities
for the design and construction of civil works projects

3. Distribution Statement. This manual is approved for public release with unlimited
distribution.

4. References. References are in Appendix A. References in Appendix A, Part 1, are
provided as attachments in electronic PDF format.

5. Background.

a. Function of lock gates and valves. Lock gates and valves serve a number of
different functions, depending on location and conditions. A navigation lock requires
operable closure gates at both ends of the lock so the water level in the lock chamber
can be varied to coincide with the upper and lower approach channels. Mechanical and
electrical equipment provides the means to accomplish this. The various chapters of this
manual describe a number of different types of mechanical and electrical equipment. A
navigable floodgate is the same as a lock gate, except there is only a set of gates and
machinery and no lock chamber. These are typically sector gates and vertical lift gates.
The machinery to drive lock gates and valves can be of a variety of designs, depending
on existing site infrastructure and designer or operator preferences. The common
attributes that should be considered in all cases and are emphasized in this manual are
reliability, longevity, and ease of maintenance.

b. Function of navigation dam gates. Navigation dam gates are the movable portion
of a navigation dam that is used to regulate the upstream pool to maintain a minimum

This manual supersedes EM 1110-2-2610, dated 12 December 2003, and the electrical
and mechanical portions of EM 1110-2-2703, dated 30 June 1994.
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navigation depth. Again, the mechanical and electrical equipment provides the means to
accomplish this. Navigation dam gates are generally non-navigable, except when they
are not required for pool maintenance and can be lowered completely and there are no
pier obstructions (i.e. wicket gates). Reliability, longevity, and ease of maintenance are
also emphasized for dam gate machinery.
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CHAPTER 1

Introduction

1-1. Purpose. This manual provides guidance for the mechanical and electrical design
of navigation lock and dam operating equipment and control systems for both new
construction and the rehabilitation of existing projects. In some cases, information is
provided on equipment that is rarely used for new installations. Such information is
given not to advocate the replacement of serviceable equipment, especially where not
economically or functionally justified, but to provide information to help facilitate
rehabilitation, to lend historical perspective, or to give some insight into innovations in
lock machinery design in other countries. Chapters are included to provide information
on mechanical components, hydraulic drives, miter gate operating machinery, sector
gate operating machinery, filling and emptying valves and machinery, vertical lift gate
operating machinery, and dam gate operating machinery. Chapter 8 provides guidance
on some gates less commonly used in the United States, including barge gates and
pocket gates or rolling gates. Chapter 10 provides guidance on systems ancillary to the
lock gate operating machinery. Electrical chapters supply guidance on power
distribution, equipment and machinery controls, and electrical support systems.
Operation, maintenance and inspection information as it relates to equipment design
and layout, is provided in Chapter 14.

1-2. Applicability. This manual applies to all HQUSACE elements, major subordinate
commands, districts, laboratories, and field operating activities having responsibilities
for the design and construction of civil works projects.

1-3. References. References are in Appendix A. Appendix A is broken into two parts.
Part 1 includes references that may be difficult to locate and/or out of print. Electronic
versions (PDF) of these references are included as attachments. Part 2 includes
references to current engineering manuals, industry standards, text books, etc.
Appendix A also includes a list of applicable Unified Facilities Guide Specifications
(UFGS). These can be found at the Whole Building Design Guide website of the
National Institute of Building Sciences.

1-4. Plates. Plates presenting general information, typical details, mechanical design
data, and sample computations are in Appendix B. These plates are referred to herein
as Plate B-1, B-2, etc.

1-5. Calculations. Sample calculations supporting information in the manual are in
Appendix C and are referred to herein as Plate C-1, C-2, etc. These calculations
typically span multiple pages but when mentioned in the text will be referred to by the
first plate number in the series.

1-6. General. The lock and dam gate operating equipment information presented in
this document is a revision and update of the information presented in the 30 June 1994
version of EM 1110-2-2703 and the 12 December 2003 version of EM 1110-2-2610.
The information presented herein is, for the most part, based on years of actual

1-1
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experience of similar equipment and systems currently in use. The only exceptions are
the information presented for the hydraulic-cylinder-operated wicket gate and the hinged
crest gate. The wicket gate information is based on a full-scale facility built to test
different materials and operating arrangements, (see report titled “Results of the
Olmsted Hydraulic Operated Wicket Dam” in Appendix A for additional information).
Information about the hinged crest gate came from Montgomery Point Lock and Dam.

a. Function of Lock Gates and Valves. Lock gates and valves serve a number of
different functions, depending on location and conditions. Locks often are adjacent to or
in close proximity to a dam, but this is not always the case. While the major use of lock
gates is to form the damming surface across the lock chamber, they may also serve as
guard gates, for filling and emptying the lock chamber, for passing ice and debris, to
dewater the lock chamber, and to provide access from one lock wall to the other by
means of walkways or bridge ways installed on top of the gates. A navigation lock
requires closure gates at both ends of the lock so that the water level in the lock
chamber can be varied to coincide with the upper and lower approach channels. The
sequence of “locking” a vessel upstream is to: first, lower the water level in the lock to
the downstream water level; second, open the lower gate and move the vessel into the
lock chamber, third, close the lower gate and fill the lock chamber to the level of the
upper pool; and finally, open the upstream gate and move the vessel out of the lock.
Lockage of a vessel downstream involves a similar sequence in reverse order. A
navigable floodgate is the same as a lock gate except there is only a set of gates and
machinery and no lock chamber. These are typically sector gates. The machinery to
drive lock gates and valves can be of a variety of designs depending on existing site
infrastructure and designer or operator preferences. The common attributes that should
be considered in all cases, as emphasized in this manual, are reliability, longevity, and
ease of maintenance.

b. Function of Navigation Dam Gates. Navigation dam gates are the movable
portion of a navigation dam that is used to regulate the upstream pool to maintain a
minimum navigation depth. Navigation dam gates are generally non-navigable except
when they are not required for pool maintenance and can be lowered completely and
there are no pier obstructions, (i.e., wicket gates). Again, this manual emphasizes the
importance of the design for reliability, longevity, and ease of maintenance, regardless
of the gate or machinery design.

c. Types of Gate Machinery Covered.

(1) Miter gates and machinery. A large percentage of the locks in the United
States are equipped with double-leaf miter gates, which are used for moderate and
high-lift locks. The construction and operation of these gates are fairly simple, and these
gates can be opened or closed more rapidly than any other type of gate. Maintenance
costs generally are low. A disadvantage of this gate is that it cannot be used in an
emergency situation, to close off flow with an appreciable unbalanced head. Further
miter gate description and structural design information are in EM 1110-2-2105.
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(a) When miter gates are open, they fit into recesses in the wall. The bottom of the
recess should extend below the gate bottom to preclude operating difficulties from silt
and debris collection. Enlarged recesses sometimes are used to facilitate the removal of
accumulated ice. An air bubbler system is recommended to help clear ice and debris
from gate recesses (see Chapter 10 for a description of a typical air bubbler recess
flusher).

(b) Miter gate machinery arrangement typically falls into two broad categories: a
directly connected linear actuator and a linkage connected to the gate and driven by a
linear or rotary actuator. Actuators can be either direct electric or hydraulic fluid power
driven.

(2) Sector gates and machinery. A sector gate is similar in shape to a tainter gate
except that it is oriented to rotate about a vertical axis and is supported at the top and
bottom in a manner similar to that of a miter gate. Like miter gates, sector gates are
used in pairs, meeting at the center of the lock when closed and swinging into recesses
in the lock wails when open. The trunnions are located in the lock walls, and the skin
plates face in the direction of the normally higher pool level. Further sector gate
description and structural design information are presented in EM 1110-2-2105.

(a) Sector gates are used at both ends of locks in tidal reaches of rivers or canals
where the lifts are low and where the gates might be subjected to reversal of heads.
Since these gates can be opened and closed under head, they can be used to close off
flow in an emergency. The gates swing apart and water flows into or out of the lock
through the center opening between the gates. In some cases, flow is admitted through
culverts to improve filling characteristics or where ice or drift might not permit adequate
flow between the gates.

(b) Because the turbulence area at the upper end of a lock filled by a sector gate,
created by flow into the lock through the gate opening, impacts the lockage of vessels,
the length of the lock chambers must be increased proportionately. This turbulence can
shift the vessel and possibly break mooring lines. Model tests indicate about 100 ft of
additional length is required. Like other end-filling systems, sector gates cannot be used
for filling and emptying high-lift locks unless the filling and emptying rates are greatly
reduced. The practical lift limitation is usually about 10 ft, although gates with higher lifts
have been built.

(c) The disadvantages of the sector gates are high construction cost, long opening
and closing times, and larger wall recesses.

(d) Sector gates typically are driven by rotary actuators, electric or hydraulic
motors, driving gear reducers that in turn drive a pinion mated with a rack bolted to the
radius of the gate. Alternate arrangements pull the gate in and out of recess with wire
ropes wrapped on a drum or utilize a hydraulic cylinder directly connected to the top
frame of the gate near the hinge.

1-3
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(3) Vertical lift gates and machinery. Vertical lift gates may be used at both ends
of a lock or at only one end in combination with a miter gate at the other. They can be
raised or lowered under low-to-moderate heads but are not used when there is reverse
head. The operation time of older gates is much slower, and maintenance costs are
higher than those of miter gates, but they can be used in emergency closure. The newer
gates, however, are capable of achieving operating speeds equal to, or even faster
than, miter gates. Further vertical lift gate description and design information is in EM
1110-2-2105.

(a) A vertical lift gate installation at the upstream end of a lock normally consists of
a single or double-leaf submergible gate, which rises vertically to close off the lock
chamber from the upper pool. When the lock is filled, the gate is opened by sliding the
leaf vertically downward until the top of the leaf is at or below the top of the upper sill.

(b) In some cases, a double-leaf vertical lift gate can be used. The upper leaf can
have a curved crest, which permits overflow to supplement flow from the primary filling
system when the lock chamber is nearly full. This type of gate also can be used for
skimming ice and debris.

(c) When a vertical lift gate is used at the downstream end of a lock, it is raised
vertically to a height above the lower pool level so that vessels can pass underneath.
The gate leaf is suspended from towers on the lock walls and might be equipped with
counterweights to reduce the power hoist size. Lock gates of this type are practical only
for very high locks and where required vertical clearance can be provided under the
gate in its raised position.

(d) Vertical lift gates most commonly are driven by a electric-motor-driven wire
rope hoist that lifts both sides of the gate with a single hoist drum connected by reeving
and a tunnel under the lock. Another drive type utilizes hydraulic cylinders on both sides
of the gate. A variation of this type is hydraulic cylinders on each side of the gate
connected through wire ropes and reeving. Another hoist arrangement uses a bullwheel
or friction wheel driving a wire rope connected to the gate and a counterweight to
reduce the hoisting loads. With these types or any other type that uses an independent
or semi-independent hoist on each side of the gate, synchronization of the two hoists
becomes something that must be accounted for in the design.

(4) Tainter gates. Tainter gates are a type of radial arm gate in which the convex
side of the gate faces upstream. The hydraulic forces act through the radius of the gate
and are concentrated on the pivot point or trunnion. Further tainter gate description and
design information is in EM 1110-2-2105.

(a) Tainter gates as navigation dam gates. Tainter gates are widely used on
navigation dams to control the upstream pool. Tainter gates require a lower hoist
capacity and have a relatively faster operating speed than other types of dam gates.
Also, because side seals are used, gate slots are not required. This reduces problems
associated with cavitation, debris collection, and ice buildup.

1-4
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(b) Submergible tainter gates as lock gates. The locks of The Dalles Dam, some
Lower Snake River projects, and the Upper St. Anthony Falls Locks have submergible
tainter gates. This type of gate is raised to close the lock chamber and lowered into the
lock chamber to open it. The gates are also used to pass water through the lock during
flood conditions. The end frames are recessed into the lock wall so no part of the end
frame projects into the passageway. This type of gate was chosen for these projects
because it is structurally efficient and is estimated to be lighter in weight and less costly
than a double-leaf miter gate. The tainter gate also permits the length of the approach
channel to be reduced by the leaf width of the miter gate. There are two potential
problems in the operation of this type of gate: skewing of the gate during opening and
closing, and vulnerability to damage if hit by lock traffic. However, with good design
practices and lock management, these problems will be minimal.

(c) Tainter gate machinery. Tainter gates traditionally have been operated by
hoists located in machinery houses above the gates and connected to the gates with
wire rope or chain. Chain is no longer used in new installations because of past
maintenance problems. More recently, hydraulic cylinder hoists have been utilized.
Some challenges have included the vulnerability of the cylinder rods to impact damage
and to corrosion caused mainly by a combination of improperly selected rod materials
and the infrequency of use of some gates.

(5) Rolling/sliding gates and machinery.

(a) Rolling/sliding gates. Rolling or sliding gates for navigation locks are stored in
the lock wall perpendicular to the axis of the lock and move across the lock to create a
damming surface. This type of gate becomes an option when the width of the lock
exceeds that practical for miter gates or when the area available for gate monoliths is
limited. Although rolling or sliding gates were commonly used in the United States in the
early 20" century, they now are primarily used in Europe on ship locks and for the new
locks that are part of the Panama Canal expansion.

(b) Rolling/sliding gate machinery. Rolling gates typically utilize multiple-wheel
trucks rolling on tracks on the bottom of the gate or, in the case of a wheel barrow gate,
on the bottom of one end and at the top of the gate at the other end. Buoyancy tanks
often are built into the gate to decrease the wheel loads and required hoist capacity.
Sliding gates do not use wheels but slide on hydrodynamic bearings. This type has
been successful in Europe. The gate machinery typically consists of electric-motor-
driven hoists that drive double-wire rope drums either pulling the gate open or closed.

(6) Culvert valves and machinery.

(a) Culvert valves. Culvert valves are used to control the flow of water through the
lock’s filling and emptying system to raise or lower the lock water elevation. A variety of
valves have been used for this purpose. For large locks, the most efficient has been the
reverse tainter valve, which is similar to the tainter gate but with the convex side of the
valve facing downstream. Other culvert valves used have included regular orientation
tainter gates, butterfly valves, vertical slide gates, caterpillar gates, and stoney gate

1-5
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valves. The choice depends on site constraints, culvert size, and pool elevations.
Further information on the hydraulic design of lock culvert valves can be found in EM
1110-2-1610.

(b) Culvert valve machinery. Machinery for opening and closing the culvert valves
can be driven either electrically or hydraulically. Hydraulic forces must be designed to
ensure that adequate hoist power is available under all conditions to both open and
close the valve under all conditions.

d. Control Systems. Chapter 12 features information on control systems. This
information provides the means to develop control systems for new projects and for the
replacement or upgrading of existing systems. It is written for navigation lock and dam
application, but much of the same technology and design information can be adapted to
other Corps civil works projects.

e. Relationship to Other Manuals. This manual supersedes all previous versions
of EM 1110-2-2610 and the mechanical and electrical information in EM 1110-2-2703. It
should be used in conjunction with EM 1110-2-2105 and all other referenced
engineering manuals for the design of gates, operating machinery, and control systems.
Other manuals applicable to the design of navigation locks and dams are listed in
Appendix A.

1-7. Mandatory Requirements and Deviation from Design Criteria. This manual
provides guidance for the protection of U.S. Army Corps of Engineers (USACE)
structures. In certain cases, guidance requirements, because of their criticality to project
safety and performance, are considered to be mandatory as discussed in ER 1110-2-
1150. Those cases will be identified as “mandatory,” or the word “shall” will be used in
place of “should.”

a. When the project delivery team (PDT) determines that designing to less than
the mandatory requirements stated in this manual is appropriate and reasonable, a
cover letter along with the supporting cost and risk analysis documentation shall be
submitted to USACE-HQ requesting exemption. See the paragraph below for
requirements for dam safety studies, major rehabilitation studies, and reliability (issue
evaluation) studies.

b. Dam studies, Major Rehabilitation Studies, and Issue Evaluation studies will
require an evaluation and risk assessment of the entire lock and dam structure or
portions thereof. The mechanical and electrical components may be excluded, screened
out, or sometimes the results of these studies may require an analysis of lock and dam
machinery. If an analysis is required, it should include a review of the design criteria
utilized to build the machinery. If it is found that the design criteria for the machinery has
changed since it was originally constructed or last upgraded and is not consistent with
current criteria, further investigation may be warranted. This further investigation, if
required, should include an assessment of the performance of the machinery over the
life of the project under all conditions. Furthermore, an assessment of the risk accepted

1-6
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by not upgrading the machinery to meet new criteria should be evaluated within the
context of the study being conducted. This performance and risk assessment should be
documented. The old and current design criteria should also be documented and
deviations from current criteria should be noted where warranted. A decision to upgrade
the machinery solely on the need to meet current criteria should be based on this
assessment. A budgetary cost analysis should be provided as part of the study to bring
machinery and components up to current standards. If upgrades to mandatory
requirements are not recommended based on performance and risk assessment, then
concurrence must be obtained from USACE-HQ. Deviations from mandatory safety
related criteria such as interlocks should be documented separately.

c. Operation and Maintenance Work. Often, portions of mechanical and electrical
machinery are replaced such as motors or a gear or a gear box. The existing project
design criteria may be followed. New design criteria should be followed to the extent
possible but is not mandated. If Operation and Maintenance funding is utilized to
replace the entire set of lock machinery or dam machinery, then new design criteria
should be followed.

1-7
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CHAPTER 2
Mechanical Components

2-1. General Description and Application.

a. General Design Criteria. The components and design criteria described herein
are applicable to components the designer might deem appropriate for use in both
electromechanical and combination hydraulic-mechanical systems used to operate
navigational locks and spillway/dam gates. For a more thorough discussion of
components strictly applicable to hydraulic drive systems, see Chapter 3. The list of
components provided is not intended to be all inclusive for the designer, rather it is
intended to present a list of commonly utilized components that have design parameters
established to meet a broad range of civil works projects. This chapter applies to all
HQUSACE elements, major subordinate commands, districts, laboratories, and field
operating activities having responsibilities for the design and construction of both new
and rehabilitated civil works projects. Additional specific guidance for the material
selection of various mechanical system components is in ERDC/CERL TR-02-7,
Advanced Materials Selection Guide for Lock, Dam and Hydroelectric Plant
Components, January 2002. Guidance for reliability analysis of navigation lock and dam
mechanical and electrical equipment is contained in ETL 1110-2-560. This ETL has
expired but the information will be incorporated into the new EC 6062, Engineering Risk
and Reliability, that is currently under development.

b. Machinery Component Criteria. All components of lock and spillway/dam
operating equipment should be designed for the maximum normal full load,100% rated,
torque of the electric motor, or the maximum effective hydraulic actuator pressure, with
a minimum factor of safety of five (5.0), based on the ultimate tensile strength of the
material when designed by the Corps of Engineers. Where OEM products are specified
and published rating data is available, the designer must use caution in blindly applying
factors of safety to OEM components that already have inherent service factors
provided for in their design. This is to avoid having the designer grossly oversize a
component through the application of safety factors upon safety factors.

(1) All components should be designed for a unit stress not to exceed 75% of the
yield strength of the material, using the locked rotor torque rating of the electric motor,
or the maximum hydraulic actuator pressure available through the control system. A
fracture mechanics/fatigue analysis also should be performed to help identify localized
stress concentrations that will govern the percentage of yield strength established for
the lower limit strength. Components that might fail in buckling compression should be
designed for a minimum factor of safety of three (3.0), using the Euler or J.B. Johnson
formulas, as appropriate. The factor of safety shall be applied to the maximum load on
the member and the critical buckling load. In almost all cases, the end fixity coefficient
for pin-ended columns should be used. These criteria determine the maximum
allowable stresses for all components. Components used as fuses, such as some shear
bolts, keys, torque-limiting couplings, etc., will not be designed to these criteria.
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c. Standard Manufactured Products. All standard manufactured products should
be selected based upon the manufacturer’s published catalog ratings, or actual data
procured by correspondence with all known major manufacturers of that type of
component. The intent is to provide open competition for standard manufactured items,
while permitting the designer to use available data to provide a fully functional design.
Plans and specifications should be presented in a manner that defines a range of
performance obtainable by a majority of the manufacturers. The designer should be
aware of product delivery times through correspondence with known major
manufacturers to allow for a realistic time line. Delivery information will aid in estimating
the construction schedules for the prescribed contract period and development of any
required interim completion dates. Where applicable, the designer should consider
identifying the design basis for any specialty equipment incorporated in the design. The
design basis should be used with the salient characteristics included in the drawings
and specifications for the benefit of the contractor. The purpose of identifying the design
basis is to leave no doubt for the construction contractor as to the designer’s intent.

d. Component Efficiencies. The following operating efficiencies should be used as
a design guide:

e Silent Chain (including oil-retaining case) 97%
e V-belts (including drive/driven sheaves) 90%

e Spur Gear Reduction Unit (up to):
1:1 to 16:1 88%,
16:1 to0 40:1 84%,
40:1 to 150:1 78%,
Helical, Herringbone or Planetary Reduction Unit,
Single Reduction 97%,
Double Reduction 95%,
Triple Reduction 90%,
Quadruple Reduction & Worm Gear Reduction Unit 1,
Spur Gear Set 97%,
Bevel Gear Set 95%.

e Bearings
Ball and Roller 98%
Bronze Plain Bearings (> 5 rpm) 95%
Bronze Plain Bearings (< 5 rpm) 93%

Certified starting and operating efficiencies should be obtained from manufacturers’
data for the normal operating speeds. Special operating conditions, such as high or low
ambient temperatures, or lubricant heaters, should be coordinated with the
manufacturers’ engineering departments. The lowest efficiency obtained from a
minimum of three standard manufacturers should be used.
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e. Mechanical and Structural Coordination and Equipment Forces. Forces from
equipment start up can be large and can impart stresses to structures that are not
designed for such forces. The designer needs to be aware of the forces not only at start
up but under overload conditions and how that affects structural components. Controls,
limit devices, and interlocks not only protect machinery but also ideally would eliminate
many unintentional consequences to structural components. This includes damage to
expensive structural gates and machinery foundations. Assets are better managed and
protected with properly designed controls and safety interlocks.

2-2. Machinery Components.

a. Bearings.

(1) Antifriction Bearings. Ball, roller, tapered roller and spherical roller bearings
should be selected in accordance with the manufacturer’s published catalog ratings of
the group, type, and size required. The manufacturer's ratings for loads and speeds
shall be used in determining the bearing capacity. Service and installation factors shall
be in accordance with the bearing manufacturer's recommendations. The L-10 bearing
life shall be a minimum of 75,000 hours, based on the largest full load motor
horsepower provided by the specified motor. Bearings, which remain static for extended
periods, should be designed with greater safety factors, using the Basic Static Load
Rating (Cor). The B-10 life and load ratings calculation methods are defined in
specifications ISO 281 or JIS B1519. All bearings shall be equipped with labyrinth seals,
to exclude foreign matter and retain lubrication without leakage under both static and
dynamic operating conditions. Only one fixed mount bearing should be used on shafts
with multi-bearing installations to permit thermal expansion in the axial direction.
Manufacturers should be consulted for typical axial capacities of the bearings.

(2) Plain Bearings. Plain bearings, also called sleeve bearings or bushings,
should be designed for a maximum normal bearing pressure of 6.9 MPa (1000 psi),
except for bearings operating below five (5) rpom. Under special, slow speed, uniform
load conditions, the bearing pressure may be designed for up to 27.6 MPa (4000 psi).
Common bearing materials to be specified for their strength, high load carrying
capacities, good wear, and corrosion resistance include the tin bronze alloys. Alloy
C90500 is suitable for most slow-to-moderate speed applications, in accordance with
ASTM B271, ASTM B505, or ASTM B584. The tin bronzes should be used with reliable
grease lubrication systems because they do not imbed contamination particles well and
do not tolerate shaft misalignment. Examples of plain bearings for miter gate and
trunnion pin connections are shown in Figures 2-1 and 2-2. Mating shaft material should
be specified with a hardness of 300-400 BHN. Special materials, or pressure designs,
should be coordinated with several manufacturers to ensure adequate competition is
available.

(a) Where an easily machined bronze or the environment and lubrication might be
questionable, the designer may elect to utilize high-leaded tin bronzes. Alloy C93200 is
an exceptional bronze for medium loads and speeds. The alloys C93800 and C94300
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are 15% and 25% lead. Their high lead percentages allow them to easily conform to
misaligned shafts and embedded contaminants. They provide a high level of lubricity
under poor lubrication conditions and can be used with unhardened shafts. A high lead
poured and scraped babbitt bearing for a low rpm pump is shown in Figure 2-3.

(b) The length to diameter ratio (L/D) should be designed close to unity (1.0),
considering the bearing pressure required, in order to minimize wear and misalignment.
Some consideration should be given to spherical plain bearings for such things as
tainter gate trunnions, bellcranks, struts, and other partial-rotation, slow-motion joints
that require an extra degree of freedom. Spherical bearings minimize wear between
pins and bushings by accommodating modest misalignment.

(c) Grease grooves should be designed and incorporated into the bearings to
provide redundant grease pathways. The pathways should be capable of delivering the
grease around the entire circumference of the bearing and mating surface without
relying on rotation of the components. Delivery of the grease through the pin to the
bearing grease grooves in lieu of delivery through the bearing housing should be the
preferred method where feasible. Pathways through the bearing housing can become
cut off or comprised, should the bearing ever rotate within the housing during the life of
the bearing. Extended grease lines for pintles, bushings, and bearings need to be
oversized to compensate for grease hardening over the life of the project and to ensure
adequate grease delivery. The grease lines should be rigid in areas prone to damage
from debris and ice. Schedule-80 stainless steel rigid piping has proven adequate in
many installations. The piping should be routed to provide the maximum protection to
the line while also maintaining accessibility for replacement by divers, should damage
occur. The use of flexible lines should be minimized and shall be armored and rated for
the maximum anticipated pressure of the greasing system.

Figure 2-1. Plain bearing
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Figure 2-2. Plain bearing

Figure 2-3. Babbitt plain bearing

(3) Self-lubricated Bearings. Self-lubricated bearing materials, also known as
composites or greaseless bearings, have been produced for years. The manufacturer’s
materials often have wide variations in the properties and quality of materials. The
designers of self-lubricated bearings should review the assessment documents of
failures at different Corps projects to consider lessons learned when initiating a new
design. The failures within the Corps have been in applications where the material has
been used for pintle bearings and other sleeve-type bearings. Some examples of failed
gudgeon pin and pintle bushings are shown in Figures 2-4 and 2-5. When considering
the use of self-lubricating bearing materials, the design must be engineered thoroughly
by the Corps designers or by the specific bearing manufacturer and the designer should
not rely on the general contractor to furnish an adequately designed bearing. If the
bearing is to be designed by the bearing manufacturer, sufficient data must be furnished
to the manufacturer by the government to ensure a successful design. The bearing
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design should be tested by a third-party independent laboratory. Self-lubricating bearing
systems should be restricted to those that have been tested and approved under the
test procedure "Performance Evaluation of Self Lubricating Bushings" by Powertech
Labs Inc., 12388-88th Ave., Surrey, B.C., Canada V3W 7R7. The self-lubricating
composite material should not contain any graphite if used for submerged applications.
The government should incorporate into the contract sufficient checks and balances to
allow the government to maintain input and review of the design process.

Figure 2-4. Failed gudgeon pin bushing

Figure 2-5. Failed pintle bushing

(a) The materials that define self-lubricating bearings are made of polyester
composites fabricated into bearing surfaces, then secured to a base material or
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conventionally retained within a bearing housing. The composite materials can be
machined and typically are fitted into a bronze housing through shrink/interference fit or
secured with epoxy. They also can be produced as plugs or disks to be secured in a
bore by press-fit or mechanical fasteners and can be bonded mechanically to metallic
substrates for sliding bearing surfaces. Composites that use impregnated graphite for
lubrication should be used only in absolutely dry applications.

(b) The U.S. Army Engineer Research and Development Center (ERDC) and its
Construction Engineering Research Lab (CERL) have conducted a number of projects
to study the performance of self-lubricating materials. The first was for hydropower
applications, and more recently completed was a report for navigational lock and dam
applications. Some manufacturers’ materials and arrangements have worked better
than others for different applications and environments. The results of these findings are
described within the reports. When considering the use of self-lubricated materials, the
reports produced by ERDC/CERL should be reviewed extensively by the designer
before design or selection of a greaseless bearing material. The reports to be
referenced include ERDC/CERL SR-04-8, Field Evaluation of Self-Lubricated
Mechanical Components for Civil Works Navigation Structures, June 2004, and CERL
TR 99/104, Greaseless Bushings for Hydropower Applications: Program, Testing, and
Results, December 1999. Both reports are detailed in Appendix A. They identify specific
Corps lock and dam projects and composite manufacturers that have used self-
lubricated bearing designs. Most installations are relatively recent and are being
evaluated for long-term performance. Designers are encouraged to contact the Corps
districts identified in the reports for updated feedback on the performance of specific
applications. The better-performing self-lubricated bearing manufacturers identified in
the report should be consulted for recommendations to select the best bushing
arrangement. They also might be capable of assisting with identification of the
appropriate design criteria best suited for each application. Additional guidance for the
selection and properties of various greaseless bearing manufacturers is in ERDC/CERL
TR-02-7, Advanced Materials Selection Guide for Lock, Dam and Hydroelectric Plant
Components, January 2002 and EM 1424, Lubricants and Hydraulic Fluids. Successful
use of composites for bearing materials and pintle bushings is evolving and designers
considering their use should proceed with caution.

(c) Selecting the correct self-lubricated bearing material and identifying the proper
design criteria/parameters for each application is critical to ensure a successful
installation. The designer must be able to calculate, specify, or convey the following
parameters when proceeding with a self-lubricated bearing design. Each bearing must
be engineered for the specific service conditions of the application. Wet or dry
application, contact stresses, composite thickness, coefficient of friction, surface
finishes, mating surface material and hardness, interference fit, percentage water/oil
swell in composite material, running clearance fits, and stick-slip phenomena must be
known or considered to utilize self-lubricated bearing designs. Ambient and service
temperature conditions also must be considered in the design for understanding the
effects on the bearing materials due to the coefficient of thermal expansion. The
coefficient of thermal expansion of self-lubricating bearing materials is generally much
greater than that of ferrous housings in which they are installed. These differences in
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expansion and contraction must be accounted for in the design. Bore closure between
the rotating components can occur from the swell effect of bearing materials subject to
large temperature increases. The opposite also can occur in low temperatures, resulting
in the bearings shrinking within the housing and losing any press-fit tolerances. Figure
2-6 shows a tainter valve trunnion bearing made of greaseless bearing material.

Figure 2-6. Greaseless tainter valve trunnion bearing

(d) Design contact stresses can be considerably higher for self-lubricated bearing
composites when compared to conventional bronze bearings and, for dynamic bearing
conditions, should be designed for a maximum bearing contact pressure range of 34.5
MPa (5000 psi) to 69 MPa (10,000 psi). Figure 2-7 shows an adjustable quoin and miter
block design where contact stresses are high and adjustability must be maintained to
compensate for wear. Design bearing pressures will be dependent upon the
characteristics of the composite material being considered, the type of movement
intended for the bearing, and the rotational or sliding speed at the bearing surface.
Slower rotational speeds will tolerate bearing pressures at the higher end of this range.
Static bearing applications are allowed to have even higher bearing contact pressures
between 103 MPa and 138 MPa (15,000 to 20,000 psi) and are more dependent upon
the crush strength of the composite material. In no case should a composite bearing
material have crush strength less than 345 MPa (50,000 psi). Figures 2-8 and 2-9 show
a greaseless bearing design with a spherical bearing that allows the floating mooring bit
roller wheel an additional degree of freedom to allow for full wheel contact within the
guide slots under heavily loaded conditions. Bearing pressures for hydroturbine
applications utilizing self-lubricating bearing materials are recommended to be more
conservative, with a range of 17 MPa (2500 psi) to 21 MPa (3000 psi) preferred.
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(e) When compared with greased bronze in the same application, self-lubricated
materials that provide lower coefficients of friction (0.06 to 0.10) should be selected.
Composites that have static and dynamic coefficients of friction equal to each other
result in smoother operating equipment, even if the friction load is high. When the static
and dynamic friction coefficients are closer in value, a lower difference in strain energy
exists as the system transitions from a static to dynamic condition. This helps to reduce
the stick-slip, or stiction, phenomenon, allowing for a smoother operating system with
less vibration, noise, and possible damage to the equipment. Wear rates (mils per 100
hr operation) also must be considered for each specific application. Independent testing
of a manufacturer’s materials and published data are highly recommended to confirm
acceptable results can be achieved when compared to greased bronze in the same
application and environment.

(f) Self-lubricated materials are well suited to provide a service life of 30 to 50
years when held free from contaminants with relatively thin bushing surface material
thicknesses. To provide the highest load carrying capacity, on average, the specified
bearing thickness should be in the range of 0.020 to 0.060 in. The designer must be
aware that thicker bearing surface material does not always equate to longer service
life. Wear rates amongst the various manufacturers are not all equal in the same
environment. It might be more prudent for the designer to provide a system that
excludes contaminants from the system to increase the bearing longevity versus
arbitrarily increasing the thickness of the bearing surface material.

(g) Suitable mating materials for self-lubricated composites should be limited to the
use of corrosion-resistant steels or heat-treated, medium-to-high strength steels with
chrome plating. The most commonly used steel is the heat-treated 17-4 PH precipitation
hardened stainless steel: ASTM A564, A693, Grade 630, UNS S17400. In saltwater or
brackish water environments, 316 stainless steel, ASTM A276, Condition A, UNS
S31600, is the best suited material for use. The mating steel hardness required varies
widely amongst composite manufacturers and, in general, all manufacturers require a
harder surface be furnished with higher loads and speeds. Therefore, mating surfaces
should be consulted with a specific manufacturer. Hardness specified in the range of R,
28-32 (271-301 BHN) will cover the broadest group of manufacturer’s requirements.
The required surface finish also varies widely amongst the composite manufacturers
from R; 0.1 um (4 uin.) to R, 6.35 um (250 uin.). A specified surface finish of R;0.4 um
(16 uin.) or better will fall into the broadest group of manufacturers’ requirements, but
consultation with various manufacturers for their specific requirements is recommended.

(h) Self-lubricated composite bearing length-to-diameter (L/D) ratio for thick-walled
bearings is recommended to be in the range of 1.0 to 2.0. The ratio of 1.25 often is
stated by many manufacturers as the preferred ratio. For thin-walled bushings, the L/D
ratio of 0.35 to 1.0 is preferred. The manufacturer always should be consulted before
finalizing a design.

(i) The bearing-to-shaft clearances recommended for thick-walled bearings
generally is provided with a clearance of 0.001 to 0.002 in./in. of shaft diameter and, for
thin-walled bearings, this range is reduced to a clearance ranging from slight
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interference up to 0.001 in./in. of shaft diameter. For shafts greater than 5 in. diameter,
the clearances will require a reduction adjustment per the manufacturer’s
recommendations because the larger clearances for these diameters are not required.

Figure 2-7. Adjustable quoin and miter block
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Figure 2-8. Greaseless floating mooring bit roller design

Figure 2-9. Greaseless floating mooring bit roller
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() When self-lubricated composites are submerged in water or petroleum-based
products, the material has a tendency to absorb the fluid immersed within and swell in
the bore is likely to occur. The designer must account for the smaller diameter and
operating clearance for the installed condition compared to that of the original condition
in the dry. Without recognition of this occurrence and adjustment to the design
dimensions, the bearing likely is to encounter binding, stick-slip, overheating, and
premature failure. Consultation with the bearing manufacturer is highly recommended to
avoid costly failures and repairs. Swell due to thermal expansion/contraction also must
be accounted for in the design, but is usually insignificant in wet applications where
submerged in a large heat sink.

(k) Sleeve-type bearings commonly are retained by shrink/interference fits or
epoxy bonded to their housing with the epoxy bond method being preferred. When a
pressed interference or shrink fit is utilized, the bearing manufacturer must be consulted
to properly engineer fit tolerances and recognize that some bearing materials might be
susceptible to material relaxation after installation. Epoxy-bonded bearings, as shown in
Figure 2-10, must have proper surface preparation to ensure adequate bonding
strengths are achieved and most commonly are specified with bonding radial
clearances of 0.020 to 0.30 in. Designers must be aware that epoxy-bonded bearings
require some method of centering and aligning of the bearing within the bore before
installing the epoxy. The use of stainless steel wires is one method of centering the
bearing within the bore.

Figure 2-10. Epoxy-bonded bearing

(I) Self-lubricating composites are susceptible to failure under misalignment and
excessive bearing clearances. This results in edge loading of the material. Failures due
to bearing fracture, bond failure, and material de-lamination can occur. The best
methods to prevent this type of occurrence are to ensure proper shaft alignment,
provide bearings with recommended running clearances, and design bearings with edge
chamfers to reduce the possibility of edge failure.
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(m) Self-lubricated bearing materials installed in submerged applications heavily
laden with contaminants and/or prone to frequent flood conditions should have lip sills
or o-ring seals incorporated into the design to exclude contaminants. The seals will
protect the bearing running surfaces from accelerated wear or bearing failure. Bearing
retainers also might be prudent in certain applications to prevent the possibility of
bearing creep or extrusion of the bearing from the housing bore.

(4) Pillow Blocks. Pillow blocks should be cast iron, cast steel, or fabricated from
forged steel. Pillow blocks should be designed to provide full radial and axial capacity in
all directions. Mounting bolts, nuts, etc., should be rated for the bearing’s full Basic
Dynamic Load Rating Capacity in all directions, including upward through the cap. This
rating is obtained from the bearing manufacturer’s published data for commercially
available bearings or from formula calculations available in specifications ISO 281 or
JIS B1519 for custom bearings. Ball-bearing pillow blocks and flange blocks shall have
a two-bolt base. Roller-bearing pillow blocks shall have a four bolt base. Spherical roller
bearings shall be either of the fixed or expansion type, as required. End caps shall be
provided on open-ended shafts. Roller-bearing housing caps shall be recessed into or
dowelled onto the bases and secured with not fewer than four bolts, SAE Grade 8.
Slotted mounting holes may be used for the base, as required, but dowel pins or keeper
bars should be permanently installed after final alignment and testing. Only one fixed
mount pillow block should be used on shafts with multiple pillow-block installations to
permit thermal expansion in the axial direction. Some examples of pillow-block
installations are in Figures 2-11 and 2-12.

Figure 2-11. Pillow block
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Figure 2-12. Pillow block

(5) Pintle Bushing. Chapter 4 provides specific discussion on miter gate pintle
bushings. Chapter 5 provides discussion on sector gate pintle bushings. Pintle bushings
for lock gates traditionally have been grease-lubricated aluminum bronze, as shown in
Figure 2-13. The aluminum bronze alloy used is typically C95400, meeting the
requirements of ASTM B148 or ASTM B271. Plate B-21 provides recommended grease
groove and seal details. The aluminum bronze bushing is press fit into the pintle socket
and secured by bolting to the socket. The amount of press fit of the bushing in the
socket should be kept minimal (0.001 to 0.003 in.) to prevent any alteration of the
machined fit between the bushing and pintle ball after assembly. The bearing surface
should be finished truly hemispherical and the pintle ball fitted to the bushing by
scraping, or lapped until uniform contact is attained over the entire bearing surface. This
can be determined by testing with carbon paper or similar media transfer technique. The
pintle and bushing need to be match marked. Surface finishes should be shown on the
drawings in accordance with ASME B46.1. Determining compliance with surface
requirements typically is done by sense of feel and visual inspection of the work and
comparing it to the Roughness Comparison Specimens of ASME B46.1. Plates B-23
and B-24 provide additional pintle information. Grease-lubricated bronze continues to
work well, but environmental issues created by pumping grease to the pintle bushing is
causing a shift in recent designs toward the self-lubricated pintle bushings. The self-
lubricated composite materials also can be designed with much larger bearing
pressures than conventional bronze for large gate loads. The pintle typically is
manufactured of cast steel with bearing surfaces of stainless steel deposited in weld
passes to a thickness of not less than 4.8 mm (0.1875 in.) and machined to the required
shape.
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(a) Recent designs have been completed with self-lubricating material installed
onto hemi-spherical or near-spherical pintle sockets with matching stainless steel pintle
balls. The self-lubricated material is shaped into pucks or disks recessed and secured to
the socket bushing or the pintle ball. See Figures 2-14 and 2-15 for examples of
greaseless bearing pintle/bushing designs. Conductivity indicator wear pins should be
incorporated into the bearing surfaces to allow the project personnel to periodically test
for bearing surface wear and to schedule replacement.

Figure 2-13. Aluminum bronze pintle bushing

Figure 2-14. Greaseless pintle bushing
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Figure 2-15. Greaseless pintle bushing

b. Brakes. Holding brakes should be the shoe-type, spring set, with DC magnet-
operated, AC-rectified solenoid, or AC hydraulic thruster release. The DC type actuates
by electromagnets, and the AC-rectified type typically uses a solenoid and plunger as
shown in Figures 2-16 and 2-17. The AC thruster type, shown in Figure 2-18, uses a
small hydraulic pump and hydraulic actuated cylinder. Brakes should have a minimum
continuous duty torque rating of 150% of the maximum full load torque rating of the
electric motor, or hydraulic actuator, as applied to the brake wheel. Special
consideration in brake selection shall be provided by the designer to prevent runaway
speeds from developing in gates with the potential for free fall. The brake set reaction
time must be minimized to prevent the downward momentum of the gate from
exceeding the holding torque of the brake or causing excessive glazing or wear of the
brake shoes. Fuses should not be used in the brake control circuit. Brakes should be
mounted in watertight and dust-tight enclosures, with heaters for moisture protection,
manual release devices, limit switches as applicable, and indicators and electrical
connections, as required by the operating environment. Brakes shall be self-
compensating to adjust for shoe wear. The designer should ensure enclosures are
designed with removable enclosure panels for access to perform inspection and
maintenance of the brake components. UFGS 35 20 20, Electrical Equipment for Gate
Hoist, provides design parameters for specifying brakes.
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Figure 2-16. DC brake

Figure 2-17. AC rectified brake

2-17



EM 1110-2-2610
30 Jun 13

Figure 2-18. AC thrustor brake

c. Couplings. There are many different types of shaft couplings. The torque
ratings, angular misalignment capabilities, axial float capabilities, and shock-absorption
characteristics are the main factors that differentiate them. Some of the more common
types used on inland navigation projects will be mentioned here. These include flexible
disk couplings, elastomeric couplings, chain couplings, gear couplings, grid couplings,
and jaw-type and rigid couplings. A coupling is a device for joining two rotating shafts.
The most basic form is rigid and can accommodate no angular misalignment or shaft
float. Other coupling designs are available to accommodate some amount of angular
misalignment or axial shaft movement. Couplings also can be selected to absorb shock
loading between shafts and to protect against a momentary over-torque condition. It is
the engineer’s responsibility to select the correct coupling design for each application,
anticipating the conditions in which the coupling must continue to perform reliably.
Couplings should be selected using the manufacturer’s published ratings. Exceeding
the limitations of any particular coupling has led to the premature failure of the coupling
or damage to machinery.

(1) Flexible Disk. Flexible disk couplings are only suitable for specific applications
such as precise control equipment (turbines, etc.). Flexible disk couplings require no
lubrication and their components are external to allow for visual inspection. They are
suitable for only slight misalignment, and the replacement of the disk pack is not as
easy as the elastomeric coupling inserts. They are suitable for heavy-duty, slow-to-
medium-speed applications. Flexible disk couplings can be used where high-starting
torques, shock loads, torque reversals, or continuous alternating torque is encountered.
Flexible disk couplings transmit torque and provide for angular and axial misalignment
between shafts with a coupling comprised of shaft-mounted hubs connected through
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flexible disk packs with spacer or sleeve assemblies. Because these couplings do not
require lubrication, maintenance costs can be considered comparably low. They are
easy to inspect for proper operation. Disadvantages include a relatively high initial cost.
They also require more precision on alignment and assembly.

(2) Elastomeric. Elastomeric couplings incorporate a flexible synthetic insert
between coupling halves, either providing a flexible cushion between jaws or a direct
torsion connection. These are available in a variety of designs and capabilities. The
elastomer in Figure 2-19 is secured at each bolt. Each elastomer sleeve consists of a
hollow cylinder through which the bolts join each half of the coupling. The elastomer
serves to accommodate severe angular misalignment and to cushion shock over
loading. Advantages include low maintenance costs, because lubrication is not required,
and ease of inspection when the coupling is accessible. The couplings also can be fitted
to existing coupling applications easily. There are power limitations due to the varying
modulus of elasticity of the flexible elements. Environmental conditions such as
temperature and humidity, chemical attack, and UV exposure can have an adverse
impact on the life and performance of the insert material for this type of coupling.
Designers must take these factors into consideration during selection.

Figure 2-19. Elastomeric coupling

(3) Chain. Chain couplings provide for inexpensive coupling alternatives in the
medium torque range. They can be exposed or enclosed within hub/sleeve assemblies
to retain lubrication. The chain couplings transmit torque through sprocket hubs
mounted on the shaft ends that are coupled by double-width roller chain. A chain
coupling drawing is presented in Plate B-6. Chain couplings do not tolerate large
misalignment.

(4) Gear. Gear-type couplings provide the highest torque-carrying capabilities with

small, compact designs and are capable of accommodating small amounts of angular
and slight parallel misalignment. Drawings of two differently sized gear couplings are
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presented in Plate B-7. Gear couplings can be more tolerant of axial growth and
shrinkage of shafts, which can be advantageous for the wide temperature variations
common on inland navigation projects. Gear couplings tolerate the misalignment
through the clearance between the outside teeth of the hubs and the inside teeth of the
sleeves. The tooth-to-tooth sliding motion caused by misalignment can be detrimental if
it is a permanent condition and can lead to premature failure. Misalignment for gear
couplings shall be minimized by not exceeding the manufacturer's recommendations for
installation limits pertaining to gap-hub separation, angular alignment, and parallel offset
alignment measurements. Gear-type couplings must maintain their internal lubrication
for successful operation. External grease fittings often are replaced with a plug for
safety reasons and must be installed temporarily during periodic maintenance
lubrication. Gears shall be machined in accordance with applicable ANSI/AGMA
standards. Couplings shall be of sufficient capacity to develop the full strength of the
shafting that they connect and shall be pressed and keyed thereon. The key fits shall be
in accordance with ASME B17.1, Class Il. Gear couplings should have steel housings
and hubs, with integral lips to contain the seals and retain the sleeves, with lubrication.
Sleeves should be fastened such that they cannot slip or loosen. The mating sleeve
flanges join both halves of the coupling to transmit the torque between the shafts. The
proper bolt type and torque must be installed in the flanges to avoid premature bolt
bending fatigue and shear failures. Gear couplings that use snap rings to hold the
sleeves should not be permitted. Internal shaft hubs must be bored to match their
mating shaft diameters and matched keyways provided. This interface most often
requires interference fits specified to develop full load-carrying capacity. Reversing
loads often require special considerations in the design. The designer must carefully
identify and match bore diameters to shaft sizes with special contract language to
ensure the contractor and equipment manufacturer are aware of this requirement. Bolts
shall be SAE Grade 8. Spare couplings purchased should not have their final bores
specified and should be rough bored with final boring completed after the shaft sizes
can be measured. An example of a gear-type coupling is shown in Figure 2-20.
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Figure 2-20. Gear-type coupling

(5) Grid. Grid couplings are similar to gear-type couplings with the use of an
interlocking steel grid between two slotted shaft hubs to transmit the torque. A
disassembled grid coupling and mating hubs are shown in Figures 2-21 and 2-22. The
grid is contained within a sealed housing to retain the lubrication for the coupling. The
grid flexes in a sliding action within the hubs to transmit torque and compensate for
misalignment. Grid couplings are also capable of reducing vibration by absorbing impact
energy. The grid couplings are easy to install and maintain.
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Figure 2-21. Grid coupling

Figure 2-22. Grid coupling

(6) Jaw. Jaw-type couplings have two metallic hubs interconnected by a center
insert referred to as a spider. The hub jaws engage the lobes on the spider to form the
torque transmitting connection. The spiders are fabricated from a variety of different
materials and hardness to fit the application. As the damping ability of the coupling
increases, the load-carrying capacity is decreased. Two jaw-type couplings are shown
in Figures 2-23 and 2-24. The jaw-type couplings are common for small shaft sizes and
lighter loads. Misalignment with this type of coupling must be minimized because rapid
deterioration of the spider could occur. One advantage of jaw couplings is they are fail-
safe. The hub jaws will continue to engage and transmit torque even if the spider
assembly fails.
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Figure 2-23. Jaw-type coupling detail

Figure 2-24. Jaw-type coupling

(7) Rigid. Rigid couplings are the simplest form used to transmit torque in a power
transmission arrangement. They will have either bolted flanges, keyed shaft with
sleeved hub, or a clamp design to connect shaft ends. Rigid couplings have no
capabilities to compensate for misalignment or axial expansion. Designers should use
caution and consider the application carefully before installing rigid-type couplings.
Perfect alignment must be provided and maintained for the use of this type of coupling.

If misalignment is present, the load will be transferred to the shafts and bearings, likely
resulting in premature failure.
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d. Force Control Limit Switches. Force control limit switches can be used to
control overloads in single- or multi-part wire rope hoists. The device can be installed
between the wire rope and the dead-end anchorage connection. Another alternative is
the use of electronic load cells that can be furnished as pins, links, or various other
configurations. The electronic load cells can provide continuous monitoring of systems
and can easily be incorporated into overall or stand-alone PLC systems to provide
similar set point control, as discussed below, for force control limit switches. High and
low force-control limits can be set with backup trip switches for each limit. The designer
should provide switches for high load conditions such as locked rotor torque or gate
seizing or obstruction. One switch is set slightly above the normal operating load, and a
second is set higher as an emergency backup device. A low load switch can be set for
the load encountered in raising due to a seized sheave. Low load, at the end
anchorage, would be indicative of an overload in the portion of the wire rope from the
sheave nest to the drum. The low load switches also should be capable of recognizing a
slack cable condition. This condition likely would occur while lowering the gate and the
gate encounters an obstruction or becomes wedged in the operating slot. The low load
switches then would prevent the possibility of the wire rope coming off the sheave or
dropping the gate and shock loading the machinery. The main limit switches interrupt
the control circuit, while the backup switches de-energize the hoist. The forces are
determined by calculating the wire rope tension that would be produced by the
maximum load used in the design of machinery components. Backup switches typically
are set at approximately 900 kg (2,000 Ibs) differential from the primary switch.
Pressure limit switches in the hydraulic circuits, shown in Figure 2-25, of wire rope
hoisting arrangements with sheaves mounted to the hydraulic actuator rams also have
been used successfully for operational control. These are set below the hydraulic
pressure reliefs valves for high overload conditions and can monitor for slack cable
conditions under low pressure when not affected by hydraulic system counterbalance
valves.

Figure 2-25. Hydraulic pressure limit switch

2-24



EM 1110-2-2610
30 Jun 13

e. Torque Limiting Devices. Slip clutches can be used to protect gate operating
mechanisms by limiting the maximum motor torque applied to them. Multi-plate, slip-
type clutches with fiber-type friction disks are recommended and shown in Figure 2-26
and Plate B-5. They should be adjustable and use coil springs. The coil springs must be
properly adjusted and maintained to compensate for any slippage wear in the friction
plates. To protect the machinery and components, the torque coupling shall be
adjustable and set to slip at the designer’s predetermined torque value. The torque slip
should have a minimum adjustment range of plus or minus 20% of the specified load,
depending on the designer’s requirements. The coupling should continue to slip until the
torque drops below this level. The torque slip range should be controlled by a spring-
type mechanism that can be adjusted by means of tightening or loosening the through
bolts. Torque couplings should be equipped with a means of sealed lubrication. Most
slip-type torque-limiting couplings require a break-in period after assembly to the motor
and shafts, and the designer should specify such in the execution section of the
specifications. Slip clutches normally are rated for 200% of the maximum calculated
torque requirement, and should be adjusted to initiate slipping at a setting slightly above
the normal operating torque requirement. However, the manufacturer’'s
recommendations should be considered for both sizing and adjustment. The torque
capacity requirement is minimized if the clutch is located on the motor side of the speed
reducer. Heat-rejection capacity is not an important consideration, as the device would
not be expected to slip, except for very short periods. The designer should provide
protection from the weather and oil or grease contaminating the friction elements. Ball
and detent torque limiters are another type of limiting device that can accurately
disengage the machinery at a pre-set torque value. The ball and detent type can fully
disengage or reset once the overload condition is removed. To protect the machinery
and components, the torque coupling shall be adjustable and set to slip at the
designer’s predetermined torque value. The coupling will continue to slip until the torque
drops below this level. They also can also be equipped with limit switches for control
signaling of an overload condition.
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Figure 2-26. Slip clutch

f. Open Spur Gears. Open gears should have spur teeth of the involute form, in
compliance with applicable American Gear Manufacturers Association standards. An oil
bath spur gear with evident pinion wear is shown in Figure 2-27, and a greased open
spur gear set is shown in Figure 2-28. The designer should provide in its operation and
maintenance manual lubrication requirements for all open gear designs. Basic strength
should be based upon the static load from the Lewis equation, as modified by the Barth
Equation (design stress = Lewis stress x 600/(600 + pitch-line velocity-fpm). Large spur
gears should be designed with forged steel rims in accordance with ASTM A290, while
the hubs and arms can be cast (ASTM A148) or fabricated from rolled steel plate. A
large cast steel gear is shown in Plate B-20. Gearing shall be cut from solid steel and
may be integrally cast with the hub, drum or shaft. Large spur gears can be split radially,
along two of the support arms, in order to permit more convenient handling and
removal. The split line can be fastened by high-strength bolting materials, designed for
the maximum loads on the gear. Pinions should be fabricated from ASTM A291 forged
steel. Pinion gear teeth should have a hardness of approximately 50 Brinell Hardness
Number (BHN) greater than the driven gear teeth to equalize wear. A pinion gear is
shown in Plate B-8. Gears should not be overhung on shafts, including speed reducer
shafts. The designer should specify the minimum contact area between pinion and spur
gears. The specifications should establish what misalignment is acceptable, define
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tolerances on the gear sets, and define what minimum contact area should be achieved.
The factors of safety in paragraph 2.1(b) shall not be exceeded.

Figure 2-27. Oil bath spur gear with wear

Figure 2-28. Greased open gear set

g. Round Link Chain. Round link chain hoists utilize both pocket wheel and
grooved drum lifting mechanisms. A close-up top view of a dual pocket wheel and chain
is shown in Figure 2-29. These types of hoists have been used primarily to replace
existing roller chain hoists. The selection of a chain-handling device depends entirely on
the type of chain to be used. There are many types of chains available for various
applications of lifting service. The links of the round link chain are not actually round, but
have round ends and approximately parallel sides. The calibrated links are designed
specifically to be used with a pocket wheel that drives the chain properly, loads each
link in tension and bearing, and eliminates the bending stresses in the links that occur
when a grooved drum is used. This type of chain is applied widely to both low-speed
and high-speed lifting and is both abrasion and corrosion resistant.
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Figure 2-29. Dual pocket wheel and chain

(1) Pocket Wheel. The pocket wheel, shown in Plates B-70 and B-71, is a
universally applied lifting mechanism to handle and hold a round link chain to the limit of
the chain’s breaking strength (326,000 Ibs). A pocket wheel is designed to properly load
the chain in tension and bearing without inducing the bending loads predominant in a
grooved drum. The wheel may be either a ring forging of alloy steel or a weldment. Two
spare dual chain pocket wheels with accompanying spur gear and shaft are shown in
Figure 2-30.

Figure 2-30. Dual chain pocket wheels with spur gear

(2) Design Standard. Round link chain used in chain hoists, shown in Plate B-72,
is made from an alloy steel. Although the materials and heat treatment might vary
among manufacturers, AISI 8620 is common for this chain. This material is heat treated
to the required tensile strength. Proof testing and visual inspection of each link of chain
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should be specified. The hardness of this chain from different manufacturers also might
vary, but a figure of 300 BHN is considered average with higher values desired as
specified below. The higher hardness of this material provides improved wear qualities
over low alloy chain. Low alloy chain of equal breaking strength has a greater energy
absorbing capacity for greater shock load capacity over that of high alloy chain. A
standard specification for a ring forging:

e Material ASTM A290, Class K, or AISI 8620 cast steel
e Tensile strength, minimum 1,170 Mpa (170,000 psi)

e Yield strength, minimum 1,000 Mpa (145,000 psi)

e Brinnel Hardness Number (BHN) range of 340 to 400

(a) The standards for the design of a pocket wheel are derived indirectly from the
dimensions included in DIN 22252, Part 1 (High-tensile Round-link Steel Chains for
Mining: Testing). This standard covers the dimensions and tolerances for chain that is
compatible with pocket wheels. Preliminary design calculations for pocket wheels using
a specific chain size are necessary in order to determine that the unit size is compatible
with any physical space limitations imposed by the gate machinery location.

(b) An additional auxiliary item required for a pocket wheel mechanism is a chain
locker. The general arrangement of a tainter gate pocket wheel chain hoist with divided
chain storage locker as viewed from beneath is shown in Figure 2-31 and Plate B-70.
The size of a chain locker should be such that it adequately contains the slack length of
chain when the gate is in the fully raised position. Chain locker volume should be a
minimum of the product of the diameter of the chain in inches squared, multiplied by the
length of the chain in fathoms, multiplied by 0.85. A sample calculation in Appendix C
shows various dimensions of chain lockers required for a 14-m (46-ft) length chain, 38
mm (1.5 in.) in diameter. In pocket wheel designs with dual hoisting chains on a single
pocket wheel, the chain locker should be equipped with a center divider to keep each
chain separate and prevent the chains from piling up on one another.
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Figure 2-31. Pocket wheel chain hoist with chain locker

(3) Availability. While no manufacturer will have a standard off-the-shelf product
that will fit a given application exactly, the technology to build a pocket wheel to a given
design criteria is available. The pocket wheel has been successfully installed at locks
and dams on the Upper Mississippi and lllinois rivers. The designer should be aware of
long lead times in the fabrication of large pocket wheels when assembling the contract
documents and establishing construction schedules.

(4) Assembly Test. After the first set of machinery is fabricated and completed, a
factory assembly lift test should be required as part of the contractor’s responsibility for
the gate-lifting machinery. These tests should include not only a design load test, but an
overload test that proves that the maximum specified motor torque will not deform the
chain nor allow the chain to slip on the pocket wheel. The field hoisting assembly and
pocket wheel elevation views are shown in Figures 2-32 and 2-33, and Plate B-70.
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Figure 2-32. Pocket wheel hoisting assembly

Figure 2-33. Pocket wheel elevation

(5) Grooved Drum. Another type of round link chain-lifting mechanism is a
cylindrical grooved drum. An example of a grooved drum arrangement is shown in
Figure 2-34. This design includes a cast or fabricated cylinder with a helical groove that
is either cast or machined into the surface. The groove is designed to accept every
other chain link and must be sized large enough to wind the entire length of chain
around the drum in a single row. One advantage of a grooved drum is that it requires no
chain locker since it stores the chain on the drum similar to a wire rope drum. The
diameter of the grooved drum should not be less than 25 or 30 times the diameter of the
bar used for the chain links. For applications where there is no additional room for chain
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storage, the use of a grooved drum might be indicated. An added advantage of this type
of drum is that it can accept a deformed link without becoming jammed. The main
disadvantage of the grooved drum is the manner in which it loads the chain links. Each
link is loaded in both tension and bending. This loading situation puts undue stresses on
the links, especially since chain links are not meant to be loaded in bending. A sample
stress calculation is in Appendix C. It shows a 38-mm (1.5-in.) chain being loaded on a
1.0-m (41.49-in.) diameter drum. The results of the calculation show that, even under a
normal tensile load, the chain is loaded at or near its yield point. Chain is typically
known by its breaking strength, and a proof load is normally specified. Actual stress
levels in a chain under loading are determined by an involved analysis dependent on
criteria such as chain geometry, hardness, material properties, etc.

Figure 2-34. Grooved round link chain drum

(6) Compatibility with Existing Material. The type of chain that can be used for
gate hoisting should be compatible with the existing gate and hoist component materials
to prevent undue wear and abrasion. Chain guides must be fabricated and installed on
curved face gates that have the gate connection at the bottom of the gate to allow the
chain to lay flat over the curvature face of the gate. Hoisting chains mainly bear against
the chain guides or plates at every other chain link parallel to the face of the gate. The
chain guides or bearing plates should be sized specifically for the chains that will be
installed. The chain guides and bearing plates should be compatible in size and
hardness with the lifting chain selected. Galvanic corrosion due to dissimilar metals also
should be considered during the design process.

(7) Tolerances. Manufacturing standards for calibrated round link chain require
that each length of chain meets certain tolerances with regard to link size and breaking
strength. High-alloy hoist chain is manufactured to length and width, plus or minus 0.51
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to 0.76 mm (.02 to .03 in.). These tolerances are an international standard so that all
chain, regardless of manufacturer, will be suitable for the intended use. The DIN
standards for strength testing of this chain are rigorous and include tensile, bending,
and shock tests.

(8) Abrasion. For chain to be suitable for dam gate-lifting service, it must be
resistant to abrasion caused by silt trapped in the submerged links. Chain used for dam
gate lifting probably will never be washed or cleaned because it would be difficult and
impractical to do so. High-alloy conveyor chain must be specified to be abrasion
resistant.

(9) Shock. To resist shock loads, a material must be strong and be able to absorb
the energy imparted to it by the shock load. When carbon steel is alloyed and heat
treated to increase strength, its energy absorbing capacity doesn’t increase
proportionately. Thus, for equal breaking strength, lower alloy material normally will be
more resistant to shock loading than higher alloy material. Round link alloy chain is
tested for shock loads by the manufacturer. To reduce the possibility of shock loads, the
designer should incorporate a pocket wheel guard with limit switches. The guard should
be mounted over the pocket wheel on spring mounts to allow the guard to detect when
the chain has debris caught in it or the chain tries to ride out of the pocket wheel. The
limit switch for the chain guard shown in Figure 2-35 has been tripped due to debris
caught in the chain and passing through the pocket wheel. The lever arm limit switches
detect the movement of the guard and can shut down the operation of the machinery
before a shock-loading condition occurs.

Figure 2-35. Chain guard limit switch

(10) Distortion. To be compatible with a host chain pocket wheel, the round link
chain must be capable of being loaded without being significantly distorted. If the chain
distorted, the links no longer would fit the lifting device pockets. Round link chain resists
distortion because the sides of the link are designed to remain parallel. If these links
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distort, they tend to elongate; but they only can do so after they have exceeded the
elastic limit of the material. The design criteria for lifting chain requires that the minimum
breaking strength of the chain be no less than five times the design load, and that the
lifting machinery shall in no case impart to the chain a load that will exceed 75% of the
yield strength of the steel in the chain in both tension and bending. When a chain is
selected within these design limits, link distortion will not be a factor.

(11) Corrosion. The round link chain discussed in this chapter normally should be
protected against corrosion. Hoist chain is available with a variety of special corrosion
coatings such as special paints, Tectyl 846-10 MIL Specification MIL-PRF-16173E,
Grade 4, Class |, or hot galvanizing. Hot galvanizing should not be used for chain in this
type of application unless the reduced strength due to reheating is taken into account.
The galvanization might also affect the chain’s ability to ride in the pocket wheel
correctly. Specifying the corrosion coating is the designer’s responsibility and will be
dependent upon the specific application and environment for which the chain is
intended. It should be noted that the existing chains on the prototype pocket wheels at
Lock and Dam 20 on the Mississippi River have worked very well for a period simulating
50 years of operation with no corrosion coating at all. However, mid-1980s field
installations on the lllinois River have revealed moderate corrosion and seized links in
the lower sections of chain normally submerged. These sections of corroded chain
normally are not raised out of the water or capable of being exercised through the
pocket wheel.

(12) Replacement. Replacement of round link chain described in this manual
should not be a problem in the future. This type of chain is widely used around the
world.

(13) Chain Costs. For comparison purposes and cost estimates, the cost figures
for chain in the round link hoist category can be obtained from various manufacturers
and from previously constructed Corps projects. Chains should meet the strength and
durability requirements for gate-lifting service at civil works projects. Differences in cost
could influence the chain selection criteria in projects with large quantities of chain
required. For example, the Mississippi River Lock and Dam 20 project required almost a
mile of chain to power all the tainter gates.

h. Engineered Steel Chain. In addition to round link chain, engineered steel chain
also should be considered as a replacement for existing roller chain. Roller chains
(using pins, rollers, and sidebars) have been a source of operation, maintenance, and
environmental problems at gated dams and spillways owned and operated by the Corps
for many years. Original roller chain designs were difficult to lubricate, causing bearing
surfaces to corrode and bind, preventing smooth operation of the chain over the
sprocket. As a result, spillway gates could not be operated, chains failed, and gates
were dropped. This created both a dam safety problem and a hazard for operating
personnel. The chain design that’s described herein has solved the problems
associated with previous roller chain designs for both tainter and roller gates at John
Martin Dam, Robert Byrd Lock and Dam, and others in the Corps’ St. Paul District. It
has been in use at these sites since 1997, with no problems reported. Discussed next
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will be material selection, corrosion prevention, first cost, and life cycle cost. An
engineering analysis of this type of chain is presented and maintenance issues are
examined.

(1) Terminology.

(a) It is important to show how a lifting chain for a tainter gate is different from a
bicycle chain, beyond the obvious size and strength differences. There are several
standards and a chain manufacturer’s association that classifies various types. The
chain industry, chain manufacturers, and American Chain Association (ACA) make a
distinction between roller chain and engineered steel chain. In general, roller chain is
used for power transmission between sprockets at moderate-to-high speeds. The chain
speed, sprocket design, and kinematics between the sprocket and chain are crucial.
Roller chain is manufactured per ANSI/ASME B29.1 (see standards paragraph below).
The tension members between pins (side plates) are called link plates. This type of
chain generally is produced in large quantities. The size and strength ratings are
relatively low.

(b) Engineered steel chain is intended for a wider variety of applications, including
materials handling, conveying, and other industrial uses. The engineered steel chain
usually is manufactured in smaller quantities; has greater strength, more corrosion
resistance, and greater shock resistance; and is designed to be used in severe
environments. The chain is manufactured per several standards including ANSI/ASME
B29.10 and B29.15. The side plates are called sidebars. The pin-bushing area is called
the chain joint. The sidebars establish the chain pitch (see Figure 2-36). The ACA
defines tension linkage chain as a chain application in which the main function is to
move a load slowly and intermittently through a short distance, or to hold a load. These
types of chains are well suited for Corps projects to hoist and support gate loads. The
function of a tension linkage chain is to transmit a moving force using chain tension,
hence the nomenclature. Lifting chain for roller and tainter gates, thus, falls under the
category of a tension linkage, engineered steel chain. Note these terms and their
meanings:

e Pitch is the distance between the centers of adjacent chain joint members or
center-to-center distance between adjacent pins.

e Sidebars are tension members connecting the chain joints

e Pins connect one link section to another. Pins are the shear members between
the inner and outer sidebars.
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ROLLER GATE LIFTING CHAIN

Figure 2-36. Chain assembly

(2) Standards. The American National Standards Institute (ANSI) and American
Society of Mechanical Engineers (ASME) both publish standards for chain, as stated
above. There are manufacturers that make a true metric chain. Also, the European DIN
(German) Standards and the International Standards Organization (ISO) categorize
metric chain.

(a) Many of the original tainter gate chain designs (from the 1930s) for the Upper
Mississippi River projects used offset sidebar roller chain as opposed to straight sidebar
roller chain. The primary benefit of offset sidebar type of chain is the links are all
identical. Offset sidebar chain can be used in odd or even number pitches. The primary
advantage of using straight sidebar chain is that the chain is easier to manufacture and,
for a given sidebar plate thickness, the straight sidebars will have more strength.
Straight sidebar chain consists of inside and outside links. Sections of this chain type
must be used in an even number of pitches (lengths). This chain also can be
constructed without rollers. However, in gate-lifting applications, the rollers are
necessary for reducing friction as the chain is going over the sprocket.

(b) It should be noted that the majority of the ANSI/ASME standards concern chain
used in power transmission rather than lifting applications. However, this difference is
generally irrelevant. The loading on the chain is basically the same in both applications
where the chain is going over a sprocket. The biggest difference between power
transmission and lifting application is likely to be the speed. In lifting applications the
chain travel will be extremely slow. ANSI/ASME B29.1M, Precision Power Transmission
Roller Chains, Attachments, and Sprockets, lists a series of standard roller chains. This
standard only classifies chain with pitch dimensions up to 3.0 in. ANSI B29.1 assigns
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standard number designations to chain based on pitch, chain width, and roller diameter.
The chain sizes given in B29.1 are generally inadequate for the maijority of tainter gate
and roller gate lifting applications. The primary benefit of this standard is that any chain
manufactured according to it will fit over any corresponding sprocket manufactured to
the standard. The chain of one manufacturer will replace the chain of another
manufacturer. ANSI/ASME B29.10M, Heavy Duty Offset Sidebar Power Transmission
Roller Chains and Sprocket Teeth, only standardizes offset sidebar chain. This standard
is an engineered steel chain standard and includes chain with pitch dimensions up to 7
in. (177.8 mm) and a minimum ultimate strength of 425,000 Ibs (1890 kN).

(3) Material Selection. Material selection is likely the single most important feature
of the lifting chain design. The type of material used will impact the strength, corrosion
resistance, and overall life of the chain. Proper material selection must be made to
ensure a 50-year life for the lifting chains. Lifting chains normally are subjected to all
weather and river conditions. For projects that maintain upper pool, the portion of the
chain that connects to the gate will be submerged in the river. This will subject the chain
to silt and debris. Because the dam gates rarely are moved completely out of the water,
the lower section of chain will be submerged for a majority of its service life. This lower
portion of chain also will be subjected to sandblasting and paint over spray when the
dam gates are being painted.

(a) Recent lifting chain design utilizes aluminum bronze sidebars and stainless
steel pins (see Figure 2-37). Both materials should provide adequate corrosion
protection to allow the chain to last 50 years. Aluminum bronze is manufactured per
ASTM B505, and 62,000 psi (427,586 kPa) minimum yield strength is specified.

Figure 2-37. Typical engineered chain installation
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(b) The stainless steel pins are manufactured per ASTM A564, Type XM-25,
Condition H1050. This stainless steel is equivalent to Type 304 stainless steel for
corrosion resistance. The primary disadvantage of using this type of stainless steel is it
was developed by one manufacturer and is not readily available from others. Other
options for the stainless steel include using ASTM A564, Type 630 (17Cr-4Ni). This
material is close in properties to XM-25 and is available from more manufacturers.
There are some disadvantages of using Type 630 stainless versus XM-25. The Type
630 stainless is more difficult to machine and must be age hardened prior to using. A
comparison of the stainless steels is provided below in Table 2-1. Plates B-01, B-02,
and B-03 show engineered steel chain assemblies and components. Figure 2-38 shows
a chain using aluminum bronze sidebars and stainless steel pins installed on a tainter
gate. This chain had been in service more than 10 years.

ASTM A A564, ASTM A564,
Type XM-25, H1050 Type 630, H1025
Min Tensile 145,000 psi 155,000 psi
Min Yield 135,000 psi 145,000 psi
BHN 321 331
BHN is Brinell Hardness Number

Table 2-1. Engineered steel chain material comparison

(4) Cost. The cost of the lifting chain primarily will be a function of the materials
used. Although carbon steel materials will have the lowest initial cost, it is likely that the
underwater portions of the chain will need replacement over 50 years. The stainless
steel and aluminum bronze chain design, thus, will have a lower life cycle cost including
maintenance costs.

2-38



EM 1110-2-2610
30 Jun 13

Figure 2-38. Engineered chain installation on a tainter gate

(5) Chain Design. Chain design is based on a 50-year service life. Several design
considerations need to be analyzed to ensure this 50-year life. Strength and material
selection are probably the most important. As discussed, the material selection will
dictate how much the chain will corrode over 50 years, in particular the lower section of
the chain. There are other design considerations that must be analyzed. These include
yield strength, shear strength, fatigue strength, bearing stress at the chain joint, bearing
clearance at the chain joint, and shock loading.

(a) The ANSI/ASME standards define minimum ultimate strength (MUS) as the
tensile load in pounds (or kilonewtons) at which a chain, in the condition at the time it
left the factory, might break in a single load application. The yield strength of the chain
should be 40 to 60% of the MUS. The chain also should be designed for shock loading.
An example of this would be when a gate falls under a slack chain condition. The ACA
Design and Applications Handbook lists a service factor of 1.4 to 1.7 for heavy shock
loading. Several of the lock sites have broken chain when a gate has been dropped
under slack chain conditions or when slack chain was generated to provide additional
momentum for breaking a frozen gate loose. Though these practices are not
recommended by the designers, the lifting chain likely will be subjected to these
conditions sometime over the course of its service life.

(b) Since the lifting speed of dam gates is very slow, the chain/sprocket design is
not paramount. The main factor for the chain is the ability to hoist and hold the load from
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the dam gates and perform under all service conditions. The interface between the pin
and sidebar of the chain (or the chain joint) will be the highest stress area of the chain.
A chain failure will result from either a sidebar or pin failure in this area. At the chain
joint area, the sidebar will be in tension and shear. Corrosion in the chain joint area
might cause the pin not to rotate as the chain is going over the sprocket, causing
damage to the gate hoist machinery. The bearing clearance necessary in the chain joint
will depend on the materials used for the sidebar and pin. A minimum clearance of .005
in. is used in the current chain designs. This value should be doubled or tripled if steel
sidebars and pins are being used. The pin undergoes bending stress in the center
between sidebars and shear stress at the chain joint. Both values need to be calculated.

(c) An appropriate design standard is necessary to adequately design the chain
joint area and determine a bearing stress. The American Association of State Highway
and Transportation Officials (AASHTO) standard for bridges can be used for this
purpose. In particular, the design constraints for pins, rollers, and rockers for bridges
can be utilized. This standard makes a distinction between bearing stress on pins
subject to rotation versus non-rotating pins. The chain joint should be classified as a
rotating joint as opposed to a non-rotating joint. The standard also sets an allowable
shear stress (Fv) of 40% of yield for the pin. The AASHTO standard also helps
determine whether a bushing or bearing is required. The AASHTO Specification for
Highway Bridges, 15th Edition, 1992, Section 10 (Structural Steel), Part C (Allowable
Stress Design), Table 10.32.1A, permits an allowable bearing stress of 80% of yield for
pins not subject to rotation. This specification allows a bearing stress of 40% of yield for
pins subject to rotation. The standard states the effective bearing area of a pin shall be
the diameter multiplied by the thickness of material on which it bears (e.g., the sidebar).
The AASHTO standard for pins, rollers, and rockers is meant to eliminate galling in the
pin/rocker area (i.e., the chain joint). The AASHTO standard implies that stress values
below 40% of yield strength will avoid galling and that a bushing or bearing is not
required. The standard only recognizes structural steel and alloy steel materials. Galling
results from metal-to-metal contact. When a cohesive force between two metals
exceeds the strength of either metal, adhesion or cold welding will occur. Under high
stresses, cold welding will occur more rapidly and over a wider area. For instance,
galling likely will occur when the chain is loaded up to and beyond yield limits. Galling is
also a particular concern when stainless steels are mated with other stainless steels. To
avoid galling, the 40% of yield value might need to be lowered in applications where the
stainless steel chain (sidebar and pin) is used without bearings or bushings. The
surface finish at the chain joint also will affect the rate of galling. The smoother the
surface finish, the less likely galling will occur. Chain designs using aluminum bronze
sidebars and stainless steel pins will act like a bushing/pin interface. These two metals
have good compatibility in terms of their bearing properties. These materials also have
a fairly low corrosion potential (from dissimilar metal corrosion or galvanic corrosion).
The lower the potential difference, the less likely galvanic corrosion will occur. The
Metals Handbook, Volume 1, Properties and Selection of Metals, 8th Edition, American
Society for Metals, lists a potential difference of 79 mV between aluminum bronze and
304 stainless steel in dilute sea water. This compares to 904 mV between zinc and
copper.
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(d) Fatigue strength of the chain also should be considered in the chain design,
though the chain speed is slow. Fatigue strength is not likely to be the limiting factor in
chain design at many Corps projects. Each specific application should be verified by the
specific site conditions and projected cycles of operation. For the Corps’ St. Paul
District, it was assumed that the gates will be raised and lowered three times per week,
which means over a 50-year period the chains will be cycled nearly 10,000 times. As
each chain link section goes over the sprocket, it will be subjected to maximum tension.
The link section then will be slack as it goes over the sprocket and is coiled in the chain
rack.

(6) Maintainability. A primary goal of chain designs should be either to eliminate or
reduce the amount of maintenance necessary on the gate-lifting chains. For projects
that normally maintain an upper pool, a reasonable assumption can be made that it
takes a crew of four people one week to bulkhead a single gate, temporarily support the
dam gate, and grease the lifting chains (two per tainter gate). Switching to a non-
lubricated chain offers a significant cost savings over 50 years. When compared to
replacing existing chain with wire rope, chain replacement offers several advantages.
First, the existing gate-lifting machinery could be reused. Using chain instead of wire
rope also requires less maintenance and replacement over 50 years. Wire rope must be
lubricated on a regular basis. Any damaged part of chain can be replaced individually,
while wire rope must be completely replaced.

(a) Many original (1930s design) lifting chains for the tainter gates were lubricated
in a number of different ways. All these lubrication methods allowed oil and grease to
enter the water. Some of the lock sites lubricated the chain with 30W motor oil. Other
sites used diesel fuel or waste oil. None of these methods allowed any lubricant into the
chain joint because the bearing clearances were too tight. Grease lubrication systems
worked well initially, but there are a number of them now that will not accept grease.
This system offered no advantages from a maintenance standpoint, and excess grease
still ended up in the river.

(b) The chain design presented herein uses no bearing or bushing in the chain
joint. The chain joint is designed as a bushing because the sidebars are made of
aluminum bronze and the pins are made of stainless steel. This design will eliminate the
need for greasing of the chains.

(7) Zebra Mussels. Zebra mussels have become more prevalent in the Upper
Mississippi River system within the last several years. Zebra mussels attach themselves
to submerged gates, intake valves, grating, concrete, etc. The submerged portions of
the gate-lifting chain should be designed to reduce or eliminate zebra mussel
attachment. Proper material selection is one method to reduce or eliminate zebra
mussels from attaching themselves to the chain and its components. Testing and
research by ERDC/CERL have shown that zinc and copper are toxic to zebra mussels.
As stated, the latest designs for hoisting chains use aluminum bronze sidebars and
rollers. The specific alloy used in their design was UNS No. C95500.This alloy is 78%
copper. Recent field inspections of these components indicate little zebra mussel
attachment to the lifting chains. Some zebra mussels were attached to the stainless
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steel collars and pins, but no mussels were attached to the aluminum bronze sidebars.
Refer to EM 1110-2-3401, Thermal Spraying: New Construction and Maintenance,
Chapter 5, and EM 1110-2-2607, Planning and Design of Navigation Dams, Chapter 4,
for discussion of applications for control of zebra mussels.

i. Shafts. Shafting should be designed in accordance with the machinery
component criteria for the rated loads and increased by applicable shock and fatigue
factors. A factor of safety of 5 should be applied to shafts based upon the ultimate
strength of the materials, provided the stresses produced by the maximum torque of the
motor do not exceed 75% of the yield point of the materials involved. The design criteria
for all shafts should be the ASME Shafting Code equations with applied torsional and
bending factors for heavy shock loading. The ASME Shafting Code requires additional
stress reduction factors for keyways in the shaft. Stress concentration factors should be
used where applicable. A combined shock-and-fatigue factor of 1.25 is recommended.
Shafts should be supported at locations required to minimize bending and axial
movement, yet allow for thermal expansion. The distance between bearings on shafting
subject to bending, except that due to its own weight, should be such that the maximum
bending moment deflection is limited to be fewer than 0.83 mm/m (0.01 in./ft) of length
at the maximum rated load. Torsional shaft deflection should not exceed 0.26 deg/mr
(0.08 degf/ft) of shaft length at the maximum rated load. Shafts should be fabricated
from forged steel, such as ASTM A668. Where spur gears are mounted on separate
shafts, the relative slope of the shafts, at the centerline of the gear mesh, should not
exceed one-third (1/3) of the gear backlash divided by the smallest gear face width. The
typical backlash for spur gears is 0.03/DP to 0.05/DP, where DP is the diametral pitch.
Fillets shall be provided where changes in section occur. All keyways shall have fillet
radii. All shafts shall have standard keyways and keys, in accordance with ASME B17.1,
Class Il.

j- Sheaves. Sheaves should be heat-treated cast steel, ductile iron, or
manganese steel and should be of standard dimensions with grooves clad with
stainless steel. Sheaves are designed to have a single lay of wire rope or to be able to
layer the wire rope upon itself with each revolution. The designer should take the
sheave and wire rope construction into consideration for each type of spooling
arrangement. Grooved and plain drums also can be used to spool the wire rope onto a
single layer or multiple layers. Drums either can be fabricated and machined assemblies
or spun castings. Sheaves can be forged or fabricated. Each sheave should have a
groove and pitch diameter that corresponds to the recommended factors for the mating
wire rope. The hubs should be fitted with plain bearings or roller bearings with
appropriate lubrication fittings. The sheave flange, rim thickness, web thickness, angle
of contact, and inside diameter of the hub dimensions should be in accordance with the
standard manufacturers’ typical products for the appropriate size and construction of
wire rope. Published ratings of sheaves should be used in determining the factor of
safety. Machinery utilizing wire rope drum and sheaves are shown in Figures 2-39 and
2-41. A general machinery arrangement of hydraulic and wire rope for hoisting a vertical
lift gate is shown in Plate B-58. The choice of a larger sheave diameter, for a given
nominal wire rope size, improves fatigue life and reduces bending stress for the wire

2-42



EM 1110-2-2610
30 Jun 13

rope. The diameter of the sheaves may be as small as 24 times the rope diameter when
used with 6 x 37 strand wire rope for an emergency-type gate. When used with a lock or
dam operating gate, sheave diameter should be 30 times the rope diameter. Supporting
members used for supporting the hoist drums or sheaves on the structure or gate shall
be designed for the actual load plus 100% impact. The designer must provide specific
instruction to ensure new and repainted sheaves are not painted within the wire rope
grooves. Groove profile can be affected by paint accumulation and can result in
accelerated wire rope wear or damage. Figure 2-40 demonstrates the loss of groove
profile on a painted drum for proper seating of the wire rope.

Figure 2-39. Wire rope drum and sheaves
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Figure 2-40. Checking wire rope drum groove profile

Figure 2-41. Wire rope sheave

k. Speed Reducers. Speed reducers should be helical, herringbone, spiral bevel,
or worm type, in accordance with the applicable American Gear Manufacturer (AGMA)
standards. Applicable standards include AGMA 2001, AGMA 2003, AGMA 2015, AGMA
6013, AGMA 6113, and AGMA 9005. See Figure 2-42 for a miter gate speed reducer
installation. Plate B-4 shows a typical worm gear-type speed reducer. Speed reducers
should be selected based upon the manufacturers’ published ratings, including service
factors, for the required operating conditions. Special shaft diameters or lengths are
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available from most major manufacturers. Gearing should be made from high-strength
alloy steel, carburized, hardened, and ground after gear cutting to ANSI/AGMA Quality
11 or better, in accordance with AGMA 2015/915-1. Pinions gears should be cut
integrally on the pinion shaft. Spiral bevel gears should be made from high-strength
alloy steel with case-hardened teeth, crown lapped for quality and smooth operation.
Reducer shafts should be made from high-strength alloy steel and should be of
sufficient size to ensure rigid alignment. All keyways should have fillet radii. Keys should
be provided for all shafts and be of standard keyway design, in accordance with ASME
B17.1, Class Il. All fabricated dimensions of the keyways and keys should be included
in submittal requirements for government review. All speed reducers should be
equipped with anti-friction bearings. Overhung loads on speed reducer shafts should be
discouraged, unless available space is severely limited by design circumstances.
Speed-reducer lubricants, for the bearings and the gear sets, should be chosen for
operation in the existing ambient conditions. Where ambient temperatures fall below the
normal lubricant recommendations for the type of speed reducer required, a
thermostatically controlled unit heater, or heaters, should be provided in the reducer
enclosure. Well-type, non-immersion heaters are recommended to avoid localized
overheating, or cooking, of the oil and to facilitate replacement without removing the
gearbox from service. Heating elements should have a maximum watt density of 1.5
W/sq cm (10 W/sq in.). Synthetic hydrocarbon lubricants with a higher viscosity index
are an acceptable oil alternative, as approved by the speed reducer manufacturer for
the normal loads and speeds encountered in service. A separate lubricating oil-pumping
system, which sprays all gears and non-greased bearings before start-up and during
operation, should be provided for speed reducers that operate infrequently, start under
loaded conditions, or will be placed in extended storage. Speed reducers should be
specified with a lubricant thermometer, a level gauge, and a hygroscopic oil breather.
Condensation and moisture accumulation within gearboxes pose a significant challenge
for the designer. Water bleed-off ports, desiccant breathers, and water-separating
filtration are some of the different methods the designer might elect to incorporate.
Connection ports for portable filtering should be furnished on the gearbox to aid in
routine filtering of the oil and moisture removal.
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Figure 2-42. Miter gate speed reducer

[.  Wire Rope. Wire rope is a common product used for gate-operating
machinery. Round wire rope typically is defined as multi-wire strands laid helically
around a center core. The individual wires are woven together to form strands of wire.
The strands are wound about the center core to form the finished wire rope. The wire
material, method by which the wire is woven, the core construction, and any wire rope
coatings all influence the properties and strength of the wire rope. It also determines the
appropriate application for different wire rope types and sizes offered. Each round wire
rope is constructed to close dimensional tolerances. The round wire ropes generally
have a higher resistance to wear and mechanical damage than flat wire rope (woven
wire rope with a rectangular cross-section). A minimum factor of safety of 5, based on
the nominal breaking strength of the rope, should be applied to the maximum working
load. No rope should exceed 70% of the breaking strength at the locked rotor torque of
the motor. Wire rope constructions are available that are resistant to rotation, abrasion,
crush, corrosion, and fatigue. Wire rope systems generally are considered more
amenable to longer periods of inactivity than systems operated by hydraulically driven
gates, and are easier to maintain. It is the role of the engineer to determine the most
likely failure mode for which to design the wire rope application. More thorough wire
rope selection criteria are in EM 1110-2-3200 and the most recent edition of the Wire
Rope User’s Manual. A multiple wire rope and vertical gate pin plate is shown in Figure
2-43.
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Figure 2-43. Multiple wire rope and vertical gate pin plate

(1) Flattened strand wire rope often is recommended in gate hoist applications,
particularly where the rope wraps on a disk-layered drum. Flattened strand wire ropes
have circular cross sections that are constructed with some inner wires triangular in
shape to provide a greater cross-sectional area of metal for higher load-carrying
capacity. They also provide greater wire rope contact with the sheave for increased
bearing surface area when compared to standard wire rope. Consequently, flattened
strand has increased abrasion resistance, crushing resistance, and strength. It can be
difficult to locate manufacturers of flattened strand wire rope. With this in mind, the
designer must create wire rope hoisting systems with wire ropes that are readily
available at the time of construction and available for a foreseeable period of time to
allow for future replacement.

(2) The use of wire rope in gate hoist applications offers some advantages over
other types of hoists. Wire rope hoists have been used to replace chain hoists in some
applications. This is largely due to the advances in wire rope technology and
necessitated from the maintenance problems associated with older-style chain hoists.
The designer should provide the installer and maintenance staff adequate clearance
between the wire rope/sockets and all other machinery, anchorages, and tension
adjusters to allow room for movement and assembly of the components.

(3) Corrosion can be an issue with wire rope, but stainless steel and galvanized
wire rope offer desirable alternatives when used in the correct applications. Galvanized
wire rope is recommended for static wire conditions and should not be used for
submersed or bending applications. Galvanization in submerged applications reacts
similar to a sacrificial anode until the coating is gone and corrosion begins to deteriorate
the steel wires. Galvanized wire rope also is not recommended for bending applications
over sheaves, due to the galvanizing material filling the voids between the wires and
reducing the ability of the individual wires to slide against each other as bending occurs.
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(4) Stainless steel wire rope often provides the best characteristics for the
longevity of the design. Stainless steel ropes have a lower strength than available
carbon steel ropes, so their use often will result in larger diameter ropes or greater
numbers of ropes. Fatigue or abrasion will be the dominant failure mechanism of
stainless steel wire ropes, and they must be inspected regularly for broken or damaged
wires and replaced when the damage becomes significant. Stainless steel is the
material of choice for corrosion resistance, particularly on gate hoist applications that
are subject to submersion of the ropes or splash/spray, or where inspection or
lubrication is difficult. The use of sacrificial anodes is recommended for submerged
stainless steel wire rope/socket applications where the stainless steel is connected to
carbon steel components.

(5) Extra Improved Plow Steel wire rope provides the highest load-carrying
capacity of wire rope when compared to similar size wire rope of other material, but is
not protected from corrosion without added lubrication.

(6) Plastic coating or impregnation of carbon steel wire rope also is used for
corrosion resistance. It generally is not recommended. Although the plastic filling helps
prevent abrasion, concentrated corrosion cells can form where the plastic coating is
damaged or not present. Plastic coated wire rope also is difficult to inspect.

(7) Kevlar rope is an option where corrosion has been found to be an extreme
problem. Kevlar rope stretches more than steel and crushes when wrapped on a drum.
Because of its stretching characteristics, it stores more energy, and additional personnel
protection precautions must be taken to guard against rope breakage. The rope being
crushed out of a round shape does not seem to affect its strength.

(8) Wire rope connections to dam gates have been a problem due to the
environment and corrosion of mating surfaces (see Figure 2-44). Corrosion tends to
bind these surfaces and prevent the movement that is required as the gate is raised.
Stainless steel should be used for pins and washers, and consideration should be given
to the use of self-lubricating bushing material. Sacrificial anodes also might be required
in applications where dissimilar metals are used.
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Broken Cables

Note the broken cables.

Figure 2-44. Broken wire ropes at dam gate connection

(9) Socket design is an important consideration to the implementation of wire rope
installations. Epoxy products provide a viable alternative for the field installation of wire

2-49



EM 1110-2-2610
30 Jun 13

rope into sockets. The epoxy products require tighter tolerances for the openings in the
sockets through which the wire rope must pass. Standard zincing can be reliable, but
does face galvanic corrosion problems in submerged or wet environments. The zinc
sockets must be poured in a molten state, which poses additional safety concerns. The
zinc method also is becoming more difficult to procure due to environmental
considerations around the zinc material. Generally, it is considered good practice that
end terminations have an efficiency of at least 1.0 or can develop strength at least equal
to the breaking strength of the rope. Spelter sockets have been utilized extensively on
inland navigation projects with good results. Poor spelter sockets occur from not
following proper procedures, poor wire rope preparation, and the joining of incompatible
materials. Submittal certification of the assembler of these connections is highly
recommended to avoid inexperienced field assembly. An example of this is the
socketing of stainless steel wire rope with stainless steel sockets. It has been found that
socketing stainless steel wire ropes with zinc spelter sockets is more sensitive to
technique than either galvanized or plain carbon steel sockets. Preheating the socket to
232° C, in addition to strictly following the rest of the procedure, was found to be critical
to ensure good distribution of the zinc with good contact and no voids. This is necessary
to ensure that the wire does not pull out of the socket prior, at a load less than the
breaking strength of the rope. Adherence to industry standards for proof testing to 200%
of the working load is considered good practice. This includes testing with end
connections.

(10) Any multiple wire rope system must have provisions for equalizing the
tension in a group of wire ropes. A turnbuckle arrangement is shown in Figure 2-45. A
wire rope tensioning device or proposed method of achieving the acceptable tension
criteria should be specified. Any tensioning procedure specified should be thorough to
ensure proper load sharing among the wire ropes. A typical tensioning procedure
should require each wire rope of each wire rope assembly be tensioned within 5%of the
mean tension for that assembly. In addition, the total load supported by the wire rope
assembly on each half of the hoisted component shall be shared equally. The load
sharing should not be less than 48% nor more than 52% of the total load supported by
the wire rope assemblies connected to the same gate component. Adjustments should
be repeated until the wire ropes and assemblies are within these specified limits. In
multi-wire rope applications, the designer should require all wire rope to be supplied
under the same supplier lot number to avoid variations in wire rope diameters as a
result of allowable fabrication tolerances. This is especially important in retrofit or repair
work where a limited number of wire ropes are requiring replacement. Unequal
tensioning and overloading might occur in the individual wire ropes during operation,
due to the difference in wire rope diameters, as the wire rope is collected onto the
drums.
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Figure 2-45. Wire rope turnbuckle arrangement

(11) Lubrication of carbon steel wire ropes is recommended for corrosion
resistance. Lubrication of stainless steel wire ropes is recommended to reduce damage
from abrasion and fatigue in bending.

m. Anchor Bolts.

(1) Anchor bolts should be designed for the maximum normal load and the locked
rotor torque criteria. Anchor bolt groupings should be de-rated for concrete shear cone
overlaps. All anchor bolts should be detailed on the contract drawings with type of
material, threads, head, depth of embedment, and any special grouting or adjustment
provisions.

(2) Anchor bolts, even those only for shear conditions, should have hooks, bolt
heads, chairs, or body deformations designed to resist pull-out to the limits of the bolt
tension rating. Anchor bolts should be installed with a weather-resistant template made
from the actual device to be anchored. The specifications should have detailed
requirements or tolerances for leveling the machinery on the anchor bolts, grouting, and
pre-loading the bolts.

n. Fused Bolts. Several types of lock-operating machinery include devices
designed to fail at a pre-determined load to prevent overloading of other machinery
components. The most successful method for performing this function is usually a fused
bolt or bolts. Fused bolts can be designed to fail in tension or shear fairly accurately.
Bolts fail most predictably in tension. A standard manufactured bolt, of a particular
manufacturing run of bolts from the same material stock, can be load tested to improve
the accuracy of a design. The designer, by calculating the approximate reduction in
nominal diameter of the bolt required to fracture at a specific load, can test bolts
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machined to the reduced diameter to failure. Similar methods can be applied to shear
connections made by bolts. The designer must be careful to ensure that the
maintenance personnel realize that replacement of the bolts with bolts of the same
material and dimensions is critical. It is dangerous to replace these types of bolts with
larger, stronger bolts, because of re-occurring failures. Regular failure indicates another
problem with the machine or the original design load criteria. Larger bolts could move
the failure to a more critical design component. It is important never to use these
devices on a gate that can fall, causing damage to the structure. Fused bolts have been
used successfully on many miter gate machine items, such as operating struts and cone
brakes.

0. Keys, Pins, and Splines. Keys, pins, and splines are important connections in
lock-operating machinery designed to transmit power and motion to the gate. Keys and
keyways should be designed in accordance with ASME B17.1. With rare exceptions,
these items should be fashioned for the general design criteria, not for failure at or near
design operating loads. Any item that, by its failure, can cause a gate or machine to
free-wheel to impact with the concrete or steel structures should not be allowed to be
the weak link in the system.

2-3. Redundancy. Whenever possible and practicable, the design of gate-operating
equipment should include redundancy in the operating systems or interchangeability of
components to retain reliable operation.

2-4. Lubrication. The designer should review the guidance provided in EM 1110-2-
1424 for the proper selection of oils, greases, and fluids.

2-52



EM 1110-2-2610
30 Jun 13

CHAPTER 3
Hydraulic Drives

3-1. Description and Application. Hydraulic fluid power systems generate, transmit,
control, and apply hydraulic fluid to devices that perform work. Power is generated by a
hydraulic power unit (HPU) consisting of one or more pumps, valves, and controls
mounted on a fluid reservoir. Pipe, tubing, hose, and manifolds transmit the fluid to the
output devices. Valves control the direction, pressure, and volume of the fluid flow.
Actuators, such as hydraulic cylinders and hydraulic motors, are the typical output
devices. Hydraulic fluid power output devices often are used to operate lock gates,
spillway gates, and culvert valves. The Unified Facilities Guide Specifications (UFGS)
provide detailed assistance in the preparation of contract specifications of hydraulic fluid
power systems, (Section 41 24 26 Hydraulic Fluid Power Systems and Section 41 24
27.00 10 Hydraulic Fluid Power Systems for Civil Works Structures). Other industry
design standards covering hydraulic fluid power systems include NFPA and ISO. Many
European-based companies primarily use the DIN (German) Standards.

3-2. Hydraulic Systems. There are two basic types of hydraulic systems: open circuit
and closed circuit.

a. Open Circuit Systems. Open circuit systems generally have a high-pressure
supply line from the pump to the actuator and a low-pressure return line from the
actuator to the reservoir. The reservoir is vented to atmosphere and breathes as the
reservoir level changes due to the volume differential from stroking a linear actuator
(cylinder). Open systems usually have a directional valve and continue to circulate the
fluid when in neutral. Open systems have been the most common type used on locks.
They are generally less complex, have wide industry support, and one pump system
can handle multiple actuators. In general, hydraulic system designs for locks are
variations of open circuit systems. These variations include: centralized power unit
design, local power unit design, dedicated power unit design, and integral power unit
design. There are a number of other variations of these systems including adaptations
for spillway gates. A typical centralized system has a single power unit location with
piping and valves transmitting the fluid power to different locations. A typical local power
unit design places an individual power unit near the actuators to be operated at one
corner of the lock. A typical dedicated power unit design has a single power unit
adjacent to each actuator. An integral power unit design has a dedicated power unit
attached to each actuator to form a single, self-contained actuator.

(1) Centralized Power Unit. A typical centralized system has the power unit
located in a lock control building or shelter above the flood of record. The building
usually is located on the middle wall of a dual chamber lock, but can be on either wall of
a single chamber lock. An extensive piping system connects the power unit to the miter
gate and valve actuators. The piping system is installed in covered trenches or galleries
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on each wall and in crossovers to adjacent walls. A typical arrangement for dual
chambers consists of a reservoir and three electric motor-driven variable volume
pumps. Two pumps are selected for service and one for backup on a monthly basis.
The two-variable volume service pumps operate in tandem and can supply multiple
actuators on both chambers at the same time. Proportional valves normally are used to
provide variable speed control of the miter gates. A typical arrangement for a single
chamber has two separate power units, with each dedicated to the actuators on one
lock wall. The two power units are adjacent to each other for cross-connection. Cross-
connection of the main pressure, pilot pressure, and return piping system allows the use
of either system as backup for the other during malfunctions. Under normal operating
conditions each power unit will operate one miter gate or one culvert valve. If one
pumping system is damaged, the remaining system can operate two miter gate leaves
or two culvert valves at a reduced speed by pumping through the cross-connection
system to the appropriate control system. The principal advantages of centralized
systems are reduced initial cost of power units, centralized maintenance, and smaller
space requirements on the lock walls. The principal disadvantages are increased cost
for piping, increased piping friction, cost for lock piping crossovers, high vulnerability to
leakage, reduced speed/load capacity during backup operation or extremely cold
weather conditions, and increased noise level when in a control building.

(2) Local Power Unit. A typical local system has a power unit at each corner of
the lock walls. Each unit is used to operate the adjacent miter gate leaf and culvert
valve. It often is deemed prudent to furnish each power unit with an extra main pressure
pump, mounted on the same reservoir, to provide backup power. The principal
advantages of the local system are a reduction in initial cost of piping, reduced piping
friction, no cost for piping crossovers, reduced leakage, and lower noise levels in
personnel areas. The principal disadvantages are increased initial cost, decentralized
maintenance, no special provisions for flood protection, and larger total space
requirements.

(3) Dedicated Power Unit. Dedicated power units take the local system approach
even further. A typical dedicated system has a separate power unit at each miter gate
and each culvert valve. Each power unit normally is dedicated to operate its adjacent
miter gate or culvert valve cylinder, but it also can be cross-connected with another
nearby power unit to provide emergency backup. The principal advantages of the
dedicated system are a reduction of initial cost of piping, reduced piping friction, no cost
for piping crossovers, reduced leakage, full speed/load capability during backup
operation, and lower noise levels in personnel areas. The principal disadvantages are
increased initial cost, decentralized maintenance, no special provisions for flood
protection, and larger total space requirements.

(4) Integral Power Unit. An integral power unit features a hydraulic system that
combines a hydraulic power unit with a hydraulic cylinder to form a self-contained
actuator that is sealed and submersible. Instead of directional valving, integral power
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units utilize a bi-rotational gear pump mounted inside a sealed reservoir and driven by a
submersible electric motor attached to the reservoir. The speed and direction of the
cylinder rod are controlled by a variable frequency drive in the motor control center that
controls the speed and direction of the electric motor. The principal advantages of an
integral system are zero initial cost of piping, negligible piping friction, no cost for piping
crossovers, minimal leakage, quiet operation, low maintenance, submersible design,
and a reduction in total space requirements. The principal disadvantage is a
requirement to store at least one backup spare actuator of each size used on the lock.
See Chapter 4 for additional information and photographs.

(5) Compact Hydraulic Drive Unit. Recently introduced in Europe, a compact
hydraulic drive (CHD) unit is similar to an integral power unit, except it is not attached to
the actuator it operates. The compact modular unit is mounted near the actuator and
connected with a pipe or hose. A CHD also utilizes a sealed reservoir with a variable
frequency drive for speed control. Quick-release hydraulic couplings and electrical plugs
permit speedy replacement.

(6) Spillway Gate Power Unit. Spillway gate power unit design should be a
function of the maximum normal operating requirements of the dam. A centralized
system might be adequate where only one or two gates need to be moved in a single
operation and the length of piping is manageable. A local system, with each power unit
serving several gates, can be used for situations such as hydraulic-operated wicket
gates. Dedicated systems would be the most practical solution for large dams with
many simultaneous operations or remote-control capabilities.

b. Closed Circuit Systems. In a closed circuit, hydraulic fluid is returned from the
actuator directly to the pump. Closed circuits generally are used only in applications with
a rotary actuator or hydraulic motor. These systems have a high- and low-pressure side
and a small sealed reservoir to collect pump and motor leakage. Leakage normally is
returned to the system by an auxiliary pump. Closed systems are limited to one pump
per actuator applications. Closed systems have been widely used for mobile hydraulics,
but their application to locks that generally use linear actuators or cylinders is limited.

3-3. Component Parameters. Hydraulic system components generally are specified by
parameters of flow rate, pressure rating, and optional features. Pressure and flow
volume are intimately related to temperature and viscosity of the hydraulic fluid. The
system design operating pressure can be best determined by requirements for
reliability, efficiency, safety, maintainability, and life cycle cost analysis. The system flow
rating generally is based upon the required gate operating times. Gate operating times
should be computed on the basis of established experience and safety considerations.

a. System Operating Pressure. Design system operating pressures usually are
determined by balancing the requirements of the hydraulic pump, the hydraulic actuator,
the piping friction, the control valve ratings, and the potential for shock loading. Typical
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operating pressures for centralized power units are 14 MPa (2000 psi) or less. Typical
operating pressures for local, dedicated, or integral power units are 21 Mpa (3000 psi)
or less. Many modern piston pumps are capable of trouble-free operation up to 34.5
MPa (5000 psi) for the volumes needed for lock and spillway service. Increased system
pressure, however, increases the risk of leakage and the size of some transmission
components. Increased size translates to increased life-cycle costs. Bending and/or
buckling loads often will govern when sizing the cylinders (bore and rod diameter),
which sometimes reduces the required operating pressure.

b. System Component Ratings. The manufacturer’s published pressure, volume,
friction, temperature, and fluid compatibility ratings should be used for selection of all
system components. They should have a normal minimum pressure rating equal to at
least twice the maximum normal operating design pressure. Components should be
specified to deliver the maximum design volume flow rate at a cumulative pressure loss
of less than 1 MPa (150 psi), including main system valves, piping, hose, filters, and
manifolds. The operating temperature ranges of hydraulic system components and the
oil used are important considerations because parts of the system normally are located
in machinery trenches and subject to ambient temperatures.

3-4. Hydraulic Cylinders. Hydraulic cylinders convert fluid power to linear motion. The
three basic types of hydraulic cylinders used in typical lock-and-dam machinery
applications are the tie rod type, telescoping type, and mill type.

a. Types of Cylinders

(1) Tie Rod Cylinders. Tie rod cylinders are commonly used in sizes below 10-in.
bore. These cylinders are more prone to problems caused by field maintenance than
other types of cylinders. They typically are designed for lower overall pressure
requirements than the mill type cylinder.

(2) Telescoping Cylinders. These cylinders are commonly used in situations,
similar to an elevator, where installation space is limited and loading is relatively minor
but the cylinder stroke required is very long. Because each stage of the cylinder must
be enclosed within another stage, the available force is limited.

(3) Mill Type Cylinders. Mill type cylinders generally are rated for the higher
pressures than the other designs. The cylinder heads generally are mounted with bolts
or cap screws. Most main operating systems should be designed for this type of
cylinder.

b. Cylinder Features. All hydraulic cylinders should be provided with SAE four-
bolt flange connections for the supply ports at the top or side of each end. All cylinders
should be furnished with air bleeds and oil drains at the high and low points,
respectively, at each end. All cylinders should be provided with zero-leakage sealing
systems to prevent drift and environmental contamination. All piston rods should be
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either nickel chrome-plated steel or chrome-plated stainless steel. All cylinder mounting
features, including trunnions, should be attached by the manufacturer at the factory.
The cylinder stroke should be designed with sufficient overtravel to facilitate installation
tolerances for proper adjustment. The cylinder rod should be designed with a minimum
factor of safety of 3.0 to resist a buckling load under compression. Optional features
may be obtained with the initial purchase of cylinders. The cylinder may be furnished
with local control manifolds mounted directly to the cylinder, adjustable cushions to
assist in deceleration when approaching the stoke limits, and stop tube or double
pistons to assist in resisting side loading of the piston rod.

c. Packaging for Shipping, Handling, and Storage. All cylinders shall be
packaged for the maximum storage time and conditions anticipated under the contract
duration, including shipping conditions. Cylinders should be shipped with the piston
rod(s) retracted and restrained from movement. The contractor shall follow the
manufacturer’'s recommendations for cylinder storage and maintenance while stored.
Unless specified otherwise by the manufacturer, cylinders stored horizontally should be
rotated 90 deg every six weeks. Periodic rotation isn’t required for cylinders stored
vertically with the rod up. Small cylinders shipped without oil shall have a vapor phase
inhibitor added to prevent corrosion, and then be flushed and filled with clean system
fluid before being put into service. Large cylinders should be shipped from the
manufacturer, filled with the required system fluid and remain filled with fluid while in
storage. Temporary accumulators, stand pipes, or similar expansion devices should be
installed by the manufacturer before filling to accommodate oil expansion due to
temperature changes during shipment and storage.

3-5. Hydraulic Motors. Hydraulic motors convert fluid power into rotary motion.
Pressurized fluid from the hydraulic pump turns the motor output shaft by pushing on
the gears, pistons, or vanes of the hydraulic motor. Hydraulic motors can be used for
direct drive, where sufficient torque capacity is available, or through gear reductions.
Most hydraulic motors must operate under reversible rotation and braking conditions.
Motors often are required to operate at relatively low speed and high pressure. Motors
can experience wide variations in temperature and speed in normal operation. There
are three types of hydraulic motors: gear, piston, and vane.

a. Gear Motors. Gear motors are compact, basic in design, provide continuous
service at rated power levels with moderate efficiency, and are reliable with high dirt
tolerance. There are several variations of the gear motor, including the gerotor,
differential gear motor, and roller-gerotor; all produce higher torque with less friction
loss.

b. Piston Motors. The most common type of motor available is the axial piston
type. Axial piston motors have high volumetric efficiency, which permits steady speed
under variable torque or fluid viscosity conditions. This permits the smoothest, most
adaptable approach to variable loading conditions. Axial piston motors are available in
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two types of design, swash plate and bent axis. The swash plate design is the most
commonly available hydraulic motor. The bent axis design is the most reliable and the
most expensive. Radial piston motors are extremely reliable, highly efficient, and rated
for relatively high torque. Radial piston motors are less commonly available, which
might require extensive investigation into availability to insure adequate procurement
competition. All piston motors are available in fixed and variable volume versions.

c. Vane Motors. Vane motors are compact, simple in design, reliable, and have
good overall efficiency at rated conditions. Vane motors use springs or fluid pressure to
extend the vanes. Vane motors generally use a two- or four-port configuration. Four-port
motors generate twice the torque at approximately half the speed of two-port motors.

3-6. Hydraulic Pumps. Hydraulic pumps convert electrical energy into fluid power. The
fluid power is in the form of hydraulic fluid delivered to operating devices at a pressure
and volume required to perform the work of the system. Gears, pistons, or vanes are
used to compress the hydraulic fluid to the conditions required by the system. Hydraulic
pumps generally operate at higher speeds and pressures than hydraulic motors without
significant thermal shock, speed, and load variations. While some systems use
reversible pumps, most lock operating systems use a unidirectional pump with a
directional control valve to reverse the operation of the actuators. Hydraulic pumps
generally have three basic types: gear, piston, and vane.

a. Gear Pumps. The gear pump is a simple, rugged, positive-displacement
design with a large capacity for a small size. Gear pumps have a high tolerance for fluid
contamination, good overall efficiency, and are relatively quiet. While these pumps are
fixed volume at a given rpm, their flow rate/rpm characteristics are linear within their
efficiency ranges. Speed and direction control of an actuator therefore can be provided
by driving a reversible gear pump with a variable speed electric motor, which makes
them ideal for integral type power units. Gear pumps also are commonly used for pilot
pressure applications. Gear pumps generally are restricted to less than 24 MPa (3500
psi) service.

b. Piston Pumps. The piston pump is the type most often recommended as the
main pressure pump for hydraulic power systems. It has the highest volumetric
efficiency, highest overall efficiency, highest output pressures, and longest life
expectancy. This type of pump is available in variable displacement models with a large
variety of control systems for pressure and capacity. It is recommended that the drive
motor speed be designed for 900 to 1200 rpm, if possible, in order to reduce noise and
increase pump life. Piston pumps generally are restricted to less than 42 MPa (6000
psi) service.

(1) Axial Piston Pumps. Axial piston pumps are used for high-pressure and high-

volume applications. The two basic types of axial piston pump are the swash plate and
the bent axis designs. The bent axis design is considered to be a higher quality pump
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with less noise, vibration, and wear than the swash plate design. Swash plate pumps
can be designed to drive a separate pilot pressure pump from a shaft extension, while
bent axis pumps will require a separate electric motor/pump arrangement for pilot
pressure.

(2) Radial Piston Pumps. Radial rolling piston pumps are an extremely reliable,
simple design. A typical design includes solenoid controls for up to five discreet
operating speeds. Each of the operating speeds has a variable adjustment range from
zero to full volume capacity to permit field adaptation to operating conditions. The
typical pumping system includes an integral pilot pump, internal pressure relief valves,
and associated control devices for speed of shifting between pumping rates.

c. Vane Pumps. Variable volume vane pumps are efficient and durable, as long
as a clean hydraulic system is maintained. In a simple circuit, the pressure
compensation feature of the vane pump reduces the need for relief valves, unloading
valves, or bypass valves. Vane pumps generally are restricted to less than 14 MPa
(2000 psi) service.

3-7. Control Valves. Various types of valves are used to control pressure, volume, and
direction of fluid flow in a hydraulic circuit. Typical operating elements of these valves
are poppets, sliding spools, springs, stems, and metering rods. Valves can be controlled
manually (i.e., with a hand wheel, lever, joystick, etc.), mechanically (with a cam, roller,
toggle, etc.), hydraulically (with pilot pressure), or electrically (with a Linear Variable
Differential Transformer, solenoid, etc.).

a. Circuit Types. Control valves are used in two basic types of hydraulic circuits:
closed loop and open loop.

(1) Closed Loop Circuits. Closed loop circuits use a feedback system that
generates input and output electrical signals to track system performance. The
electronics compare the input and output signals on a continuous basis in order to
automatically adjust the system to the level of performance required. Control valves for
closed loop circuits are typically proportional and servo-valves. Proportional valves are
also used in open loop circuits.

(2) Open Loop Circuits. Open loop circuits rely upon the performance
characteristics of the individual valve components to meet the system requirements.
Basic pressure control valves, flow control valves, and directional control valves are
used to alter the pressure, flow, and direction of the fluid power using only simple
electrical solenoids for control in an open loop circuit.

b. Valve Types. The following valve types can be used on either open or closed
loop circuits, although the servo-valve is typically used in closed loop circuits.

3-7



EM 1110-2-2610
30 Jun 13

(1) Proportional Valves. These valves can assume any position between their
minimum and maximum settings in proportion to the magnitude of an electrical input
signal. They can control direction, flow rate, and pressure. Because they can assume
multiple positions, the directional valve spools can be designed to throttle the flow rate
in each direction of motion. Actuator force or torque can be controlled by varying the
pressure. Pressure is often a function of actuator speed in lock-and-dam operating
equipment. Where pressure cannot be related to actuator speed, pressure control
valves must be used in the circuit. Proportional valves are mass produced with
interchangeable spools and valve bodies. This can lead to slight misalignment, which
results in center position overlap or no flow to the outlet ports. This flow deadband,
while not a problem in flow control type circuits, can cause errors and instability in
closed loop feedback positioning circuits.

(2) Servo-Valves. Servo-valves are made to closer tolerances than proportional
valves. These valves have superior response, repeatability, and threshold response.
They are, however, considerably more expensive than proportional valves.
Repeatability is a measure of the number of times a valve can produce the same flow
rate with repeated signals of the same magnitude. Threshold response is the smallest
variance in input signal that produces a corresponding change in the flow rate.
Meticulous construction is required to produce precise alignment of the spool lands with
the valve body ports. The higher cost of servo-valves usually is justified when more
sophisticated performance requires a high load stiffness, good stability, precise
positioning, good velocity and acceleration control, good damping, and predictable
dynamic response.

(3) Pressure Control Valves. Pressure control valves are used in hydraulic
systems to control power and to determine pressure levels at which various operations
or actions can occur. Pressure control valves can limit the maximum pressure in a
circuit, reduce pressure levels from one part of the circuit to another, provide alternate
flow paths for fluid at selected pressure levels, provide resistance to fluid flow at
selected pressure levels, and modulate transient pressure shock in a hydraulic circuit.
Pressure control valves include pressure relief valves, sequence valves, counterbalance
valves, holding valves, unloading valves, reducing valves, and shock suppressors. All
these valves have some method of pressure setting adjustment. Valves operating in
enclosed areas should be furnished with key-locked handles to discourage casual
adjustment. Valves exposed to weather, such as in grated pits, may be furnished with
lock nuts to maintain final settings.

(a) Pressure Relief Valves. A pressure relief valve limits upstream pressure to a
preset value by returning part, or all, when sized correctly, of the fluid flow to the
reservoir until the upstream pressure drops below the relief setting. The two principle
types of pressure relief valves are the spool type and the poppet type. The poppet type
has the shorter response time, but the spool type has more stability and accuracy of
operation and adjustment. Most main pressure relief and pilot relief valves should be the
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balanced piston (spool) type with an appropriate adjustable pressure range. Pressure
relief valves should be furnished for the main pressure pump, pilot pressure pump, and
each actuator line between the directional valve and actuator inlet ports.

(b) Sequence Valves. Sequence valves direct flow to a circuit in a predetermined
logical sequence by sensing that adequate pressure has been developed in one circuit
before allowing flow in another. Sequence valves might have to actuate two or more
spools or poppets to connect primary and secondary passages. Sequence valves
generally are used in circuits where one actuator must complete its operation before
another actuator, at a higher pressure, can begin its operation.

(c) Counterbalance Valves. A counterbalance valve is a normally closed pressure
control similar to a relief valve, but has a reverse free-flow check valve. Counterbalance
valves are used to control an overrunning or overhauling load. They commonly are used
on culvert valve control circuits to prevent the open valve from drifting downward when
main pump pressure has been blocked by the directional control valve. Counterbalance
valves can be used with an internal pilot or a remote pilot actuation. Using a remote pilot
can significantly reduce the power required to lower the load at a controlled rate.
Selecting the proper pilot ratio for a given application is important. In general, higher
pilot ratios are suitable for stable and constant loads, while lower pilot ratios are suitable
for unstable and varying loads.

(d) Holding Valves. A holding valve is basically a special type of counterbalance
valve, functionally similar to a pilot-operated check valve. Pilot-operated check valves
trap fluid to prevent actuator movement but, during actuator travel, produce little
resistance. Counterbalance valves, in addition to preventing movement, add resistance
during travel, which increases the power required to operate. Holding valves avoid the
objectionable features of both the counterbalance and pilot-operated check. Holding
valves also provide built-in thermal-relief protection.

(e) Unloading Valves. The straight unloader and the differential unloader are two
basic types of unloading valves. The straight unloading valve is a two-stage relief valve
with its pilot port connected externally to a separate signal source. The differential
unloading valve operates on an area differential between the control poppet seat and a
pilot piston of 10 to 20%. Unloading pressure is controlled by the spring force on the
control poppet. The pilot piston is actuated by external pilot pressure such that it
unseats the poppet at a preselected pressure. When the poppet opens, the main valve
spool shifts to the open position. The pilot piston then prevents the poppet from
reseating until the pressure drops below the required differential.

(f) Reducing Valves. A reducing valve is a normally open valve that modulates,
or blocks, flow at a preset pressure. They control downstream pressure by restricting
flow due to the positioning of the spool, with respect to the outlet port.
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(g) Shock Suppressors. Sometimes called safety valves, shock suppressors are
two-way valves that snap open to relieve hydraulic shock. Hydraulic shock is an
excessive pressure applied instantaneously to the circuit. When high-pressure, high
flow rate events occur, the two-way valve snaps open to allow the fluid to pass from the
inlet to tank. The small amount of fluid bypassed decreases the rate of pressure rise,
thus, preventing the shock.

(4) Flow Control Valves. Flow control valves are used to control the rate of fluid
flow from one part of the hydraulic system to another. These valves can be used to:

Limit the maximum speed of the actuating devices;

Limit the maximum power available to sub-circuits;

Proportionally divide or regulate the flow to different branches of a circuit;
Control the speed of pilot-controlled valves.

Flow control valves operate in three general configurations, meter-in, meter-out, and
bleed-off. Meter-in and meter-out methods use a throttling approach to restrict the size
of the fluid path, while bleed-off bypasses the flow to tank or a lower pressure area of
the circuit. Flow control valves can be compensated or non-compensated.
Compensated valves automatically adjust to provide uniform pressure drop across the
valve to furnish constant flow rates.

(a) Meter-in Circuits. Meter-in flow controls should be used when the load might
kick back, the circuit power or pressure level must be retained when the actuator
pressure level falls off, and for dividing flows to multiple branch circuits.

(b) Meter-out Circuits. Meter-out flow controls should be used when the load is
overhauling or overrunning, the load can decrease causing lunging, and when a back
pressure is desired for rigidity in motion.

(c) Bleed-off Circuits. Bleed-off flow controls should be used when a soft circuit is
desired, and when the power to be controlled is a fraction of the circuit power to the
actuator.

(5) Directional Control Valves. Directional control valves, by providing a choice of
flow paths, do one or more of the following:

e Control direction of actuator motion;
e Select alternate circuits;
e Perform circuit logic functions.
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The check valve is the simplest of all directional controls. Other directional controls are
described by the number of primary ports available for control. They usually are referred
to as two-way, three-way, or four-way valves.

(a) Check Valves. Check valves can be used for a wide variety of functions in a
circuit. They can be used to prevent flow in one direction, while permitting free flow or
pilot-controlled flow in the other. They can be piloted externally to provide an actuator
locking function. They can be used in pilot lines to provide rapid release of a pilot-
operated spool.

(b) Two-Way Directional Valves. Two-way valves generally are used to perform
logic functions such as AND, OR, and AND/OR decisions. These valves allow flow in
one position and no flow in the other. These valves can be in the normally open or the
normally closed position until actuated by levers, solenoids, pilot pressure, etc. Two-way
valves can be used to perform interlock or safety functions.

(c) Three-Way Directional Valves. Three-way valves have a pressure supply port,
a tank port, and one actuator port. These valves generally are used with an actuator
designed with springs or other means of returning to a rest position, because they can
address only one actuator inlet port. This type of valve generally is not recommended
for normal lock-and-dam machinery design, because it is important to use pump flow to
control operation in both directions of travel.

(d) Four-Way Directional Valves. The typical directional valve used on lock-and-
dam projects is the four-way, three-position, directional valve. This valve has four main
ports: main pressure, tank, actuator A, and actuator B. This permits the valve to reverse
actuator direction in a controlled manner with the main pump flow. These valves can be
furnished with a wide variety of spools for controlling flow. The directional control valve
is usually the single greatest pressure loss point in a hydraulic circuit. Therefore, to
minimize system losses, it is customary to design this valve for 1.5 to 2.0 times the
maximum system flow rate.

(e) Spools. The typical spool used for modern lock-and-dam hydraulic systems is
the blocked center, solenoid-controlled, pilot-operated, spring-centered type spool. This
type of spool is used successfully in hydraulic systems that can be operated remotely
with a series of interlocks to prevent conflicting machinery behavior. A solenoid-
operated pilot pressure four-way valve applies pilot pressure to shift the pilot-operated
spool in the main pressure four-way valve. The pilot pressure to each side of the spool
usually is passed through a combination flow control-reverse free flow check valve to
permit adjustment of main pressure spool actuation speed. The spring-centered feature
is used in the pilot valve and the main pressure valve, to return the system to blocked
center when the solenoids are not energized to permit machinery operation. The
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tandem center-type spool has been used with some success, when proper pressure
control valves are included in the circuit to prevent actuator drift after main pressure
pump shutdown.

(f) Controls. Solenoid-controlled, pilot operators usually are used on the more
modern open loop-type systems to allow remote, or centralized, operation with
appropriate electrical or electronic interlocks. Direct solenoid-operated valves are
generally available in smaller flow rate capacities. All solenoids should be equipped with
manual operating pins for troubleshooting and emergency operation. Lever or other
manual-type operators should be used only on the most basic systems, or where
human observation of the operation from the local controls is essential.

c. Mounting Systems. Control valves should be mounted on steel block-type
manifolds. Manifold systems are economical, reduce leakage, minimize piping
fabrication costs, and reduce space requirements. See paragraph 3-9.

3-8. Reservoirs. A general rule for the initial sizing of a hydraulic reservoir is that it
should have a minimum capacity of approximately 3 times the maximum pump
discharge rate. The actual capacity required will be determined by other factors such as
the number and size of actuators served, long lengths of large diameter piping, or
excessive thermal expansion. Because the typical hydraulic cylinder has substantially
more fluid per length of stroke on the cap-end side than on the rod-end side (the rod
takes up volume as it retracts into the cylinder), more fluid will be returned to the tank
when a cylinder is retracted. Where multiple hydraulic cylinders are served, an analysis
of all potential operating cases (number of cylinders that can be extended or retracted at
the same time) should be performed to determine the maximum and minimum reservoir
levels required for the complete system. The reservoir should have sufficient capacity to
provide a flooded pump suction, without vortex formation, under all operating conditions.
After the reservoir size is determined, its heat dissipation capacity should be checked to
see if it is adequately sized to dissipate heat generated by the individual components of
the system and any ambient or solar heat gain. The reservoir should be fabricated from
annealed and pickled steel or stainless steel plate, designed for the loads applied by all
accessories and pumping equipment. Coating the interior of reservoirs not made of
stainless steel with an epoxy system is no longer recommended by many hydraulic
system manufacturers. The reservoir should be internally reinforced, as required, with
vertical baffles to separate the return oil from the pump suction. The baffles shall be
designed to prevent turbulence at the pump suction. External pumps are recommended
for ease of maintenance, and each pump/motor group should be mounted with vibration
isolators and connected with flexible hoses and conduit to prevent noise and vibration
transmission to the reservoir and fluid. If internal pumps are required, D-Flange motors
should be used to allow easy motor removal without removing the pump from the
reservoir. The reservoir should be provided with appropriate oil level gauges, low- and
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high-level shutoff switches, magnetic particle collector, drain valves, removable clean-
out plates for suction and return sides, suction filters (if required for pumping unit
design), breathers, and reservoir heaters (if required by the hydraulic fluid design).

a. Oil level gauges. Oil level gauges should be one or more sight gauges placed
to show the full normal operating range of fluid levels within the middle 80% of the
gauge range. The lowest sight gauge installed shall have a thermometer designed for
the maximum normal hydraulic fluid operating range.

b. Shutoff Switches. Float-type shutoff switches have proven reliable. Switches
can be provided to prevent low suction level and overfill, as well as issue alarms when
approaching fault conditions.

c. Magnetic Particle Collectors. These devices are permanent magnets
immersed in the hydraulic fluid that collect metal particles that can cause pump
damage. Periodic inspection and cleaning of these devices can be essential in the early
identification of pump wear problems.

d. Drain Valves and Cleanouts. Reservoir drain valves should be designed to
permit easy access for draining the hydraulic fluid to the bottom of the reservoir. This
includes placing the location well above the surrounding floor level sufficient to place a
disposal container of modest size for collection of the fluid. Cleanouts should be
properly sealed, bolted or clamped, and placed for easy access when in service.

e. Reservoir Heaters. Reservoir heat is not required for most installations. There
is a large number of viscosity stable hydraulic fluids, designed for aircraft and missile
service, that are usable with piston pumps at temperatures as low as —40°C (—40°F).
Where it is determined necessary, the reservoir heating elements should not exceed a
watt density of 1.5 W/sq cm (10 W/sq in.) of element in order to eliminate charring of the
fluid.

f. Breathers. Hydraulic systems typically use a replaceable filter-breather device
that permits atmospheric air to be drawn into the reservoir. These devices can be
furnished with a desiccant-type filter for moisture control. Recent experience indicates
the best method of breather protection for hydraulic systems in the damp, lock-and-dam
environment is the use of a bladder-type breather system. Where sufficient space is
available, a flexible bladder-type breather system, usually called a reservoir isolator,
should be used. Reservoir isolators recycle the air to and from the reservoir, sealing it
from dirt, water, and other contaminants. Water in the hydraulic system is one of the
primary reasons for hydraulic component failures. Water usually infiltrates the system
from the moisture in the air that is exchanged in the reservoir through the breathers. A
bladder is an elastomeric air chamber that is connected to the reservoir. The bladder
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expands and contracts as the air volume changes in the reservoir, eliminating the need
for a breather. Reservoirs using bladders should be pressure tested and equipped with
relief valves. Where installation of a reservoir isolation bladder is not available, use of a
desiccant breather may be employed, though frequent replacement of the desiccant
might be necessary in humid environments. Another option is to install the reservoir in a
climate controlled room with dehumidification.

g. Control Valve Manifolds. For convenience of adjustment and maintenance, it
is beneficial to mount any control valves associated with the pumping system on a
control manifold mounted on the reservoir. In some cases, the directional control valves,
pressure controls, and flow controls can be mounted on the reservoir to conserve
space.

h. Secondary Containment. Some method of secondary containment for the
contents of the fluid reservoir should be provided to eliminate spills and waterway
contamination. The reservoir can be specified as double-walled with leak detection
electronics between the walls. The reservoir can be contained within a containment pit
similar to aboveground fuel tanks with leak detection electronics within the pit. This is
required for any reservoir with direct drainage features to the waterway, such as floor
drains, sump pumps, or lock wall recesses. Oil/water separators may be used to treat
drainage prior to discharge into the waterway, but these devices should be tested
thoroughly prior to installation to ensure that the effluent meets all state and local
environmental pollution criteria.

i. Reservoir Types. Separate reservoirs and sealed reservoirs are two basic
types that should be considered.

(1) Separate Type Reservoirs. Separate reservoirs are the most common design
in industrial, or lock-and-dam, applications. A separate reservoir can be designed for a
single pump/motor group serving one or more actuators or multiple pump/motor groups
serving many actuators. Some dual chamber locks with centralized power units have
one reservoir supplying three pump groups (two of the three normally are used), which
operate all the actuators for both chambers. The three principal versions of separate
reservoirs are rectangular, L-shaped, and vertical.

(a) Rectangular Reservoirs. These types of reservoirs use a rectangular steel box
to hold the fluid and house the accessories. They can be designed with the pump
groups mounted on top, underneath, or inside the reservoir. A short suction line, with
top mounting, is required for each pump that extends below the minimum suction
submergence of the fluid. The pump groups are provided with a flooded suction, with
underneath mounting, which improves pump operating conditions significantly. The
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pumps are submerged, with inside mounting, in the fluid and the drive motors are
mounted vertically on top of the reservoir.

(b) L-Shaped Reservoirs. L-shaped reservoir packages have the pump groups
mounted next to the reservoir on a common base. This arrangement provides good
access to components for maintenance and repair.

(c) Vertical Reservoirs. Vertical reservoirs have the pump group in a vertical
plane with the pump below a removable reservoir cover. While this arrangement is
compact, with a low suction lift requirement, the size is limited by the requirement for
lifting the entire pump group, controls, and reservoir cover to service any equipment.

(2) Sealed Reservoirs. Sealed reservoirs primarily are used for the integral power
unit of a self-contained actuator, which consists of a power unit attached directly to the
hydraulic cylinder it operates. These actuators can be configured in different ways by
changing the shape of the reservoir and where or how it is attached to the cylinder. The
direct connected miter gate actuators recently installed on several locks have long,
slender reservoirs made from square structural tubing, bolted to brackets on the side of
the cylinder. Tainter valve actuators also have been designed with shorter reservoirs
made from round structural tubing and permanently welded to the rear of the cylinder
tube during fabrication. This arrangement allows the actuators to fit existing recesses
without modification. Sealed reservoirs have a pump mounted inside and a submersible
motor mounted outside. Since these reservoirs do not have breathers or accumulators,
the air pressure inside will vary with cylinder rod position and oil temperature. The
actuator should be designed so the normal pressure range in the reservoir is between 3
and10 psig. Care should be taken to make sure the pressure never goes below
atmospheric or above 30 psig.

3-9. _Manifolds. Pre-drilled steel manifold blocks have been extremely reliable for
connection of control valve assemblies in hydraulic systems. Manifolds provide short,
direct flow paths between controls, which reduce friction and response time. Aluminum
manifolds should not be used with steel piping or steel-bolted SAE flange connections
due to the localized yielding of the aluminum threads during installation, from shock,
and vibration. The specification should ask for detailed drawings of the drilled passages
of the steel manifolds. Sub-plate type control valves are directly mounted or stack
mounted to the manifold, and cartridge-type valves screw directly into the manifold,
eliminating excess piping and reducing leakage. Maintenance costs are reduced by
eliminating piping connections. Manifolds can be sensitive to filtration problems, but
proper preventive maintenance should yield excellent results. Test ports should be
specified where required to provide convenient gauge connections for adjustment and
troubleshooting. It is essential to specify that all manifolds should be furnished with as-
built fabrication drawings that document the dimensions and locations of all pre-drilled
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passages, including where fabricating passages have been plugged. A manifold,
properly prepared for long-term storage, of each different type should be included in the
spare parts.

3-10. Filters. Pressure-side and return-side filters should be provided on all hydraulic
power units. Spin-on pressure line filters, rated for full maximum discharge pressure of
the pump, should be furnished for the main supply and pilot supply pumps. A large,
multiple cartridge, return line filter should be mounted adjacent to the reservoir. Return
line filters should be the full-flow type, designed to pass all flow through the filtering
elements. Return line filters should, however, include a bypass relief valve system
designed to shunt flow around the filter after a pre-set pressure drop is exceeded.
Return line filters should be provided with a maintenance indicator that clearly shows
when the cartridges need to be replaced. All filters should be rated for the minimum
required by the manufacturer for the types of valves used. Modern proportional valves
can require a particulate filtration rating as low as 5 microns with a B filtration ratio of
4.0, in accord with ANSI B93.30M. The system must be designed such that all hydraulic
fluid passes through one or more of these filters during installation, testing, and normal
operation. A 200-mesh suction strainer should be used on hydraulic pump inlets only
when required by the pump manufacturer.

3-11. Accumulators. Accumulators store hydraulic energy in a manner similar to
electric storage batteries. They store potential energy by accumulating pressurized
hydraulic fluid in a vessel for later release into the system. Accumulators can improve
energy efficiency, absorb shocks, damp pulsation, reduce noise, prevent pump
cavitation, compensate for leakage or thermal expansion, and provide emergency
operation capability. Accumulators are nominally designated by their energy storage
mode, either pneumatic, spring loaded, or weight loaded.

a. Pneumatic Accumulators. Pneumatic accumulators use compressed inert
gas, such as nitrogen, to force hydraulic fluid back into the hydraulic system.
Compressed air is not used due to the danger of explosive air-oil vapor. Accumulators
should be the separated type that uses bladders, diaphragms, or pistons to separate the
hydraulic fluid from the compressed gas. Bladder designs are the most versatile.

b. Spring-loaded Accumulators. These accumulators use a spring compressed
by a piston to force fluid into a hydraulic circuit. They typically are used for energy
storage in applications below 3.5 MPa (500 psi) and are not recommended for shock
absorption.

c. Weight-loaded Accumulators. These accumulators use a heavy weight to
push the piston down, forcing fluid into the circuit. They are typically very large, with
installation and maintenance problems, and, therefore, not recommended.
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3-12. Piping. All piping, including tubing and flexible hose assemblies, should be
designed for a factor of safety of 8, based upon the maximum normal operating
pressure. This should provide adequate design tolerance for shock and vibration.
Proper design of hose assemblies should include adequate length, swivels, end
connections and outer coverings to account for exposure to the environment, equipment
movement, and adjacent hazards. Black steel pipe should be furnished in the pickled
and oiled condition. Stainless steel pipe, however, has been found economically
justifiable on a life cycle cost basis, with reduced maintenance and leakage due to
corrosion. Hydraulic tubing can be used for diameters below approximately 40 mm (1-
1/2 in). Hydraulic tube fittings should be swaged type or flare type. Bite-type tube fittings
should not be used. All pipe hangers should be furnished with phenolic shock-absorbing
inserts to accommodate hydraulic system shock and vibration.

a. Required Design Features. All piping systems shall have air bleed valves at
the high points in the system. All piping systems shall have drain valves at low points in
the system. An analysis should be performed at sufficient intervals to locate shutoff
valves in the piping system and to permit localized drainage of piping for pipeline
repairs. Gauge and pressure transducer connections should be furnished at appropriate
locations for future system troubleshooting. Piping shall be tested to the maximum
normal working pressure rating of the pipe, tubing, or hose in the system.

b. Fluid Velocity Requirements. Main pressure lines should be designed for a
velocity of 3 to 4.5 m/sec (10 to 15 ft/sec). Hydraulic return lines should be designed for
a velocity no greater than 3 m/sec (10 ft/sec). Pump suction lines should be designed
for a velocity of 0.6 to 1.5 m/sec (2 to 5 ft/sec). Pilot and drain lines should be designed
for a velocity of 3 to 4.5 m/sec (10 to 15 ft/sec).

c. Piping Layout. The piping system should be arranged to permit convenient
removal of all valves, pumps, filters, actuators, and associated appurtenances. Shutoff
valves should be placed around equipment that might need to be removed from the
circuit for service. Piping should be sloped slightly to encourage complete drainage
during servicing. Expansion and contraction should be considered in any design with
long pipelines, with the inclusion of accumulators and hoses as required.

d. Hydraulic Tubing. Tubing is specified by outside diameter and wall thickness.
Commercially available tubing is clean and easy to bend. Tubing provides easier
installation, and fewer fittings are required. Stainless steel and carbon steel tubing is
available in welded and seamless versions. Some difficulty has been encountered with
the application of tube fittings to tubing above 40 mm (1.5 in.) outside diameter.

e. Hydraulic Hose. Hydraulic hose should be used to connect hydraulic
components for which relative motion, or thermal expansion, must be accommodated.
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Hose is specified by inside diameter and type of construction. Hose has three basic
parts: the tube, which is the inner liner that carries the fluid; the reinforcement. which is
the part that covers the inner liner with woven, braided, wrapped, or spirally-wound
materials for strength; and the cover, which is the exterior material that protects against
abrasion, chemicals, weather, and ultraviolet rays. Hydraulic hose should be specified
as indicated in SAE J517. Plastic hose is lighter, smaller, and lower in electrical
conductivity than synthetic rubber hose. Plastic hose is inert to most chemicals,
hydraulic fluids, and ozone. Rubber hose is more resilient and flexible.

f. Piping Fittings. Most piping system leaks occur at fittings or at the connection
of fittings with valves, pumps, manifolds, or actuators. Leaks generally are caused by
shock, vibration, thermal expansion/contraction. or human impact at joints. Piping
fittings should match the type of pipe system in use, such as butt-weld, socket welded,
swaged or flare tube, and swaged or crimped hose. Swivel fittings should be used with
hydraulic hose to avoid crimping and adverse bending. Quick disconnect couplers,
which incorporate check valves to shut off flow, can be used for infrequent or
emergency connection of equipment to the hydraulic system. Threaded fittings were
once common on old locks with low system pressures. Since threaded fittings are prone
to leakage, even at very low pressures, they are inappropriate for modern high-pressure
hydraulic systems.

3-13. Hydraulic Fluid. Hydraulic fluid generally is selected for compatibility with the
main hydraulic pumping unit. The operating range of the pump is the primary
consideration for system performance. Most normal operating systems, which
experience widely variable temperature and climate conditions, require the use of a
petroleum-based fluid with a high viscosity index (VI). The permissible viscosity range
varies with different manufacturers and types of pumps. Hydraulic fluids are covered in
EM 1110-2-1424. The physical characteristics, quality requirements, use of additives,
and types of hydraulic fluids are discussed in EM 1110-2-1424, Chapter 4. The EM has
requirements for biodegradable hydraulic fluids that are discussed in Chapter 8.
Hydraulic system cleanliness codes, oil purification, and filtration are discussed in
Chapter 12.

3-14. Gauges. All systems should have properly sized pressure and temperature
gauges at locations near important system operating equipment such as the pumps,
pressure control valves, actuators, and directional control valves. Pressure gauges
should be rated for the maximum operating pressure of the system. Gauges with
smaller scale ranges have, in general, higher accuracy. Manual pressure gauges should
have minimum intermediate graduations of 0.35 MPa (50 psi). Pressure gauges are
essential for proper troubleshooting of system performance. All pressure gauges should
be provided with pressure snubbers, to protect against shock. Shutoff valves should be
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used to isolate the gauges until readings are required. Glycerine-filled pressure gauges
are not required, unless severe vibration is expected at the gauge location.

3-15. Special Design Considerations and Lessons Learned.

a. Hydraulic Power Units. Conventional power units should be located in areas
that are not accessible to floodwaters. They can be placed in galleries, sealed pits,
buildings, or on platforms that are protected from the flood of record, with appropriate
freeboard. While submersible power units are available in some smaller sizes, they are
a proprietary item. Secondary containment features, such as dams, pits, and piping
penetration seals, should be coordinated with the structural design features. Secondary
containment monitoring should be coordinated with the electrical control and power
supply design.

b. Directional Control Valves. Close coordination with the electrical controls
designer is necessary when using proportional or servo-valves to provide feedback
control. Chapter 12 discusses power and control concerns for hydraulic systems.

c. Pressure Control Valves. Pressure control valve settings should be evaluated
for the maximum setting that will cause damage to the gate. This could cause an
increase in operating time, but will prevent frequent damage to expensive repair items.
Structural design items generally have lower factors of safety than the mechanical
equipment. Pressure relief settings should protect all equipment in the system, including
the gate.

d. Pressure Transducers and Gauge Ports. Pressure transducers can be used
to report, or record, pressures at key locations in the hydraulic system for
troubleshooting purposes. Transducers can report to a programmable logic controller or
personal computer. Gauges can be used for less sophisticated control systems for
which performance evaluations will be done manually. Push-to-read gauge devices
permit quick installation of portable gauges.

e. Hydraulic Cylinders. Most applications require coordination between the
electrical control system and the cylinder design to provide accurate position sensing for
the gate operations. The complexity of the position sensing system is dictated by the
complexity of the control system. Fully automated operations require sophisticated
systems. The actual length of stroke, or orientation of the cylinder, can restrict the type
of system that will give accurate indication.

f. Cylinder Tubes and Rods. Guide specifications indicate cylinder tubes should

be American Society for Testing and Materials (ASTM) A519 Grade 1018 heavy wall
seamless tubing. However, cylinder tubes fabricated from one-piece AISI 4340 steel
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with one-piece ASTM A36 steel trunnions have given satisfactory service for hinged
crest gates. The most common problem occurring with hydraulic cylinders has been the
leakage of hydraulic fluid. This generally is caused by corrosion and scoring of piston
rods. For this reason, the material and finish of the piston rods must be matched to the
conditions in which the cylinder will be used. Various piston rod coatings have been
developed for resistance to corrosion and abrasions. The guide specifications indicate
piston rods should be either carbon steel (ASTM A108 Type C 1045 or Type CR 4140)
with nickel and hard-chrome plating or stainless steel (ASTM A564/A564M or ASTM
A705/A704M, Type 630, or Type XM-12), heat treated to a condition of H-1150 and
hard-chrome plated. Ceramic-coated rods are no longer allowed due to corrosion
failures at several locks caused by the inherent porosity of ceramics, detailed in the
Engineering and Construction Bulletin No. 2009-3. Some promising new alternatives
have been developed that apply a corrosion- and wear-resistant coating to a carbon
steel rod by a weld overlay process or laser cladding, but experience with these
coatings in a navigation environment is limited. The current rod material and coating
combination of choice continues to be a stainless steel rod with chromium plating. The
stainless steel provides corrosion resistance and the plating provides a smooth, hard
surface for sealing while exhibiting good wear properties. In any case, the coating
should be in accordance with the manufacturer's recommendations, and the
manufacturer should be responsible for the selection of surface preparation of the rod,
the chrome plating or nickel chrome plating process, the quality of the plating, the
bonding of the coating to the base metal, and the finish.

g. Pistons. Pistons should be precision fitted to the cylinder body bore. They
should be fine-grained cast iron, designed and equipped with seals and bearing rings as
needed, and fabricated from materials as recommended by the contractor to provide
zero leakage. The design should protect the piston seals from blowout and over-
squeezing.

h. Seals. Dynamic seals should be suitable for frequent and infrequent
operation and should be capable of not fewer than 500,000 cycles of operation in
properly maintained systems. Cylinder tubes also should have the bore honed to a
surface finish compatible with the seals being used so as to result in zero leakage past
the seals. All seals should be of material suitable for use with the hydraulic fluid
specified. In the past, it was common for pistons to have only alloy piston rings. This
has been found to allow too much bypass of hydraulic oil around the piston, and
standard practice is now for all pistons to be provided with wear bands and seals. In
addition to the rod seals, a rod wiper or scraper usually is provided to exclude
contaminants from the interior of the cylinder. For rod seals, there has been success
using stacks of the chevron style. These are supplied as continuous rings but, in order
to facilitate changing the seals without disconnecting the rod, each ring has been split
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and installed with each split staggered. By doing this, it has been found that cylinders
have experienced no increase in leakage or decrease in service life. A recurring issue
has been the compatibility of rod seals with the surface finish of hydraulic cylinder rods.
This has been particularly true of rehabilitated cylinder rods for which the shop has the
capability to finish the resurfaced rods with a highly polished finish but they are not as
experienced with large cylinders and slow-moving applications typical of navigation
locks. The rod seals can function too efficiently if the rod is too smooth, causing stick-
slip due to high friction from the complete removal of the oil film on the rod. Many seal
manufacturers will claim an optimal range of 3 to 12 yin Ra but, when questioned, will
express a preference to stay to the upper end of that range. Above the manufacturer’'s
stated acceptable range, accelerated seal wear and leakage become a concern.

i. Piping. Piping should be pitched a minimum of 1/2 in. per 50 ft, in order to
provide high and low points, and accumulator tanks should be used in systems with
long lines to minimize the effect of hydraulic surge.

j- Air Bleeds and Drains. To facilitate complete filling of the system, air bleed
valves should be installed at all high points where air can be trapped. To facilitate
draining of the system for maintenance, drain valves shall be installed at all low points
so that a particular section can be isolated and drained and the complete system can be
drained if required.

k. Design, Coordination, Testing, and Commissioning. The hydraulic system
supplier should verify the design by providing detailed computations and shop drawings
for review and approval. To avoid compatibility issues between the hydraulic and control
systems, one supplier should be responsible for providing both the hydraulic
components and the control components as an integrated system. When possible,
integrated shop tests should be conducted to pretest the hydraulic/control systems and
provide initial component settings before shipment. Field tests and commissioning shall
be conducted to verify proper operation and document final field settings for all pumps,
valves, and control components in the system.

I. Guarantees. Although an exception to DOD policy, designers of some
installations have specified guarantee periods greater than one year. In some cases,
the guarantee period for hydraulic cylinder parts other than the rods have been
specified as two years from date of acceptance, and the hydraulic cylinder piston rod’s
guarantee period has been specified as five years from date of acceptance. The
warranty should be against defective materials, design, chrome plating or ceramic
coating of the rod, and workmanship.

m. Design/Build. When advantageous, providing the hydraulic system by means
of a design/build supply contract should be considered. The design should be based
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upon the conditions under which they will operate, and hydraulic cylinders typically are
used in exterior locations and might be exposed to hot or cold, humid, moist, and/or
dusty conditions. Therefore, the conditions in which the cylinders are to be located
should be specified in the contract.

n. Spare Cylinders and Parts. Spare hydraulic cylinders often are specified due
to the long lead time for obtaining a replacement if damaged. If spare cylinders are
specified, they must be stored and maintained properly. Some manufacturers
recommend their cylinders should be stored vertically with the rod up, but this is
impractical for large cylinders. Modern materials for bearings and seals have greatly
reduced the seal compression problems associated with long-term horizontal storage of
large cylinders. However, most manufacturers still recommend that stored cylinders
should be protected from the elements and fitted with accumulators or stand pipes to
ensure they are completely filled with oil. Provisions for periodically exercising stored
cylinders also are recommended. Exercising usually requires extending and retracting
the rod a few inches periodically to prevent the seals from sticking. Spares also should
be considered for other hydraulic system components such as control valves, protection
valves, hydraulic pumps, motors, etc.

0. Contamination Control During Construction. Something that will cause
problems and is difficult to correct if not adequately addressed during the construction
phase is protecting the hydraulic system from contamination during assembly. Modern
proportional valves have stringent oil cleanliness requirements, and contamination can
wreak havoc on a hydraulic system. Therefore, quality assurance and control personnel
must be fully trained in the importance of contamination control and those requirements
must be written into the contract specifications.

p. Other Important Design Considerations. Facilitating the ease of maintenance
should be a primary consideration. This includes designing for quick and easy
component replacement and, where possible, interchangeability of parts, including
hydraulic cylinders. Also, designing for simplicity not only will minimize the potential
failure points in the system but also will minimize the maintenance effort required in the
long term. The designer should make all attempts to minimize the number of
components that will be susceptible to corrosion when subject to the elements. Exposed
manifolds can be fabricated from corrosion-resistant materials, but often valve bodies
are carbon steel. They can be painted but often corrode in a short time. Covering these
components to protect them from the elements is often the best solution not only for
corrosion control but also for protecting electronic components from moisture. Finally,
the designer should design the system for robustness and extreme weather/flood
conditions.
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3-16. Position Measuring Systems. Modern hydraulic and control systems have
necessitated the accurate feedback of gate or valve position. Position sensing systems
are either integral with the cylinder or external to the cylinder and sense either the
cylinder stroke or the gate/valve position directly. Systems integral with the cylinder are
the most popular and require little or no design effort for external mechanisms or
linkages. They also offer the advantage of being included with the cylinder as a turnkey
product. Integral systems include the magneto resistive systems (Figure 3-1) and
magnetostrictive systems that require the rod to be drilled from the piston end for a
sensor rod. Problems with the magneto resistive type have included moisture ingress of
the electronics due to poor sealing and the buildup of hydraulic oil pressure between the
inboard and outboard seals on the cavity within the sensor. The latter problem can lead
to over pressurization of the sensor cavity and has led to failure of the sensor. Solutions
have included an external drain of the cavity to a small collection tank that must be
periodically checked and emptied. Limitations also include the fact that the system does
not provide an absolute indication of position or, in the case of power supply failure, can
lose track of its position and require reset. Magneto resistive systems used to require a
non-metallic ceramic rod coating, but new laser-clad coatings that will work with these
systems should be available soon. Magnetostrictive systems or linear displacement
transducers (LDT) provide an absolute indication of position but are limited to a
maximum stroke of approximately 25 ft because of the length of unsupported rod in the
cylinder when extended.
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Figure 3-1. Magneto resistive position sensor on rod end gland

a. Alternatives to integral position sensors include: retrofitting the hydraulic
cylinder to externally drive either a rotary encoder or LDT, driving a rotary encoder or
LDT directly from the gate or valve through an external linkage, or installing a moving
target to trip multiple proximity sensors. Maintenance of external systems is
independent of the hydraulic cylinders, possibly allowing a simpler and faster repair and
a greater likelihood of the gate or valve remaining in service while repairs are being
made. Examples of external systems are shown in Figures 3-2 through 3-5. Regardless
of system type, moisture ingress issues should be mitigated with appropriate sealing
precautions and care to place junction boxes above anticipated flood elevations.
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Figure 3-2. Miter gate cylinder with string pot for position sensing

Figure 3-3. Position encoder driven by roller chain connected to stoney gate valve
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b. A problem encountered with the system shown in Figure 3-3 has been that,
when temperatures are extremely cold, water spray from operation of the filling and
emptying valve freezes and accumulates on the chain. This causes the chain to jump off
the sprocket, and the correct position of the gate is lost.

Figure 3-4. Moving target with multiple proximity sensors at gudgeon pin
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Figure 3-5. Small LDT enclosed in cylinder-type housing and attached to miter
gate near the gudgeon pin
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CHAPTER 4
Miter Gate Operating Machinery

4-1. Linkages and Components.

a. General Description of Linkages and Components. The miter gate is the most
frequently used gate on navigation locks. The miter gate linkage provides the connec-
tion between the drive system and the gate itself. Mechanical linkages traditionally have
been utilized to open and close miter gates. The majority of the lock sites built in the
1930s on the Mississippi and Ohio rivers used mechanical linkages. Recently, direct-
connected hydraulic cylinders have become more prevalent and are used at both new
locks and for rehabilitation of existing locks. Four different types of miter gate operating
linkages have been used. The Panama Canal linkage, which has no angularity between
the strut and sector arms at either the open or closed positions of the gate, is shown in
Figures 4-1 and 4-2. The Ohio River linkage, which has angularity between the strut and
sector arms at both the open and closed positions, is shown in Figures 4-3, 4-4, and 4-
5. The Modified Ohio River linkage has angularity between the strut and sector arms at
the recess or open position and no angularity at the mitered or closed position. This
linkage is shown in Figures 4-6 and 4-7. A direct-connected cylinder is considered a
linkage in the sense that it provides the connection between the drive system and the
miter gate. A direct-connected cylinder, shown in Figures 4-8 and 4-9, consists of a hy-
draulic cylinder and rod connected to a pin on the gate and a pin on the lock wall. The
piston force is transmitted directly from the piston rod to the gate. A self-contained actu-
ator, shown in Figure 4-10, is a variation of the direct-connected cylinder.

(1) Mechanical drive operating machinery for miter gates usually consists of a
large gear wheel, typically called a bull gear or sector gear, (this EM will use the term
sector gear) and a sector arm revolving in a horizontal plane. The sector gear and sec-
tor arm are connected to the miter gate leaf by a strut. One end of the strut is connected
to the sector arm, and the other end is connected to a pin on the gate leaf. The sector
gear usually is driven either by an electric motor located in a recess in the lock wall or
by a hydraulically operated cylinder using a toothed rack gear (Figure 4-5). The latter
method is used when the locks are subject to flooding due to high river stages.

(2) The principal difference between the three mechanical linkages is the angulari-
ty of the connecting strut and sector arm at the extremities of gate travel. The modified
Ohio River linkage has angularity between the strut and sector arms at the open posi-
tion only. The Panama linkage has no angularity at either the open or closed position,
and the Ohio River linkage has angularity at both the open and closed positions. The
Panama linkage usually is driven by an electric motor. Hydraulic cylinders or electric
motors have both been utilized as the driving mechanism with the Ohio River and Modi-
fied Ohio River linkages.
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b. Panama Canal Linkage. The Panama Canal linkage has been used primarily
where electric motor operation was feasible, that is, at locations where high water will
not overtop the lock wall. The operating machinery for this linkage generally consists of
a high-torque, high-slip, alternating-current motor driving the gate through two enclosed
speed reducers, bull gear, sector arm, and spring-type strut.
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Figure 4-1. Panama Canal linkage (U.S. Army Engineer Waterways
Experiment Station 1964)

(1) This linkage will permit the gate to be uniformly accelerated from rest to the
midpoint of its travel, than uniformly decelerated through the remainder of its travel, thus
eliminating the need for motor speed control. This is accomplished by locating the oper-
ating arm and strut on dead center when the gate leaf is in both the open and closed
positions. The strut must be at a higher elevation than the sector arm to pass over the
arm and become aligned for the dead center position when the gate is fully open. Spe-
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cial consideration must be given to the design of the eccentric connection between the
strut and sector arm. This eccentric connection is shown in Figure 4-2 at Dresden Lock
on the lllinois Waterway. The strut passes over the top of the sector gear. An assembly
layout of the Panama-type linkage is shown in Plate B-13.

(2) The kinematics of the operating cycle are such that the elimination of all angu-
larity between the strut and sector arm reduces the velocity of gate movement near the
limits of gate travel for uniform rate of movement (constant travel) of the operating ma-
chinery. This in turn reduces the peak loads on the operating machinery. However, this
reduction cannot be obtained at each end of the operating cycle unless the sector arm
is raised above the sector gear to permit passage over the central axis.

(3) The eccentric connection is one of the primary disadvantages of the Panama
Canal linkage and is one reason why the Panama linkage generally is not used any-
more for new lock construction. Speed control now can be obtained through multispeed
motors or variable-frequency drive systems.

Figure 4-2. Dresden Lock, lllinois River, Panama Canal linkage

c. Ohio River Linkage. The traditional Ohio River linkage consists of a hydraulic
cylinder, piston rod, toothed rack meshed with a sector gear, and a sector arm. The
spring-type strut is connected to the gate leaf and sector arm (see Figure 4-5). A typical
machine is shown in Plate B-15. The traditional Ohio River drive system with a hydraulic
cylinder driving a toothed rack gear seldom is used, being replaced primarily by a direct-
connected cylinder. The exception is in a lock that is submerged a significant amount of
time each year. This is discussed further below.
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Figure 4-3. Ohio River linkage (U.S. Army Engineer Waterways
Experiment Station 1964)

(1) The Ohio River linkage also can be a mechanical drive with an electric motor
and gear reducer, which drives the sector gear/sector arm assembly. If the lock is prone
to flooding, the mechanical drive system can be raised above the lock wall. A strut arm,
which usually includes a buffer spring, connects the gate leaf and sector arm.

(2) With the traditional Ohio River drive using a hydraulic cylinder (and the direct-
connected cylinder linkages), load analysis for all components is possible. Overloads
due to surges or obstructions are carried through the piston and converted to oil pres-
sure, which is released through a relief valve. In this way, all machinery component
loads can be determined based on the relief valve setting. The Ohio River linkage offers
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several advantages because of its unique geometric configuration relating to the accel-
eration and deceleration of the miter gates. The disadvantages of this system are wear,
bearing forces, and mechanical inefficiencies associated with the geared rack, sector
gear, sector arm, and strut.

Figure 4-4. LaGrange Lock, lllinois River, Ohio linkage

(3) For lock sites that are submerged a large amount of time each year and have
water levels significantly over the lock, the traditional Ohio linkage offers some ad-
vantages. This is the case at Locks 52 and 53 on the Ohio River and several sites on
the lllinois River (Waterway). The hydraulic system and cylinder driving the toothed rack
gear is sealed, preventing water from getting into the hydraulic system. The cylinder is
fairly well protected from debris in the river. The gear rack and sector gear can be quick-
ly cleaned. No electrical motors are on the lock wall. The sector arm and strut arm can
absorb impact loading from debris better than a direct-connected cylinder. They are less
susceptible to damage than a direct-connected hydraulic cylinder.



EM 1110-2-2610
30 Jun 13

Figure 4-5. Lock 52, Ohio River, Ohio linkage with toothed rack gear
d. Modified Ohio Linkage.

(1) The Modified Ohio linkage is similar to the Panama type except that the dead
center alignment is attained only when the gate is in the mitered (fully closed) position.
With the Modified Ohio linkage, the strut and sector gear are at the same elevation, thus
eliminating the eccentric strut connection but preventing the linkage from attaining the
dead center position with the gate recessed.
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Figure 4-6. Modified Ohio River linkage (U.S. Army Engineer
Waterways Experiment Station 1964)

(2) The operating machinery for this linkage has been built either for electric motor
drive, as with the Panama linkage, or hydraulic operation, as with the Ohio River ma-
chine. The operating machinery also can be raised above the flood elevation, as shown
in Figure 4-7. An assembly layout of the Modified Ohio linkage with electric motor drive
is shown in Plate B-14. Special consideration should be given to the strut length and/or
cylinder stroke, which become critical at the gate-closed position (mitered). Generally,
some means of adjusting strut length should be provided to ensure that the gate leaves
are fully mitered when the sector and strut arms are fully extended. If the gates do not
miter completely at this position, additional travel provided by the cylinder or motor only
will pull the gates farther apart. As this linkage approaches the mitered position, the sec-
tor arm and strut move near the dead center position. Should an obstruction be encoun-
tered at this time, the force in the strut becomes indeterminate. Although this linkage
provides restraint against conditions of reverse head in the dead center position, it must
be designed with an easily repaired weak link to limit the maximum loads that can be
placed on the machinery components.
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Figure 4-7. Modified Ohio River linkage with raised machinery
e. Direct-Connected Linkage.

(1) The direct-connected linkage consists of a hydraulic cylinder with its shell (or
body) supported in the miter gate machinery recess by a trunnion and cardanic ring as-
sembly (or gimbal) and its rod connected directly to the miter gate with a spherical bear-
ing-type clevis. The layout of the cylinder and cardanic ring minimizes any damage from
a barge impact. Its linkage kinematics require that the acceleration of the gate must be
controlled using a variable volume pumping unit instead of relying on the mechanical
advantage of the linkage. The size of the piston rod is determined by the bending and
buckling load criteria. Since the piston rod is used as a strut, it is generally a little larger
in diameter than the rod of the Ohio-type machine (with a toothed rack gear). This larger
rod also increases the ratio of time of opening to time of closing, since the net effective
cylinder volume on the rod end is smaller relative to the volume of the cap end. This
variation in opening and closing times can be eliminated easily by using adjustable flow
control valves or a regenerative circuit in the hydraulic system.
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(2) The arrangement of the direct-connected type machine is shown in Plate B-16.
The direct-connected type of machine has been used satisfactorily on both 84-ft-wide
and 110-ft-wide locks in the United States and similar size locks in Europe. Experience
has shown that the direct-connected cylinder design will have lower initial costs than
traditional mechanical drive systems. The direct-connected cylinder linkage is becoming
more widely used. Chapter 3 discusses in more detail hydraulic drive systems and hy-
draulic cylinder design.

FLOW

2.72! -~ 0.354"

€ GIMBAL
BRACKET

Figure 4-8. Direct-connected linkage Isometric
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Figure 4-9. Direct-connected linkage for miter gate

f. Self-Contained Hydraulic Drives. A self-contained hydraulic drive system is
similar to the direct-connected cylinder. These types of drives have been used at sever-
al Pittsburgh District lock sites on the Allegheny River. The drive combines a hydraulic
power unit with a hydraulic cylinder to form a self-contained actuator that is sealed and
submersible. The gear motor and the entire drive are designed to be submerged. More
details on this system are in Chapter 3.

Figure 4-10. Self-contained actuator — US Army Corps of Engineers Pittsburgh District

(1) The self-contained actuator provides several advantages over the traditional di-
rect connected cylinder:
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e Completely self contained, meaning there are no external piping or motors or
hydraulic power units, and it is sealed from dirt and moisture;

¢ No piping friction losses;

¢ Reduced total space requirements;

e Low maintenance;

e Easily replaceable (plug and play);

¢ Fully adjustable thrusts and speeds for each direction of travel;
e Smooth, vibration-free operation;

o Weatherproof and can be provided as an explosion-proof unit; can be installed
in various mounting configurations.

(2) The primary disadvantage of the self-contained actuator is the lack of manufac-
turers to fabricate the unit. The units are generally custom built to allow them to be
submerged.

g. Recommended Linkage. The final decision for selection of the drive system
and linkage should be based on a number of factors including cost, maintainability, and
availability of components. The life cycle cost of any drive system should be calculated
before a final drive system is selected. When possible, rehabilitation and replacement
should be done on a system level basis. Designs for a waterway system should be
standardized as much as possible. The direct-connected cylinder design likely will
provide the lowest initial cost. This arrangement, when properly designed, is the
simplest to maintain, repair, and replace. The direct-connected hydraulic cylinder
linkage is common in Europe and is becoming the drive system of choice in the United
States both for new lock construction and rehabilitation. Some of the disadvantages of
the direct-connected hydraulic cylinder drive system include a lack of simplified methods
for position measurement and a lack of manufacturers. Hydraulic cylinders for miter
gate drives generally will be custom built and expensive to construct and replace.

(1) Although mechanical drives and linkages have been in service for more than 50
years on many locks, they are becoming less common in new lock construction and re-
habilitation of existing locks. One of the advantages of mechanical drives and linkages
over hydraulic drives is the proven design and reliability. They are robust and generally
will have a longer life span than the direct-connected hydraulic cylinder systems. They
can be installed at locks subject to flooding. These systems have been in place since
the 1920s and 1930s in the United States and originally were installed at the Panama
Canal. Even though mechanical linkages can provide inherent speed control, new me-
chanical drive systems should be provided with two-speed motors or variable frequency
drive systems. The drive system should be operated at a slower speed near the mitered
and recessed positions.

4-11
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(2) Disadvantages of mechanical drives, as compared to hydraulic drives, include
a more complex operating machinery linkage. Also, the adjustment available in the strut
connection is usually minimal (see h. below). There are more pivot points for wear and
additional greasing requirements. Gearboxes will require maintenance and periodic re-
placement of oil. The mechanical drive system is labor intensive for routine mainte-
nance and for replacement. Components can be difficult to replace and remove. Suffi-
cient availability for spare parts such as gears is no longer assured. Operating compo-
nents are generally custom built with long replacement lead time (gear boxes and open
gears being an example). The alignment can be critical and, if not done properly, the life
of the machinery is shortened. The mechanical drives are generally more susceptible to
shock load and barge impact (although barge impact also is an issue for direct-
connected hydraulic cylinders).

h. Struts. Mechanical drive systems and linkages will require a strut arm at the
connection to the miter gate (Figure 4-11). Spring-type miter gate struts commonly are
used with the Ohio River and Modified Ohio River linkages. Springs built into the strut
assembly act as a shock absorber to soften the loads transmitted to the operating ma-
chinery. Two types of struts have been used for the above mechanical linkages. One
type utilizes several nests of helical coil springs installed into a cartridge and attached to
a wide flange structural steel fabricated member. The springs, when compressed, act as
a shock absorber. In the case of electric motor operated machines, the compression in
the springs permits the operation of a limit switch to cut off current to the motor when
the gates are mitered or recessed. This switch also serves as a torque limit switch to
protect the machinery against the possibility of extremely high loads that might occur if
an obstruction is encountered when the strut approaches dead center in either direction.
The limit switch is set to open the motor circuit at a point immediately preceding the
maximum spring compression in the strut. This type of strut is shown in Plate B-17. An-
other type of strut utilizes a spring cartridge housing and tubular steel strut. Ring springs
are used in the spring cartridge to provide the necessary deflection. Excessive mainte-
nance and repair costs have occurred with the use of this type of strut. In addition, ring
springs are available only from limited manufacturers. Use of the ring spring-type strut is
not recommended. Recently, Belleville springs have been utilized in struts and appear
to function satisfactorily. The Belleville spring strut is shown in Plates B-18 and B-19.
However, several failures have been reported for the Belleville spring design. This de-
sign should consider the extreme loading conditions and necessity for proper lubrication
and sealing.
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Figure 4-11. Miter gate strut arm

i. Sector Gear Anchorage. Mechanical drives and linkages will require a sector
gear or bull gear. The sector gear support and anchorage is one of the more critical
items to be considered in the design of miter gate machinery. For proper machine oper-
ation and long component life, the sector gear must be maintained in rigid and proper
alignment. The recommended arrangement consists of a sector base anchorage, sector
base support, and a sector base. The sector base is a heavy steel casting or fabrication
and contains the sector pin on which the sector gear turns. The sector gear pin should
be restrained to prevent rotation in the sector base. The sector gear can also be sup-
ported (roller supports) on its outer perimeter to provide additional support. This is sug-
gested for new installations. An important feature is the bearing choice and lubrication
design for the bearings that allow the sector gear to rotate around the pin. The design is
such that the final post-tension rod force is enough to resist the horizontal sector pin
load by friction between the concrete and sector base support. In addition, compression
blocks are welded to the bottom of the sector base support to provide additional re-
sistance to horizontal motion. Details of this anchorage are shown in Plate B-20.

4-2. Design Criteria.

a. Design Loads.
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(1) Miter gates are not suitable for operation under other than essentially balanced
conditions or equal head on both sides of the gate. The lock chamber must be filled or
emptied by means of a culvert system prior to operation of the gate leaves. Thus, the
water level on each side of the gate is equalized, or almost equalized, before movement
of the gate leaves is undertaken. The forces to be overcome by the gate-operating ma-
chinery are friction, wind loads, surges, hydraulic drag forces, and head differential cre-
ated by the gate leaves moving through the water.

(2) Friction and wind loads can only be estimated, but are generally small in com-
parison with the hydraulic loads. It would appear that evaluation of operating forces
caused by hydraulic drag and head differential could be made through tests on existing
lock gates. In practice, however, it has been found difficult to make accurate load
measurements in the field. Furthermore, it is not practical to vary field operating condi-
tions such as gate speed and gate submergence (height of water on gate).

b. Normal Loads. Gate operating machinery normally should be designed to con-
form to the criteria in this section. Operating loads on the miter gate machinery should
be derived by hydraulic similarity from test data obtained from model studies. The model
study available for design is described in U.S. Army Corps of Engineers Waterways Ex-
periment Station Technical Report 2-651, Operating Forces on Miter Type Lock Gates
(WES 1964). An analytical means to calculate gate operating forces is provided in U.S.
Army Corps of Engineers Waterways Experiment Station Technical Report 74-11, Study
of the Forces Occurring During the Movement of Miter Gates of Locks (WES 1974). The
WES 2-651 (1964) report includes test data on the Ohio River, Modified Ohio River, and
Panama Canal linkages. This report contains necessary data for conversion to proto-
type torque for all three of the different types of linkages. This report is summarized as
follows:

“Tests to determine operating forces on miter-type lock gates were conducted
in a 5.5-ft-wide, 66.5-ft-long, 4.25-ft-deep flume equipped with a single set of
miter gate leaves located approximately in the center of the flume. Three
linkages, with different kinematics of the operating machinery, were studied:
modified Ohio River, Panama, and Ohio River. For each linkage, tests were
conducted at gate submergences of 1 to 4 ft and at operating times of 10.1 to
40.2 sec. The effects of chamber length, bottom clearance of gates, presence
of barges in the lock chamber, and non-synchronous operation of the gate
leaves also were investigated. Peak hydraulic resistance to operation of the
miter gate was observed as the leaves entered and left the mitered (closed)
position with the maximum resistance occurring as the leaves entered the
mitered position. Peak torques were actually observed as the leaves left the
recesses (began closing) with the Ohio River and modified Ohio River linkages,
but these torques were created by sudden application of loads to the rigid
model linkages and, thus, were not considered representative of those of
prototype gates that are equipped with shock absorbers. The modified Ohio
River and Panama linkages resulted in peak resistances in terms of torque at
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the pintles, which were approximately equal and about 40% less than the peak
torques obtained with the Ohio River linkage.”

c. Direct-Connected Cylinder Loads. For direct-connected hydraulic cylinders,
prototype tests were made at Claiborne Locks. Results of these tests are included here-
in and in Appendix C for the determination of gate torque for any proposed direct-
connected lock machine of similar proportions. A curve of gate torque plotted against
percentage of gate closure has been included in Appendix C so that torque at any sub-
mergence or time of operation can be computed by application of Froude’s law, adjust-
ing the submergence and time to suit the new conditions.

d. Temporal Loads. In addition to the above-normal loads, the miter gate ma-
chinery should be designed to withstand the forces produced by a 0.38-m (1.25 ft) and
exceeding 30-sec duration surge load acting on the submerged portion of the miter
gate. For this case, the machinery must be designed to maintain control over the miter
gate when the gate is in the miter position. In the recess position, the gate can be con-
trolled by automatically latching the gate in the recess. Normal machinery operating
loads govern the machinery design for the intermediate positions.

e. Operating Time. A time of operation should be selected and based on the size
of gate. For smaller gates (25.6-m or 84-ft lock), an average time of 90 sec should be
used. For the larger gates (33.5-m or 110-ft locks), an average time of 120 sec should
be used. Any decision to increase the operating time from 1.5 to 2 min for smaller gates
or 2 to 3 min for larger gates should be made only after considering the economic im-
pact of the increased time required for navigation traffic and barges to transit the lock.
Mechanical drive systems utilizing two-speed motors should be operated at slow speed
when approaching miter or recess. This needs to be considered in the overall operating
time.

f. Submergence. The design of the gate operating machinery should be based
on the submergence of the upper or lower gate, whichever is greater. The design
should be the same for all four gate machines because there would be no savings in
designing and building two different size machines. The increased design cost would
offset the reduced cost of the material used in constructing the smaller machine. The
submergence of the gate is the difference in elevation of the tailwater on the gate and
the elevation of the bottom of the lower seal protruding below the gate. A submergence
selected for design of the gate machinery should be the tailwater on the gate that would
not be exceeded more than 15 to 20% of the time.

g. Direct-Connected Cylinder Force. For direct-connected hydraulic cylinders, the
operating cylinder size should be selected to provide a force to operate the gate utilizing
approximately 6-20 MPa (900-3000 psi) effective pressure where a central pumping
system is used. Where local or integral pumping units are used, an operating pressure
of 10-20 MPa (1500-3000 psi) will be satisfactory. The time of gate operation automati-
cally will be lengthened when the required gate torque exceeds the available gate
torque from the machinery. This condition might occur during starting peaks or periods
of higher submergence. This condition causes the pressure in the hydraulic cylinder to
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rise above the relief valve setting, which in turn reduces oil flow to the cylinder, slowing
down the gate and reducing the required pintle torque. This increases the total time of
operation; however, this slower operation will generally be experienced for only 15 to
20% of the lock’s total yearly operating time.

h. Non-Synchronous Gate Operation. Peak torque can be reduced by non-
synchronous operation of the gate leaves. A considerable reduction in peak torque can
be obtained by having one leaf lead the other by approximately 12.5% of the operating
time. The time of opening would be increased by the amount of time one gate leads the
other. It has been found that, in actual practice, very few gates are operated in this
manner.

i. Under-Gate Clearance. Model tests revealed an increase in gate torque values
as the bottom clearance decreased, regardless of the length of operating time. When
model similarity is used to compute gate loads, an adjustment should be made in ac-
cordance with model experience. Normally, 2.5-ft to 3.5-ft clearance under the gate
should be satisfactory.

j- Machinery Components and Factor of Safety. General design criteria applica-
ble to the various machine components are presented in Chapter 2. Allowable stresses
may be increased by one-third for temporal loading conditions.

4-3. Load Analysis.

a. Normal Loads. Normal operating hydraulic loads on miter gates primarily are
caused by submergence, speed of gate, and clearance under gate. For additional
information and explanation, the designer should review WES (1964) Report 2-651.
Some general observations from the report:

¢ Anincrease in submergence of the gate leaves or speed of operation resulted
in increased hydraulic resistance.

e Hydraulic resistance increased as the bottom clearance of the gate leaves was
decreased.

e Hydraulic resistance decreased as the length of the lock chamber was in-
creased.

e Non-synchronous operation of the gate leaves resulted in a slight reduction in
peak torque.

e Limited tests conducted with barges in the lock chamber showed no apprecia-
ble effect on torque values.

b. Ohio Linkage and Torque. WES (1964) indicates that the maximum torque
recorded as the gate leaves entered the mitered position (closing) varied as the 1.5
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power of the submergence; and the maximum torque recorded as the gate leaves left
the mitered position (opening) varied as the 2.1 power of the submergence.

c. Modified Ohio Linkage and Torque. WES (1964) indicates that the maximum
torque recorded as the gate leaves entered the mitered position (closing) varied as the
1.9 power of the submergence; and the maximum torque recorded as the gate leaves
left the mitered position (opening) varied as the 2.2 power of the submergence.

d. Panama-Type Linkage and Torque. WES (1964) indicates that the maximum
torque recorded as the gate leaves entered the mitered position (closing) varied as the
1.5 power of the submergence; and the maximum torque recorded as the leaves left the
mitered position (opening) varied as the 1.7 power of the submergence.

e. Ohio Linkage and Operating Time. For the Ohio Linkage, the report indicates
that the maximum torque recorded decreased as the 1.0 power of the operating time for
both the closing and opening cycles. In other words, the required torque is directly pro-
portional to the operating time.

f. Modified Ohio Linkage and Operating Time. For the Modified Ohio linkage, the
report indicates that the maximum torque recorded decreased as the 1.1 power of the
operating time for the closing cycle and as the 1.5 power for the opening cycle.

g. Panama Linkage and Operating Time. For the Panama linkage, the report in-
dicates that the torque decreased as the 1.1 power of the operating time for the closing
cycle and as the 1.3 power for the opening cycle.

h. Torque and Under-Gate Clearance. Tests reveal that gate torque increases
when the clearance under the gate leaf is decreased, regardless of the length of operat-
ing time. Data from these tests, presented in Figure 4-12, indicate the percentage in-
crease in model torque for various bottom clearances relative to the torque observed
with a 3-inch bottom clearance. These data can be used to adjust the observed torque
values determined for a model bottom clearance of 3 inches when the gate length is 3
ft.

i. Non-Synchronous Operation of Miter Gates. Non-synchronous operation of mi-
ter gates results in slightly lower forces on the leading leaf. Forces on the lagging gate
leaf are greater during most of the closing cycle and less during the opening cycle than
similar forces recorded for synchronous operation of the gate leaves. The greatest re-
duction in torque appears to occur when one gate is leading the other by approximately
12.5% of the total operating time.

j. Barges. Barges in the lock chambers are found to have negligible effect on
gate operating forces.
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Figure 4-12. Relative effect of gate bottom clearance on torque, 4.0-ft submergence

k. Chamber Length. The chamber length affects the gate torque in that the longer
the chamber, the less the torque. As the length of time is increased, the less the cham-
ber length affects the gate torque. Insufficient data are available to set up any definite
adjustment factors for correcting for chamber length.

[. Pintle Friction. Torque caused by gate pintle friction is generally of small mag-
nitude. The WES Report 2-651 (1964) incorporates pintle torque in the model tests.
These are based on traditional grease-lubricated pintle bearings. The model tests do
not account for any binding or seizing of the pintle bearing.

m. Direct-Connected Cylinder Torque.

(1) When operating torque for a direct-connected, hydraulic cylinder-type miter
gate drive is being computed, the curves shown in Appendix C can be used. The curves
are results of prototype tests made on Claiborne Lock and show gate torque plotted
against percentage closed. The torque from these curves can be adjusted to suit new
conditions by the application of Froude’s law. Because the curves were based on the
use of a three-speed pump to slow the gate travel at beginning and end of cycle, it will

4-18



EM 1110-2-2610
30 Jun 13

be necessary to make similar assumptions on the proposed lock. Assuming a fast deliv-
ery rate of the pump at 1.0, the medium delivery rate should be 0.8 and the slow rate
adjusted to 0.3 of the fast rate. A normal cycle would be to operate 10% of the gate an-
gular travel at 0.3 capacity, 10% at 0.8 capacity, 60% at 1.0 capacity, 10% at 0.8 capac-
ity, and 10% at 0.3 capacity. A study comparing this type of operation and the Panama-
type linkage indicates that the direct-connected machine, if operated as stated above,
will compare favorably with the Panama machine in angular gate velocity (degrees per
second) at all positions. Assuming that the angular velocities compare with the Panama-
type machine, the maximum torque will vary as the 1.5 power of the submergence (clos-
ing) and 1.7 power of the submergence (opening). The operating time should vary as
the 1.1 power for closing and the 1.3 power for the opening cycle.

(2) U.S. Army Engineer District, Huntington, uses another method of sizing direct-
connected miter gate machinery. They compute opening the gate against a 0.15-m
(6-in.) differential head, and this usually ends up being the governing case over the tor-
ques computed using model forces.

n. Temporal Loads. Temporal hydraulic loads or surges are temporary changes
in water level resulting in a differential water level on opposite sides of a lock gate. The-
se surges or differential heads might be caused by overtravel of water in the valve cul-
vert during filling or emptying, wind waves, ship waves, or propeller wash, for example.
Depending on the circumstances, this differential has been observed to vary from 0.3 to
0.6 m (1 to 2 ft). These forces do not affect the machinery power requirements, but they
do affect the design of the gate machine components when the gate is at the recess or
mitered position. These forces have been known to fracture gate struts and shear sector
pins.

0. Miter Gate Loading Discussion from WES (1964). The peak hydraulic re-
sistance to operation of the miter gate occurs as the leaves enter the mitered position.
This suggests that head differential on the two sides of a gate leaf is the primary cause
of loads on the operating machinery. If drag forces were the predominant influence, it
would be expected that the peak load would occur simultaneously with the maximum
rate of angular movement. This happened for all linkages when the gate was about 45%
open. Also, if inertial forces were major factors, the torque should have been greatest as
the leaves moved away from the mitered position and were accelerating, while the re-
verse was found to be true.

4-4. Determination of machinery loads.

a. Normal Loads.

(1) Normal miter gate operating machinery loads are difficult to determine and
should, whenever possible, be determined from model or prototype tests. Data compiled
by the Special Engineering Division of the Panama Canal Zone, taken from tests made
on the existing locks and a model for the third locks and model studies included in WES
Technical Report 2-651, 1964, appear to be the most reliable sources for obtaining mi-
ter gate machinery loads. WES Report 74-11 provides an analytical means of calculat-
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ing forces. When using data from the model tests, it will be necessary to adjust the data
on the basis of the scalar ratio between the model and the proposed lock. The length of
the gate leaf normally is used for determining the scalar ratio. From the scalar ratio,
Froude’s law comparing prototype to model would be:

length of prototype leaf I
length of model leaf K

Scalar ratio =

Volume, weight, and force = (Lr)*:1

Time and velocity = Square Root of Lg:1 or (Lr)"? : 1

Torque = (Lr)*:1

(2) When machines having the Ohio linkage, the Modified Ohio linkage, or the
Panama-type linkage are used, the forces on any size miter gate can be obtained from
curves shown in Appendix C, which are plotted from the results of the WES and Pana-
ma Canal Model Tests. Readings from the curves must be factored according to
Froude’s law for submergence, time of operation, and clearance under gate. Curves are
based on lock chamber lengths of 183 meters (600 ft) or greater. Forces for shorter lock
chambers would be slightly greater. This should be considered when replacing the miter
gate machinery on 17.1-meter wide (56-ft) locks, which usually have 109.8-meter (360-
ft) chamber lengths.

b. Computation of Pintle Torque for Panama Canal and Ohio-Type Linkage.

(1) If the proposed lock gate is in the same scalar ratio, with respect to length of
gate, and the submergence and time of operation, as shown on curves, and the type of
linkage are the same, the pintle torque would equal the pintle torque at each position
indicated on the curves multiplied by the ratio of gate leaf lengths to the fourth power.

P1 = P(L/L)* (4-1)
where:

P4 = pintle torque of proposed lock gate at selected position

P = pintle torque shown on curve of model study at selected position

L1 = leaf length, pintle to miter end, proposed lock gates

L = leaf length, pintle to miter end for curves that have been plotted on model
study

(2) In the event the ratios of gate lengths (L+/L), submergence (S1/S), and the
square of the time of operation (T+/T) are not of the same scalar ratio, the formula
should be expanded:
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P1=P(L1/L)* (S1/S2)"(Ta/T1) (4-2)
where:
P4, P,Liand L = same as in Equation 4-1
S1= submergence of proposed lock gate

S = actual submergence of model gate upon which curves are
based

S»>= adjusted submergence of model lock gate = S(L4/L)

T41= time of operation of proposed lock gate (See arc of travel
adjustment in equation 4-3)

T = actual time of operation of model gate upon which curves
are based

To= adjusted time of operation of model lock gate = T\{L,/ L

X = power to which submergence must be raised, for particular
type linkage

y = power to which time must be raised, for particular type
linkage

NOTE: If only one ratio for either submergence or the square of the operating time is not
of the same ratio as gate leaf length (L1/L), then only the ratio not in agreement with L4/L
need be considered in the equation.

(3) If the arcs of gate travel differ from that shown on model curves, it will be nec-
essary to adjust the operating time of the proposed lock (T1) to use in Equation 4-2:

Let Ta = adjusted operating time, then:

(arc of travel, proposed lock)

TA=T

! (arc of travel, on model curves) 4-3

=T,(K,/ K)
NOTE: Ta must be substituted for T4.

c. Motor Slip. Use of Equations 4-1, 4-2, and 4-3 results in a pintle torque, which
makes no allowance for motor slip since all the model curves were based on uniform
speed of hydraulic cylinder or constant rpm of the motor. If a portion of the required gate
torque curve overloads the motor, the resulting time of gate operation would be slower,
which in turn would result in lower gate torque during this period. The same would occur
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when operating the gates with a hydraulic cylinder. Overloading the cylinder would re-
sult in some of the oil being bypassed through relief valves, which in turn would slow the
gate during the overload period. When Ohio-type linkages and torque data from Tech-
nical Report 2-651 WES (1964), are used, the pintle torque should be adjusted for un-
der-gate clearance in addition to submergence and time. The percentage increase can
be obtained from curves in Figure 4-12.

d. Electric Motor Design. Electric motor operation with Panama-type, Ohio-type,
or Modified-Ohio-type linkages should be designed for several factors. Motors and
gearboxes should be elevated above flood levels to the extent possible. A high-torque,
high-slip motor should be used and selected so that the normal full load torque available
would not be exceeded by the required torque of the machine more than 15 to 20% of
the time. Motors should be two-speed to allow for slower operation at the miter and re-
cess positions. Peak torque during the overload period should not exceed 150% of full
load torque. This can be determined by plotting the required torque based on curves
computed from model tests described above and by plotting available motor torque
curves at various degrees of slip and superimposing these curves over the required
curves. Typical calculations for determining loads using the Ohio-type linkage (hydraulic
operation) are shown in Appendix C. Calculations for determining loads using the Pan-
ama Canal-type linkage (electric motor operation) for the same design conditions are
also shown in Appendix C.

e. Computation of Pintle Torque for Direct Connected Linkages. The kinematics
of this type of machine should be developed to provide the shortest practicable piston
stroke. This will require the gate pin connection to be located out from the pintle a dis-
tance of 20 to 25% of the gate length, and the center line of the cylinder gimbal bracket
to be located to give the best effective operating arm about the pintle at each position
throughout the entire stroke of the piston. With use of this linkage and a uniform travel-
ing piston, gate angular velocity will be greatest at the extreme closed or open position
of the gate. Uniform travel of the piston is, therefore, undesirable, and it will be neces-
sary to slow the speed of the piston near the closed and open positions by use of a var-
iable volume pump in the oil circuit. By slowing the travel near the open or closed posi-
tion of the gate, angular travel rates will be comparable with the Panama Canal linkage.
Figure 4-13 shows comparison curves for angular velocity of gate plotted against per-
cent closed for Panama Canal Third Locks linkage and for Claiborne Lock direct-
connected linkage with and without variable speed control. Time of operation should be
selected for the proposed lock that will give angular gate velocities approximately equal
to the velocities shown on the curve for Panama Canal. Gate pintle torque then should
be taken from the prototype curves shown in Appendix C, and by means of Froude’s
Law of Similarity to the submergence and time requirements of the proposed lock using
the same exponents as for the Panama Canal linkage. Load computations for a direct-
connected machine are also shown in Appendix C.
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Figure 4-13. Gate velocity comparison curves

f. Temporal loads. The resulting machinery loads for the case of temporal load-
ing are based on a 1.25-ft differential head superimposed on the normal gate submerg-
ence. These loads are considered applicable only when the gate is at either the miter or
recess position. These forces are resisted by a load brake for mechanical drives or a
high-pressure relief valve for hydraulic drives. For this load condition, a 33.33% over-
stress is allowed for component design. In the recess position, this load is resisted by
automatically latching the gate. Only the sample computations for the Ohio River-type
machine shown in Appendix C include the temporal load computations.

4-5. Miter Gate Operating Machinery Control.

a. Hydraulically Operated Machines. A complete description of the basic types of
hydraulic systems for locks, along with pertinent hydraulic system design criteria, is
presented below and in Chapter 3. Control of these systems has utilized manual,
solenoid-controlled, pilot-operated, and cartridge valves. Limit switches can be
incorporated into the hydraulic cylinder or installed external to the hydraulic cylinder
(see Chapter 3).
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(1) With manual control, a small control stand typically is located over a recess on
one lock wall near the gate machinery and is equipped with control valve operating lev-
ers. A schematic piping diagram of a manually controlled central pumping system is
shown in Plate B-9. This diagram includes the connections for the tainter valves and
shows the complete lock operating hydraulic system.

(2) Recent control systems utilize solenoid-controlled, pilot-operated four-way and
solenoid-controlled cartridge valves to control the flow of oil to cylinders. This makes the
system more flexible and enables the inclusion of an electrical interlock between the mi-
ter gates and lock fill-and-empty valves so that the lock chamber water level cannot be
changed before all gates are closed. Changing the water level in the lock chamber be-
fore the gates are closed creates a swell head on the partially closed gates, which could
cause them to slam shut, damaging the gate and/or gate machinery. This type of control
is recommended rather than the manual control. A schematic piping diagram of this
control system is shown in Plate B-10.

b. Lock Control Schemes. Chapter 12 discusses further the lock control systems.

(1) Gate and valve control consoles typically are located in the control building
near the upstream gate. So the operators can view the downstream gate during opening
and mitering, a multi-camera, closed-circuit television system should be provided. A
simplified control stand also can be provided near the downstream gate for the opera-
tion of the lower miter gates.

(2) The control system should provide two speeds for miter gates and two speeds
for culvert valves. Electrical interlocks are mandatory and should be used in the control
circuit to prevent inadvertent gate operation. The Inland Marine Transportation System
(IMTS) Working Group has developed a Draft Interlock Standard (IMTS September
2011) that should be referred to in developing proper interlock sequences. Multiple
interlock diagrams are provided in this document.

(3) Limit switches located at the miter point of the gates and in the gate machinery
recesses and the culvert valve recesses are used to prevent the upstream culvert valve
from being opened when the downstream gate and/or valves are open and vice versa.
A miter gate position limit switch is shown in Figure 4-14. Interlocks also are used to
prevent the gates from slamming or the lock chamber water level from changing when
gates are mitered improperly. One miter limit switch should be located near the top of
the gate. Miter gate limit switches installed on the bottom of the gate have been
problematic. Switches on the bottom of the gate are highly susceptible to being
damaged by the large amount of debris near and around the gates. If one of the
switches is damaged, it will need to be replaced by a dive team. This is expensive, adds
risk to the maintenance program, and could cause a lengthy lock outage. If the gates fail
to seal along the gate sill, it usually will be obvious to the operator because a boil will be
seen below the gate. If required, the operator can reverse the chamber and look into the
problem at that time. Miter gate limit switch locations are shown in Plates B-89 and B-
90. Since the bottom seal resistance of the gate will prevent the lower portion of the
gate from closing properly, even though the top is mitered, only the top miter limit switch
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and the rack-mounted, gate-mitered limit switches must be actuated before the
corresponding filling or emptying sequence can be started. A logic diagram for this
system is provided as a reference only and is shown in Figure 4-15. Again, the latest
version of the IMTS Interlock Standards should be utilized. A manual backup system
should be provided for gate and valve control, should the automatic control system fail.
The manual control system should be independent of the automatic control system and
bypasses all gate-valve interlocks.

Figure 4-14. Miter gate position limit switch
c. Miter Gate Control Equipment.

(1) The electrical control systems utilize either electro-mechanical relays or solid
state controllers or programmable logic controllers (PLCs). This is discussed in Chapter
12. Control equipment typically consists of full voltage magnetic controllers, limit switch-
es, and control switches. Strut limit switches are used to cut off the motor if the strut
stresses in either tension or compression are beyond a preset point. This will protect the
strut and machinery if an obstruction is encountered.
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(2) The limit switches used in previous designs were of the traveling-nut type in
NEMA 4 enclosures with heaters. Cam-operated switches now are more widely used
and available and can be incorporated into the machinery drive. Limit switches also can
be utilized on the miter gate to provide an additional safety cutoff and prevent over trav-
el of the miter gates. Electrical valve-gate interlock features are mandatory and should
be similar to that described above.
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Figure 4-15. Lock filling sequence (lock emptying sequence is similar)
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4-6. Miscellaneous Equipment and Systems.

a. Machinery Stops. In order to deal with ordinary construction tolerances, a
means must be provided to adjust the miter gate machinery linkage at installation. For
direct-connected cylinders, it is usually desirable to provide approximately 50 mm (2 in.)
of overtravel at each end of the hydraulic cylinder to allow for adjustment. With the link-
age connected and the miter and recess positions established for the gate, stops are
installed and adjusted to limit the machinery motion to these extreme positions. For
Ohio River-type machines that are operated by hydraulic cylinders, one stop is placed to
stop the rack when the gate is mitered; another is placed to stop the sector arm when
the gate is recessed. Details of this arrangement are shown in Plate B-7. For mechani-
cal linkages with a sector arm and strut arm, the only adjustment available is in the strut
arm and springs. The amount of adjustment, however, in the strut arm springs is typical-
ly small or negligible.

b. Lubrication.

(1) A system should be provided to grease each miter gate pintle bushing and
gudgeon pin as shown in Figure 4-16. The system may be automatic or manual, de-
pending primarily on lock operator preference. During gate movement, the automatic
system should dispense a measured amount of grease to each location automatically.
An automatic grease system is available with a built-in programmable controller, which
will allow variations in grease cycles and quantities provided. Since the grease systems
have to be field-tuned for a particular lock application, the programmable controller
should be provided. The pintle bushing should be designed to permit the installation of
an O-ring seal and a grease return line that can be monitored to ensure grease delivery
to the pintle bushing. Special consideration should be given to the layout and sizing of
the grease lines to ensure proper operation and minimum pressure loss. Grease lines
should be stainless steel pipe of adequate wall thickness for the anticipated pressures.
The lines should be located in areas of the gate that afford the greatest degree of pro-
tection from damage due to ice and drift. This is typically in the quoin structure of the
gate. The pumping unit should be located near the gate to minimize grease line length.
Provisions should be made to remove the pumping unit if flooding is likely.

(2) For pintle lubrication details, see Plates B-23 and B-24. Self-lubricated bush-
ings can provide an alternative to greased bushings for the pintle and gudgeon pin, thus
eliminating the need for greasing. The U.S. Army Engineer Construction Engineering
Research Laboratory (CERL) evaluated field performance and conducted laboratory
tests of commercially available self-lubricating materials used in lock and dam applica-
tions. Section 4-7 provides additional information on the use of self-lubricating pintle
bushings.
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c. Automatic Gate Latches. For miter gate drives with direct-connected cylinders,
latches should be provided for holding the gates in the recess. If this is not done, the
hydraulic cylinder pressure has to be adequate for holding the gate in recess. The
latches should be designed to latch the gate automatically when it comes into the re-
cess. The latches should be released automatically each time a gate-close function is
initiated. The system should be provided with latched and unlatched position indication.
Miter gate drives with mechanical linkages typically will not require a gate latch. This
should be evaluated, however. During flood conditions and when passing ice through
the lock, miter gates should be tied back manually to prevent the gate from moving. This
is the case for both mechanical linkages and direct-connected cylinders.

d. Maintain-Pressure System for Direct-Connected Cylinders.

(1) A maintain-pressure system should be provided to hold miter gates closed with
hydraulic pressure. Plates B-84 to B-88 show a system designed to hold the gate leaves
together against wind loading or small water surges prior to changing the chamber wa-
ter level. Upstream gate pressure is maintained during lock chamber emptying, and
downstream gate pressure is maintained during lock chamber filling operation. The
maintain-pressure system is activated by the lock operator’s depressing a pushbutton
on an operator console. This system can be deactivated manually by the operator or is
deactivated automatically when the gate under maintain pressure is opened or after the
valves are opened for a predetermined time to allow an adequate head of water on the
gates to keep them mitered. The maintain-pressure system should utilize the slow valve
or the lowest pumping rate available. Lock 19 on the Upper Mississippi River incorpo-
rated this system in 2006. The intent was to keep an amount of hydraulic pressure on
the cap end of the cylinder to continue to push the gates together while the gates are in
miter. It also worked by reapplying the pressure by turning on both miter-gate pumps, to
push the gates together (add pressure because the gates are already in miter). Re-
pressurization was prevented from automatically occurring when:

e Both riverwall tainter valves are operating, and the normal miter gate pump is in
use.

¢ Any emergency operation function is enabled and the available pump is being
used to drive a tainter valve, then initiation of repressurization shall wait until all
equipment (tainter valve) motion stops.

(2) The tandem center hydraulic system is not preferred but, if used or if a tandem
center system is refitted, the maintain-pressure system will provide pressure to the miter
gate cylinder in the gate closed position through the use of a standard bladder-type ac-
cumulator. This accumulator, located in each miter gate machinery recess, will be
charged and pressure maintained through a pilot-operated check valve installed in se-
ries with each miter gate cylinder. A pressure switch, sensing accumulator pressure, will
ensure adequate pressure through a time-delay circuit. An indicator lamp on the control
console will be illuminated when pressure in the maintain-pressure system is adequate.
At the same time, the gate four-way valve will be shifted automatically from close to
neutral position.
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e. Overfill and Overempty Control System. The overfill and overempty system
should be evaluated on a case-by-case basis and considered mainly on high-lift locks or
locks with long, narrow approaches. A control system has been developed to eliminate
overfilling and overemptying of the lock chamber. It measures water levels by sensing
the back pressure of compressed air constantly bubbling through tubes extending below
the surface of the water. This system compares the level of water in the lock chamber
with that of the upper pool when filling and the lower pool when emptying and, at a
predetermined time, begins closing the fill or empty valves, respectively. This action
dissipates the energy of flowing water in the culverts, thereby eliminating lock overfill or
overempty. The operators at locks who utilize the gate-mounted limit switches have
developed an operating technique that eliminates or greatly reduces overfill or
overemptying. As the lock fills or empties, the operator watches the indicating lights
controlled by the gate-mounted limit switches. When the lights start going off, the
operator opens the appropriate gate.

4-7. Pintle Design and Assembly.

a. Pintle Assembly. The pintle and related components support the dead weight
of each leaf of the miter gate. Additional discussion on miter gate pintles is in Chapter 2.
The unit is made up of four major components: pintle socket and bushing, pintle, pintle
shoe, and pintle base. Pintle assemblies used for horizontally framed miter gates are
generally two types: fixed and floating. These are described below.

b. Pintle Socket and Bushing. The pintle socket usually is made of cast steel and
is connected to the bottom of the lower girder web with turned Monel™ or stainless steel
bolts. The bolts are sized to carry the gate leaf reaction in shear but, as an added safety
factor, a thrust plate should be welded to the underside of the bottom girder web, with a
milled contact surface between the plate and pintle socket. The minimum plate size
should be 31.75 mm (1-1/4 in.) in thickness and 0.3 m (12 in.) wide, with a length as re-
quired by the girder web. The socket encloses the bronze bushing, which fits over the
pintle ball. An allowable bearing stress of 10 MPa (1450 psi) is desirable but might not
always be practical. An automatic greasing system allows a higher bearing stress but
should not exceed 17 MPa (2500 psi).

c. Pintle.

(1) The pintle generally is made of cast alloy steel with a nickel content of 3 to 5%.
The pintle should conform to American Society for Testing and Materials (ASTM) A148
GR 80-40 or ASTM A27 GR 70-40. It is usually 0.25 to 0.50 m (10 to 20 in.) in diameter,
with the top bearing surface in the shape of a half sphere and a cylindrically shaped bot-
tom shaft. Pintles also have been produced with bearing surfaces of stainless steel de-
posited in weld passes to a thickness of not fewer than 4.8 mm (0.1875 in.) and ma-
chined to the required shape.

(2) Pintles for locations in salt or brackish water should be forged alloy steel with a
stainless steel bearing surface. For use in salt or brackish water, pintles should be of
forged alloy steel with bearing surfaces of corrosion-resisting steel deposited in weld
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passes to a thickness of not fewer than 3.2 mm (1/8 in.) and machined to the required
shape. The pintle ball and bushing are finished to a 16 micron finish where the two
come in contact.

d. Fixed Pintle. This type of pintle is recommended for new construction and ma-
jor gate rehabilitation. The pintle fits into the pintle shoe, which is bolted to the embed-
ded pintle base. The degree of fixity of the pintle depends on the shear capacity of the
pintle shoe bolts. The pintle should be designed so that, after the load on the pintle is
relieved by jacking, the pintle assembly is easily removable. See Plates B-23 and B-24
for a typical fixed pintle. The pintle base, made of cast steel, is embedded in concrete,
with the shoe fitting into a curved section of the upper segment of the base. The curved
section, of the same radius as the pintle shoe, is formed so that, under normal opera-
tion, the reaction between the shoe and base is always perpendicular to a line tangent
to the curve of both shoe and base at the point of reaction.

e. Floating Pintle. This type of pintle is not recommended for new construction or
rehabilitations. It is discussed here because various navigation sites have utilized this
design. The pintle is fitted into a cast steel shoe, with a shear key provided to prevent
the pintle from turning in the shoe. The shoe is not fastened to the base, thereby allow-
ing the gate leaf to move outward in case debris between the quoin and wall quoin pre-
vents the leaf from seating properly. See Plates B-21 and B-22 for a typical floating
pintle. Damage to the pintle bearing has occurred frequently with this type of pintle be-
cause of the relative movement between the pintle shoe and base. The movement can
consist of the shoe sliding on the base during leaf operation from either the mitered or
recessed position, until the leaf reaches approximately the mid-position, at which time
the shoe slides back against the flange on the base. This type of movement generally is
visually detectable and causes serious wear. However, an alternative to the floating cir-
cular shoe is to make the shoe three-sided, with one corner having the same radius as
the circular shoe, and attach a steel keeper bar to the embedded base in front of the
shoe. This would prevent the shoe from rotating on the embedded base and prevent the
pintle from moving out of pocket. Again, the degree of fixity would depend on the shear
capacity of the bolts in the keeper bar. This alternative will meet the requirements of the
fixed pintle and provide the capacity to minimize damage in case of emergency.

f. Pintle Base. The pintle base is designed so there will be a compressive force
under all parts of the base. The value of the compressive force on the concrete will vary
from a maximum on one edge to a minimum on the opposite edge. Computations are
based on that portion of the pintle above the point under consideration acting as a com-
posite unit. The overturning moment can be found from the horizontal force on the pintle
and will be resisted by the reaction on the section being investigated. The eccentricity of
the vertical force can be determined by the angle the resultant makes with the horizontal
and the distance between the horizontal force on the pintle and reaction on the pintle
base.

g. Pintle Location. The center line of the pintle (vertical axis of rotation) is located
eccentric (upstream) relative to the center of curvature of the bearing face of the quoin
contact block. This center of curvature is on the thrust line. The center line of the pintle
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should be located on the point of intersection of the bisector of the angle formed by the
mitered and recessed gate leaf work lines and the perpendicular line from the bisector
to the quoin contact point resulting in an offset of approximately 180 mm (7 in.), as in
the details shown in Plate B-25. Studies and experience show that eccentricities arrived
at by this method will reduce the contact time between the fixed wall quoin and the con-
tact block of the moving gate leaf sufficiently to minimize interference and binding be-
tween the bearing blocks. The 180-mm (7-in.) offset will be exact and constant for all
gates with the same miter angle and distance from the face of the lock chamber to the
recessed work line 0.37 m (1 ft, 2.5 in.), as shown in Plate B-25.

h. Pintle Bushings. Pintle bushings for lock gates traditionally have been grease-
lubricated aluminum bronze. The aluminum bronze alloy typically used is C95400,
meeting the requirements of ASTM B148 or ASTM B271. Plates B-21 to B-24 provide
recommended grease groove and seal details. The aluminum bronze bushing is press-
fit into the pintle socket and bushing and secured by bolting to the socket. The bearing
surface should be finished truly hemispherical and the pintle balls fitted to the bushings
by scraping or should be lapped until uniform contact is attained over the entire bearing
surface. This can be determined by testing with carbon paper or a similar media transfer
technique. The pintle and bushing need to be match-marked. Show finished surfaces on
the drawings, in accordance with ASME B46.1. Compliance with surface requirements
typically is determined by sense of feel and visual inspection of the work and comparing
it to the Roughness Comparison Specimens of ASME B46.1. Grease-lubricated bronze
continues to work well, but environmental issues created by pumping grease to the
pintle bushing have started a shift toward considering self-lubricated pintle bushings.

i. Self-lubricated Bearings. Additional discussion on self-lubricated pintle bear-
ings is in Chapter 2. Self-lubricated pintles and bushings are becoming more widely
used. The bushings and pintle balls should be designed as a system so they work to-
gether. The self-lubricated composite materials also can be designed with much larger
bearing pressures than conventional bronze for large gate loads. However, the bearing
pressures for miter gate pintles are usually low and generally well suited for self-
lubricated bearings and bushings. More recent designs have been completed with
self-lubricating material installed onto hemispherical or near-spherical pintle sockets
with matching stainless steel pintle balls. The self-lubricated material is shaped into
pucks or discs recessed and secured to the socket bushing or the pintle ball. Conductiv-
ity indicator wear pins should be incorporated into the bearing surfaces to allow the pro-
ject personnel to test periodically for bearing surface wear and to schedule replacement.

(1) Self-lubricated bearing material, also known as composites, has been produced
for many years. CERL has conducted a number of research projects to study the per-
formance of self-lubricating materials, first for hydropower application and more recently
for navigation lock and dam application. These reports include SR-04-8 Field Evaluation
of Self-Lubricated Mechanical Components for Civil Works Navigation Structures. They
also include: 99/104 Greaseless Bushings for Hydropower Applications: Program, Test-
ing, and Results.
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(2) Some materials and arrangements have worked better than others. Any mate-
rial selected should be tested by an independent laboratory. The CERL report SR-04-8
addresses this. The composite typically is fitted in a bronze housing through interfer-
ence fit and fasteners. The pintle typically is manufactured of cast steel with bearing
surfaces of stainless steel deposited in weld passes to a thickness of not fewer than 4.8
mm (0.1875 in.) and machined to the required shape.

Figure 4-17. Pintle ball with self-lubricating wear pads

(3) Selecting the correct type of self-lubricated bushing, specifying the proper de-
sign criteria (i.e., composite thickness, surface finish, interference fit, or clearance fit) for
each particular application is critical to ensure a successful installation. The CERL re-
port (2004) identifies Corps lock-and-dam projects that have used self-lubricated pintle
bushings. Designers should contact the districts identified in this report to get an update
on the information provided in the report.
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CHAPTER 5
Sector Gate Operating Machinery

5-1. General Description. Sector gates are used on both storm protection (hurricane
protection) and lock gates. Their primary advantage, as explained below, is they can
operate with differential head on either side of the gate. The sector gate consists of two
gate leaves, each made of a curved skin plate, with a framed structure linking the skin
plate back to a point of rotation located at the skin plate's center of curvature. When
open, the gate leaves are within recesses at either side of the navigation channel.
Operating machinery is employed to rotate the gate leaves across the channel, meeting
at a vertical seal at the center, thus affecting a closure. Hydrostatic forces on the skin
plate act in a radial direction and, as such, are orthogonal to the line of action for the
operating machinery, which acts tangentially to rotate the gates leaves. The design of a
sector gate ensures that the hydrostatic forces across the skin plate do not directly
counteract the operating machinery; however, they still do contribute to the frictional
load at the point of rotation. The sector gate, thereby, is better suited for operation in the
presence of differential heads than the miter gate. A general discussion and design
criteria for three types of sector gate operating equipment for lock application are
presented. They are: wire rope and drum, rack and pinion, and direct-acting hydraulic
cylinder. Sector gate structural description and design information is in EM 1110-2-
2105.

Figure 5-1. New Orleans Caernarvon Canal sector gate
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5-2. Operating System Descriptions and Selection Criteria.

a. Wire Rope and Drum. Sector gates traditionally have been driven either by a
wire rope and drum mechanism, shown on Plate B-37, or by rack and pinion, shown on
Plate B-38. The wire rope and drum mechanism was designed to be an inexpensive
method of operating infrequently used gates, such as floodgates. Wire rope systems, or
similar winch or capstan systems, also may be employed as a backup to rack and
pinion systems. A disadvantage of the wire rope and drum mechanism is that the wire
ropes tend to lose tension with use, requiring periodic re-tensioning and replacement.
Also, because the wire rope drum position does not accurately correlate to the gate
position, limit switches must be located on the gate or in the gate recess, potentially
exposing them to damage. The track along the gate face where a wire rope typically
would lay generally requires some interruption in the vertical seals for passage of the
rope, providing a leakage point near the top of the gate.

b. Rack and Pinion. The rack and pinion mechanism mainly is used on lock gates
or gates that have a high frequency of use and floodgates of any substantial size. This
type of system allows for simple operation and little maintenance on the major load-
bearing mechanical components. Once the rack and pinion mechanism is aligned, there
is no need for continual adjustments. In addition, the gate drive pinion gear accurately
correlates to gate position, thereby permitting the use of limit switches that can be
located to operate directly from the machinery. A disadvantage with the rack and pinion
mechanism is that the vertical seal must be interrupted to accommodate passage of
machinery components, providing a leakage pathway near the top of the gate. Seal
arrangement and positioning should be designed to minimize the interruption of
protection. Also, wear in the gate's hinge and pintle eventually results in a tightening of
the gear mesh. However, by this time, it is usually wise to either replace or rotate the
gate bushings. The rack and pinion gears should have a diametrical pitch of 1 or more
to minimize the effects of changes in gear clearance resulting from the relative radial
movement of the gate rack and pinion gears. Additionally, it is recommended that
adjustment in the radial direction (with respect to the gate leaf) be built into the pinion
mounting, and both radial and vertical adjustment, such as slotted bolt holes, and shim
stacks, be built into the rack mounting. Such features will facilitate ease of initial
alignment and accommodation for future adjustments.
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Figure 5-2. Hydraulically operated pinion gear and rack

c. Direct-Acting Hydraulic Cylinder. A third design uses a direct-acting hydraulic
cylinder, as shown on Plate B-39. The direct-acting hydraulic cylinder has been around
for a number of years, but is not in widespread use. Direct-acting cylinders often are
used on gates with the hydrodynamic feature generally referred to as ears, which
complicates implementation of wire rope or rack and pinion systems. To reduce the
cylinder's stroke length, the cylinder's rod end is attached to the gate's top frame near
the hinge and at an operating radius that is approximately 1/5 that of either the rack and
pinion or cable and drum mechanisms. The short operating radius imposes higher
stresses on the gate and machinery than the previous two designs. The advantages of
the direct-operating cylinder is that it includes fewer machinery components, the
cylinder is self-aligning with the gate, and limit switches can be built directly into the
cylinder where they are not easily damaged and all machinery is located on the
protected side and does not require an interruption to the vertical seal.
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Figure 5-3. Hydraulic cylinder-driven sector gate, New Orleans

d. Power Transmission. Mechanical and hydraulic are the two types of
transmissions that provide power to the three gate-operating mechanisms described
above. The hydraulic transmission usually consists of an electric motor-driven hydraulic
pump, control valves and, except for the direct-acting hydraulic cylinder machine, a
hydraulic motor. Hydraulic transmissions are inexpensive and provide flexibility in
control and physical layout. The control flexibility of the hydraulic transmission is
particularly suitable for lock gates or floodgates where routine operation can be
ensured. Hydraulic drive systems design should include cross-over relief or a
counterbalance valve to prevent an external driving load from over-pressuring the
hydraulic motor or cylinder. Counterbalance and control valves should be selected
carefully to ensure smooth operation without surging or pulsing of the gate. The
mechanical transmission usually consists of an electric motor, motor brake, and multiple
shaft speed reducer. Mechanical transmissions are dependable and require little
maintenance, which makes them suitable for floodgates; however, where danger of
flooding of the machinery recesses are of concern, hydraulic systems tend to be more
resilient, provided HPU and control systems are protected.

5-3. Design Considerations and Criteria.

a. General. Hydraulic loading on sector gates are produced from direct heads
and reverse heads. A direct head is a head differential across the gate with the highest
water elevation on the convex side of the skin plate. A reverse head is a head
differential across the gate with the highest water surface on the concave side of the
skin plate. Under normal heads, sector gate tests have shown that the loads created by
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flowing water tended to close the gate but were considerably less than those observed
under reverse heads. Under all reverse head conditions, loads imposed on the gate by
the flowing water tended to close the gate. Loads increased with gate openings up to 5
to 7 ft, then showed a tendency for a slow decrease at greater openings. Model data for
gate openings of about 6 ft can be used to predict peak torque for various lower pools
and reverse heads. Model and prototype tests demonstrated that the major loads on the
gate are caused by structural members in the immediate vicinity of the skin plate at the
miter noses of the gate leaves and by the side seal bracket that blocks side flow at the
recess edge of the skin plate. Timber fenders, which are offset from the skin plate, have
a negligible effect on forces.

(1) Operating forces from direct heads are friction from the pintle and hinge,
hydraulic forces on the seal bracket, and bottom seal friction.

(2) Operating forces from reverse heads are hinge and pintle friction, hydraulic
forces on the seal brackets, hydraulic forces on the vertical steel members near the
nose of the gate, and friction from reverse head seals. Depending on the construction of
the bottom seal, bottom seal friction might not be created during reverse heads.

(3) Unpredictable forces such as those caused by silt, debris, wear, wind, and
construction inaccuracies should be accounted for by applying a 1.5 application factor to
the calculated loads. Ice loading should be calculated separately, than added to all
other calculated loads.

b. Determination of Machinery Loads. When determining operating loads for a
sector gate, Waterways Experiment Station (WES) Technical Report H-70-2 and
Appendix A to the report (USAEWES 1970, 1971) should be used as a guide. Sample
calculations for determining closing loads with a reverse head are shown in Appendix C.
However, if a gate design varying considerably from the type shown in the report is
used, model studies to determine the loads should be performed.

(1) Hydraulic Loads. Difficulty was experienced in the design of the first sector
gates when operating under reverse heads. Prototype tests showed that hydrodynamics
forces on the vertical steel member near the nose of the gate created much greater
loads than anticipated during design. As a result, extensive tests were made to obtain
operating hydraulic forces on sector gates and to account for the hydrodynamics forces.
These tests made by WES are published in the following technical reports, which are
noted in Appendix A:

e H-70-2, "Operating forces on Sector Gates Under Reverse Heads."

e H-71-4, "Calcasieu Saltwater Barrier prototype Sector Gate Tests".

e 2-309, "Filling Characteristics, Algiers Lock Intracoastal Waterway, Gulf
Section, Louisiana" and Appendix. The appendix covers gate operating forces
and modifications to reduce operating forces.

e CHL-TR-03-3, "Filling and Emptying System for Inner Harbor Navigation Canal
Lock Replacement, Louisiana."
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(2) The tests by WES resulted in the design of an improved gate with operating
forces approximately 40% of those experienced in the original designs. The third and
fourth reports are for tests conducted on models of modified sector gates referred to as
ear sector gates. In plan view, an ear sector gate resembles a traditional sector gate
with the addition of two protruding radial members at each end of the gate called ears.
Ear sector gates are designed to pass water through the center of the lock and through
the gates’ recesses as the gates open. This enables the lock chamber to fill and empty
at a faster rate and with less turbulence, because not all the water is entering or leaving
the lock chamber through the center opening as is done with non-eared gates. This
feature is of greater importance with increase in lock lift. The design also prevents
siltation in the gates' recesses. Algiers Lock, located on the Intracoastal Waterway and
the Mississippi River at New Orleans, has ear sector gates designed for a differential
head of 5.6 m (18.5 ft), about 3.6 m (12 ft) higher than would be practicable with non-
eared gates.

(3) After maximum operating conditions on the sector gates have been
determined, the gate operating loads should be computed both for normal flow and
reverse flow conditions. Loads due to reverse head conditions usually will establish the
size of machine to be used; however, loads due to normal heads should be checked.

(4) Water load on the gate will be created by the projected width of miter beam,
skin plate rib, and seal bracket. Figure (a), Plate 44, of Technical Report H-70-2,
Appendix A, gives the peak closing pintle torque for the improved type gate. These
torque curves are reproduced for this manual and are shown in Appendix C. This torque
is based on a gate having a total projected width of miter beam, skin plate rib, and seal
bracket of 30.375in. (17.875in. + 8 in. + 4.5 in. = 30.375 in.). The torque should be
corrected, in accordance with Froude’s law of similarity, to the lengths used on the
proposed gate based on the scalar ratio. For gates varying considerably from the type
shown in the report, initial load estimates prior to completion of a model study can be
calculated assuming a linear profile between pool-to-pool water elevations across the
channel side face of the total projected width of the miter beam, skin plate rib, and seal
bracket and the reverse head water elevation on the recess side of the same
components. As such, the estimated closing force would be half the differential reverse
head acting on the projected width of those components over the average submerged
height of the miter beam. Hinge friction and pintle friction torque should be added to the
above water load to determine the total machinery load and a 1.5 safety factor applied
for machinery sizing. Reference should be made to Miscellaneous Paper H-71-4,
paragraph 14 (USAEWES 1971), along with establishing reasonable values of hinge
and pintle friction. Typical calculations for determining loads on the improved type of
sector gate are shown in Appendix C.

c. Hinge and Pintle Friction. Hinge and pintle frictional torque is the torque
generated at the bearing surfaces between the stationary part of the bearing and the
movable part. The bearing load is the load resulting from the gate weight, hydrostatic
loads, and reaction loads generated by the operating machinery. Based on using self-
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aligning hinge and pintle, a bearing frictional factor of 0.25 for steel on bronze should be
used. If either a cylindrical hinge or pintle is used, the designer should anticipate much
higher frictional loads resulting from possible construction misalignment. WES has
found that cylindrical hinge and pintle friction for Calcasieu Saltwater Barrier sector
gates were 4.5 times the calculated value.

d. Bottom Seal Friction. Bottom seal friction is caused by the differential
hydrostatic head across the seal and force of pre-compressing the seal 6.4 mm (0.25
in.). A coefficient of friction of 1.0 should be used, even for Teflon coated rubber seals.
Initially, the seals on a sector gate are set with approximately 0 to 0.8 mm (0 to 1/32 in.)
of clearance. The 6.4 mm (0.25 in.) pre-compression accounts for gate sag, hinge and
pintle wear, and variations in gate temperature between submerged members and non-
submerged members.

e. Contingencies. After the gate loads are calculated, an application factor of 1.5
should be applied to the combined friction and hydraulic loads. The application factor
accounts for transient and unpredictable forces such as those resulting from silt, debris,
hinge and pintle wear, and construction inaccuracies.

f. Machinery components. General criteria applicable to machine components
are in Chapter 2.

5-4. Operating Procedures and Controls.

a. Operating machinery controls. Sector gates usually are controlled from a small
control house adjacent to each pair of gate leaves. For electric motor drive, the control
equipment consists of the combination of full-voltage magnetic controllers, limit
switches, control pushbuttons, and switches arranged to produce the desired operating
sequence. For fluid motor drive, the speed of the gate is varied by controlling the flow of
oil to the fluid motor either by throttling or by use of a variable stroke piston pump. With
this system, control valves can be controlled either manually or electrically.

b. Low Head Locks. Low head locks are locks that have a lift of 1.5 m (5 ft) or
fewer. To fill and empty a low head sector gate lock chamber, the operator opens the
filling or emptying sector gates from 0.3 to 0.9 m (1 to 3 ft). The gates then are held in
this position until the differential water level across the gates is within 150 mm (0.5 ft).
At this time, the gates are opened fully. A single operating speed of between 20 to 35
deg of gate rotation per minute with cushioned gate start and stop has been found
satisfactory. With a hydraulic transmission, cushioned gate start and stop can be
incorporated into the hydraulic system using ramp proportional valves or other flow
control devices. Machinery brakes also should have cushioned movement.

c. Flood Control Gates. Single speed operation of between 5 to 7 deg of gate
rotation per minute has been found satisfactory. At this low speed of operation, cushion
gate start and stop are not required.
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d. Medium to High Lift Gates. Medium to high lift locks are locks with lifts of more
than 1.5 m (5 ft). For medium to high lift locks, where the gates are used to fill and
empty the chamber, a two-speed operating system is required with a slow initial opening
speed. The slower speed enables the lock operator to accurately set the gate opening
to prevent excess chamber turbulence. The slow speed should be field adjustable with a
range of from 1.5 to 5 deg of gate rotation per minute. A higher speed of 20 to 35 deg of
gate rotation per minute can be used once the differential head across the gate is within
150 mm (0.5 ft). Starts, stops, and changes in gate speed should be cushioned.

5-5. Special Design Considerations.

a. General. The gate operating machinery is crucial to the operation of a lock or
floodgate structure. Reasonable means should be made to incorporate into the design a
high degree of reliability and serviceability.

b. Auxiliary Drives. For most hydraulically driven gates, an auxiliary drive has
proven valuable. The auxiliary drive should be basic and provide an operating speed
that is half to a quarter of that of the primary drive. The auxiliary drive should consist of
a pump and motor connected permanently to the gate's hydraulic system. A portable
drive system shown in Figure 5-5 can also be utilized. Other hydraulic system
components such as valves, solenoids and hoses should be accessible and easily
replaceable. A dual pump and motor arrangement where both pumps operate in parallel
for primary operation, with each pump providing half capacity redundancy should the
other fail, is an acceptable means of providing an auxiliary drive. Mechanically operated
gates normally do not require an auxiliary drive. However, flood control gates with
mechanical drives should have auxiliary power sources such as an auxiliary generator,
hand crank, or air motor with air storage. When incorporating a hand crank mechanism,
an awareness of the required time to operate such a system should be considered and
possibly alleviated by providing operability with a portable actuator or PTO of some sort.
The incorporation of pad eyes or bollards into the gate structure for closure by alternate
means (portable winch, tow boat, etc.) might be prudent for some applications. A back-
up winch system utilizing wire rope is shown in Figure 5-4. This can be used to close
the sector gate in the event of a hydraulic system failure.
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Figure 5-4. Backup winch system

Figure 5-5. Auxiliary power unit for Bayou Dupre Gate, New Orleans
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c. Hydraulic System Contamination. Hydraulic driven sector gate drives (on storm
barriers) are particular vulnerable to water contamination since they can be exposed to
hurricane force winds and driving rain. This is something the designer has to mitigate.
Water in the hydraulic system is one of the primary reasons for hydraulic component
failures. Water usually infiltrates the system due to the moisture in the air that is
exchanged in the reservoir through the breathers. To eliminate this source of
contamination, the hydraulic reservoir should be located in a room with dehumidification
and/or be equipped with a bladder that prevents direct exchange with outside air.
Chapter 3 provides additional discussion on this issue.

d. Material Selection. When practicable, machinery components subject to
damage should be constructed from field welded materials. This is especially important
for items that would require a long lead time to acquire or take substantial effort to
replace, such as gear racks, drive pinions, and machinery bases.

e. Generator Backup. All sector gates utilized for storm (hurricane) protection
shall be provided with generator backup power. An automatic transfer switch that will
transfer utility power to generator power should be provided when consistent with
operational protocols and considerations specific to the installation in question.
Generators should be installed in a protected building. Generators should be sized for
the full operational capability of the gate, including simultaneous operation of any
lighting and other ancillary systems.

Figure 5-6. Bayou Dupre, New Orleans, backup generator
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5-6. Pintle and Hinge Design.

a. General. Sector gate operation is highly dependent upon a functioning bearing
system at the gate hinge and pintle. It is critical the hinge and pintle bearings be
designed, constructed, and maintained correctly. The hinge and pintle are the reaction
points against the pool-to-pool head load when the gate is closed; they also provide
support to accommodate the lateral load from the cantilevered weight of the gate. The
pintle additionally receives the vertical dead load of the gate. The hinge transfers the
horizontal load into the concrete wall. A high degree of reliability throughout the service
life should be incorporated into their designs. Spherical bearings typically are used to
prevent binding in the case of minor misalignment. Additional discussion on pintle
bushings and self-lubricated bearings is below and also in Chapters 2 and 4.

b. Bronze Bushings. Traditionally, grease-lubricated bronze bushings running
against stainless steel bearing surfaces have been utilized for sector gate hinge and
pintle bearing systems. The bearing relies on a layer of grease to provide lubrication
and, as such, bearing pressures must be at a low enough level to maintain adequate
film thickness. Recommended maximum static bearing pressure should be no more
than 2500 psi, with loading during operation not to exceed 5000 psi. Design of a grease-
lubricated bearing system should include the proper running clearance, surface finishes
and bearing material properties, the grease lubrication system, and the arrangement of
any seals used.

(1) Clearance on large greased hinge and pintle bearings should be medium
running fits, class RC5 to RC6. Surface finishes should be specified as 0.4 microns (16
micro-inches) or better. C95500 aluminum bronze material or similar is recommended
based on its high yield strength; however, C93200 leaded tin bronze or similar material
has been preferred for some applications because of its good lubricity. Surface
hardness of the stainless steel bearing surface should be minimum 40 Rockwell C.
Bushings and balls may be matched fit and lapped to one another prior to installation to
ensure fit and finish. In addition to mechanical material properties, selection of a
bushing material also should include considerations of its position on the galvanic scale
relative to the pintle ball material to avoid galvanic corrosion. In some marine
environments, the aluminum component of the previously recommended C95500 has
been found to corrode sacrificially in contact with stainless steel.

(2) The basic grease lubrication system would include manual grease fittings
located in an accessible location, with grease lines of stainless steel tubing run to ports
on through the bronze bushing. The bushing should be fixed within the housing, such
that a grease pathway is maintained and proper fit is ensured by eliminating the
possibility of wear induced by bushing rotation within the housing. The bearing surface
of the bronze bushing should incorporate grease grooves to adequately distribute the
grease across the entire bearing surface. The pattern of grease grooves and number of
grease ports should be designed according to the size and range of rotation specific to
the bearing. In locating grease ports, priority should be given to introducing grease to
the loaded side of the bearings. Automatic grease dispensers might be appropriate in
gates with frequent operation. Recirculation systems incorporating grease return lines
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and/or environmentally benign grease might be necessary when grease systems are
used in environmentally sensitive locations. The preferred alternative in such cases
would be to use a greaseless bearing system. Grease lines are typically field fit, but
should be run in such a manner that they are protected by the gate structure as best as
can be accommodated.

(3) Seals generally are recommended on greased systems. Seals might be
required to keep dirt and debris out, to keep the grease contained, or both, and should
be designed according to their intent as double acting or single acting oriented
according to their purpose. It should be noted that, if return lines are not supplied, the
seal should provide some pathway for old grease to exit the bearing as new grease is
pumped in. Seals should be of the non-pinniped type.

(4) Greaseless Bearing Systems. Self-lubricating or greaseless bearing systems
have been used for various applications including hinge and pintle bearings on sector
gates and miter gates. Greaseless systems eliminate the need for grease lines, prevent
the introduction of grease into the marine environment and provide a very low friction
bearing system. Greaseless systems generally fall into one of three types. Plug-type
systems incorporate an array of lubricating plugs in a bronze bushing, which act as a
bearing surface and provide lubricant between bronze bushing and stainless bearing
surface as they wear. Alternatively, liner-type systems provide a surface of synthetic
material to act as the bushing material in place of lubricated bronze. A variation on the
liner system is the puck-type system where, instead of a continuous liner, the same type
of synthetic material is placed on an array of bearing inserts.

(5) Plug-type systems essentially are a bronze bushing with lubrication for the life
of the bearing supplied internally. They are most similar to traditional greased bronze
systems, and equivalent bearing pressures and friction coefficients should be used
during design. The degree to which the plugs act as a bearing surface, in addition to
lubricant, should be considered when determining effective bearing area. Plug-type
systems might require break-in grease until the plugs wear adequately. Typically, they
do not benefit from the same reduction in friction of a liner or puck-type system;
however, plug-type systems do not risk liner de-lamination or grease system failure and
are generally resilient regarding maintenance neglect.

(6) Liner-type systems utilize a synthetic material as the bushing material running
against the stainless steel bearing surface. Materials with coefficients of friction in the
range of 0.08 to 0.10 are typical, though maintaining the more conservative assumption
used with traditional greased bushings is recommended when sizing operating
machinery on critical flood protection applications. The practice of using a liner
substrate of traditional bearing material may be incorporated to provide redundancy in
case of liner failure, but shouldn’t be required for a properly designed liner system and
might constrain design. Stainless steel substrate bushings on stainless steel bearings
have been utilized, and allow for placement of the liner on the ball O.D., rather than
bushing I.D., where beneficial. Regarding placement of the bearing on the inner or outer
bearing surface, rather than trying to distribute wear across the entire bearing surface,
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multiple suppliers recommend placing the liner in the location static to the loading to
avoid cyclic loading that might lead to liner de-lamination. If liners are placed on the ball
O.D., the treatment of wear related to vertical seams on split bushings should be
discussed with the bearing supplier. Greaseless liner systems might be adequate for
increased bearing pressures, and the manufacturer’s recommendations should be
followed. However, in this case, a conservative assumption of 50% contact area is
recommended. Liner thickness, surface finishes, and running clearance and tolerances
typically are provided by the liner manufacture specific to working load, cycle life, and
bearing size. Liner materials should be dimensionally stable, especially with regard to
swelling or shrinkage from water absorption, in order to ensure designed fits and
clearances are maintained. Seals might or might not be recommended by the
manufacturer, but could be appropriate depending upon site conditions.

(7) Puck systems typically use the same types of material as liner systems, except
they are applied to individual inserts mounted in recesses on what otherwise would be
the bushing surface. See Figure 5-7. The insert’s face is raised above the mounting
surface, such that the interstitial space between inserts does not contact the stainless
steel bearing face. Total projected bearing area must be reduced accordingly. Puck
systems facilitate fabrication on large bushings and aid in replacement, as they do not
require removal of the entire bushing or pintle from the work site for recoating, as would
be necessary for a liner system of machining and lapping for a greased system. For
critical applications, use of traditional bearing material as liner substrate and auxiliary
greasing provision might be provided for the case of liner failure; however, this typically
is not necessary. Care should be taken in selecting insert fastener arrangements to
ensure they fully constrain the components under the expected loading.
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Figure 5-7. Pintle bushing, Caernarvon Canal, New Orleans

c. Quality Control and Quality Assurance. Hinge and pintle assemblies are
comprised of large components manufactured to tight tolerances. Incorrect fits and
finishes might lead to binding or vibration, causing excessive component wear and
increasing the required operating force. To avoid such issues, quality control should be
addressed in the design specifications, and an expectation for a reasonable amount of
quality assurance effort should be anticipated to ensure radial tolerances, spherical
tolerances, and surface smoothness. For bearing systems utilizing the assembly of
multiple components, such as a puck system, tolerance stack-up could be an issue.
Recommended is a robust quality assurance procedure utilizing coordinate measuring
machines, and/or final machining of the liner material with the inserts in place. For
greased bronze on steel, machinist dye or similar technique may be used to check for
surface contact.
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CHAPTER 6
Filling, Emptying and Water Control Valves, and Machinery

6-1. General Description. The most common type of filling and emptying system used
in locks is a longitudinal culvert in the lock wall extending between the upper and lower
pools. Each culvert has a streamlined intake at the upstream end and a diffusion
discharge at the downstream end. Culvert flow is distributed in and out of the lock
chamber by wall ports or secondary culverts in the floor of the chamber. Each culvert
has two valves: one for filling and one for emptying the chamber. The filling valve allows
upstream pool to fill the chamber while the emptying valve remains closed. The
emptying valve allows the chamber to drain to the downstream pool while the filling
valve remains closed. Guidance on hydraulic design criteria including forces due to
hydraulic loading can be found in EM 1110-2-1610.

6-2. Machinery Design Criteria. The general design criteria for machinery components
are in Chapter 2. Culvert valve machinery must be designed to raise the valve under
flowing water conditions at the full maximum head differential. Hydraulic design
engineers should provide the gate operating speeds, including any pauses, to be used
at the various head conditions planned for the specific lock location. Operating speeds
are based upon specific flow conditions designed to fill or empty the lock chamber
without producing unsafe hawser stresses, air entrainment, or other operating
conditions dangerous to the tows or their personnel. If wire rope connected, the valve
should provide sufficient weight to close, even under flowing water conditions, because
the wire ropes are incapable of forcing the valve to close. Closing under flowing water
conditions might be required where ice or debris flushing operations are typical,
especially at locks with upstream lift gates. It is customary to design all valve machines
identically for economy of fabrication.

a. Culvert Valve Hoist Loads. The hoist should be designed for: (1) the gate
connection load due to flowing water under the valve, (2) the buoyant (submerged)
weight of the valve, (3) the weight of the operating equipment linkages or wire rope
assemblies, (4) the side seal friction, (5) the trunnion bushing friction under maximum
normal flowing water load, (6) bushing friction at other points in the drive, and (7) the
head differentials across the top seal of the valve. Evaluation of these loads is a
mandatory minimum requirement for machinery design.

b. Valve Operating Speeds. Typical operating speeds for culvert valves should
permit opening in approximately 1 to 3 min. Operating times as long as 15 min have
been used at the John Day Lock. Cavitation problems caused revision of the John Day
Lock’s opening time to fewer than 7 min, including a 5-min pause at 30% open.
Discharge conditions such as scour, low water, or temporary moorings also could result
in the need for slower valve operating speeds. Sequencing of valve opening or closing
positions might be necessary to control lock chamber overfilling or overemptying.

c. Hoist Drive Motors. Dual speed operation can be accomplished with a two-
speed electric motor. For multi-speed operation, an electric motor controlled by a
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Variable Frequency Drive (VFD) would be more practical. Modern technology has
resulted in the DC drive and the VFD, which provide widely variable speed and torque
at a competitive cost. These devices can provide almost infinitely variable speed with
constant horsepower. This system allows ice flushing at low rpm and high torque, while
normal, balanced head operation can occur at high rpm and low torque. For more
detailed information, see Chapter 12.

d. Hydraulic System Design. The hydraulic control circuit for culvert valve
machinery should include: (1) a solenoid-controlled, pilot-operated, four-way directional
control valve, (2) an adjustable pressure relief valve for opening operations, (3) an
adjustable pressure relief valve for closing operations, and (4) a remote pilot operated
counterbalance valve. The directional valve should be designed with a blocked center or
tandem center spool providing positive pump output to the cylinder in both directions of
operation. Culvert valves should not be allowed to lower through the hydraulic control
circuit only by their own weight. Such operation could lead to undesirable shock and
vibration within the control circuit. The pressure relief valves are provided to protect the
controls and cylinders from excessive pressure, which could lead to damage of the
strut, bellcrank, or associated bearings and pins. The counterbalance valve is the typical
method to prevent an overrunning load while providing a positive locking of the cylinder,
at any valve position, until hydraulic pump pressure is applied to the cylinder for actual
planned movement.

(1) Instrumentation. The installation of pressure transducers and pressure gauges
at strategic locations within the hydraulic circuit would provide useful information in the
adaption of the hydraulic system to actual lock operating conditions.

(2) Directional Control Valve. There is no benefit to designing a single-acting
hydraulic cylinder system that does not have a four-way directional control valve to
direct positive pump delivery to the cap-end side of the hydraulic cylinder. Systems that
are designed to allow the weight of the culvert valve to lower the valve do not take
advantage of the speed and force controlling features of a power-down control system.
Locks that have situations where closing the tainter valves against flowing water have
some benefits will most certainly need double-acting control.

(3) Pressure Relief Valves. Pressure relief valves should be designed for the
maximum pressure range that will not cause damage to the system. The smallest
commercially available range that will meet system requirements should be used
because this will yield the maximum setting sensitivity. A pressure relief valve should be
provided to prevent excessive pressure upon closing the tainter valve against the sill
plate in the culvert. A pressure relief valve should be provided to prevent excessive
pressure upon opening the tainter valve to the full open position.

(4) Counterbalance Valve. A remote pilot-operated counterbalance valve is
required to hold the tainter valve open at any position that it is stopped until positive
pump pressure is applied to move the tainter valve.
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e. Controls. Appropriate control devices are detailed in Chapter 12, Equipment
and Machinery Controls. Overfillloverempty should be included if found to be needed
through hydraulic model studies or testing of the actual lock. To limit the overfilling or
emptying of the lock, this control scheme varies the valve opening.

f. Special Design Considerations. Special design considerations are areas of
coordination among the structural, mechanical, and electrical designers, and are
necessary to provide a proper operating system.

(1) Slack Cable Safety Devices. Slack cable safety devices are an essential safety
feature for wire rope-operated culvert valve machinery. The culvert valve could seize
against the valve chamber walls, or above the culvert floor, on debris or zebra mussels.
The slack cable safety device will shut down the motor before too much cable is
unspooled. This will prevent problems with guiding the wire rope back onto the drum

properly.

(2) Positional Encoders. Positional encoders or sensors, connected to the
machinery or integral to the hydraulic cylinders, are essential to the operation of the
culvert valve machinery and lock electrical control system. Encoders or sensors are
used to provide the elevation position of the bottom of the culvert valve, which can
control the filling, emptying, and miter gate operation interlocks. Encoders or sensors
can be used to indicate speed, motion, or actual angular position of various machinery
components, which can be translated to culvert valve motion. For more information, see
Chapter 12.

(3) Wire Rope-Connected Culvert Valve Design. The structural engineer should
be aware that the operating machinery is not designed to force the valve down.
Because the valve must lower due to its own weight, it is important that the structural
designer compensate for any uplift hydraulic loads. EM 1110-2-1610 and ERDC TR-11-
4 both provide extensive discussion of these uplift tendencies with respect to valve
design and head conditions.

(4) Limit Switches. Limit switch locations must be coordinated with the structural
designer to prevent overtravel in the valve opening or closing position, or to signal fully
open or closed. These switches and their electrical appurtenances should be
submersible.

(5) Lubrication System. Where grease-lubricated bearings or permanently
lubricated bearings with grease supplementary provisions are provided for bellcranks,
struts, or other connections, the supply lines should be mounted inside the structural
tubes. Flexible hose connections might be required to connect piping across pivoting
joints. All exposed piping and hose should be equipped with rigid structural steel guards
designed to provide maximum protection against waterborne debris and ice.

6-3. Culvert Tainter Valve. The most common type of filling and emptying valve is the
tainter valve. The tainter valve is constructed in a manner similar to the tainter gates
typically used as spillway gates, but oriented either in the standard or reverse
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configuration. Additional information on culvert valves is available in EM 1110-2-1610,
“Hydraulic Design of Lock Culvert Valves”, ERDC TR-11-4, ERDC Presentation on Lock
Culvert Valve Design, February 2011, ERDC TR-03-3, WES TR-2-309, and WES TR-2-
537.

a. Tainter Valve. Many of the navigation locks on the upper Mississippi River
have conventional tainter gate-type valves. The valve is oriented with the trunnions
downstream of the skin plate, causing the convex surface of the skin plate to face the
flow and seal along the upstream end of the valve well.

b. Reverse Tainter Valve. Many of the navigation locks on the Ohio River, as well
as some of the newer ones on the Mississippi, Red, and Arkansas rivers, have reverse
tainter gate type valves. The valve is oriented with the trunnions upstream of the skin
plate, causing the convex surface of the skin plate to face downstream and seal along
the downstream end of the valve well. The reverse tainter valve offers an advantage
over the conventional tainter valve in that its orientation prevents the introduction of air
into the culverts in higher submergence applications. Figure 6-1 shows a reverse tainter
valve, stored on the lock wall.

Figure 6-1. Reverse tainter valve

c. Machinery. The machinery arrangements discussed below may be considered
for either tainter or reverse tainter valves. The major limitation of wire rope-operated
tainter gates is they are not suitable for use where uplift forces exceed downward
forces. The term tainter valve used below refers to both tainter and reverse tainter
valves.

(1) Electric Motor-Driven Tainter Valve Hoist. This hoist uses two stainless steel
round wire ropes, one at each end of the tainter valve. The wire rope is connected to the
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convex side of the tainter valve at the lower main girder near the side strut location. The
valve should provide sufficient weight to close even under flowing water conditions,
because the cable system is incapable of forcing the valve to close. The cables are
connected to two grooved drum assemblies, which are flanked by spherical roller-
bearing pillow blocks. The drum assemblies are connected to a quadruple reduction
parallel shaft reducer by geared flexible couplings. The parallel shaft reducer has dual
extended input shafts to connect to the electric drive motor and hoist holding brake. A
rotary limit switch assembly is connected to the brake shaft extension. The holding
brake is typically a solenoid-operated shoe brake. The electric drive motor may be a
custom two-speed constant torque motor or a variable frequency drive (VFD) motor
system (for multi-speed operational requirements). Hard-wired overtravel limit switches
also are used to supplement the rotary limit switch assembly. A slack cable limit switch
assembly is provided to prevent unspooling of the cable when the gate is not moving.
Plate B-40 and Figure 6-2 shows a typical design.

Figure 6-2. Electric Motor Driven Tainter Valve Hoist

(2) Hydraulic-Operated Bellcrank Type Hoist. The typical hoist for the reverse
tainter valve on large capacity locks consists of: (1) a trunnion mounted hydraulic
cylinder, (2) a bellcrank, (3) a gate operating strut, (4) a support base, and (5) bearings.
The hydraulic cylinder has a center trunnion mounted on pillow block bearings. The
cylinder rod is attached to one corner of a truss-type bellcrank made of steel pipe. The
bellcrank has one corner about which it pivots, connected to a pair of pillow blocks. The
other corners are connected to the hydraulic cylinder and the gate strut. The gate strut
is a steel pipe assembly that contains clevis and eye end connections and a spring
assembly. The gate strut connects the bellcrank to the tainter valve. All pivot
connections are equipped with bushings and pins. Lubrication piping is routed to all
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bushings and pillow blocks. Lubrication piping can be routed inside struts and bellcrank
tubes to reduce exposure to damage. Plate B-42 shows a typical design.

(a) Trunnion-Mounted Hydraulic Cylinder. Trunnion-mounted hydraulic cylinders,
used for bellcrank-type tainter valve machinery, experience a kinematic motion that
places large side loads on the upper half of the rod end seals. This usually leads to
premature seal wear and chatter marks on the cylinder rod. Special attention is
necessary for the proper design of seals and rod material. One solution for this problem
is the mounting of the cylinder in a cardanic ring to eliminate side loading.

(b) Bellcrank. The bellcrank must be specified with proper dimensional tolerances
to ensure that it rotates in an accurate vertical plane. The assembly should undergo
mandatory testing after fabrication to ensure that all shaft pin holes are parallel and all
arms are straight within maximum standard tolerances. There should be mandatory
survey requirements through its range of motion after installation. Past installations with
poor quality control have caused accelerated wear of bushings, clevises, and eyes,
leading to premature failure of machinery. Another important consideration is the
defense of the shaft pin/bushing lubrication lines against damage by debris or ice.
Lubrication piping can be placed inside the bellcrank tube arms, except at the pivot
joints. Other forms of guards may be fabricated to attempt to protect the hoses used at
pivot joints.

(c) Gate-Operating Strut. The gate-operating strut generally contains a spring
assembly to assist in positive closure against the culvert sill. Several types of springs,
including ring springs and Belleville washer-type springs, have been used. Coil springs
appear to give superior performance because of their relative independence of
lubrication. Because there is no easy way to verify grease effectiveness without actual
disassembly of the spring, performance can be measured only by failure. A number of
recent failures have been observed with the shattering of ring springs and Belleville
springs in normal service. Detailed inspections show the components have not received
sufficient lubricant on the essential rubbing surfaces.

(d) Support Base. The tainter valve machinery support base is designed to
properly align the trunnion-mounted hydraulic cylinder and the bellcrank pivot trunnion
bearings. This is essential to ensuring the cylinder, bellcrank, and strut operate in an
accurate vertical plane. It is mandatory that the support base be inspected after
fabrication to establish the relative positions of the machinery mounts to ensure the
accurate vertical plane. The support base must be installed level, in order to allow a
properly constructed bellcrank and trunnion support assembly to move in an accurate
vertical plane.

(3) Hydraulic-Operated/Wire Rope-Connected. This hoist type is considered a
variation on the electric motor-driven tainter valve hoist because wire ropes are used to
connect the valve to the prime mover. In this case, multiple wire ropes are attached to
the rod end of a horizontally mounted hydraulic cylinder, routed over a grooved drum,
then connected to the valve. Plate B-41 shows a typical design.
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(4) Alternative Design. Some locks use a vertically mounted hydraulic cylinder
with a sealed bonnet around the cylinder rod end to exclude water from the valve well.
The vertical cylinder does not pivot, but extends straight downward. The cylinder rod
drives a pivoting gate-operating strut that is connected to the gate. The connection
between the cylinder and the strut is guided along the wall of the recess. Plate B-41
shows a typical design.

(5) Direct-Acting Cylinder Design. A direct-acting cylinder design, which pivots
about a cap end trunnion with the rod connected directly to the tainter valve, has been
used successfully. This system is submerged during operation. Some evidence of water
leakage mixing with the hydraulic fluid does indicate sealing problems. This system
might be applicable to locations where frequent inspection and maintenance of the
cylinders are feasible. Extreme measures are required to protect and maintain seals
and piping/hose from debris or ice. Plate B-44 shows a typical design.

6-4. Vertical Lift Culvert Valves. Vertical lift culvert valves offer a viable alternative
where the site constraints make it an economical choice or the size of the culvert is
small. Advantages include that vertical gates or valves require a shorter length of lock
wall compared to tainter valves and the distribution of the hydrostatic load over a
greater area. Disadvantages include the need for gate slots. Also, vertical lift gates often
require the use of wheels or rollers when sliding friction becomes prohibitive. These
requirements contribute to the typically higher cost of vertical lift gates when compared
to tainter valves. The wheels or rollers of wheeled gates also are susceptible to fouling
due to their exposure to silt and debris-laden water. More information on vertical lift
gates and valves can be found in EM 1110-2-2105.

a. Machinery. Vertical lift culvert valves are well suited for the use of electric
rising stem valve actuators, directly connected, vertically mounted hydraulic cylinders,
or electric motor/gear reduction/wire rope drum driven. If hydraulic cylinder actuators
are used, a method for preventing the introduction of transverse loads to the cylinder
rod should be employed to avoid premature wearing of the rod seals and rod bearing.
This method could include the trunnion mounting of the hydraulic cylinder in a cardanic
ring.

b. Slide Gates. A slide gate is a vertically sliding valve typically with metal-to-
metal contact for end support. These surfaces also serve as the gate seal. Because of
this, the bearing surfaces must be machined to tighter tolerances than wheeled or
tractor type gates. Design criteria specific to the use of slide gates as culvert valves
have not been developed. Nevertheless, general design criteria for culvert valves found
in this manual and hydraulic criteria found in EM 1110-2-1610 may be used with slide
gate design guidance available from manufacturers.

c. Stoney Gate Valves. Stoney gate valves are vertically operated gates in which
the rolling load is transmitted from the face of the gate to the track through roller trains
on either side of the gate. The roller trains are suspended from 2:1 reeving, with one
end of the wire rope connected to the gate and the other end anchored so the roller
trains move at half the speed of the gate. Plate B-45 shows a general plan and
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elevation of a stoney gate valve. The advantage of the stoney gate design is that the
rollers and axles theoretically are subject to nominal rolling friction. Figure 6-3 shows a
stoney gate valve with liner being assembled and tested in the fabrication shop. The
roller train is not shown.

Figure 6-3. Stoney gate valve blade with liner

d. Caterpillar Gates. Caterpillar or tractor gates are similar in principle to stoney
gate valves, except the roller train is continuous, wrapping around the both sides of the
gate.

e. Fixed Wheel Gates. This type of gate uses wheels on fixed axles usually
cantilevered from the body of the gate. These are generally less expensive to fabricate
than tractor or stoney gates, but result in higher bearing stresses in the wheels and
guides.

6-5. Butterfly Valves.

a. The closing mechanism of a butterfly valve is a circular or rectangular disc that
rotates either parallel to the flow in the open position or perpendicular in the closed
position. Passing through the horizontal or vertical axis of the disc is a rod or trunnion
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on which the disk turns. The trunnion then is connected to an actuator. Butterfly valves
offer the advantage that their structure and operating mechanism is contained mostly
within the area of the flow path. This arrangement lends itself to a filling and emptying
system contained in the floor of the lock with submerged valve and actuator requiring no
top of lock wall area. See Plate B-46 for an example.

b. Machinery. Actuators may be rotary or linear with a linkage bar. Manufacturers’
torque curves should be consulted to determine torque requirements at varying heads
and valve angles.

6-6. Recommended System. On the majority of modern locks, the reverse tainter valve
has been the preferred choice. This is due to improved hydraulic characteristics, ease of
fabrication, and lower installation and maintenance costs. For new locks, model studies
should be conducted to determine the best valve configuration that will complement the
hydraulic characteristics of the filling and emptying system. See EM 1110-2-1610 and
ERDC TR-11-4 for further discussion.
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CHAPTER 7
Vertical Lift Gate Operating Machinery

7-1. General Description and Application. There are many different types of vertical
gates and hoisting arrangements used for both navigation and water control projects.
Refer to EM 1110-2-2105 for vertical lift gate description and design information. The
gate types consist of single or multiple leaves that either can be raised from submerged
positions or lowered from overhead positions. These gates have been designed for both
static hydraulic and dynamic conditions. The dynamic type designs are generally more
robust in structure and hoisting requirements. This is necessary because the gates must
be capable of regulating or shutting off flow during normal operation or emergency
situations. The static hydraulic head gates are raised and lowered under no-head
conditions for use in lock chambers. The hydraulic head then is placed on the gate by
raising or lowering the lock chamber with the filling/emptying system. They are not
designed to operate in flowing water conditions.

a. Hoisting arrangements and operating machinery for the vertical lift gates are
as varied as the designs for the gates. The more common types of mechanical systems
to mechanically raise and lower the vertical gates include wire rope, hydraulic cylinder,
mechanical screw, gantry crane, engineered roller chain, and round link chain. This
chapter will describe the type of vertical lift gates and provide the designer with general
design criteria for the development of vertical lift gate operating systems.

b. The designer also might wish to reference the CENWP-EC-DS, April 2008
Memorandum for Record Letter Report for the John Day Navigational Lock noted in
Appendix A. The independent technical review provides a discussion of vertical lift gate
repairs at John Day and valuable information about the background and consequences
of four incidents occurring with the upstream vertical lift gate at the facility from 1975
through 2008.

7-2. Vertical Gates for Navigation Locks.

a. Overhead gates. These types of gates use a tower with overhead cables,
sheaves, and bull wheels to support the gate during its operation and use
counterweights to assist hoisting machinery. The tower height is governed by the lift
required to pass barge traffic. This type of gate would be used when it is not practical or
feasible to use other gate types. See Figures 7-1 and 7-2 for photos of vertical overhead
gates. Plate B-49 provides details.
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Figure 7-1. Vertical overhead gate

Figure 7-2. Vertical overhead gate

b. Submersible gates. A submersible gate may be used as the upstream gate for
a navigation lock. In this case, the gate’s submersible leaf rests below the upstream sill
to allow navigation to pass. Submersible gates generally are not feasible under such
conditions as: high-head applications, when sufficient support cannot be provided for
transferring thrust from miter gates, when the available area to place the gate monolith
is limited, restricting the use of miter gates, and when the gate is used as a hurricane or
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tide gate and is subject to reverse hydrostatic or hydrodynamic loadings. There are two
types of submersible gates: single leaf and multiple leaf. The double-leaf arrangement is
most common. A multiple- leaf arrangement is shown in Figure 7-3.

Figure 7-3. Multiple-leaf vertical lift gate

(1) An emergency and service lift gate arrangement is composed of a downstream
leaf used for normal lock operation and an upstream leaf used infrequently as a
movable sill or as an operating leaf in an emergency. The emergency leaf is used for
lock closure in the event of an accident or damage to the gate that otherwise would
result in loss of the navigation pool, as shown in Figures 7-4 and 7-5. Plate B-48 shows
a downstream leaf. The submersible type of gate is useful when it is necessary to skim
ice and drift from the lock approaches or open the lock gates to pass flood flows. See
Plate B-50 for an example of a multi-leaf gate.

Figure 7-4. Emergency gate used for lock closure
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Figure 7-5. Flow over emergency gate

(a) As noted above, emergency-type gates generally consist of two leaves, one
upstream and one just downstream of the other. The emergency gate leaf gate is
equipped with wheels and is designed to be raised in flowing water. The normally
operated service leaf is designed to be raised only in a balanced pool or when the swell
head is 1 ft or less. When this type of gate is used as an operating lock gate, it normally
would be operated under balanced head conditions and not through flowing water. Gate
speed under balanced head conditions should be 5 ft/min to 10 ft/min.

(b) An emergency gate also can be designed for use when a catastrophic failure
of a lock miter gate occurs or when it is necessary to pass ice or debris with the miter
gates open and latched in the recess. When operating the gates, the gate leaves must
be raised in steps and in sequence to match gate capabilities. Gate-lifting speed for
both leaves should be limited to 1 ft/min to 5 ft/min, adjusted to suit the speed of the
nearest standard speed motor. Operating procedures for this type of gate are shown in
Plate B-47. Figure 7-6 shows a single-leaf service gate (lowered) with a single-leaf
emergency gate (raised).
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Figure 7-6. Single-leaf emergency gate

(2) Common hoist arrangements include wire rope, wire rope over hydraulic,
direct-connected hydraulic, and wire rope with bull wheel or friction sheave. The
designer should anticipate the impact to machinery caused by high water events and
provide designs that afford protection under the most extreme high water conditions
anticipated. The hoist components at either side of the lock may be mounted overhead
or are contained within operating galleries in the lock monoliths. The powered
machinery for operation of each side of the vertical gate may be independent or
commonly connected through a single drive unit and mechanically connected to drive
both sides equally. Independent machinery units must have more sophisticated controls
and be designed to operate as a master-and-slave unit to control gate skew during
operation.

(3) An example of a single drive unit arrangement to raise emergency gates
consists of a double-grooved rope drum driven by two stages of open spur gearing, a
herringbone or helical gear reducer, and an electric-drive motor with a spring-set,
magnet-release holding brake. The rope drum has several layers of rope. One rope
from the double drum attaches to one end of the gate through a multipart reeving. The
other from the drum crosses the lock through a tunnel in the gate sill and passes
through a multipart reeving that is attached to the other end of the gate See Plates B-55
and B-56. The two drums wind both ends of a continuous cable that lifts the gate
through a series of sheaves, the number of which are selected to give the mechanical
advantage desired. Two of the sheaves mounted on the gate work to equalize the line
pull, in the event one drum winds slightly more cable than the other. Each drum is
precision grooved so that each winds the same amount of cable on each layer. Where
the fleet angles of the cable approaching the drum exceed 1.5 deg, a fleet angle
compensator must be provided.
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(4) The hoist machine should be located adjacent to the gate and in line with the
hoisting sheaves. The hoist should be enclosed in a small protective building. Plates B-
53 and 54 show typical hoist arrangements for multi-leaf gates.

(5) The hoist components generally are mounted on a structural steel frame that is
anchored in various ways to the lock wall or a concrete structure. Each leaf is raised by
its individual hoist, mounted side by side on the lock wall. The hoist structure is of such
height that the machinery will be above high water. Plate B-54 shows a typical hoist
arrangement. Plate B-58 shows a wire rope over hydraulic hoisting.

7-3. Vertical Gates for Water Requlating and Protection Structures.

a. Tide/Hurricane Gate. The tide or hurricane gate is a single-leaf, vertical lift
gate that is used in part of a flood protection structure or coastal lock. When they are
used as hurricane gates, they are kept in the normally raised position to permit
navigation traffic to pass underneath and are lowered to protect harbors from tidal storm
surges. Plate B-49 shows this type of gate. Operating machinery for this style of gate
must be robustly designed for the anticipated storm conditions. The designer should
anticipate the machinery could remain idle for long periods without use or regular
exercising operation. Reliability and simplicity are important considerations. Manual
methods to lower these types of gate by gravity operation should be considered in the
design. Hoisting machinery for this type of gate is normally similar to that of overhead
gates described in Paragraph 7-2. A direct-connected hydraulic vertical storm gate is
shown in Figure 7-7.

Figure 7-7. Direct-connected hydraulic vertical storm gate

(1) Criteria for the design of tide gate machinery are the same as those for the
emergency gate machinery, except the gate must be capable of being raised or lowered
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against a differential head and against a force created by wind on the exposed section
of the gate. To clear traffic passing under the gate, the gate must be raised a greater
distance than either of the emergency-type gate leaves. Therefore, the lifting speed
should be 5 ft/ min to 10 ft/min or a speed sufficient to permit opening the gate in
approximately 10 min. Wind load on the exposed section of the gate should be
assumed to be 20 psf for machinery design, unless warranted by locally higher speeds
or storm conditions.

(2) The machine used for raising this type of gate consists of a dual-drum cable
hoist mounted adjacent to one of the lifting towers. The two drums are driven by a
pinion gear between the two drums. A triple-reduction, enclosed gear unit drives the
pinion. The gear unit is driven by a two-speed electric motor with a double-ended shaft.
A magnet-type electric brake is provided between the motor and reducer. The motor
shaft extension permits the connection of a hydraulic emergency lowering mechanism.
The low speed of the motor is used when starting and stopping the gate. The gate
normally is lowered by means of the electric motor; however, in the event of a power
failure, the gate can be lowered by means of the hydraulic mechanism. The emergency
hydraulic lowering mechanism consists of a radial piston-type hydraulic pump
connected to the electric motor shaft extension, a flow control valve, oil cooler, check
valve, and necessary piping, all connected and mounted on an oil storage reservoir.
When lowering without electric power, the weight of the gate, acting through cables and
reduction gearing, turns the hydraulic pump. Oil from the pump is circulated through a
flow control valve, creating a transfer of energy to the oil in the form of heat. Excess
heat in the oil is removed by a tubular type oil cooler. This is discussed further below.

b. Spillway Crest Gate. The vertical lift spillway crest gate sometimes is
preferred over tainter gates because the spillway crest requires a shorter length of
spillway pier and provides a more economical pier design. These gates usually are
raised by using mobile gantry crane or fixed hoists for each gate located on the spillway
deck or operating platform. Dogging devices are sometimes are provided to engage
projections spaced at intervals on the gate to hold the gate at the proper elevation. In
some cases, it might be advantageous to mount the dogs in the gate and provide a
dogging ladder in the gate slot. However, the earlier arrangement is more common and
preferred. Different types of spillway crest gates include the single-section and multiple-
section gates.

(1) The single-section gate consists of one section that provides a variable
discharge between the bottom of the gate and the sill. Single-section gates operate
similarly to the multiple-section gates but are dogged off in the service slots.

(2) A multiple-section gate consists of two or more sections in the same slot with
variable discharge between the sections or between the bottom section and the sill.
Multiple-section gates may be equipped with a latching mechanism to allow use as a
single-section gate. As the required discharge increases beyond the capacity of the
largest opening between sections, top sections are removed from the service slots and
dogged above the pool level in emergency slots. The latching mechanisms should be
designed carefully so they do not stick or corrode. Latching mechanisms have proven to
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be a maintenance problem for some projects. Figures 7-8 and 7-9 show a single-
section, vertical crest gate and multiple-section, radial crest gate.

Figure 7-8. Single-section, vertical crest gate

Figure 7-9. Multiple-section, radial crest gate

c. Double-section Gate. This gate consists of two sections in adjacent slots with
variable discharge over the top section or beneath the bottom section. The double-

7-8



EM 1110-2-2610
30 Jun 13

section gate is used less frequently because removing the gate from the slot is more
cumbersome, sealing is more complicated, and additional length of pier is required. This
type is useful for skimming ice and trash; however, that function also can be performed
by shallow top sections of a multiple-section gate that are lifted clear of the pool.

d. Outlet Gate. Lift gates often are used for emergency closure of water intake
systems or outlet works. They normally operate in the open position. They are not used
for throttling flows, rather to stop flow under operating conditions. They rest on dogging
devices during normal operation. In emergencies, they are lowered into the closure slot
to stop the flow of water.

(1) Emergency gates are required for sudden closure of the turbine intakes to
prevent subsequent damage to the turbines or powerhouse. The hoisting system uses
either hydraulic cylinder(s) or wire ropes. The type of hoisting system will be based on
economics and governing criteria for closure times under emergency conditions. The
hoisting system for wire ropes may be deck mounted or placed in recesses above the
high pool elevation. Cylinders for the hydraulic system are mounted below the deck in
the intake gate slot. Because these gates must be capable of operating under full head
and flowing water, tractor-type gates are used to reduce friction. See EM-1110-2-2105
for more on structural design parameters of this style and end supports. See Figures 7-
10 and Plate B-59 for examples of a tractor-style gate and wheeled track roller-style
gate.

Figure 7-10. Tractor-style gate

(2) Emergency closure gates for outlet works are similar to those used in
powerhouses and often are used for service gates and flow control. Tractor gates for
fully submerged outlet works are usually more advantageous for use due to the reduced
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friction under full head and flow. However, wheeled vertical gates often are used where
loading allows. The hoisting system might require the use of a gantry crane or its own
hoisting system, either wire rope or hydraulic.

7-4. Operating Equipment for Vertical Lift Gates. The design of operating equipment
for vertical lift gates requires close coordination between the structural and mechanical
engineers to determine the operating equipment loading. The general design criteria for
tainter gates, found in paragraph 9-2.m.(5), also may apply to vertical lift gates. The
mechanical engineer will need gate deadweight, hydrodynamic loads (both horizontal
and vertical), ice load, silt load, sliding or rolling friction load, and side seal friction load
to determine the total gate load imposed on the operating equipment. This total gate
load also should include any known inertial effects. The total load then is applied to the
general machinery layout design to determine the individual component loads for sizing
of the machinery. Examples of load calculations are in Appendix C. Further discussion
and design details are in EM 1110-2-2105.

a. Wire Rope Hoists. As already described in this chapter, vertical lift gates
commonly use hydraulic or wire rope hoist systems. Wire rope hoists are used for
spillway crest, outlet, and navigation lock gates. Wire rope hoists are more suitable for
gates that have deep submergence requirements, installations that do not allow portions
of the hydraulic cylinders above the deck (shallow settings), or when hoisting loads are
too large and economics makes hydraulic cylinders impractical. Wire rope hoists consist
of drums and a system of sheaves and blocks that are driven through a motor and
arrangement of shafts, speed reducers, and spur or helical gears. Motors may be
electric or hydraulic driven. It is common to provide two speeds to permit lowering at
approximately twice the raising rate. The hoisting equipment normally is located next to
the gate or slot, with controls located in the control room, governor control cabinets, or
next to the navigation lock gate, depending on the gate and its intended use.

(1) Bull wheels are used in overhead lift gates as a friction drive for hoisting the
gate. The bull wheel, motor, and gearing system are located in a tower, high enough to
raise the gate to its full and open position. The wire ropes wrap over the top of the bull
wheel in grooves with one side of the wire ropes connected to the gate and the other
end to a counterweight. The motor and gear system provide the mechanical effort
required to hoist the gate. This type of drum system is advantageous when the hoisting
loads are large.

(2) Counterweights are used mainly in overhead-type gates to offset the dead
load of the gate to minimize the hoisting effort. The weight of the vertical lift gate will
determine the mass of the counterweight required. It should be designed to compensate
for adjustment of its mass to calibrate it with the weight of the gate once the system is in
place. It is normal to have the gate/counterweight slightly unbalanced to allow the gate
to close without power. Another method for reducing the lifting effort is with a multi-
reeve system through a series of drums and sheaves. The number of sheaves and
arrangement are selected to give the desired mechanical advantage for reduction in the
size of wire rope and machinery components.
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(3) Electric motors are the primary drives for wire rope hoist systems. Guidance
for design can be obtained from sources referenced in paragraph 7-1 and from Guide
Specification UFGS 35 01 42.00 10, Vertical Gate Lift Systems, and UFGS 35 20 20,
Electrical Equipment for Gate Hoist.

(4) Guidance for specifying brakes is provided in Guide Specification UFGS 35 01
42.00 10, Vertical Gate Lift Systems, and UFGS 35 20 20, Electrical Equipment for Gate
Hoist. See Chapter 2 for brake design guidance.

(5) Open gearing is often necessary in hoisting systems to achieve the required
reduction to minimize motor torque and horsepower requirements. Open gearing is
typically of the spur, herringbone, helical type as required to develop the necessary
loading requirements. Design guidance for open spur gears is included in Chapter 2.

(6) The speed reducers shall be designed, rated, and manufactured in
accordance with applicable AGMA standards noted in Chapter 2 and listed in Appendix
A. In all cases where the standards might conflict with one another, the designer shall
select the more conservative design standard. See Chapter 2 for speed reducer design
guidance.

(7) Bearings are necessary for all load-carrying rotational movement and to allow
for additional degrees of freedom to prevent binding or unwanted lateral loads. Bearings
may be of the roller, self-aligning spherical roller, ball, sleeve, or greaseless type as
necessary. See Chapter 2 for design guidance on bearings.

(8) Shaft couplings for vertical gate systems are recommended to be of the
flanged exposed bolt, double engagement, gear type made of forged steel. Couplings of
this style may be installed in either the vertical or horizontal orientation, depending on
the shaft on which they are mounted. See Chapter 2 for further guidance on the
description and selection of shaft couplings that might be applicable for use in vertical
lift gate systems.

(9) Torque limiting couplings may be used in designs to prevent motor over-torque
in vertical gate-hoisting arrangements. The designer may refer to UFGS 35 01 42.00 10,
Vertical Gate Lift Systems for specification guidance and Chapter 2 for design guidance
on torque-limiting couplings.

(10) Wire ropes for vertical lift gates are commonly specified to be 6 x 37, pre-
formed, lang lay, independent wire rope core, 18-8 chrome nickel corrosion resisting
steel. A 6x19 wire rope construction in the arrangements of 6x25FW and 6x26WS also
are specified for vertical lift gates. They provide increased abrasion resistance
compared to the 6x37 construction that has superior flexibility for bending fatigue. The
type of wire rope lay should be selected by the designer to accommodate the reeving
arrangement and style of sheave or drum the wire rope will engage. The factors that
must be considered when selecting a wire rope include: wire rope breaking strength;
resistance to bending of vibration fatigue; resistance to abrasion and crushing; reserve
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strength; and factor of safety for anticipated shock, acceleration/deceleration, corrosion,
and environment.

(a) To stop the gate drive motor and to engage the holding brakes, limit switches
should be installed in the event the wire rope cables become slack.

(b) The designer is strongly encouraged to utilize EM 1110-2-3200, Wire Rope
Selection Criteria for Gate Operating Devices, for wire rope selection and design of
hoist operated systems for vertical lift gates.

(c) Additional useful literature related to an actual case study of a wire rope failure
within the Corps is provided in the John Day Navigation Lock Upstream Lift Gate Wire
Rope Failure Investigation Report, DACW57-01-D-0009, February 2003, Portland
District.

b. Hydraulic Hoists. Hydraulic hoists normally consist of a single acting cylinder,
pumps, reservoir, controls, and piping. More recent applications use telescoping
cylinders to accommodate deep submergence gates. One or two cylinders may be
used. The number of cylinders is determined by the hoisting requirement and
economics. The arrangement may include the cylinder supported above the gate, with
the gate and cylinder rod hanging from the piston, or the cylinder recessed within the
gate. When the cylinder is above the gate, both the gate and cylinder bottom may be
designed to have removable dogging pins or beams. When the vertical gate is dogged
off, the cylinder can be extended to raise the cylinder bottom connection to a higher
elevation to perform a repeat lift of the gate. This arrangement allows for higher gate-
lifting capabilities and helps to minimize cylinder stroke length. Further guidance for the
selection, installation, maintenance, and inspection requirements of hydraulic cylinders
and components are in Chapter 3.

c. Roller chain hoist arrangements consist of the lifting chain, drive and idler
sprockets, drive machinery, and counterweight. The roller chains are located in
recesses in the lock wall. Roller chains are flexible about an axis parallel to the lock
center line and rigid about an axis perpendicular to the lock center line. Near the top of
each recess, the lifting chain is redirected to the drive sprocket by an idler sprocket. The
drive sprocket is located in a recess below the top of the lock wall. Beyond the drive
sprocket, the lifting chain continues to a second idler sprocket at the top of a
counterweight chase. From the second idler sprocket, the lifting chain extends vertically
to the counterweight. The chain connection to the gate leaf is a 3D gimbal. The gimbal
allows rotation about the axes both parallel and perpendicular to the lock center line.
Rotation of the connection point is allowed to prevent the lifting chain from being bent
about its rigid axis when the gate leaf rotates. The connection points on the gate should
be located at the end portions to coincide with the approximate center of gravity of the
gate. The drive machinery, located in a watertight recess at the top of the lock wall,
consists of an electric motor, open gear sets, and reducers. The main advantage of the
roller chain drive arrangement is the positive drive connection over the drive sprocket.
This arrangement also does not require the larger space of a cable drum.
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Disadvantages include relative high cost of chains, frequent maintenance for lubrication,
corrosion, and critical alignment required between sprockets.

7-5. Lift Gate Design Components.

a. Dogging Devices. Dogging devices (dogs) are recommended for vertical lift
gate designs. The dogging devices have mechanical components that either manually
or automatically can be engaged, depending on the application and frequency of gate
operation. The dogging devices provide positive reassurance that gates are in a
secured position before other operations are allowed. They also provide a means to
remove tension in the load-carrying components of the hoisting machinery. This allows
maintenance to be performed while the vertical gates are in the dogged off positions.
The designer should coordinate with the structural engineers for method and location of
gate engagement or support.

(1) Dogging mechanisms usually are mounted on grillages in the piers recesses at
opposite end posts of the gate. They generally pivot or slide to permit insertion and
retraction to provide clearance of the operated gate. Two or more dogging positions at
each end of the gate slot might be required. The number and location of the dogs are
determined by the operating requirements for discharge regulation and gate storage.
The gate sections require dogging seats fabricated with structural or cast steel, welded
or bolted on the end posts. Welded fabrications for dogging devices should be
coordinated with structural engineers for design and welded, in accordance with AWS
D1.5.

(2) One method of dogging consists of a horizontal pin that moves into pin plates
attached to the top of the gate. The pin should be so arranged that it can be operated
from the control station of the gate. Instrumentation should be provided to show when
the dogging pin is fully engaged or fully released. See Plate B-51 for suggested details.

(3) Another type of dogging device consists of a cantilevered, mild-steel H-beam
that retracts inside the gate at each end between the top and second girder web. The
beam is located at the center of gravity of the gate in the upstream/downstream
direction and runs through the end post to a reaction point at an interior diaphragm. The
dogging beam is extended and retracted by using a bar as a manual lever extending
through a hole in the top web and into a row of holes in the top of the dogging beam.
The cantilevered end of the beam rests on bearing pads recessed in the piers. This
type of dogging device is preferred for powerhouse gates and bulkheads because they
also can be dogged at the intake or draft tube deck level and there are no mechanical
devices to be lubricated or maintained.

(4) Where the gate is lifted above the lock wall, the designer should design all
components for dogging devices on both the gate and the structure to support two times
the calculated full gate load, to allow for impact loading. This should apply to all related
pins, bolts, and anchor bolts.
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(5) In dogging arrangements where the gate is not lifted above the lock walls, the
beams should be designed for shear and moment, using 50% impact for the applied
loading. Stiffener plates should be used on each side of the support beam web under
the support brackets of the gate and at the reaction points of the support beam.

b. Lifting Beams. Lifting beams normally are provided for outlet gates and
maintenance bulkheads. Because these gates usually are stored in a submerged
condition, the lifting beam provides a latching and unlatching mechanism to lift the gate
from the slot. Design guidance for lifting beams is in EM 1110-2-4205.

c. Guide Tracks. Tracks for vertical lift gates usually are incorporated into the
guide system, with the track itself consisting of a corrosion-resisting plate. Corrosion-
resisting plate use is especially important in brackish or saltwater environments. In
freshwater applications, the bearing plate or track may be of structural steel with a
cladding of corrosion-resisting material on the exposed surface. The guide system for a
vertical lift gate on each end of the gate consists of two bearing or track plates
(upstream and downstream) and an end guide plate. The bearing plates are so
arranged that the wheels or bearing plates of the gate react against the bearing plates
of the guide system. The system is arranged so that the gate can be loaded from either
side and the bearing plates will remain effective. The end bearing plates are similar to
the reaction bearing plates, but are placed so that bumpers on the end of the gate will
strike the end bearing plate and prevent excessive lateral movement of the gate in
relation to the lock or structure slot. The end guide or bearing plate should be of the
same material as the bearing or track plates, using the same criteria to determine the
use of corrosion-resisting steel, clad steel, or standard structural steel. To minimize the
effects of the guide system on the support towers, the system should be connected to
steel towers only at panel points of the structure.

(1) Mechanical designers must be aware that some guide systems for hydraulic
cylinders and gates have close tolerances between plates to ensure proper alignment of
the system. In some applications, the mechanical engineer must provide
recommendations for machined plate surface finishes and running clearance fits for the
system. The normal clearances for a gate should allow for not more than 1 in. of total
movement between the gate and bearing plate and not more than 0.5 in. between the
gate and end bearing plate. See Plate B-49 for suggested details of a guide showing the
recommended clearances. In systems with guided cylinder movement, much tighter
tolerances might be required to ensure no eccentric loading is imposed on the cylinder
rod, for protection of the hydraulic cylinder seals. It is recommended to further mitigate
the risk of eccentric loading by mounting the cylinders in cardanic rings or other such
arrangements which allow rotation of the cylinder as bearing plates and rollers wear.

(2) The bearing plate or track is attached to a suitable support member. The
support members are normally standard rolled beams or sole plate with embedment
straps. The support member is embedded and anchored in the concrete wall or
attached to the tower at tower panel points. Consideration should be given to make the
bearing plate or track easily replaceable to compensate for service life wear in the
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bearing surfaces. The allowable surface variation between non-continuous plates must
be specified to ensure the gate or cylinders shall pass by without catching.

7-6. Lift Gate Design Considerations and Criteria. Machinery components’ general
criteria, applicable to all types of operating machinery covered in this chapter, are
presented below.

a. Motor Torque. The required torque of the vertical lift gate hoist motor should
be the root mean square value of torque versus time curve for operation of the gate with
the motor selected having a 1.15 service factor. The peak torque required should not
exceed the service factor of the motor. The normal hoist load for the gate leaf will be the
loads resulting from the required torque of the motor. The hoist motor should have
torque characteristics conforming to Guide Specification UFGS 35 01 42.00 10, Vertical
Gate Lift Systems, and UFGS 35 20 20, Electrical Equipment for Gate Hoist. In some
applications, it might be desirable to consider variable speed (AC or DC) hoist motors
with a ramping function adjustable through the drive controllers.

b. Motor Hoist Load. The factors of safety from Chapter 2 shall apply in
determining the vertical gate hoist loads. Both a normal hoist load and a maximum
overload condition shall be calculated by the designer. The normal hoist load shall be
considered as equally divided between the two drives of the hoist. The magnitude of the
maximum overload condition will depend on the type of hoisting system. The factors of
safety from Chapter 2 shall apply to the maximum overload condition. Specifically, for
the overload condition, unit stresses shall not exceed 75% of the yield stress of the
material, and wire rope loads shall not exceed 70% of the nominal breaking strength.

(1) For hydraulic cylinder hoists, the system should be designed to support and
lower the entire gate from one side. The maximum overload condition would be limited
by the hydraulic system relief valve setting.

(2) For systems consisting of synchronized but independent electric motor hoists
for each side of the gate, the maximum overload condition would be the forces created
by the locked rotor torque of each motor applied to each side of the gate.

(3) For single motor non-equalizing hoist arrangements, the required loading for
the maximum overload condition will be the forces created by the locked rotor torque of
the motor applied one side of the gate.

(4) For vertical gates with a single motor and a means to equalize the hoist
loading, the locked rotor torque of the motor will be considered as equally divided
between the two drives of the hoist.

(5) For emergency-type gate machinery, force control switches may be used to
limit the rope pull under stalled conditions and, thus, reduce the loads on the machinery
components. However, the machinery must still be designed to accommodate the
design overload conditions noted above.
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c. Roller Wheels. Wheels for the underwater gates are a critical item and should
be designed for individual conditions. A gate being raised with a considerable horizontal
load caused by flowing water would have considerable deflection at the ends. To avoid
point contact of the wheels on the flat plate track caused by gate deflection, the wheels
should be constructed with a crowned, hardened tread. A method for designing a wheel
subject to gate deflection is shown in Appendix C. This method was developed utilizing
formulas from Roark and Young (1975). The formulas in the fifth edition also may be
used, except the formulas for computing maximum compressive stress are wrong. The
formulas give the maximum compressive stresses occurring at the center of the surface
of contact, not the maximum shear stresses. The maximum shear stresses occur in the
interiors of the compressed parts. The formulas do not provide the maximum tensile
stress, which occurs at the boundary of the contact area and is normal thereto. Due to
the flexure in the gate, it is difficult to determine accurately the distribution of load on the
gate wheels. However, it is considered satisfactory to design the wheel tread for a
maximum compressive stress equal range of 2.0 to 2.5 times the yield strength of the
material involved. This calculation is based on the maximum wheel load from the gate.
A slight misalignment of the track surfaces will prevent a wheel of the gate from bearing
on the track for short distances of travel. This can cause an overload on some of the
adjacent load-carrying wheels. This condition should be taken into consideration when
determining maximum wheel load. An option for the crowned wheel, to compensate for
gate deflection at the ends, would be to use flat wheels with self-lubricating, self-aligning
spherical bushings. These are available in many bearing and lubricant combinations to
suit a variety of applications. Self-lubricating, self-aligning spherical bushings have been
used successfully in nuclear offshore, industrial, structural, and dam applications.

d. Hydraulic Fluid Brake. A hydraulic lowering brake should be used in the
design, to lower vertical tide or hurricane gates when reliable utility power or backup
standby power is not available. The vertical tide gates normally are lowered by an
electric-drive motor on the hoist, with a diesel electric generator set standing by in the
event of power failure. In cases where this is not reliable or available, the gate may be
lowered by coupling a hydraulic motor to the shaft extension of the electric-drive motor.
This fluid motor is connected in an oil circuit, which permits free flow of the oil in the
raising position but restricts flow in the lowering position. A typical circuit required for
this operation is shown in Figure 7-11. The flow control valve used in this circuit should
be designed and adjusted in the field to limit the speed of the electric motor to about
140% of its synchronous speed, so not to damage its windings or rotor. The flow control
valve and fluid motor shall be sized so that the pressure of the oil leaving the motor
shall not exceed the normal working pressure rating of the fluid motor. When lowering
the gate, approximately 10 min might be required. During this time, the braking energy
will be transformed into heat in the oil as it passes through the flow control valve. A
shell-and-tube-type heat exchanger must be provided in the circuit to prevent the
temperature of the oil in the tank from exceeding 120°F. A cool, clean potable water or
raw water source may be used in the heat exchanger to cool the oil. A thermostatically
controlled valve may be used to automatically control the flow of water through the heat
exchanger. The water can be exhausted to drain after use and should be capable of
being winterized during periods of non-use.
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Figure 7-11. Typical circuit requirements for raising and lowering a vertical tide gate

Gate Hoist Loads. Typical calculations for determining loads for design of
emergency gates are shown in Appendix C. The hoist design load for balanced head
condition gates, or when the lower pool is 1 ft or less below the upper pool, will be the
dead weight of the gate leaf in air, side seal preset force, weight of trash screens,
weight of silt load (when raised to maintenance position), or the summation of the
following, whichever is larger:

Weight of gate leaf minus weight of water displaced;
Silt load amount trapped by flanges less weight of water displaced;
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¢ Sliding friction due to horizontal force caused by 1.0-ft swell head. The
coefficient of friction for this condition should be assumed as 0.40 for steel on
steel;

e Downward hydrostatic load due to 1.0-ft swell head;

e Weight of recess protection and trash screen minus weight of water displaced.

(1) Loads used for design of vertical tide gates are similar to the loads used for
vertical emergency gates, except the wind load is a more critical factor. The gate is
hoisted high above the structure, permitting barge traffic to pass underneath. This
exposes the gate to a considerable wind load, which must be included. To find the hoist
capacity, the following two conditions should be considered, with the one creating the
greater load being used for design of the hoist.

(a) Condition I. Weight of gate leaf in water consisting of the skin plate, framing,
sheaves and brackets, wheels, etc., and the weight of silt (125 pcf) trapped by the
flanges of the gate girders less the weight of water displaced. Include the rolling friction
load calculated to be 5% of the horizontal load on the gate caused by the largest
combination of differential head. Finally, incorporate the wind load, calculated at 20 psf,
acting normal to the gate’s surface for the exposed portion of the gate.

(b) Condition Il. Weight of the gate leaf in air consisting of the skin plate, framing,
sheaves and brackets, wheels, etc., and the weight of silt (125 pcf) trapped by the
flanges of the gate girders. Rolling friction of 5% of the horizontal load on the gate
caused by the wind load, at 20 psf, for the exposed surface of the gate.

(2) Silt Load. Additional weight due to accumulated silt should be added to the
overall load of the hoisting machinery, if not furnished by the structural engineers. The
silt can become trapped above the web of the girders to the height of the downstream
flange. Calculate the weight from the possible storage volume on the gate, using a silt
density of 125 pcf.

(3) Sliding Friction Load. Additional load on the hoisting machinery also is caused
by sliding friction of the wear surfaces and seals against the stationary mating structure
surface. A coefficient of friction of 1.0 should be used for seals where the rubber is
against steel. The coefficient of friction for steel on steel in dry contact condition is 0.40.
The designer should be aware that coefficients of friction vary widely, depending upon
the materials in contact and the amount of lubrication between the surfaces. Lubrication
can be any medium in contact on the surface of the material (i.e., water, grease, oil,
moss, zebra mussels). The designer should perform his own research to decide the
best coefficient of friction to use in calculations. This might require independent testing
to determine the applied coefficient of friction in applications that are critical. Since
frictional loads can be a substantial part of the overall gate load, the coefficient of
friction testing to replicate in field conditions will help to make accurate calculations and
avoid gross oversizing of the hoisting machinery.

(4) Roller Friction Load. The total friction due to the gate reaction rollers running
against steel tracks and the friction of the bearings in the reaction rollers is much lower
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than sliding friction surfaces, and shall be taken as 5% of the load normal to the gate
leaf. Where self-aligning, spherical, greaseless-type bearing reaction rollers are used,
the designer should consult with the greaseless bearing manufacturer to help determine
the reaction roller-bearing friction.

(5) Hydrodynamic Load. A downward hydrodynamic force exists for all gates that
must be raised through flowing water. This force can be obtained from the curve
showing results of studies conducted by WES. This curve is provided in Appendix C.

7-7. Control System Considerations.

a. Control stations for vertical lift gates are usually adjacent to the gate, along
with the hoist machinery. The control equipment consists of the combination of full-
voltage magnetic controllers, limit switches, and control switches arranged to produce
the desired operating sequence. Many of the older designs still used today incorporated
traveling nut-type limit switches in heavy cast iron National Electric Manufacturers
Association’s NEMA 4-type enclosures. This style is no longer commercially available,
and designers now are choosing rotary cam-style limit switches.

b. In applications with PLC-based systems, the designer might wish to
incorporate electronic encoders or a linear variable differential transformer (LVDT). The
designer must give caution to position feedback systems in hoisting systems that are
not mechanically coupled to give 100% reliability in gate position. All electronic
feedback instruments must have absolute positioning, in case power is lost. This is to
ensure the gate’s position and skew always are known by the control system. Slack
cable limit switches or pressure switches and skew control should be used on vertical lift
gates to prevent them from becoming racked or jammed in the slots. Gate leaf control
should be coordinated with the electrical engineers and can be performed as indicated
on the typical electrical schematic diagram for an emergency gate hoist shown in Plate
B-96.
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CHAPTER 8
Buoyant and Other Gate Operating Machinery

8-1. General Description.

a. Introduction. Gate types other than those discussed elsewhere in this docu-
ment have been utilized at navigation structures and storm barriers. Though less com-
mon and, therefore, lacking as thorough a design history and standardization, specific
circumstances might prompt consideration of such gates for a particular project.

(1) The required gate driving and operating forces can be reduced substantially by
letting the gate float during closing and opening. Buoyancy reduces the hinge and/or
bearing forces. Buoyancy-based systems are utilized on a variety of gates including
sector gates, rolling (pocket) gates, sliding gates, and swing-type gates. One significant
design consideration is decreased control of a floating gate behavior during motion. Var-
ious gates of this type have been constructed and operate well today. The main applica-
tion field of buoyancy-based gates is in storm surge and flood barriers. The primary rea-
sons are long closing and opening times are available and high leakage is acceptable in
the gate closed position. However, there are multiple navigation lock gates that employ
buoyancy to help reduce operating forces. These are typically either sector gates or roll-
ing gates. Sector gates are discussed in Chapter 5.

(2) Buoyancy can be accomplished using water tanks or air tanks. There are ad-
vantages and disadvantages of both systems, as discussed below. Water-filled tanks
require a pumping system to fill and empty the tanks. Air-filled tanks allow the gate al-
ways to be buoyant in either the open or closed position. The tanks, however, can be
prone to leakage, at which time buoyancy will be lost.

(3) Another example of a buoyancy-based sector gate is the drive system of the
world largest storm surge gate of the Maeslant Barrier in Hoek van Holland, Nether-
lands (Figure 8-1). The gate is of a sector type with a ball hinge. It is fully buoyant dur-
ing opening and closing. In the nearly closed position, the buoyancy tanks fill with water.
As this happens, the gate sags, then settles on its bottom sill. The drive itself consists of
a locomotive winch system and a drive track on the top edge of the gate. To avoid colli-
sion due to long translate waves, a vertical gap of up to 1 m (3 ft) must be left open.
However, such openings (unacceptable in lock gates) usually do not present a problem
for storm surge barriers.
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Figure 8-1. Buoyant sector gates of the Maeslant Barrier, Netherlands, in closed posi-
tion (courtesy of R.A. Daniel, Rijkswaterstaat, Division of Infrastructure, Netherlands)

b. Barge Gates. Floating leaf swing gates or barge gates have been used, with
some success, as storm surge barriers across navigable waterways. They typically are
constructed from concrete or steel. The gate consists of a floating structure swung into
position across the channel way and sunk into place, sealing along the bottom and
against receiving structures on either side. The hinge assembly might be little more than
a simple mooring point. Operating machinery, in theory, could consist of any means
employed to manipulate barges; however, it typically is some form of rope and capstan
or winch and cable/chain system to pull the barge into position. Ancillary equipment in-
cludes a valve-and-pump system to scuttle and re-float the barge. Barge gates can be
quickly fabricated to provide economical closures, though the operation tends to be
somewhat slow and cumbersome due to the limited control of the gate when buoyant,
with imprecise positioning contributing to difficulty in producing complete sealing. As
such, they are not considered appropriate for lock closures.

c. Rolling (Pocket) Gates. The rolling, or pocket, gate is a rectangular structure
stored in a recess along the lock wall. The gate is extended and moves transverse to
the lock across the waterway to a recess on the opposite side. These types of gates are
used extensively in Europe. Rolling gates are partially buoyant and supported by wag-
ons that then ride on a railroad track. Operating machinery may consist of a cable and
pulley system, hydraulic cylinder, or rack and pinion or similar wheel-and-track type sys-
tem. All or portions of the rail systems require submerged mechanical components.

d. Drawbridge Gates. Mechanized vertical flap gates or drawbridge gates are
made of a rectangular gate leaf hinged at the bottom that is stored flat in a submerged
recess on the channel bottom, allowing navigation. The gate is rotated into the vertical
position by its operating machinery closing off the channel. At least one example of this

8-2



EM 1110-2-2610
30 Jun 13

type of gate, Empire Floodgate, designed in 1973, is in operation. This gate design
provides an economical option for a navigable channel closure, though does suffer
some drawbacks, specifically in operation and maintenance. This gate is discussed
further below.

e. Drop Leaf Swing Gates. Drop leaf swing gates are essentially a multiple-leaf,
vertical lift gate, where the top leaf doubles as a rigid derrick from which the other leafs
are lowered, which can be rotated out of the waterway to pass navigation with no
vertical clearance issues. The top leaf typically would extend from the top of flood
protection to a point slightly above the water surface level expected when the gate is
intended to be operated. This type of gate was proposed by New Orleans District as an
alternative floodgate design for smaller navigable channels requiring significant vertical
clearance and having operating water levels that are substantially below expected flood
levels. This description is characteristic of the many small waterways passing through
south Louisiana hurricane and storm surge protection, where shrimp boats with their tall
booms are prevalent. This gate is discussed further below.

8-2. Barge Gates. Swinging leaf barge gates have been incorporated into hurricane
protection projects in the New Orleans area and by non-federal entities in protection
rings around the areas near Houma, Louisiana. Figure 8-2 shows a barge gate for the
New Orleans District Inner Harbor Navigation Canal (IHNC) surge barrier. Discussion in
this section will focus on the swing leaf arrangement. Barge gates generally are chosen
as an economical alternative when other traditional gate designs become restrictive due
to cost of construction or required schedule. Also, for very large structures the benefits
of positive buoyancy become more attractive; however, the inherent control and
operational issues also become more apparent. Operation of this type of gate might be
somewhat more involved than the typical push-button scenario common to most
modern automated lock-and-dam equipment. Barge gates might require an operating
staff of eight to 10 people, and might take several hours to close and scuttle in the
proper position depending on the nuances of the installation. Barge gates and their
receiving structures can be constructed quickly, often in the wet with no cofferdam,
reducing costs and facilitating short schedules.
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Figure 8-2. New Orleans IHNC surge barrier barge gate

a. Design considerations. Barge gates are essentially a floating vessel (ship).
Barge gates can be operated only with equal water head on both sides of the gate. Hy-
draulic loading during operation is primarily an issue of current rather than head differ-
ential across the gate. Similar to a miter gate operating under a differential head, the
large surface area exposed to this force would make the gate difficult to control. As
such, these gates are practical only when a nominal head difference is expected. Even
in this case, the hydrodynamic loading induced by such a head difference is the primary
driving force on the sizing of the operating equipment.

(1) The principal operating equipment for barge gates tends to be a line pull
system from the barge to either its closed or its stored location. Both chain and cable
may be utilized. For smaller gates that have means of transporting a line across the
channel, a cable or rope may be used with a winch or capstan. For larger applications,
where the size of the line is prohibitive or it is impractical to run it across the channel,
the line may be left permanently along the channel bottom. Typically, chain or corrosion-
resistant cabling is preferred in this case. This approach also exposes the cable to
damage or snagging by passing vessels. Modern high-strength, lightweight synthetic
hawser lines might provide a more manageable alternative to steel cable or heavy chain
and allow for onboard storage of the operating line. Capstan systems should employ
low-stretch ropes, and might need to employ a reversing mechanism to back off the line
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if it binds. Winch systems should employ a level wind system or be run to a sheave,
preserving the necessary fleet angle for proper cable winding. As chains become
corroded and lose cross-sectional area, this will affect the ideal spacing for chain wheel
or wildcat systems, and could lead to jumping or popping of chain as it nears
replacement.

(2) Scuttling and pump systems must be versatile enough to maintain proper trim
while raising or sinking the gate structure in a controlled manner without inducing
instability or upending the barge gate. Typically, this is done by dividing the buoyancy
area into multiple independent chambers, with individual control over the filling or
emptying monitored by operators or an automated system. Re-floating of the structure
typically is accomplished by evacuating the buoyancy chambers by pump. Sinking
typically would be achieved by opening scuttle valves and flooding the chambers.
Scuttles placed flat to the bottom might induce the accumulation of sediment into the
buoyancy chambers. In extreme conditions, pumps might need to be utilized to avoid
excess sedimentation of the barge chambers by taking in surface water. For floodgates,
where the water level can be expected to rise on one or both sides of the gate after the
gate is closed, scuttling by means of valves alone may not be sufficient. Operational
conditions may require flooding the ballast chambers to a greater depth than can be
achieved by valves alone, since valves alone can only flood the ballast chambers to the
same depth as the water outside the barge. For this condition, pumps can also be used
to fill ballast chambers when surrounding water levels are too low.

Figure 8-3. New Orleans IHNC barge gate set in position

(3) Large barge gates might employ a substantial amount of piping, valves, and
pumps. It is recommended that the barge be treated as a vessel and American Bureau
of Shipping standards be followed for items such as below-deck piping. Adhering to
these standards facilitates transport of the structure to marine repair facilities for
maintenance.
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(4) Seals are typically block or bulb rubber, usually on the barge itself, with the
sturdier mating surface exposed to channel traffic. The seal arrangement may be
completely on the vertical protected side face of the gate, or may extend along the
bottom of the gate. Benefits of extending the seal on the bottom, and usually toward the
flood side, are that the gate weight aids in compressing the seal, and the relative uplift
on the gate are based on landside water levels across the sealed portion of the gate
bottom. Vertical face seals typically require a raised face across the channel bottom to
seal against, and rely on the buildup of differential head, load-binding, ratcheting-type
devices to achieve seal compression. Bottom seals, however, are much more
susceptible to debris or siltation impeding the seal, thereby negating their advantages.

(5) Hinge design typically consists of some type of mooring point that roughly
positions the gate in the proper location as it swings closed. Hinge design must
accommodate changes in elevation of the barge gate as it is scuttled and in the tides
while open. The hinge may be as elaborate as a steel collar with internal rubber
bumpers around a piling, or as simple as a chain to a pad eye or rope to a bollard. In
either case, the hinge system must accommodate the required movement of the gate,
as well as enough repeatability in positioning to mate the seals to their respective seal
plates, while resisting the loads imposed by currents, operating equipment, and even
the inertia of the barge gate itself.

8-3. Rolling (Pocket) Gates.

a. Rolling gates have been used in Europe for more than 100 years and were
common in the United States in the early 20" century. These gates generally are called
rolling gates in Europe. In the United States, the term pocket wheel is more commonly
used. Modern gates of this type typically are employed for large lock structures in the
range of 33- to 55-m-wide (110- to 180-ft-wide) closures. Currently, the largest lock in
the world is at Berendrecht Lock, Antwerp Belgium, with rolling gates operating in a 68-
m-wide (220-ft-wide) lock. Based on the history of this design type on structures of
similar size, rolling gates were selected for use on the new 55-m-wide (180-ft-wide)
Panama Canal lock gates. Rolling gates typically are designed for operations under
minimal differential head conditions in the range of 10 cm (4 in.), which is adequate for
lock gate installations. Rolling gates are designed as buoyant to reduce the operating
loads. The use of rollers and buoyancy chambers on these types of gates necessitates
the submergence of some of the mechanical components necessary for operation.
Maintenance of these items, with the exception of the cross-channel track, is facilitated
by the ease of dewatering the recess bay, granting dry access to the gate structure.
Pumping ballast water out of the structure’s buoyancy tanks allows it to be floated and
supported before dewatering. Due to the weight of the larger single gate and rolling
friction, operating machinery is typically larger for an equivalent miter gate or sector
gate.
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Figure 8-4. Zandvliet Lock, Belgium, rolling gate in closed position

b. Design considerations. In addition to required forces that will be applied by the
operating machinery, track loading, wear, accommodations for lateral gate movement,
and debris management are important in the design. Hydrodynamic loading is typically
from small tidal fluctuations or current from leakage through the opposite lock gate, as
well as wave- or wake-induced loading. Typically, some lateral movement is allowed of
the structure by its support system, permitting it to shift into its sealed position. The
support type must accommodate this, and the effects on track loading must be taken
into consideration.

(1) Principal operating equipment is usually a mechanically driven cable system. A
system would consist of a pair of cable drums located on the recess structure, at the
end away from the channel, with a continuous cable winding and unwinding off the top
and bottom of each drum (Figure 8-5). The cables would be looped through sheaves on
either side of the channel end of the recess and fixed to the upper gate carriage.
Winding the drums in either direction would open or close the gate. Rollers or guide
pads are used to support and guide the cables. Rack-and-pinion drive systems also are
used. For smaller gates of this type, it is conceivable that a hydraulic cylinder would be
practical; however, the large range of motion required for typical applications generally
would preclude this.
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Figure 8-5. Rolling gate machinery, Van Cauwelaert Lock, Antwerp, Belgium

(2) Rolling gates typically are supported on two sets of wagons, of four wheels
each, though eight wheels may be used on larger gates. Arrangement of the wagons
follows one of two types. The classical or regular system places both wagons on the
gate bottom, as shown in Figure 8-6a. The wheelbarrow system utilizes wheels riding
on tracks at either side of the top of the gate recess. The port of Antwerp locks all utilize
the wheelbarrow type design. These are mounted to a cantilevered portion of the gate
structure that remains in the recess when the gate is fully closed, as in Figure 8-6b. The
regular system provides simpler design of supports and recess and has performed
adequately at many locations. The wheelbarrow system, however, improves overall
stability, as the gate center of gravity and hydraulic loading center of effort generally are
located near the line of action between the supports. Also, the wheelbarrow system
places fewer moving parts below water. Wheel sets generally employ balance beams or
some type of suspension system to equalize wheel pressures. Submerged wheel
assemblies would be an appropriate application for greaseless bearing components to
reduce maintenance. Replacement cycles will vary with design and water conditions;
however, in northern European applications, replacement of submerged wheels typically
is done at five-year intervals and, for wheelbarrow-placed supports, 15 years is
expected.
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Figure 8-6a and 8-6b. Rolling gate support arrangements (courtesy of R.A. Daniel,
Rijkswaterstaat, Division of Infrastructure, Netherlands)

(3) Support of the gate carriage on the wagons follows two different styles in
Europe. The carriage bottom may be fitted with mitered plates in the shape of shallow
inverted V’s, resting on rollers mounted to the wagon, with the roller axis parallel to the
direction of gate travel. This arrangement allows the gate to shift laterally under loading,
with a tendency to shift back to the centered position under the gate’s weight. The
alternative style employs a rubber block centrally mounted to the carriage and wagon
centerline, to absorb shock and spread the load to both rail tracks. Still, it allows for
enough lateral movement for the seals to clear the gate’s supporting structure. Devices
at the supports employed to minimize gate lateral movement during the course of travel,
while allowing the gate to shift to the sealed position once closed, also are found to
greatly reduce track wear.
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Figure 8-7. Wheelbarrow gate, Van Cauwelaert Lock, Antwerp, Belgium

(4) Rolling gates need to be designed to minimize maintenance. A cofferdam
system allows for inspection and access to the supports and wagons. In Belgium, both
rollers and wear pads have been used for the wire rope guide system (winch system for
moving the gate). The rollers have tended to seize, and these are slowly being replaced
with wear pads. A debris-removal system needs to be incorporated into the design. The
gate and the roller carriages should be equipped with track clearers to prevent them
from getting stuck. A waste grid should be positioned at the bottom of the gate, in front
of the roller carriages. Sediment and debris need to be controlled as the gate moves
across the lock chamber. The Belgian locks in Antwerp utilize mixers and a venturi
system to keep debris from settling as the gate is moved. See Figure 8-8.
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Figure 8-8. Zandvliet Lock, Belgium, mixer for sediment control

8-4. Drawbridge Gates.

a. Drawbridge gates are not common. The design of the floodgate at Empire,
Louisiana, was conceived as a cost-savings measure over traditional gates. Some of
the drawbacks of the design are specific to that installation, while others are inherent to
the design. However, the gate had performed more or less successfully, despite
maintenance issues and adjustments, for nearly 40 years.

b. Design considerations. Similar to a miter gate rotated to operate with a lateral
hinge axis, the drawbridge gate presents a large surface area to any head difference
present. For shallow channel applications, however, the aspect ratio of the gate reduces
the effective moment arm on the hydraulic loading somewhat, and the force acts against
the inertia of both the gate weight and that of the counterbalances. Normal differential
heads would act to close the gate, where a reverse head would act to open it.

(1) The installation at Empire Floodgate has been found to operate adequately with
small head differentials in the range of 1 ft or so. Alignment of the multiple gate hinges
along the channel bottom proved difficult during construction. Otherwise, operating
issues generally have been with chain maintenance and dredging.

(2) The principal operating equipment is a lifting chain operated by the sprocket,
also called a wildcat. An additional chain run through idler sprockets is fed to a
counterbalance system to greatly reduce machinery load. Providing adequate means of
synchronizing the operating mechanism on either side of the channel is necessary to
promote smooth operation and even load distribution. The wildcat sprockets must be
machined correctly to the size chain utilized. As chain segments corrode and lose
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material, the dimension between links changes, possibly resulting in load popping as
the chain binds slightly while it is run through the sprockets. This is not a desired
situation. Chain breakage or jumping off the wildcat is a dangerous event that might
happen if chains are not properly maintained and binding is allowed to continue.

(3) When open, the floodgate rests in a recess along the channel bottom. As
siltation of this recess occurs, the gate might not be able to fully open flush with the
channel bottom. This or a vessel entering the channel prior to complete opening or
closing greatly increases the likelihood of a collision of the gate and a passing vessel.
This has occurred at Empire Floodgate, resulting in damage to the gate and, on one
occasion, the sinking of a shrimp boat. Frequent dredging of the recess and strict
adherence to navigational instructions are necessary to prevent this type of occurrence.

8-5. Drop Leaf Swing Gate.

a. This gate design was conceived for the multiple, small floodgate closures of the
hurricane protection system across the bayous and canals in the New Orleans area.
Typical closures would be in the range of 56 ft (18 m) wide and require an elevation of
protection as far above the normal water level in the same range as the channel depth.
As such, the large, above-water, top-leaf component capable of supporting the rest of
the gate is justified by the height of protection requirements. Typically, the closures
would be made with small sector gates when budgets permitted or vertical lift gates
when clearance issues could be accommodated. Benefits of this system are the
elimination of the large recess bays of sector gates or towers of lift gates, and all
working components are stored completely in the dry. The gates would require multiple
mechanical actions to complete closure, complicating design somewhat, though the
individual mechanisms are simple. Though this type of gate lacks design history specific
to itself, the operating principles are similar in combination with roadway swing gates
and vertical lift gates, both of which have been well developed.
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Figure 8-9. Conceptual drawing for drop leaf swing gate

b. Design Considerations. This design is premised on avoiding the bulk of the
hydraulic loading until such time as the gate is supported on both sides of the channel
and in the phase of operation where it is acting as a vertical lift gate described in
Chapter 7. During the initial phase, primary loads would be gate-bearing friction and
wind loading. Pivot machinery would be similar to that of miter gates, as described in
Chapter 4, or borrow from rotating crane design. Lowering machinery would be similar
to a hydraulic cylinder or cable system utilized with vertical lift gates, as described in
Chapter 7.
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CHAPTER 9

Dam Gate Operating Machinery

9-1. General Description. Dam gates are used to regulate water flow over a spillway.
This chapter will focus on the operating machinery used for the most common USACE
dam gates. It is intended to give a designer’s perspective on the major considerations
and best practices relevant to the design of dam gate operating systems. Consult
Chapters 2 and 3 for information on selecting individual machinery components for
these gate systems.

9-2. Tainter Gates. Tainter gates typically are considered the most economical and
suitable type of gate for controlled spillways. Compared to other types, tainter gates are
lighter in weight and have smaller hoist requirements. A major advantage of the tainter
gate is its curved skin plate, which is concentric with the gate trunnion. This design
feature works to focus the resultant hydrostatic loads acting on the surfaces of the gate
skin plate through the trunnion. This results in no moment arm between the resultant
hydrostatic load (acting on the skin plate) and fulcrum of the gate. This prevents
moments caused by the hydrostatic loads, applied to the gate, which otherwise would
have to be resisted by the hoist machinery. Tainter gate design also provides lifting
points for the hoist machinery at a greater radius from the trunnion than that of most
other operating loads such as the gate center of gravity and trunnion friction. The larger
radius for the lifting points provides mechanical advantage. This allows the hoist
equipment to apply less force to hoist a gate. Overall, these advantages help to reduce
the size of the operating machinery compared to other common gate types.
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Figure 9-1. Conventional spillway tainter gate

a. Operating Machinery. Tainter gate operating machinery is used to hoist a gate
through its operating range and hold it at any desired position in its travel. While a
dogging device usually is provided to hold a tainter gate in its fully open position, they
typically are not used for any other operating position. Hoist systems used for tainter
gates are similar to hoist systems used for other gate types. The primary difference for
tainter gate operating machinery is that it needs to accommodate the rotational gate
travel around the trunnion. It is most advantageous to locate tainter gate machinery
above the gate and clear of the maximum water elevation. Typically, the machinery is
located on structural steel framework on the piers adjacent to the gate or on a structural
bridge extending between piers.

b. Service Factors. Tainter gate hoist systems rarely experience anything but
constant and uniform hoisting loads. It is usually valid to assume that shock, impact,
and vibration factors will have a negligible effect on the hoist system. Ice loading may
need to be considered in northern climates. Service factors applied to the components
of the hoist machinery system should be as discussed in Chapter 2. However, service
factors should be selected based on the anticipated conditions for each individual
application. If shock, impact, or vibration loading is anticipated, engineering judgment
needs to be used to determine appropriate service factors.

c. Lifting Point Locations. Hoist lifting points for a tainter gate vary with the type of
gate (submersible/non-submersible) and hoist machinery system used. To maximize
mechanical advantage, lifting points typically are located on a structural member as
close to the skin plate as possible. To maximize the gate travel, the lifting points
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typically are located on a structural member near the bottom of the gate. There are
typically two lifting points, one on each side of the gate. Locating them requires
balancing the load sharing between lifting points. The balance of lifting loads directly
affects the amount of structural distortion and deflection a tainter gate will experience as
it is being hoisted. Hoist system designers will need to coordinate lifting point locations
with the structural engineer.

d. Hoisting Speed. A hoisting speed of 1 ft/min has been found satisfactory for
most installations. Generally, this speed is used as a guideline to determine the power
requirements of the hoist motor and reduction requirements for the overall hoist gear
ratio. The mechanical designer always should coordinate the operating speed
parameters or requirements with the hydraulic engineer.

e. Mechanical Hoist Components. Reference Chapters 2 and 3 for information
and requirements for specific mechanical components. Component features specific to
tainter gate hoists are discussed below.

(1) Motors. Motors used to hoist tainter gates shall be squirrel-cage induction,
high-torque, high-slip, NEMA Design D motors. They shall be rated for continuous duty
and sized to drive the gate without overload during any portion of the operating cycle.
For the protection of the motor windings, means shall be taken to provide winding
heaters or encapsulation.

(2) Worm Reducers. Worm reducers often are used with other reducers to
establish the reduction requirements for a hoist system. Worm reducers also have an
advantage in that they can be used to prevent back-driving of the hoist system. This can
provide a secondary means (besides the brake) of preventing back-driving the drive
train. However, designers should be aware that not all worm reducers prevent back-
driving. Often, only worm reducers with gear ratios larger than a 30:1 prevent back-
driving. The back-driving properties of worm reducers must be coordinated with the
gearbox manufacturer.

(3) Brakes. Tainter gate brakes shall be drum brakes of the holding type and be
specified with the features discussed in Chapter 2.

(4) Couplings. Tainter gate hoist systems commonly use a combination of rigid
and flexible couplings to transmit torque between shaft sections of the drive train.
Couplings used in the drive train of tainter gate hoist equipment are highly
recommended to be a type that is considered to have high torque-carrying capabilities.
The most common types of flexible couplings used for tainter gate hoists are gear
couplings and grid couplings.

(5) Lifting Point Connections. Tainter gate lifting points shall be designed to
accommodate the rotational motion of the gate travel.

f. Position Indication. Different devices have been used successfully for position
indication on spillway gates. A gate’s operational use needs to be considered when
determining the type, location, style, redundancy, etc., of position indication devices.
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Often, a combination of devices will be used to meet the position indication
requirements for a gate. Sometimes, multiple devices are needed to provide indication
for both local and remote operation.

(1) Local Indication. Local position indication devices can be used only for local
gate operation because they do not provide a feedback signal.

(a) Dial Indicators. Dial indicators are one of the most popular means of local
position indication. Dial indicators are driven off a shaft in the hoist machinery drive
train. They use a gear reduction so that full gate travel results in no more than one
revolution of the dial. The dial face is marked with desired openings for reference.

Figure 9-2. Dial Indicator

(b) Staff Gauge. A gate staff gauge is a simple method of providing local position
indication. A gauge is mounted to the gate’s upstream skin plate or other convenient
location. As the gate is operated, the gauge moves past a reference marker mounted to
the pier face. The gauge has markings for the relevant gate openings. Designers should
consider the visibility of the gauge from the gate operator’s location and the effects of
ice or debris to which the gauge will be exposed.

(2) Remote Indication. The need for remote gate operation has increased the use
of electro-mechanical position indication devices. Selection of such devices requires
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coordination between the mechanical and electrical engineers. Designers shall comply
with the current applicable requirements for remote control gate operation (see EC
1110-2-6071, Remote Control and Operation of Water Control Systems).

(a) Rotary Encoders. Rotary encoders are one of the most common electro-
mechanical position indication devices used. They are driven off a shaft or operating
cylinder in the hoist machinery and are used to count rotations of the encoder device.
The count of shaft rotations is calibrated to the gate position. Encoders can be driven off
any shaft for electric motor hoists. However, more accuracy usually can be obtained
from the higher resolution (more counts) of a high-speed shaft. Rotary encoders
typically are regarded as one of the most accurate electro-mechanical position
indication devices.

(b) Inclinometers. Inclinometers are mounted directly to a gate and used to
measure a gate’s opening angle relative to the direction of gravity. They are not used as
commonly as encoders because they typically must be installed at locations on the gate
where accessibility for maintenance can be an issue.

g. Limit Switches. Tainter gate limit switch assemblies are typically the rotary cam
or traveling nut style. Limit switches are driven from the hoist machinery or hydraulic
operating cylinders. Redundant limit switches shall be provided for the fully open and
fully closed gate positions (two upper and two lower switches within the limit switch
assembly). Often, the operational uses of a gate require additional switches for
intermediate positions.

h. Trunnion Bearings. Trunnion bearings are the main bearings of a tainter gate.
They support the major loads, including hydrostatic and gravity, to which a gate is
exposed. The design of the trunnion often is shared by the mechanical and structural
engineers, with the mechanical engineer focusing more on the bearing design. The
most common types of bearings are discussed below.
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Figure 9-3. Tainter gate trunnion bearing

(1) Straight Sleeve. Straight sleeve bearings are the most common bearing style
used for tainter gate trunnions. They are typically interference fit into the trunnion hub
and use a thrust washer to support thrust loading. Of the different common bearing
types, straight sleeve bearings are the most economical and simplest to design and
construct. They also provide the most bearing area for the required size envelope.
While they have a smaller allowance for misalignment, it is typically enough to
accommodate the amount inherent from reasonable structural tolerances.
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Figure 9-4. Straight sleeve-style trunnion bearing

(2) Spherical. Spherical bearings can accommodate the largest amount of
misalignment. Use of spherical bearings typically trades bearing area for misalignment
capabilities. They are most common on wide tainter gates where the standard structural
tolerances can create large misalignment at the trunnions. Spherical bearings typically
add significant complexity and cost to the design of a trunnion bearing system.

(3) Lubrication. Trunnion bearings have relatively low surface speeds and rely on
boundary layer lubrication. Grease lubrication systems typically are used and consist of
grease lines that connect to grease grooves in the bearings. An automatic (Farval style)
grease pump or manual grease pumps are used to supply the pressurized grease.
Exercising and lubricating a gate without hydrostatic load is highly recommended on a
regular basis because it helps ensure the lubricant is spread between the bearing
contact surfaces. For regular operation, it is highly recommended that lubrication is
started before the start of gate travel and is continued for the extent of gate travel.
Trunnion bearing lubricant properties shall comply with the recommendations of
Engineering and Construction Bulletin No. 2006-11.

(4) Self-Lubricated Trunnion Bearings. Self-lubricated bearing materials have
been used successfully as the main trunnion bearings for tainter gates. In general, self-
lubricated bearing materials are good substitutions for greased bronze bearings that
move slow enough to establish only boundary layer lubrication. The primary advantage
of a self-lubricated trunnion bearing system is the reduction of labor to grease the
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bearings and maintain a grease lubrication system. Self-lubricated bearings also
provide a more reliable lubrication system because the primary lubrication is provided
by the bearing material and not supplied grease. Despite the more reliable primary
lubrication system of self-lubricated materials, a minimum coefficient of friction of 0.3
shall be used for design purposes (see discussion of trunnion bearing coefficients of
friction later in this chapter). This coefficient of friction is based partially on a degraded
effectiveness of the lubrication system due to the intrusion of water, dirt, debris, etc.,
between the bearing surfaces. This remains a valid assumption for self-lubricated
materials. Designers should consider working into a self-lubricated trunnion bearing
design features that help seal the bearing from the intrusion of water, dirt, debris, etc.
Even though most self-lubricated bearing materials are durable enough to function in
dirty environments, the coefficient of friction can be impacted negatively. Sealing of a
self-lubricated bearing can be performed with a physical bearing seal. Another common
sealing method is to use supplied grease. Because the supplied grease is intended as a
seal and not the as the primary lubricant for the bearing, the lubrication frequency can
be minimized. Also, the consequences of failure of a supplied grease lubrication system
(such as a clogged grease line) intended for sealing are much less severe than that
used as the primary lubricant. Selection and design of self-lubricated materials shall
follow the guidance established earlier in Chapter 2.

i. Wire Rope Electric Hoists. Wire rope electric hoists are one of the most
common tainter gate hoist types. They’ve been used extensively at USACE dam sites
and have a long, successful operating history. Wire rope electric motor hoists usually
consist of two similar, but opposite hand hoist units mounted on piers, connected and
synchronized by a lineshaft or torque tube, and arranged to lift each end of the gate.
The machinery drive train typically consists of an electric motor that drives one or more
gearboxes. Typically, a pinion gear is mounted on the output shaft of the final gearbox,
which is used to drive a bull gear attached to a wire rope drum. Brakes for these
systems are spring-set drum brakes and typically are located on the input or output
shaft of the first reducer. Plates B-62, B-65, B-66, and B-67 show common machinery
layouts for wire rope electric hoist systems.
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Figure 9-5. Wire rope electric motor hoist

(1) Wire Rope Drums. Wire rope drums for tainter gate hoists typically are
designed to spiral wrap each rope directly on itself. This is necessary because multiple
wire ropes typically are needed for hoisting a gate. The direction the rope wraps on the
drum, with respect to the gate, usually doesn’t matter from a structural loading
perspective. However, designers should consider that the direction the rope is wrapped
on a drum affects the direction of the open gear mesh contact forces and resulting
loading of the gearboxes. The most common method of driving a hoist drum is to mount
a pinion gear on the output shaft of the final reducer, which drives a bull gear integral to
the hoist drum. The direction of rope wrap on a hoist drum determines if the contact
force on the pinion loads the final reducer housing in compression or tension.

(2) Wire Rope. The selection of wire rope for gate operation should be in
accordance with EM 1110-2-3200, Wire Rope Selection Criteria for Gate Operating
Devices. Settlement of the wire ropes and gate system components can cause
individual wire rope tensions to change over time, resulting in uneven load sharing
between individual ropes. Tainter gate wire rope hoists systems shall be designed to
allow tension adjustments to be made to each of the individual wire ropes. Designers
also should consider developing requirements for the allowable deviations of tension
values to determine when re-tensioning is necessary. This should include tension
values on each side of the gate, which can affect the distortion/deflection of the gate
structure. Figure 9-6 shows one of the most common methods for allowing individual
rope tension adjustments. This design uses nuts on the threaded ends of U-bolts to
adjust tension for each wire rope. The U-bolts wrap around a pin spanning between the
gate connection ears. This allows the U-bolts and hardware to pivot around the pin as
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the gate is lifted and the angle between the ropes and gate changes. See Plates B-63
and B-64 for typical sketches of this gate connection style.

Figure 9-6. Wire rope gate connection

j-  Chain Electric Hoists. Chain electric hoists usually consist of two similar, but
opposite, hand hoist units mounted on piers and arranged to lift each end of the gate.
The machinery drive train typically consists of an electric motor that drives one or more
gearboxes. Usually, a pinion gear is mounted on the output shaft of the final gearbox,
which is used to drive a bull gear attached to the chain lifting feature. The chain-lifting
feature depends on the number and type of chains. The features commonly used are
pocket wheels, grooved drums, or sprockets. Brakes for these systems are spring-set
drum brakes and typically are located on the input or output shaft of the first reducer.
Plates B-70, B-71, and B-72 show typical pocket wheel and chain gate connection
details. Designers should reference Chapter 2 for types of chain-lifting features (pocket
wheels, grooved drums, and sprockets) and chain designs. Tainter gate chain hoists
systems shall be designed to allow for tension adjustments to each of the individual
hoist chains.
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Figure 9-7. Hoist chain gate connection
k. Hydraulic Cylinder Hoists.

(1) Hydraulic cylinder hoists usually consist of two hydraulic cylinders, one
mounted on each pier and arranged to lift each end of the gate. Typically, the cylinders
are trunnion-type, mounted in cardanic rings that are supported by hoist frames
cantilevered over the side of the pier. Piston rods usually are connected through a
spherical bearing to a lower framing member on the downstream side of the gate. Plate
B-68 shows a general arrangement of a direct-connected hydraulic cylinder-type tainter
gate hoist. Plate B-69 shows details of the mounting arrangement. Individual hydraulic
power units usually are mounted in rooms at the top of each pier, although an
arrangement with a single power unit is possible. As much valving as possible is
mounted in manifolds connected directly to the cylinder ports. This includes a pilot-
operated check valve on the rod end port used to hold the gate in a raised position. This
arrangement minimizes interconnecting piping and the potential for leakage or failure.

(2) Cylinder Synchronism. Hoist cylinders are kept in synchronism by the hydraulic
controls. Usually, position indicators mounted internal to each cylinder provide a signal,
relative to cylinder stroke, to the control system. The system generates an error signal
that is used to control a small proportional valve. The valve is used to bleed oil from the
rod side of the lead cylinder, when raising, and from the rod side of the lag cylinder,
when lowering. For small gates or gates that are infrequently operated, such as on flood
control spillways, a simpler system utilizing a flow divider might provide sufficient
synchronization.

I.  Rack-and-Pinion Hoists. Some older tainter gate installations are operated with
a rack mounted to the skin plate of the gate, driven by a pinion on the final reduction of
the electric motor-driven machinery. These rack-and-pinion systems are not used for
new installations, but still are being used at some USACE sites.
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m. Mechanical System Analysis and Design Criteria

(1) Determining Hoist Size. The designer also should reference EM 1110-2-2105.
The normal load required to lift a tainter gate is a function of the external loads applied
to the gate (hydrostatic forces, gravitational forces, friction forces, etc). To hoist a gate,
the motor or hydraulic cylinders must overcome the various forces acting on the gate.
Calculating required motor or cylinder sizes is performed by creating a free-body
diagram and applying operating loads and reactions. The diagram is created as a
snapshot of the operating loads acting on the gate at a particular instant of time. With
the snapshot approach, it is valid to use dynamic or static coefficients of friction. Use of
a dynamic coefficient of friction would represent a steady-state moving gate. Use of a
static coefficient of friction would represent the instant of time just before incipient
motion and transition to dynamic friction. Because both will be experienced by a gate
during operation, the most conservative (largest) coefficient of friction, between static
and dynamic, shall be used. The friction forces applied to the free-body diagram always
will act in a direction that opposes the motion of the gate. After applying the operating
loads to the diagram, a summation of moments and forces can be used to solve for the
reaction forces, which then can be used to determine required motor or cylinder sizes.

TAINTER GATE QPERATING LOAD FBD
WIRE ROPE OR CHAIN HOIST

Figure 9-8. Wire rope hoist example, free-body diagram
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TAINTER GATE OPERATING LOAD FED
HYDRAULIC CYLINDER HOIST

Figure 9-9. Hydraulic cylinder hoist example, free-body diagram

(2) Operating Loads. The maximum normal load the operating machinery will
experience is typically at the gate position at which the moment arm between the gate
center of gravity and trunnion is maximized.

(3) Hydrostatic Load (H). As discussed at the beginning of this chapter, tainter
gates are designed so that the curvature of the skin plate is concentric with the gate
trunnion. This serves to focus the resultant hydrostatic load acting on the skin plate
through the trunnion. This eliminates direct moment contributions from the hydrostatic
load that otherwise would affect the required hoist loads. The assumption that the
hydrostatic load acts through the trunnion is valid for most cases. However, this
assumption is based on the geometry specific to a gate. Some gates are designed with
surfaces that hydrostatic loads act on that are not concentric with the trunnion. The
applicability of this assumption needs to be assessed on a gate-by-gate basis. While in
most cases the hydrostatic load does not directly apply a moment to a tainter gate, in
almost all cases it contributes largely to normal forces that generate friction that does
apply a moment. The hydrostatic loads typically contribute greatly to the total reaction
force at the trunnion. The trunnion reaction forces (reactions on the main bearing and
any thrust surfaces) are the normal forces used to calculate the trunnion friction. Also,
the hydrostatic load typically contributes to the normal force caused by the gate side
seals contacting the pier faces.

(4) Gravity Loads.
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(a) Gate Weight (Wg). Calculations of gate weight shall include estimates for
components that have significant weight contributions. Components to consider include
the gate coating system, weld material, and fasteners. Engineering judgment shall be
used when determining the components needed.

(b) Ice and Mud (F\v). Reasonable estimates shall be made for other factors such
as ice, mud, or debris that can accumulate on gate surfaces. The potential for ice and
mud buildup varies widely among climates and locations. Engineering judgment shall be
used to make reasonable, site-specific estimates for ice, mud, and debris weights.

(c) Trunnion Friction (MTF). The trunnion friction load shall be calculated based
on the reaction forces at the trunnion. This typically involves two separate reaction
forces: one acting on the trunnion main bearing and the other acting on the trunnion
thrust surface. The trunnion bearing coefficient of friction is dependent largely on the
condition of the bearing and how well it is maintained. Realistic coefficients of friction for
a well-maintained, lubricated bronze bearing are typically within a coefficient of friction
range of 0.1 and 0.2. A minimum coefficient of friction value of 0.3 shall be used for
design purposes. The 0.3 value can be experienced in cases where greasing and other
necessary bearing maintenance are not performed at the designed lubricating intervals,
or in cases where water, dirt, debris, etc., get between the bearing surfaces.
Maintenance of a trunnion bearing performed at time periods longer than the designed
maintenance interval, or the intrusion of water, dirt, or debris are conservative yet
reasonable operating conditions that shall be accounted for in the design coefficient of
friction. Some tainter gate bearings are believed to have experienced higher coefficients
of friction than 0.3. In almost all cases, maintenance was stopped for extensive periods
or the lubrication system experienced a failure, such as a clogged grease line, that
prevented the lubricant from reaching the bearing. Bearing designers should use
engineering judgment to determine acceptable coefficient of friction for which these
conditions are anticipated. Trunnion bearings shall be designed to comply with the
bearing pressure requirements in Chapter 2.

(d) Seal Friction (Mss). The side seal friction is a function of the preset force in the
seal and the hydrostatic pressure on the seal surface. See EM 1110-2-2105 for the
method used to calculate the side seal friction.

(5) Design Criteria. The components of a tainter gate hoist system shall be
designed to comply with the criteria in Chapter 2. The designer should evaluate two
load conditions: the maximum normal working load divided equally on both sides and
the maximum overload condition. The magnitude of the maximum overload condition
will depend on the type of hoisting system. The factors of safety from Chapter 2 shall
apply to the maximum overload condition. Specifically, for the overload condition, unit
stresses shall not exceed 75% of the yield stress of the material, and wire rope loads
shall not exceed 70% of the nominal breaking strength.

(a) For hydraulic cylinder hoists, the system should be designed to support and
lower the entire gate from one side. The maximum overload condition would be limited
by the hydraulic system relief valve setting.
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(b) For systems consisting of synchronized but independent electric motor hoists
for each side of the gate, the maximum overload condition would be the forces created
by the locked rotor torque of each motor applied to each side of the gate.

(c) For systems consisting of a single hoist motor with a drum for each side of the
gate, the maximum overload condition shall also be calculated from the locked rotor
torque of the motor. However, the loads from this overload condition shall be divided
between the two sides of the hoist by a percentage of 70/30. This percentage split
represents a conservative but reasonable estimate of the maximum uneven loading.
Also, with the 70/30 split, even if the full locked rotor torque was applied to one side of
the gate, components will likely not exceed 90% of the ultimate tensile strength. The
designer shall calculate and verify this. Previous design criteria have required loads
resulting from the maximum torque of the motor to be split equally between sides of a
hoist. While this design criteria has been successfully used for the life span of most
tainter gate wire rope electric hoist systems, it is recognized that this criteria may lead to
component failure under the most extreme loading conditions such as the locked rotor
torque being applied to one side of a hoist. It is also recognized that designing for the
locked rotor torque being applied completely to one side of a hoist can be cost
prohibitive for gates that have low consequences of a major hoist system failure. If and
when the PDT determines that designing to less than the 70/30 requirement is
appropriate and reasonable, a cover letter along with the supporting cost and risk
analysis documentation shall be submitted to USACE-HQ requesting exemption from
the 70/30 requirement. The lowest allowable limit for the cost and risk analysis shall be
the loads from the locked rotor motor torque divided 50/50 between each hoist side.

(d) Manufactured items should be selected based on the published catalog ratings,
without the application of additional safety factors or based on published overload
ratings if available. Coordination with the structural engineers on these loading
conditions for structural items is required.

n. Tainter Gate Variations.

(1) Submersible Tainter Gates. Submersible tainter gates are similar to
conventional tainter gates, but are designed to be lowered to a submerged position that
allows unrestricted flow through the gate channel or the passage of vessel traffic.
Submersible tainter gates are used at USACE sites for both spillway and navigation lock
applications. A general arrangement of a submersible tainter gate is shown in Plates B-
60 and B-61.

(a) Hoist Types. Although any hoist type could be used for a submersible tainter
gate, greater distance between the machinery (located on the top of the piers above the
gate) and lowest gate elevation (submerged position) tends to make hydraulic cylinder
and screw stem hoists less feasible hoisting options. Wire rope-and-chain hoists are the
most common choices because they can accommodate the greater distance between
hoist machinery and gate.
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(b) Gate Connections. Gate connections for submersible tainter gates most
commonly are located near the skin plate on the top horizontal girder or other
convenient structural member on the concave side of the gate. This location most often
is chosen because it usually maintains an unobstructed path to the machinery for the
full range of gate motion. Figure 9-10 shows this gate connection location and a
common gate connection style for a submersible navigation lock gate.

Figure 9-10. Common gate connection style and location for submersible tainter gates

(c) Submersible tainter gates are commonly and successfully used as the primary
operating gates in navigation locks. While the hoist machinery usually has many
similarities to non-submersible tainter gates, there are typically a few key differences.
Navigation lock tainter gates are required to span the width of the navigation lock, which
tends to create a different aspect ratio from spillway tainter gates (navigation lock tainter
gates tend to be much wider than they are tall). The width of the gates and need for
clear space across the lock (to pass vessel traffic) directly affect the feasibility of using a
mechanical means, such as a torque tube or line shaft, to synchronize sides of a hoist.
Synchronization typically is done by power selsyn motors. Typical hoist systems consist
of a rope drum, open gear set, speed reducer, brake, hoist motor, and power selsyn.
The hoist drum typically is mounted on a cantilevered shaft of a size adequate to
prevent excessive error in the mesh of the final drive pinion and gear due to shaft
deflection.
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Figure 9-11. Navigation lock submersible tainter gate with lock dewatered

(d) Hoisting Speed. The need to accommodate vessel traffic efficiently might
require hoisting speeds other than the 1 ft/min guideline recommended earlier in this
chapter. Hoisting speeds should be coordinated to make sure the necessary time per
lockage parameters are being met. Most often, navigation lock submersible tainter gate
hoists are sized to operate a gate from full open to closed, and vice versa, in 2 to 3 min.

(e) Spillway Applications. Submersible tainter gates are used on spillways as a
method of providing unrestricted flow (gate in the fully lowered position). They also can
allow the passage of vessel traffic during times when restricted flow is not needed.

(2) Piggyback Tainter Gates. A piggyback tainter gate also could be described as
a tainter gate sitting on top of another tainter gate. Piggyback tainter gates are used as
a means of releasing water from two different elevations (not simultaneously). The
bottom gate seals against the spillway concrete ogee. The top of the bottom gate is
designed with its own ogee shape to accommodate overtopping flow when the top gate
is hoisted. The top unit resembles a short conventional tainter gate that seals against
the ogee of the lower gate and is held in the closed position only under its own weight.
When the bottom gate is hoisted, the top gate is lifted with it. Piggyback tainter gates
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are chain hoisted with standard chain hoist systems. One end of the chain is connected
to the bottom gate. The other end of the same chain is connected to the top gate. The
top gate is hoisted by first lowering the bottom gate to the fully closed position. The
machinery then is operated in the same direction that lowers the bottom gate. This first
pulls the slack out of the section of chain between the machinery and top gate, then
starts to hoist the top gate. The Corps’ Pittsburgh District owns and operates piggyback
tainter gates and can be contacted for further information.

(3) Sydney Tainter Gates. A Sydney tainter gate is a conventional tainter gate that
can be hoisted by its dedicated hoist equipment vertically after the gate is lifted to its
highest point of rotational travel. The typical operation of a Sydney gate is the same as
a conventional tainter gate. Sydney tainter gates are designed with vertical guide slots
in the concrete piers that the trunnion pin can slide through. If extremely high flows are
encountered, the entire gate can be lifted vertically, past its typical operating range, to
move it out of the flow. As the gate is lifted vertically, the trunnion pin slides through the
vertical guide slots in the pier. Sydney gates are advantageous when high river flows,
requiring unrestricted water passage, are at a much higher elevation than typical river
flows. The Corps’ Pittsburgh District owns and operates Sydney tainter gates and can
be contacted for further information.

9-3. Vertical Lift Gates. Vertical lift gates are a common type of dam gate. They are
used in many different applications including spillways, control towers, and regulating
outlets. Machinery typically is located on a structural feature above the gate. The design
criteria discussion for tainter gates in Paragraph 9-2.m.(5) also can apply to vertical lift
gates. For most dam applications, vertical lift gates must be operated under differential
head conditions. The differential hydrostatic pressure can create large transverse
forces, creating large friction forces as a gate is being operated. Rollers or other
features almost always are needed on the downstream side of the gate to reduce
friction between the gate and guides to allow hoisting of the gate. Chapter 7 is
dedicated to vertical lift gates for all applications and should be referenced for further
information. This discussion of vertical lift gates is provided for comparison to the other
dam gate types covered in this chapter. The design of vertical lift gates is covered in EM
1110-2-2105.
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Figure 9-12. Spillway vertical lift gates

a. Advantages. Vertical lift gates can be built to different sizes and aspect ratios.
They’ve been used successfully in high head applications and their simple construction
also makes them cost effective for low head applications.

b. Disadvantages. Friction has the largest operational affect on vertical lift gates
than on any other dam gate type. The large transverse hydrostatic forces supported by
vertical lift gates can create large friction forces for which the hoist machinery must be
designed. Unlike tainter gates, the location of the gate’s lifting points gives almost no
mechanical advantage with respect to friction. Features to reduce friction, such as
rollers, are usually necessary for reasonable hoisting loads. Roller maintenance is
critical to ensure operation of a vertical lift gate. In addition to large friction loads,
vertical lift gate hoist machinery also must lift the weight of the gate through the full
operating range. This is not the case for tainter gates hoists, which share load with the
trunnion bearings to support the weight of the gate.

9-4. Wicket Gates. There are different types of hydraulic gates, used in different
applications, that are called wicket gates. In this manual, only the application of a wicket
gate used to create a dam will be covered. A wicket gate, or wicket, as shown in Plates
B-73 and B-74, is a structurally framed gate attached to the sill of a dam. Wicket gates
are installed side by side and, when raised, create a wicket dam that restricts flow to
increase the depth of the upstream pool. Wicket dams are used most commonly at
USACE facilities to maintain required river navigation depths during periods of low river
flow. Wicket gates are installed at several sites on the lllinois Waterway, Locks 52 and
53 on the Ohio River, and will be utilized at the new Olmstead dam on the Ohio River.
When river flows are high enough to maintain required pool levels, without restricting
flow, wicket dams are lowered so the wickets lay flat on the sill of the dam. When
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wickets are in the lowered position, vessel traffic can pass freely over the top. Most
commonly, wickets gates are designed with a flat skin plate reinforced with structural
members. Curved skin plate wickets also have been designed. However, curved skin
plates are less common because they are more likely to develop low-pressure areas as
flow passes around the wicket during raising and lowering, which can increase
operating loads. In their raised position, wickets sit at a fixed inclined angle.

Figure 9-13. Manually operated wicket gates in the raised position (viewed from the
downstream side)

a. General Considerations. Manually setting wicket gates is extremely dangerous
for lock personnel. The setting, maintenance, and operation of these gates have life
safety implications. Any new wicket gate designs should be done to minimize life safety
risks and minimize operation and maintenance. It typically takes a crew of 10 or more
personnel to set wicket gates.

b. Operating Machinery. Wicket gates are raised and lowered by mechanical
means. There are multiple operating machinery types that are discussed in more detail
below. The function of each machinery type is to raise a wicket gate against flow (no
dewatering devices are installed for typical raising and lowering functions) and support
the gate for the duration it is raised.

c. Bearings. All bearings associated with wicket gates shall be of the self-
lubricated type and designed in accordance with the criteria in Chapter 2.

d. Operating System Design. Specific design guidance for wicket gates is
provided in the Fort Belvoir Engineer School Design Manual — Canalization of the Upper
Mississippi River and Ohio River. Wicket gate designers also should reference USACE
Waterways Experiment Station Technical Report SL-97-12, Hydraulic Forces on a
Wicket Gate Under Upstream Quasi-Laminar Flow, for the hydraulic forces on a wicket
gate. Wicket gates are considered a Type A hydraulic steel structure, per EM 1110-2-

9-20



EM 1110-2-2610
30 Jun 13

2105. The design of a wicket gate’s mechanical operating system should be
coordinated with the appropriate structural designers.

e. Manually Operated Wickets. Manually operated wickets are raised and
lowered using equipment mounted on a floating vessel. The equipment, usually a crane
or excavator with a custom-designed hook, raises each wicket individually as the vessel
is maneuvered across the river. Manually operated wickets are outfitted with a frame,
called a horse, and prop that support the wicket in the raised position.

Figure 9-14. Modified excavator operating manual wicket gates

(1) Raising. To raise a manually operated wicket gate, the floating vessel-mounted
lifting equipment is manually hooked to an attachment point on the upstream end of the
wicket. A pivoting frame, called a horse, is connected to the sill on one end and to the
midsection of the wicket on the other. A prop also is mounted on the bottom of the
wicket at the horse, to the wicket pivot point. As the wicket is lifted, the horse rotates
forward, pulling the prop through a track assembly, called a hurter, mounted to the
downstream sill. As the wicket is lifted from the sill, the flowing water passes under the
wicket and aids in lifting (the wicket stays relatively horizontal during lifting). When the
horse has reached a designated angle with the sill, the prop is designed to fall into a
notch in the hurter. After the prop drops into the notch, the upstream lifting connection to
the wicket is released and the current holds the wicket elevated horizontally from the
sill. The wicket then is rotated into position by pushing the upstream end of the wicket
down. As the upstream end of the wicket lowers, the force from the water current
flowing past the wicket increases below the pivot point (fulcrum) at the midspan of the
wicket. The wicket is pulled into contact with the sill as the moment from the forces
below the fulcrum of the wicket overcomes the moment from the forces above. When
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the wicket is set in its raised position, the hydrodynamic and/or hydrostatic pressures
(depends on the differential pool and flow past the gates) on the upstream face of the
gate hold the wicket steady against the sill and wicket prop. Plate B-73 shows the
different stages of raising a manual wicket.

Figure 9-15. Raising manual wicket gates

(2) Lowering. To lower a manually operated wicket gate, a connection point on the
top of the inclined wicket is used. The vessel-mounted equipment is used to pull the top
of the wicket upstream, rotating the wicket about the sill into the flow of the river. As the
wicket is rotated, the movement of the wicket pulls the prop out of the notch in the
hurter. After the prop clears the notch, it is lifted manually to prevent it resetting into the
notch as the wicket is lowered. Once the prop is clear, the wicket is released from the
equipment and falls under the influence of gravity and back to a flat position on the sill.
The water under the wicket is used to cushion the impact of the falling wicket. The
hurter is designed to realign the prop for the next lifting operation of the wicket as the
wicket moves to its lowered position.

(3) Hurter Design. Hurters are typically a fabricated steel weldment that is
embedded in the concrete under the wicket gate (Figures 9-16 and 9-17). When
designing a wicket dam that uses a hurter and prop, the hurter should be designed so
the movement of the prop through the hurter return guide is assisted by the river flow
around the lowered wickets. For example, if the wicket dam is designed to be lowered
from right to left looking downstream, the hurter prop return guide should be located on
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the left looking downstream. If the flow around lowered wickets is not taken into
consideration when designing the hurter, lowering operations could be inhibited due to
water flow preventing the prop from moving to the return guide in the hurter.

Figure 9-16. Hurter isometric sketch

Figure 9-17. Wicket gate hurter

(4) Advantages. Manually operated wickets minimize the amount of submerged
mechanical equipment. Operation of the gates does not rely on a dedicated hydraulic
system that otherwise would have to operate in a submerged environment. The
submerged mechanical equipment is limited to the horse-prop frame and hurter, which
are relatively easy to design for a submerged environment.
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(5) Disadvantages. Manually operated wickets are the most labor intensive
because raising and lowering a wicket dam require a team of people to operate the
floating vessel and wicket-lifting equipment. At Lock 52 on the Ohio River, it takes a
crew of about 20 to set the wicket gates. Lifting a wicket requires connecting the lifting
equipment to the wicket lifting point. The wicket lifting point cannot be seen from the
floating vessel. The connection to the lifting point must be made by feel. This requires a
skilled operator to perform the lifting operations.

f. Dedicated Operating System Wickets. Two styles of dedicated wicket gate
operating systems have been tested by USACE. While neither have been selected for
use at a USACE facility (to date only manual wickets are used), full-scale testing on
each has proven the operating systems to be successful. The two types are retractable
hydraulic cylinder and dedicated or direct connected hydraulic cylinder. These systems,
along with manual wicket gates, were considered for installation during the planning
stages of Olmstead Dam. The primary advantages of dedicated operating system
wickets are there are significantly fewer operational safety risks and they take less time
and labor to operate. However, manual wickets ultimately were chosen. Olmstead Dam
is on a wide stretch of river and required approximately 140 wicket gates. The dedicated
operating systems have higher maintenance costs. Overall, the higher maintenance
costs for so many wickets outweighed the lower amount of labor required to operate the
wickets. While the dedicated operating system wickets were not feasible for such a
large application, they are still a viable choice for narrower rivers.
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Figure 9-18. Retractable hydraulic cylinder and direct-connect cylinder wicket gates
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Figure 9-19. Full-scale Olmstead Dam wicket gate prototypes (retractable hydraulic
cylinder and direct-connect cylinder styles shown)

(1) Retractable Hydraulic Cylinder Wickets. The retractable hydraulic cylinder
wicket, shown in Plate B-74, uses the same principles as the manual wicket with a
couple modifications. Instead of using a vessel-mounted lifting device to operate the
gate, a hydraulic cylinder with a hydraulic power unit is used. The cylinder is under the
lowered gate. The gate is hinged at the crest, and it pivots about the hinge as it
operates. The retractable cylinder lifts the wicket until the prop engages the hurter to
support the gate (similar to the manual wicket). The hydraulic power unit can be located
on shore, above flood stage, or in a gallery beneath the wicket, depending on the size of
the dam being built. The wicket is connected directly to the sill on the upstream end and
does not use a horse frame.

(a) Advantages. The advantage of the retractable hydraulic cylinder over the
direct-connect cylinder is the use of a prop to support the gate while it is in the raised
position. Leakage past the cylinder piston will not affect the incline position of the wicket
over time.

(b) Disadvantages. The retractable hydraulic cylinder system is more complex. A
secondary cylinder is required to position the main lifting cylinder to perform the
lowering operation.

(c) Operating Speed: A raising time of 12 min, lowering time of 3 min, and

operating time of the secondary cylinder of 10 sec was found to be successful for the
Olmstead prototype testing.
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(d) Raising. The wicket is raised into position by rotating it from downstream to
upstream about the hinge of the gate. The retractable design is made of two cylinders,
one for raising and lowering the wicket and one for aligning the raising and lowering
cylinder. The hydraulic cylinders are mounted under the wicket. The lifting cylinders
piston rod is mounted with a cup that engages a ball mounted on the downstream side
of the wicket. The wicket is raised by extending the lifting cylinder, which engages the
ball and rotates the wicket to a fixed angle where a prop engages a notch in the hurter
in the same manner as the manually operated wicket design. Once the prop is set in the
notch, the combination of current and gravity of the inclined wicket keep the prop
securely fixed in the hurter. The piston rod is retracted to remove it from potential
damage caused by debris.

(e) Lowering. To lower the wicket, a second smaller alignment cylinder is used to
align the larger lifting cylinder to the proper angle to contact the cup with the ball and the
gate. The piston rod rotates the wicket forward until the prop clears the notch in the
hurter and the flow of fluid out of the cylinder controls the speed at which the wicket
lowers.

(2) Direct-Connected Hydraulic Cylinder Wicket. The direct-connected cylinder
design is very basic. One cylinder is connected directly to the backside of the wicket, as
shown in Figure 9-19. The connection is made at the same location the prop is
connected to in the retractable cylinder design. To raise the gate, the cylinder is
pressurized and the piston rod extends, rotating the wicket to the incline angle. The
hydraulic cylinder valves hold the wicket in the raised position until the wicket is
lowered.

(a) Advantages. The main advantage of the direct-connect cylinder system is
simplicity. It relies on only one cylinder for operation, eliminating the need for a prop-
and-hurter system.

(b) Disadvantages. The main disadvantage is that this system relies on the
cylinder to support the wicket gate during the entire time the gate is raised. The cylinder
valves must maintain hydraulic pressure in the cylinder to support the wicket. Leakage
past the cylinder piston seal also could result in unintended lowering of the raised wicket
over time.

(c) Operating Speed. A raising time of 12 min and lowering time of 3 min was
found to be successful for the Olmstead prototype testing.

9-5. Hinged Crest Gates. Hinged crest gates are mounted with a hinged connection at
the crest of a spillway. Hinged crest gates are raised to achieve a closed position and
lowered to achieve an open position. They can be designed to allow overtopping flow at
any height through their range of travel. This functionality is most commonly used as
USACE sites to provide a method of maintaining required navigation depths during
periods of low river flow. Like wicket gates, hinged crest gates can provide unrestricted
navigation when in the lowered (open) position. Hinged crest gates also have the
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capability to completely stop river flow if the upstream pool is held below the top
elevation of the gate. This function can be used to increase upstream storage capacity.

Figure 9-20. Hinged crest gate, torque tube-style (viewed from the downstream side)

a. Operating Machinery. Hinged crest gate operating machinery opens and
closes the gate by rotating it about the hinged pivot point. In addition to lifting or
lowering the gate, the operating machinery might need to be designed to hold the gate
at any position between open and closed.

b. Bearings. All bearings associated with hinged crest gates shall be of the self-
lubricated type and designed in accordance with the criteria in Chapter 2.

c. Dogging Devices. Dogging devices also can be utilized to hold the gate at fully
closed (raised) or any intermediate position. It also is recommended to provide dogging
devices to hold the gate in the open (lowered) position to prevent flow vibration and gate
movement if the hydraulic operating cylinder(s) are removed. This allows a method to
perform maintenance, repair, or replacement of the mechanical operating system.

d. Pressure Relief Systems. Pressure relief systems should be considered for the
hydraulic operating systems of hinged crest gates located on navigable waterways
where vessel impacts could cause unacceptable damage to a gate. These systems
utilize a pressure relief valve to rapidly release hydraulic fluid from the cylinder bore into
an auxiliary reservoir sized for the maximum volume of hydraulic fluid that can be
contained in the cylinder bore. This system is activated only by a spike in the cylinder
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pressure and relies on no electrical devices for its operation or activation. After impact
release, the hydraulic fluid in the auxiliary reservoir must be drained into a suitable
container and manually returned to the hydraulic power unit’'s (HPU) main reservoir.

e. Redundancy. A backup HPU should be provided to allow operation of the gate
if the primary HPU experiences a failure. The gate cylinders for multiple gates should be
supplied with hydraulic power from at least two main HPUs, as well as from two
separate accumulator HPUs. Typically, all HPUs are located in a control tower. The
main hydraulic system raises and lowers the dam gates one at a time.

f. Debris Detection Systems.

(1) Debris buildup behind closed hinged crest gates can inhibit operation. Some
installations have incorporated detection systems to notify the operator of buildup.

(2) Operating System Design. In addition to supporting hydraulic and gravitational
loads, hinged crest gate operating systems shall be designed to operate a gate with a
minimum of 5000 Ibf-ft of ice and debris impact load applied to the top of a gate.

g. Cylinder-Operated Torque Tube Gates. Cylinder-operated, torque tube hinged
crest gates (Figure 9-20) use one or more hydraulic cylinders located at the end(s) of
the torque tube to apply torque to lift or lower the gate. The torque tube extends
between piers and is supported by intermediate bearings. The ends of the torque tube
extend into a gallery in the piers, which house the operating hydraulic cylinder(s) and
HPU. The torque tube penetration into the piers is sealed to prevent water from entering
the gallery when the pool elevation is above the torque tube. The gate leaf is
cantilevered off a rigid connection to the torque tube. To operate the gate, the torque
generated by the hydraulic operating cylinders must overcome the torque created by
loads acting on the gate leaf that are not acting through the center axis of the torque
tube.

(1) Advantages. The primary advantage of a cylinder-operated, torque tube
hinged crest gate is that the operating machinery can be enclosed in the pier gallery.
Doing so provides maximum protection for the operating machinery that otherwise
would be exposed to weather, water, debris, etc. Locating the machinery in an enclosed
gallery also can provide better containment for hydraulic fluid leaks.

(2) Disadvantages. The primary disadvantage to the operating machinery of a
cylinder-operated torque tube gate is the larger cylinder size requirements. The effective
moment arm the cylinder uses to apply torque to the torque tube changes as the gate is
rotated through its motion. The cylinder must be sized to operate the gate when its
effective moment arm is shortest. Torque tube gates also have practical size limits for
the gate leaf. The gate size tends to be limited by the strength of the rigid connection to
the torque tube, which supports the cantilevered gate leaf. Torque tube hinged crest
gates also require packing gland seals at the pier penetrations, which periodically
require replacement.
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h. Pierless Cylinder-Operated Torque Tube. A different style of torque tube
hinged crest gate (described above) that locates the operating machinery in a dry
gallery below the gate has been developed. This eliminates the need for piers that
otherwise would create additional navigation obstacles. Similar to the torque tube gate
described above, a pierless gate would require shaft seals to prevent leakage into the
dry gallery. See Plates B-75 and B-76 for a typical system layout. These plates show
the torque tube supported between two bearings that are the torque tube penetrations
into the dry machinery gallery. Split seals and chevron packing is provided around the
shaft at the bearing supports to prevent water leakage into the machinery gallery.

(1) Advantages. The primary advantage of this system is there is no need for piers
to house the operating machinery, therefore, eliminating navigation obstacles.

(2) Disadvantages. The primary disadvantage of this system is the need for a dry
gallery below the hinged crest gate to access the machinery.

i. Crest-Mounted Lifting Cylinders. Crest-mounted lifting cylinder hinged crest
gates use one or more hydraulic cylinders mounted on the spillway crest below the
gate. The hydraulic cylinders are attached to the back of the gate and are loaded in
compression as they support the weight of the gate and other operating loads. Typically,
a recess in the concrete foundation below the gate is needed to accommodate the
required length of hydraulic cylinder.

(1) Advantages. Crest-mounted lifting cylinders eliminate the need for piers. Gates
can be built directly adjacent to one another. These gates can provide unrestricted
vessel navigation when the gates are fully opened.

(2) Disadvantages. Installations that have a spillway crest submerged by the
downstream pool require the crest-mounted cylinders to be designed for operation in a
submerged environment. Hydraulic system leaks end up directly in the waterway.

j. Pier Mounted Tension Cylinders. Pier-mounted cylinder hinged crest gates use
to operate the gates cylinders that attach to the pier and upstream side of the gates.
The cylinders are loaded in tension as they support the weight of the gate and other
operating loads.

(1) Advantages. The operating hydraulic cylinders are loaded in tension and do
not need to be designed for a buckling, therefore, reducing the required cylinder size.

(2) Disadvantages. A pier is required at each end of a gate to mount the operating
hydraulic cylinders.

k. Inflatable Bladder Operation. Inflatable bladder-operated hinged crest gates,
shown in Figures 9-21 and 9-22, use an inflatable bladder secured below the gate to
raise and lower the gate. Bladders are inflated with air or water from a supply piping
embedded in the spillway. Straps are attached to the sill and backside of the gate to
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provide a physical gate stop to prevent over-rotating the gates. Inflatable bladder
systems are discussed further in Section 9-9 below.

(1) Advantages. Inflatable bladder systems typically have a lower initial cost than
hydraulic cylinder-operated systems. The gates tend to be much lighter and have
reduced foundation requirements than hydraulic cylinder systems.

(2) Disadvantages. The air bladders are susceptible to vandalism and other
operational damage. Gunshots easily can puncture the air bladders, inhibiting operation
of the gates. Ice expansion and heavy winds have been known to overload the bladder
or restraining strap. The potential for damage from operational factors can be minimized
if the bladder gate system is designed properly. The bladders also require replacement
on a 10-to-20-year cycle, which can contribute to the life cycle cost.

Figure 9-21. Air bladder-operated hinged crest gate
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Figure 9-22. Inflated air bladder below closed hinged crest gate

9-6. Roller Gates. Roller gates are large cylindrical gates suspended between spillway
piers that are raised or lowered through diagonal slots in the piers. Roller gates are
used to regulate water flow and have been designed so flow can pass over or under the
gate. Roller gates typically are designed so their maximum hoisted elevation is above
flood conditions on the river. This allows for unobstructed flow in flood situations. Roller
gates were a popular gate choice worldwide in the early 1900s. Numerous roller gates
were installed in the 1930s in USACE districts including the St. Paul, Rock Island, St.
Louis, and Huntington. Most of these installations are in service today. However, roller
gates are not typically used in new installations. The lower cost and other operational
advantages of tainter gates have made new installations of roller gates obsolete. The
transition from roller gates to tainter gates is captured in Chapter VIl of Gateways to
Commerce: The U.S. Army Corps of Engineers' 9-Foot Channel Project on the Upper
Mississippi River. Because roller gates usually are not used for new installations, the
content of this manual will be limited to a short description of their advantages,
disadvantages, and operation. Specific design guidance for roller gates is provided in
the Fort Belvoir Engineer School Design Manual Canalization of the Upper Mississippi
River and Ohio River.
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Figure 9-23. Roller gate

a. Operation. Roller gates are chain hoisted from one end of the gate through
angled slots in the gate’s supporting piers. The angled slots contain inclined racks that
interface with cogs on the ends of the gates. The rack-and-cog design allows the gates
to move or climb up the racks as the chain hoists the gate. The chain hoists are
mounted permanently on the piers above the gates and are operated with electric motor
hoist equipment.

b. Advantages. Roller gates are some of the widest available. Most USACE roller
gate installed are between 60 and 110 ft wide. This allows the use of fewer gates to
regulate flow. Another main advantage is that roller gates can pass flow over or under
the gate. The ability to pass flow over the gate allows for superior ice and debris
passing capabilities.

c. Disadvantages. Roller gates are known to produce dangerous undercurrents,
which can be hazardous to river users. Anything drawn into the dam most likely is pulled
under the gates by the strong undercurrents. This has happened at Lock 3 on the
Mississippi River. The safe clearance distance at Lock and Dam 15, on the upper
Mississippi River in the Corps’ Rock Island District, is 600 ft upstream and 150 ft
downstream of the gates.

d. Existing Installations. One of the most well-known uses of roller gates is at

Lock and Dam 15. The dam there has 11 roller gates used to maintain minimum a 9-ft.
river depth required for tows to navigate the river safely. St. Paul District typically has
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five or six roller gates at each lock and dam site. The St. Paul, Rock Island, or other
districts mentioned above may be contacted for more information on roller gates.

9-7. Drum Gates. Drum gates are buoyant gates of hollow steel construction that are
installed between spillway piers and attached to the spillway by a hinged connection at
their upstream edge. In the lowered (open) position, the gates sit in a recess/chamber
built into the concrete spillway. When fully lowered in the concrete recess, the top
surface of a drum gate forms the crest of the spillway ogee. In the open/lowered
position, a drum gate forms an overflow-type spillway. To raise a drum gate, a system of
pipes and valves are used to fill the concrete recess, usually with water from the
upstream reservoir. The buoyant gate floats on top of the water as the recess is filled. In
a raised position, floating on top of its recess filled with water, a drum gate forms a
barrier to regulate or stop water passage. Similar to hinged crest gates, drum gates spill
only from overtopping flow. In the raised position, side seals are utilized to seal against
the adjacent spillway piers and prevent water passage around the sides of the gate. To
lower a gate, a system of pipes and valves, separate from the pipe/valve system used
to fill the recess, is used to drain water from the concrete recess. This typically is done
by a gravity flow system on the downstream side of the gate. Drum gates are not
common at USACE sites, but have been used successfully on privately owned dams.
Because they are rare at USACE sites, the content of this chapter will be limited to a
short discussion of major considerations, advantages, and disadvantages.

Water pressure from Water released
upper pool raises to lower pool
and holds dam. lowers dam.

Control Valves

Figure 9-24. Drum gate

a. Major Considerations. While well-designed drum gates can operate reliably,
they do have vulnerabilities that need to be understood and monitored for successful
operation. Proper function of the concrete recess, filling and draining system, and gate
features critical to the buoyancy of the gate is necessary for reliable operation. The
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main failure mode of a drum gate, unintentional lowering, usually is caused by one of
these systems. An operational failure of a drum gate could result in the uncontrolled
release of water and loss of the upstream reservoir water elevation.

(1) Float Recess. Maintaining water level in the float recess is critical to the
operation of a drum gate. Leakage of the drain system could result in unintended
lowering of a gate. Often, the supply system is sized to provide water at a faster rate
than the drain system. This allows for a method of holding a gate in the raised position
in the event of a failure of the concrete float recess draining system.

(2) Gate Buoyancy. Maintaining buoyancy of a gate is critical to successful gate
operation. Drum gates are typically of welded steel construction and rely on welds for
structural integrity and to seal the structure from water penetration. The structure must
be inspected regularly to ensure adequate performance of the water seal welds. Access
to the inside of the gate needs to be considered for inspection and maintenance.
Typically, a gravity drain system is used inside the gate to help maintain gate buoyancy
if there is water leaking into the hollow gate. The drain systems use a flexible hose to
drain water that collects inside the gate to the downstream side of the dam or a drain
line in the concrete section of the spillway.

b. Advantages. A major advantage of drum gates is the elimination of an
expensive electric motor or hydraulic operating system. While the operating system for
drum gates is critical, it also is simple and relatively inexpensive. Using the buoyant
system to operate the gates also minimizes the size and strength requirements for the
piers relative to other common spillway gates. Another advantage is the minimal power
requirement to operate the gates. The main energy used to operate the gates is
hydrostatic pressure provided by the forebay.

c. Disadvantages. The need to seal the hollow interior of a drum gate can make
fabrication more complicated than other common spillway gate types. Also, the design
and construction of the concrete spillway is more complicated. The interior of a drum
gate typically is classified as a confided space that requires training for maintenance
and inspection activities. Depending on the application, the tendency for the main
operational failure modes to cause a gate to fail in the open position can be a major
disadvantage.

9-8. Bear Trap Gates. Bear trap gates operate with a similar concept to drum gates,
but utilize two gate leaves to form the barrier against water passage. The downstream
gate leaf is a buoyant leaf and works with the float chamber to close (raise) the gate
system. Like drum gates, bear trap gates use a float chamber formed by a recess in the
spillway concrete to operate the gate leaves. The float chamber is filled and drained
with a system of pipes and valves similar to that of a drum gate. However, sometimes
the operation of bear trap gates is assisted by air or hydraulic cylinders. To lower bear
trap gates, the float chamber is drained. When in the fully open (lowered) position, both
gate leaves lay flat on the spillway with the downstream leaf tucked under the upstream
leaf. The operation of a bear trap gate system is more complicated than most other
gates. Bear trap gates are not common at USACE facilities, so the content of this
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chapter will be limited to a brief description and a discussion of major advantages and
disadvantages. Specific design guidance for bear trap gates is provided in the Fort
Belvoir Engineer School Design Manual Canalization of the Upper Mississippi River and
Ohio River.

Solid Upper Leaf

Buoyant Lower
Leaf

/ Water released

to lower pool
lowers dam.

Figure 9-25. Bear trap gate

a. Advantages. The advantage of bear trap gates over drum gates is simpler
design and fabrication of the gate leaves. Like a drum gate, a major advantage of bear
trap gates is the elimination or minimization of expensive electric motor or hydraulic
operating systems. While the operating system for bear trap gates is more complicated
than a drum gate, they are still relatively simple, inexpensive, and have low power
requirements than most other spillway gates. Using the buoyant system to operate the
gates also minimizes the size and strength requirements for the piers relative to other
common spillway gates.

b. Disadvantages. Bear trap gates share the same disadvantages as drum gates.
In addition, the dual gate leaves of bear trap gates create the need for a more intricate
and complicated sealing system for the float chamber.

9-9. Bladder Dams. Bladder dams consist of an inflatable rubber bladder anchored to a
spillway crest and walls. The bladder dam is inflated with air or water to create a barrier
to stop water flow. Supply piping is provided to inflate the dam and typically is
embedded in the foundation upon which the bladder is installed. When deflated, the
bladder is on the bottom of the river and provides unrestricted flow. Bladder dams have
been used primarily at USACE sites to increase reservoir storage capacity. However, in
other countries, they also are used as storm surge flood barriers. Bladder dams have
been used at many sites around the world and are becoming more popular in the United
States. Bladder dams provide a low initial cost alternative to traditional steel gates. The
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design of bladder dams is a specialized trade. A strong background with bladder dam
systems is needed. Bladder dam installations at USACE sites likely would be designed
by the bladder dam manufacturer to comply with a USACE-written performance
specification. Because of the specialized knowledge required to design bladder dam
systems, specific design details will not be discussed in this manual. The discussion will
be limited to the advantages, disadvantages, and major considerations.

Figure 9-26. Bladder dam

a. Operation. Bladder dams are inflated through supply pipes by an air
compressor or water pump. The air or water pipe system is typically is embedded in the
bladder dam foundation. Operating systems consist of a compressor, piping, valves,
and a control system. The bladder systems typically operate with air pressures around
10 psig. Some installations fill the bladder with a combination of air and water, which
can improve the stability of the dam. However, using water to inflate a bladder dam is
not recommended for situations in which the water could freeze.

b. Storage. When deflated, the bladder systems lay flat on the river bottom. The
Ramspol storm surge flood barrier in Holland is the world’s largest bladder dam. When
deflated, the Ramspol bladder dam system remains in a standby position in a recess in
the bottom of the waterway. Storing the bladder in the recess helps to protect the
bladder from debris punctures and exposure to ultraviolet light.
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Figure 9-27. Ramspol storm surge protection bladder dam (courtesy of R.A. Daniel,
Rijkswaterstaat, Division of Infrastructure, Netherlands)

c. Advantages. Low initial cost is the primary advantage of bladder dam systems.
Installation can be significantly less expensive than a traditional steel gate system
requiring a hydraulic cylinder or other mechanical operating system. Compared to a
steel gate system, bladder dams are also easier to maintain. Some bladders, mainly
those exposed to ultraviolet light, require periodic lubrication. A bladder dam’s simple
operating system requires little maintenance, compared to a traditional steel gate
system.

d. Disadvantages. The main disadvantage of a bladder dam, compared to steel
gates, is the potential for puncture damage. Bladders dams typically are made up of one
inflatable section. This means punctures to the bladder can jeopardize the effectiveness
of the whole bladder system.
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e. Considerations.

(1) Punctures. Puncture damage is the biggest vulnerability of a bladder dam
system. Unlike bladder-operated hinged crest gates, bladder dams do not have steel
barriers to shield the rubber bladder from debris impacts or vandalism such as
gunshots. To minimize puncture potential, some bladders are reinforced with Kevlar or
steel materials.

(2) Piping System. The air pipe systems have a risk of filling with water. The air
pipe systems typically are embedded in a submerged concrete foundation. This creates
a potential for the low-pressure air pipe system to be exposed to hydrostatic water
pressure. In some cases, water has flooded the air piping system. Design of the air pipe
systems should allow for a method to drain water. Piping galleries have been used to
minimize the potential for water entering into the piping system. However, adding piping
galleries will increase cost substantially.

(3) Maintenance. Some rubber dams require periodic lubrication of the rubber
bladder.
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CHAPTER 10
Other Systems and Ancillary Equipment

10-1. Introduction. This chapter discusses and provides engineering design guidance
on ancillary equipment and other mechanical and electrical systems for navigation
structures. This includes tow haulage systems, ice and debris control, floating mooring
bitts, ship arrestors, firefighting systems, lock dewatering systems, and cathodic
protection systems.

10-2. Winch or Tow Haulage Systems. Winch systems or tow haulage systems at
navigation locks provide the capability of moving commercial vessels through the lock
chamber. In the United States, many commercial tows are longer than the lock
chamber. A commercial tow consists of a towboat pushing multiple barges tied together.
For example, most of the locks on the Mississippi River are 182 m (600 ft) in length, and
tows can be 364 m (1200 ft) in length. The tow (barge sections) needs to be split in half
to lock through the chamber. Once the barges are split, the winch or tow haulage
system is utilized to pull the first barge section through the chamber while the tow boat
remains with the second barge section. The winch (and travelling kevel discussed
below) typically pulls the first barge section to the end of guide wall and past the miter
gates. This allows the towboat and second barge section to lock through.

Figure 10-1. USACE, commercial tow split apart

a. Types of Tow Haulage Units. EM 2602 provides additional design guidance
for tow haulage units. The simplest tow haulage installation is a pair of single-drum
hoists, usually electric or hydraulic. One hoist is on the top of the lock guide wall
upstream from the upper gate bay. The second usually is downstream from the lower
lock gate on the lower guide wall. Many sites on the Mississippi River utilize this system.
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Often, the downstream unit is not used. Rather, the tow is flushed out of the chamber by
cracking open a culvert valve. The downstream winch unit is used when the tailwater
and pool elevations are nearly the same, or during flood conditions. The tow haulage
unit always should be on the guide wall side, and upstream and downstream approach
walls (guide walls) must be located on the same side of the lock in order for the tow
haulage unit to function properly.

Figure 10-2. Mechanical winch unit with level wind system

(1) The free end of the winch line is spooled off the drum and goes through a
fairlead mounted on the lock wall. Many winch units also utilize a level wind system
(Figure 10-2) to insure the wire rope is evenly spooled off and wound back on the drum.
The line then is fastened to a bitt on the back barge of the first section. The barge’s
sections are pulled out of the chamber and attached to a travelling kevel. Once the
barges reach the end of the guide wall, they are attached to check posts or line hooks
until the second section is locked through. The travelling kevel rides on a rail system
along the guide wall. Further discussion is below.
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Figure 10-3. Fairlead for the tow haulage winch

Figure 10-4. Hydraulic-operated tow haulage unit with level wind system

(2) Another type of winch unit consists of a single reversible hoist located near
the center of the lock. An endless cable is utilized that runs along the face of the lock
wall and around sheaves near the gate recesses. The wire rope comes with a flexible
fiber line long enough to reach the pool level and is fastened to the back barge either
directly or with an intermediate hawser (line). The single-hoist layout always should be
used because the double-hoist arrangement with a single line is extremely dangerous to
operating personnel. The hoist drum is designed so, as the cable (wire rope) is paid out
at one end at the bottom of the grooved drum, it returns to the top of the drum at the
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same end. The length of the cable on the drum equals total travel plus two wraps. The
most sophisticated system uses a reversible hoist and endless cable that pulls a
wheeled towing bitt on the top of the wall between the gate bays. The bitt may travel in
a recess provided for it, or it may be mounted on a rail fastened to the concrete. The
latter is used for locks already constructed or in cold climates where snow and ice would
clog the recessed type. A hawser furnished by the tow is slipped over the traveling bitt
and fastened to the back barge as before. It is important that the lock operator be able
to see the barges that are being pulled during the entire operation. Therefore, the lock
operator should operate the tow haulage unit from the lock wall opposite the tow
haulage unit.

(3) Within Chamber Tow Haulage System.

(a) The Corps’ Pittsburgh District, utilizes another type of tow haulage system. It
is mounted within the chamber because the upper and lower guide walls are too narrow.
Two hydraulically driven winches pull against each other in a counter-torque (pull-
retard) fashion. This eliminates the slack rope problems of an endless system, so the
wire rope tracks properly over all sheaves and stacks correctly in even layers on each
drum. The alignment and distance from a winch drum to the first (lead) sheave is set to
provide the proper fleet angle. Using two smaller winches located at each end of the
chamber also allows better integration of the system into lock.

(b) The control system is designed to vary infinitely the pulling speed and control
the maximum line pull while controlling the trailing winch hold-back tension in a
regenerative mode. The hold back automatically regenerates approximately 90% of the
hold-back power to minimize power loss and heat buildup in the hydraulic system. The
control system permits each winch to be operated in either the hauling or hold-back
mode, depending on the direction of the joy-stick movement from neutral. Electric drive
must have a variable speed control, as the barges will accelerate slowly.

b. Travelling kevels. All tow haulage units should be furnished with travelling
kevels installed on a rail system. The purpose of these unpowered travelling kevels is to
hold the head of the tow into the guide walls as the haulage unit pulls the tow out of the
lock chamber. The kevels and tow haulage winch work as a system. The tow haulage
winch will pull and accelerate the first barge sections out of the lock chamber. Once the
barges are accelerated, the mooring lines are then are attached to the travelling kevel.
The kevel guides the barge sections along the guide wall. On the Mississippi River
locks, the kevels are sometimes called mules or travelling mules.
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Figure 10-5. Travelling kevel

(1) One of the kevels should be located on the upstream guide wall and another
on the downstream guide wall. Typically, the kevel will travel the full length of the guide
wall. This allows the first barge section to clear the lock completely. Ideally, the first
barge section and kevel should slow and nearly come to rest once the end of the guide
wall is reached. Once the barge section and kevel reach the end of the guide wall, the
barge section is tied off and moored. The first barge section must completely clear the
lock gates in order for the second barge section to lock through.

(2) The minimum length of travel of each of these kevels should be equal to the
travel of the tow haulage unit. The length of travel for the tow haulage unit should be
equal to the clear inside length of the lock chamber (the distance between downstream
miter gate recess and upstream miter sill). A power-retrieved kevel can be provided.
This will eliminate the need for the lock operator to walk the length of the guide wall and
return (retrieve) the kevel manually. One issue with travelling kevels is the rail system
and the gaps between the rails. Kevel rails should be continuous to avoid gaps in the
rail. Any gaps or misalignment of the rails can cause the kevel to stop. This poses a
safety risk to lock personnel and barge operators because the mooring lines can snap
and the kevel can break and launch into the air.
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C.

Figure 10-6. Gaps in rail section of travelling kevel

Lessons Learned. General design guidance from EM 2602, plus some

lessons learned:

Maximum line force on winch unit should not exceed 10,000 to 12,000 Ibf or
44,480 to 53,376 N.

Provide level wind feature on all winch units.

Speed should be 100 ft/min, or 0.5 m/sec, maximum on winch units. Barge
sections should be accelerated up to this value.

For electric drives, provide variable frequency drive for speed control.
Hydraulic drives should provide for inherent speed control.

Hydraulic drives should have removable (plug-and-play) power units. These
can be disconnected and stored during flood conditions.

All controls should be installed above flood levels.

Misalignment of travelling kevel rails has been an issue. This can cause the
travelling kevel to stop while the barges are moving. At one site on the
Mississippi River, this caused the mooring line and kevel to break. Routine
inspection is necessary.

Inspect travelling kevel rails and anchors for corrosion. Failure of anchors
could cause the rail to pull out of the concrete.

New lock construction should be designed for a kevel rail system to minimize
rail misalignment and provide for a continuous rail system. The Corps’
Nashville District has designed one such system.

New lock construction should be designed to embed the tow haulage winch
line. This makes for a safer operation.

Provide spare travelling kevels.

Additional Design References. Available design guidance include:
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e United States Army Corps of Engineers, Engineering Manual EM 1110-2-
2602, 30 September 1995, Planning and Design of Navigation Locks, Chapter
5, Paragraph 5-11, Tow Haulage Units, and Chapter 10, Paragraph 10-4, Tow
Haulage Unit and Movable Kevel;

e PIANC Report WG 106 Innovations in Navigation Lock Design, 2009,
Paragraph 5.7.1.4, Bollards on Tracks (Tow Haulage Unit and Movable
Kevel).

10-3. Ice and Debris Control. Ice and debris control systems utilizing compressed air
are used on many USACE locks and navigation structures. These systems also are
used on the St. Lawrence Seaway and European navigation structures. There are other
means to address ice conditions at navigation structures, including mixers and heaters.
PIANC report WG 106 Innovations in Navigation Lock Design discusses various other
means for ice control in lock structures. USACE EM 1110-2-1612 (2002 and 1999)
discusses other means of ice control, including air bubbler designs and heaters. Other
design references are noted below. The U.S. Army Cold Regions Research and
Engineering Laboratory also can provide design guidance. The discussion in this
section will focus on compressed air bubbler and air screen systems. Some design
considerations, advantages, disadvantages, and lessons learned will be presented.

Figure 10-7. Soo Locks on the Great Lakes, typical ice conditions in winter

a. Summary and Overview. The basic system utilizes an air plant or
compressor, supply piping with manifolds and control valves, and diffuser piping
(installed on the gates, lock floor, and in the gate recess) to aerate or bubble the water
in front of lock gates and across the gate sills or lock floor. The system is effective for
clearing ice and debris from the miter gate recess and to prevent slush ice from entering
the lock. Some sites have used a central air plant, while others have used smaller
systems or localized plants spread out on the lock. For existing locks, the installation of
high-volume bubbler systems should be included as part of lock and dam major
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maintenance contracts. This allows the installation of the submerged pipe and
accessories while the lock is dewatered, and reduces the overall cost to install
submerged high-volume bubbler piping.

Figure 10-8. Localized compressor installed on miter gate machinery

Figure 10-9. Central air compressor plant

b. Advantages and Disadvantages of Air Bubbler and Air Screen Systems. Air
systems provide several advantages over mixers and heaters. They are less labor
intensive than a mixer system. The operational cost is generally lower then electric
heaters. A heater system is ineffective for moving large ice floes and for pushing debris
out of the gate recess and quoin area. Below is a summary of some of the advantages
and disadvantages.
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Advantages:
e Controls ice and debris in front of miter gates and in gate quoin area.
Controls accumulation of ice in front of miter gates.
Reduces manpower and time required to remove ice and debris.
Clears ice and debris from miter gate recess.
Provides a screen to prevent ice from being pushed into the lock.
System can be designed to modulate air flows and to distribute air flows as
required.
e Lower operational cost than utilizing a heating system on lock gates.

Disadvantages:
e Operation cost of running air compressor.
e Initial capital cost of system.
e Maintenance to underwater piping and components requires a dive crew or a
lock dewatering for repair and replacement.
e Towboat prop wash can damage underwater piping and components.

c. Lessons Learned. Air bubbler systems have been used successfully at a
number of lock sites. Without an effective air bubbler system, ice or debris can build in
the miter gate recess. This affects the ability of the gate to fully recess. Slush ice also
can build in front of barges entering the lock chamber. Bubbler diffusers installed on the
gate sill or across the lock floor can prevent much of this ice from being pushed into the
lock. The air flow rate directly impacts the size of the air plant and should be optimized.
This generally will be site specific and depends on the amount of debris normally
passed through the lock. Locks in northern climates have reduced barge traffic during
the winter or are completely shut down. Reduced air flows can be used to keep ice off
the miter gates and out of the gate recesses. Low-flow systems can bring warmer water
from the bottom of the lock.

(1) The USACE Soo Locks on the Great Lakes have an extensive air diffuser
system and extensive ice conditions during late season navigation. These locks
generally are shut down in mid-January and open again in mid-March. Ship traffic needs
to pass through the locks until closure. At the Soo Locks, 3-m-thick (10-ft-thick) brash
ice can build in front of the miter gates. They utilize air curtains across the lock to move
ice for setting bulkheads and to move miter gates. They also utilize point source
bubblers (550 ft*/min or 15.4 m*/min) for controlling ice at multiple other locations. The
system utilizes individual control of each point source bubbler and utilizes a central plant
with three rotary screw drive compressors.
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Figure 10-10. Soo Locks, air curtain system in operation

(2) Holes at the bottom of the pipe are important in order to allow water and
debris out when air is forced through and for proper air distribution. The hole diameters
should vary between 6.35 mm to 15.8 mm (1/4 in. and 5/8 in.), depending on the air flow
and spacing. Utilize a welded outlet over diffuser holes, and a threaded nipple to take
standard rubber check valve or nozzle configurations, therefore, facilitating exchange
and replacement. Proper attachment to the bottom of the lock is critical because ships
create turbulence that might move improperly fastened piping. Piping diameter must be
designed properly to avoid choke points causing loss of efficiencies. Pipe connections
are a common place for air loss; therefore, grooved type couplings or similar are
recommended. Ideally, a cleanout port should be located on the end of air curtains that
can be opened by a diver to flush out debris that forms inside the pipe (provide a larger
diameter than holes). Consideration should be given to installing a smaller diameter line
at the opposite end of the feed line that can be used as a backwash or purge line. The
smaller line needs to be away from navigation or other contact points to prevent failure.

(3) Some other lessons learned:

e Both central plant and localized plant systems have been successful. The
selection of the type of plant is site specific. There are many sites that use
either. For sites with localized plants, utilize a compressor on each gate leaf.

¢ Rotary screw-type compressors have been used successfully and are
preferred. They can run for long periods with little maintenance.

e Specify low-ambient temperature compressor enclosures to permit operation
at ambient air temperatures as low as -28.8°C (-20° F).
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Environmentally friendly or environmentally acceptable oil has been used
successfully on both the large central compressors and air blowers.

Size back-up generators to accommodate both the electrical load from the
lock and dam and the electrical load of the compressor.

High-volume systems work well for moving ice and reducing brash ice.
Low-volume systems can be utilized to transfer warmer water at the bottom of
the lock to top water surface. Low-volume systems can run continuously and
be used during the winter in northern climates to keep ice off lock gates.
Rubber pinch-type check valves have worked successfully in keeping silt,
debris, and zebra mussels out of the nozzles and piping system. Always
provide a diffuser system that has a means for preventing backflow into the
pipe.

Heat tape has been used successfully on air pipe at the water surface to
prevent ice buildup inside the supply pipes.

Check valves within the vertical piping have not been 100% reliable, and
freezing in the pipes has occurred. It might be better to install isolation valves,
cross fittings, and pipe plugs to allow lock personnel to either charge the
vertical piping with air or fill them with environmental RV antifreeze. Charging
the piping with air forces the static water level below the freezing surface, and
is the preferred method.

Stand pipes with isolation valves are used successfully to allow for addition of
alcohol or antifreeze to clear ice buildup.

Space check valves and nozzle diffusers 0.912 to 1.216 m (3 to 4 ft) apart.
Install orifices and check valves pointing down. This reduces the chance of
the diffusers being damaged by barge tows and debris. Orifices installed
pointing down also trap the air remaining in the screen piping after the screen
is turned off. The trapped air substantially reduces the amount of water in the
pipes the next time the system is used. As a result, the orifices begin bubbling
sooner.

Use all stainless steel pipe, fittings, and components for below-water diffuser
and supply piping. Do not use any galvanized components below water or mix
and match galvanized components and stainless steel components. Provide
dielectric couplings between galvanized and stainless steel components.

Air blowers or air compressors can be utilized. However, air blowers are
limited to around 89.6 kPa or 0.896 Bar (13 psig). The advantage of an air
blower is that it will provide more air volume. Sites with long supply lines and
deep drafts will need to use air compressors.

For air blower systems, minimize air supply friction losses to 6.895 kPa to
13.790 kPa (1 to 2 psig).

Orifices in supply piping should be 6.35 to 9.5 mm in diameter (1/4 to 3/8 in.).
Higher volume systems can utilize up to 15.8 mm diameter orifices (5/8 in.).
Ball valves or positional butterfly valves with 90-deg full open to full close
operation are best suited to deliver the air to the bubbler screens.

Provide point source air bubblers for control of ice in multiple locations.
Provide programmable logic controllers (PLCs) and variable frequency drives
for control of air compressors. This will allow modulation of air flows.
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e Ultraviolet protection is required for all exposed compressor controls to
prevent deterioration.
e Piping should be attached using stainless steel offset clamps.

d. Piping, Manifolds, and Diffusers.

(1) Air manifolds should be provided at each gate corner. Run the supply line
from the air compressor or blower directly to the manifold and not directly into the
supply piping. The manifold will allow proper distribution and control of air.

Figure 10-11. Typical diffuser supply system and manifold

(2) Use butterfly valves on all supply lines to allow for closure and throttling.
Electric solenoids also can be used to actuate the valves. Piping should extend from
each manifold down to the lock floor and lock gates. Diffusers should be provided for
distribution of air at the bottom of the lock. The diffuser consists of an orifice drilled into
the pipe. A welded outlet is placed over the orifice and a pipe nipple then is threaded
into the welded outlet. The rubber check valve then is placed over the pipe nipple.
Rubber check valves have been successful at multiple locations on the Mississippi
River in the United States. These diffusers can generally be replaced by divers.
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Figure 10-12. Typical manifold with control valves

Figure 10-13. Rubber pinch-type check valve

e. High-Volume Air Systems. High-volume bubbler systems provide lock
personnel a means to control debris and ice formation, and ice movement. The Soo
Lock system was noted above. This has proven to be highly effective. High-volume
systems also are installed on the locks on the Ohio, Mississippi, and lllinois rivers.
Technical information available to designers considering installing high-volume bubbler
systems are in EM 1110-2-1612, EM 1110-8-1(FR) Chapter 6, REMR Bulletin Vol.12,
No. 2, May 1995, and the Cold Regions Technical Digest, No. 83-1. These documents
provide valuable guidance in designing high-volume bubbler systems and the theories
involved with using air to melt ice. Controlling the formation and movement of brash ice
improves the efficiency of lockages. The benefits are:
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e Fewer lock personnel are required to assist with the lockage.

e Less physical work from lock personnel is required to push ice with long pick
poles. This promotes a safer working environment.

e The time required to perform a lockage during winter ice conditions can be
reduced.

e Controlling ice against the lock gates reduces gate operating machinery wear
and tear. Stresses imposed upon the gate’s structural members are lower.
Machinery life and structural components life, and time between periods of
major maintenance are extended.

e Adhesion of ice to the lock structure and gates can be minimized by the
melting action associated with the use of high-volume bubblers. Ice of varying
thickness can be melted in areas contacted by the released air bubbles.

(1) The Pittsburgh District has installed high-volume air systems, and has learned
some lessons. The district noted that a quoin flusher does a good job of clearing floating
debris before a miter gate is opened, while consuming much less air than a gate recess
screen. These flushers consist of a single orifice located near the pintle of each miter
gate. Each flusher is supplied by a smaller 19-mm (0.75-in.) line and is solenoid
operated from the control station. Standard procedure is to operate the quoin flushers
briefly each time the gates are opened. The gate recess screens still are needed for ice
and heavy debris. The St. Paul District also utilizes quoin bubblers with a 2-in. supply
line. They have also proven effective for clearing ice and debris in the gate quoin area.
A 2-in. pipe cap is utilized with three, 5/16-in. diameter holes drilled in the cap.

(2) The Pittsburgh District also did an experiment with orifices facing up and
down. Bubbler systems were installed on two identical locks with the exact same
arrangement, except the orientation of the orifices. The orifices for one system were
installed pointing up, while the orifices for the other were pointed down. This was done
to see if the response time of these systems could be improved. Each system had quoin
flushers and flushing screens for the miter gate recesses, upper bulkhead seal, and
upstream approach. As expected, the system with the orifices pointing down had a
significantly faster response time (time required for all orifices in a screen to begin
bubbling). Orifices installed pointing up allow all of the air remaining in the screen piping
after it is shut off to escape. As a result, the pipes are full of water the next time the
screen is needed. It takes time for the incoming air to displace the water in the piping
through the orifices. The orifice closest to the supply line starts bubbling first, and each
successive orifice follows until the last one in the screen begins to bubble. Orifices
installed pointing down trap the air remaining in the screen piping after the screen is
turned off. The trapped air substantially reduces the amount of water in the pipes the
next time the screen is needed. As a result, the orifices in the screen begin bubbling
sooner, with many starting about the same time. Once all the orifices in a screen were
bubbling fully, there was no observable difference in the bubbling action between the
two systems.

f. High-Volume System at Starved Rock and Peoria Lock. A high-volume
system was designed and installed at Starved Rock and Peoria Lock. The major
components of high-volume air systems are modeled from the research and design
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calculations conducted by CRREL. The findings of the research laboratory are from a
prototype installation at Starved Rock and Peoria Lock. This research should form the
basis of design for high-volume air systems to control ice at locks. The components of
the system described below are particular to systems installed on the Mississippi River.

(1) The compressors are 150 HP, electric motor driven, positive displacement
rotary screw-type. Each compressor is capable of delivering 1275 m*/hr (750 cfm) of
free air at 690 kPa (100 psig) full flow and is designed for continuous operation. One
compressor serves each bubbler system. The compressor delivers flow to the upstream
and downstream gates. Compressor sizing is determined by an iterative air system
analysis, which determines air discharge rates from orifices in the piping, assuming a
dead-end pressure. A computer program (Bub-300) developed CRREL is capable of
making this simulation to achieve a 1% difference between the calculated and specified
compressor outputs.

(2) Supply pipes traditionally have been 3-in., schedule-40 galvanized steel
piping. Galvanized steel piping is acceptable for piping installed above the water line.
The piping is routed from a centrally located compressor to each end of the lock
chamber. Valve manifolds are installed near the gate recesses to control the delivery of
air to each submerged flushing screen. The control valves typically have been 3-in.
butterfly valves with manual control. Electric control valves were installed at Starved
Rock and are well liked by the operators.

(3) The submerged piping varies in size from 76 to 32 mm (3 to 1.25in.). The
varying size is dependent upon the flushing screen being served and the proximity to
the dead-end of the pipe. Galvanized pipe is not recommended for submerged piping.
Galvanized piping typically has needed to be replaced in fewer than 10 years. Stainless
steel piping is recommended for all submerged pipe. The chamber screen is maintained
at 76 mm (3 in.), due to the volume of air being delivered and the distance across the
lock chamber. This screen is 29 m (96 ft) long for a 33.5-m-wide (110-ft-wide) chamber
and is designed with 2.4-m (8-ft) orifice spacing. Gate recess screens are supplied with
76-mm (3-in.) piping and reduced accordingly to meet the requirements established by
CRREL. The gate recess screens have varying orifice spacing to provide more air near
the quoin end of the gate. The orifice spacing follows the recommendations of EM 1110-
8-1(FR). Nine orifices are installed along each gate recess flushing screen.

(4) Drilled pipe plugs provide the desired quantity of air to the water. The pipe
plugs are installed in vertical tee fittings along the horizontal pipe runs. Holes that are
9.5 mm (3/8 in.) in diameter have been determined to deliver the desired quantity of air
from the prototype installations. A design flow rate of 51 m®hr (30 cfm) per orifice is
desired.

g. Design Procedures. The USACE EM 1110-2-1612, 30 October 2002 and 30
April 1999, both provide detailed design guidance and calculations for sizing supply
lines and air diffuser lines, and are references to this engineering manual. The detailed
equations will not be repeated in this manual. CRREL also is a source for design
guidance.
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(1) The numerical analyses for air discharge rates are determined by an iterative
procedure starting with a trial dead-end pressure at the end orifice. Working toward the
supply source, the air flow and pressure at each orifice and in the supply line are
calculated to obtain a calculated compressor pressure. The trial dead-end pressure
then is adjusted and the procedure repeated until the calculated and the true
compressor pressures agree. The sum of the nozzle flows gives the required
compressor capacity.

(2) Output pressure must be high enough to overcome hydrostatic pressure at
the submergence depth, and frictional losses in the supply and distribution lines, and
still provide a pressure differential at the last orifice to drive the air out at the desired
rate. Supply and distribution line diameters should be large enough so that frictional
pressure losses along the line are small. A small increase in line diameters often results
in significant reduction in frictional losses and more uniform discharge rates along the
line. Orifice diameter and spacing should be selected to maximize rates. Too large an
orifice diameter can result in all the air being discharged at one end. Submergence
depth will be dictated by operational limitations but should be lower than the expected
depth of trash pile-up. Typical installation depths for low head locks are 10 to 15 ft. For
high head locks, the submergence depth and the hydrostatic pressure likely will be the
controlling factor in the required compressor pressure. A typical detail for a recess air
diffuser is shown below.

Figure 10-14. Emsworth Lock and Dam, Ohio River, air screen gate recess flusher
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h. Additional References and Design Documents. Available design guidance
includes:

e Compressed Air and Gas Handbook by Compressed Air and Gas Institute;

e Compressed Air and Gas Data by Ingersoll Rand Corporation;

e United States Army Corps of Engineers Cold Region Research Laboratory,
Melting Ice with Air Bubblers, Cold Regions Technical Digest, No.83-1, March
1983, Kevin L. Carey;

e United States Army Corps of Engineers Cold Regions Laboratory, CRREL
Report 79-12, Point Source Bubbler Systems to Suppress Ice, George D.
Ashton, May 1979;

e United States Army Corps of Engineers REMR Bulletin Volume 12, No 2,
1995, Use of Radiant Heaters to Prevent Icing and Air Bubbler Systems;

e United States Army Corps of Engineers, Engineering Manual EM 1110-2-
1612, 30 October 2002, Ice Engineering, Chapter 18 Ice Control for
Navigation, Chapter 20 Control of Icing on Hydraulic Structures;

e United States Army Corps of Engineers, Engineering Manual EM 1110-2-
1612, 30 April 1999, Ice Engineering, Chapter 3: Ice Control

e United States Army Corps of Engineers, Engineering Manual EM-1110-8-
1(FR), Chapter 6, Section Il, Winter Navigation on Inland Waterways;

e United States Army Corps of Engineers, Engineering Manual EM-1110-2-
2602, Planning and Design of Navigation Locks, Chapter 11, Ice Control
Measures;

e PIANC Report WG 106 Innovations in Navigation Lock Design, 2009,
Paragraph 4.6.2, Ice Control in Locks;

e PIANC Report “Final Report of the International Commission for the Study of
Locks”, Chapter 10, Ice Control at Locks;

e Vankan, L.J.: Ice Fighting by Hydraulic Structures (in Dutch: IJsbestrijding bij
Kunstwerken), Bouwdienst Rijkswaterstaat — Centrum for Ice Fighting,
Uitgeverij Matrijs, Utrecht, 2000.

10-4. Floating Mooring Bitts. In the United States, the term floating mooring bitt is
widely used. In Europe, these are called floating bollards. However, the terms floating
bollards and floating mooring bitts are used interchangeably throughout the world.
Floating mooring bitts provide a means to secure vessels inside the lock chamber
during a lockage. This is opposed to securing vessels on top of the lock chamber to
fixed bollards or posts that are imbedded in the lock, or having lock personnel handle
lines.

a. Description and Design Data. The mooring bitts raise and lower with the
water elevation in the lo