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1. SUMMARY

This report documents the results of a sensitivity and
feasibility analysis of capacity expansion measures for the
Great Lakes/St. Lawrence Seaway System. Non-structural and
structural alternatives for increasing the capacity of the
System were simulated in an effort to identify possible modi-
fications to the GL/SLS System which would pass the projected

2050 unconstrained cormmodity flows.

The GL/SLS Lock Capacity odel was used to perform the
simulations. The previously existing model was modified to
test for lock capacity, defined as an average lock utilization
greater than or equal to 90% for the period May through Nov-
ember, and to implement non-structural and/or structural capacity
expansion measures when capacity was reached. Modifications were
also made to allow input of up to 15 cormodities. The GL/SLS
Lock Capacity Model has been validated at the Soo, Welland Canal,
and St. Lawrence River Lock Systems using 1976 data.

As a first step in the analysis, the simulation was
run with the lock systems using existing conditions to deter-
mine when capacity would be reached. With existing high water
levels permitting drafts of 27 feet at the Soo and 26 feet at
the Welland Canal and St. Lawrence River, capacity would be
reached in 1984 with 78,926,000 short tons at the Welland Canal,
in 2010 with 182,251,000 short tons at the Soo, and in 2014 with
99,174,000 short tons at the St. Lawrence River Locks. Using
the low water datum draft of 25.5 feet throughout the system,
capacity would be reached in 1981 with 75,198,000 short tons at
the Welland Canal, in 2006 with 173,739,000 short tons at the
Soo, and in 2006 with 92,526,000 short tons at the St. Lawrence
River Locks.

Four individual non-structural alternatives were tested
for their effectiveness in increasing system capacity. These
four alternatives are:

1. Installing traveling kevels,

2. Increasing ship speed into the lock,

3. Decreasing chambering time by decreasing dump/
fill time and providing downstream longitudinal
hydraulic assistance, and

4. Installing a local traffic control system at each
lock system.
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A fifth simulation run was made using the combination of these
non-structural alterndtives which gave the largest locking time
reduction. This combination reduced licking times 13% and con-
sisted of installing traveling kevels, reducing dump/fill times,
and installing local traffic control systems. The results of the
non-structural capacity expansion analyses, in terms of the
year at which capacity is reached and the corresponding tonnage
processed, are shown in Figure 1.1 for the Soo Locks, Figure 1.2
for the Welland Canal, and Figure 1.3 for the St. Lawrence River
Locks.

Four structural scenarios were modeled to test their
ability to pass the projected 2050 unconstrained cargo flows.
Two of the scenarios involved constructing larger locks able to
pass Class 11 ships and to pass Class 12 ships, respectively.
The other two scenarios involved deepening system-wide draft to
28 feet and to 32 feet without changing the existing lock dimen-
sions. Each of the structural modifications was implemented
after capacity was reached using the combined non-structural
alternatives. The results of the capacity simulations of the
structural scenarios are also shown on Figure 1.1 for the Soo
Locks, Figure 1.2 for the Welland Canal, and Figure 1.3 for the
St. Lawrence River Locks.

A fifth structural scenario was modeled to determine the
effectiveness of constructing another large lock at the Soo
without structural modifications to either the St. Lawrence
River or the Welland Canal Locks. Cargo flow through the
Welland Canal was limited to the near capacity tonnage of
87,400,000 short tons per year achieved with the combined non-
structural alternatives. The Soo and St. Lawrence River cargo
flows were re-projected based on this constraint. A new lock
capable of handling Class 11 ships was built at the Soo when
capacity was reached there with the combined non-structural
alternatives. This new lock proved to be very beneficial as
can be seen on Figure 1.1.

Capital and increased annual operation and maintenance
costs were estimated for each of the non-structural alternatives
and the structural scenarios. These cost estimates, although
very preliminary in nature, can be used to determine the rela-
tive cost effectiveness of each alternative in this feasibility
analysis.
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It is recommended that the GL/SLS Lock Capacity Model
continue to be used to provide further insight into the relative
merits of possible alternatives for relieving capacity conditions
in the GL/SLS System. Suggestions are made for both additional
sensitivity analyses of non-structural alternatives and for
additional feasibility analyses of structural scenarios.
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2. INTRODUCTION

The Great Lakes/St. Lawrence Seaway (GL/SLS) System pro-
vides a shipping link between the deep water of the Atlantic
Ocean and ports 2400 miles inland on the American continent.
This includes 1000 statute miles down the St. Lawrence River,
1350 miles over the Great Lakes, and 400 miles in connecting
channels. In that distance there are nineteen locks comprising
three sets of locks that lift ships from sea level to an elevation
of 600 feet in Lake Superior. Figure 2.1 is a schematic cross-
section of the GL/SLS System. Figure 2.2 shows the area covered
by the system.

The capacity of any navigation system including the
Great Lakes/St. Lawrence Seaway System is determined by the
system's limiting or constraining element; the element which hasI the slowest processing time. In very general terms, the GL/SLS
System can be thought of as a series of locks, connecting channels,
and harbors. The complexity inherent in the three lock systems,
the five connecting channels, and over forty harbors becomes even
more significant when the numerous trade routes between the
various harbors for inland traffic and for the ocean trade are
also considered. Generally, for navigation systems equipped withI locks, the traffic capacity, defined either in terms of annual
tonnage or annual vessel transits, is constrained by the locks.
Prior capacity studies of the GL/SLS System have indeed shown
the locks to be the constraining element of this system. As the
annual tonnage shipped on the GL/SLS navigation system continues
to increase in the future, the demand for service at the locks
will increase accordingly, and as the capacity limits of the
system are approached, vessels will begin to experience long
waiting times-and long vessel queues at the locks. The resulting
inability of the system to effectively service its customers
would obviously be reflected by a decrease in the popularity
and use of the system, with an adverse impact on the economic
growth of the entire nineteen state region served by the system.

I Any transportation system interested in serving its
customers over the long term must plan to provide an expanded
capacity when the need for such capacity is requir,'d by the

I systemis users. For a simple system having one major constrain-
ing component, the removal of the constraint at that one point
removes the system constraint. For a more complex system, such
as the GL/SLS navigation system, the multiplicity of locks,
connecting channels, and harbors presents a more challenging
assignment to the planners addressing the removal of system

2-1
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capacity constraints over the long term. An analysis of the
entire system is required to ensure that removal of a constraint
at one feature or location does not simply result in movement of
the constraint to another feature or locatiun with relatively
little, if any, improvement in overall system capacity.

With such considerations in mind, the North Central
Division of the U.S. Army Corps of Engineers initiated a study
entitled, "Great Lakes/St. Lawrence Seaway Regional Transportation
Studies", having as its primary objective the development of a
sound documented working tool for use in analyzing GL/SLS
regional transportation improvement alternatives. This report
documents part of the work of Task 8 of this program, the objec-
tive of which is to perform a sensitivity and feasibility analysis
of selected non-structural and structural alternatives for in-
creasing lock capacity through the year 2050. This analysis was
performed using the GL/SLS LOCK CAPACITY MODEL which, in simple
terms, is a queuing model which analyzes steady state lock
operations and vessel-lock interaction at the three lock systems.

The feasibility and sensitivity nature of this work is
emphasized. The analysis of the non-structural alternatives
selected by the Corps of Engineers for inclusion in this study
should be interpreted not only in terms of the specific alter-
natives, but more broadly in terms of the capacity improvements
potentially achievable through the appropriate reductions in
lockage times at each of the lock systems. In similar fashion,
the analysis of the structural alternatives selected by the Corps
of Engineers for inclusion in this study should be interpreted
more broadly in terms of the level of capacity improvement
potentially achievable through enlarging particular lock charac-
teristics, thereby allowing passage of longer and wider ships or
deeper draft ships. Practically speaking, it may be considered
unlikely that a lock system, for example, would be made deeper
without also being made longer and wider as was the case for
some of the structural alternatives investigated in this program.
It is exactly this approach, however, that provides insight into
the effect of system draft on system capacity. This feasibility
and sensitivity approach must be born in mind throughout this
report.

The model selected for use in this study was selected
with the sensitivity and feasibility nature of the study in
mind. The model focuses on the constraining lock in a series
lock system and makes the assumption that system improvements are
implemented at all of the locks in a system simultaneously. This
implies that the initially constraining lock remains the con-
Itraining lock. This approach allows use of a model which is

2-4



relatively simple in structure and therefore relatively quick
and inexpensive to run, allowing a large number of alternatives
to be investigated for feasibility relatively quickly and at
relatively low cost. It is cautioned, however, that this model
is not suitable for use in investigating an individual lock
system in great detail or for making final decisions on which
non-structural or structural alternatives to implement. The
model is extremely useful for evaluating system sensitivity
and alternative feasibility, thereby defining those non-structural
and structural alternatives which warrant further investigation.
This is the purpose-for which the model was developed and applied
in this study and any attempt to read any greater significance
or importance into the results obtained would be a serious
mistake.

The following sections of this report include a brief
description of the GL/SLS LOCK CAPACITY MODEL used in this study
and its validation, descriptions of the results obtained with
the model for both a low water datum and deeper water base case
for the non-structural alternatives and for the structural alter-
natives, a summnary of the costs associated with the alternatives,
an analysis of all the results, and the conclusions and recommen-
dations drawn from the study. The results of this work feed
directly into the work associated with the determination of NED
Benefits for the capacity expansion alternatives selected.

2-5



3. DESCRIPTION OF GL/SLS LOCK CAPACITY MODEL

3.1 Overall Description

In an overall view, the GLISLS LOCK CAPACITY MODEL can be
described as a queuing model which analyzes steady-state lock
operations and vessel-lock interaction for the Soo, Welland, and
St. Lawrence River Lock Systems. Its purpose is to provide a
planning tool to aid in predicting if, or when in time, the
Soo, Welland Canal, and St. Lawrence River Locks can be expected
to reach a capacity condition, and to evaluate means by which
the capacity of the lock systems may be increased. The capa-
city determinations are a function of:

" Cargo Traffic Projections
" Vessel Fleet Projections
* Vessel Operating Characteristics and

Locking Times
" Lock Operating Characteristics
* Length of Navigation Season
* Available Operating Time (Weather Delays,

Lock Malfunction Delays, Daylight-Only
Navigation)

" Pleasure Craft and Non-Commercial Vessel
Locking Requirements

" Winter Vessel and Lock Operating Pro-
cedures.

For a given set of the above listed data, the GL/SLS LOCK CAPACITY
MODEL determines the following for fourteen separate time periods
(ten months plus early and late April and early and late December):

" Cargo Transported by Commodity and Direction
" Vessel Operating Fleet
" Yearly Vessel Transit Demandby Vessel Class,

Commodity, and Direction
" Daily Vessel Transit Demand by Vessel Class

and Direction
" Lock Cycle Time by Direction (Mean and

Standard Deviation)
" Average Vessel Waiting Time by Direction
" Average Vessel Queue Length by Direction
" Lock Utilization.

The model performs this analysis every two years from a base year
to a prescribed final year. The lock cycle time, average vessel
waiting time, average vessel cueue length, and lock utilization are

3-1



output for each two year period, while the results of the entire
analysis are output every decade. A schematic diagram of the
Lock Capacity Model is shown in Figure 3.1.

The model also determines the year in which capacity is
reached, based on 90% average lock utilization for the months of
May through November. The entire output is printed for the
capacity year and the model either ends the run for that lock
or implements a non-structural or structural capacity expansion
measure and continues the analysis until the final year is
reached.

A typical output run for one year and one lock system is
included in Appendix A as an example. This program was run on
the EKS1 service of the Boeing Computer Network. A complete run
consisting of all three lock systems analyzed from 1978 to 20501 submitted in batch costs approximately $33 at high priority.
This does not include the costs of compilation and printing
which are comparatively small compared to the run costs.

The GL/SLS LOCK CAPACITY MODEL is comprised of a series
of individual modules. The purpose of each of these modules is
as follows:

FLEET DETERMINATION MODULE determines the required vessel
fleet mix to carry the projected-cargo tonnage demand by commod-
ity as a function of the existing fleet, vessel retirement or
phase-out schedule, vessel building schedule, available operating
time, specific trade routes, and vessel characteristics (carrying
capacity, speed of advance, length, beam, ice transiting capa-
bility, vessel utilization factor, and required locking time) for
the particular lock system. As output, the model generates a
vessel fleet (number of ships) by vessel class (size) and commod-
ity necessary to carry the projected annual cargo tonnage demand.

TRANSIT FORECAST -MODULE converts the vessel fleet gener-
ated by the FLEET DETERMINATION MODULE and the annual cargo
demand projections into a vessel transit forecast demand (vessel
arrivals) by vessel class, direction, and commodity, that will
arrive at that particular lock system on a daily basis as a
function of vessel characteristics and vessel utilization 00 of
loaded backhauls).

SHIP DISPATCH MODULE is used only for the Soo Lock System
where a decision must be made as to which of the locks a particu-
lar vessel will be assigned based on vessel-lock limitations and
relative lock utilization and vessel waiting times. For the Soo

Lock System, the objective is thus to establish a transit forecast

3-2
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of vessels by class, direction, and commodity that will arrive
at each of the locks. This decision process is made on the basis
of equating lock utilization within the constraints imposed by
vessel-lock limitations.

LOCK CYCLE TIME MODULE calculates the mean lock cycle
time as a function of the transit forecast of vessels by class,
direction, lock turnback characteristics, and level of traffic.

LOCK QUEUING MODULE determines the average vessel waiting
time, average vessel queue length, and lock utilization based on
the vessel transit forecast, mean lock cycle time, available
lock operating time, weather delays, lock malfunction delays,
required pleasure craft and non-commercial lockages, and ice
delays.

CAPACITY MODULE determines if lock capacity is reached and
implements capacity expansion measures if they are desired.

In the following sections a list of basic assumptions for
the GL/SLS LOCK CAPACITY MODEL and a brief description of each
module are presented. A more detailed description of each
individual module is presented in the documentation volume of
this report.

3.2 List of Basic Assumptions

In developing the GL/SLS LOCK CAPACITY MODEL, the following
basic assumptions were made:

Vessels

(1) All ships in the fleet are represented by specific
ship classes.

(2) All ships will attempt to maintain their maximum
capable speed at all times except where speed
limits exist.

(3) A ship's maximum speed capability is determined by
analyzing the ship's thrust capability versus its
resistance characteristics in open water and ice.

(4) No accidents involving ships are assumed to occur
in the system and no time delays due to accidents
are considered.
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(5) All ships are treated on an equal basis.

(6) All ships will operate only during daylight hours
in areas where nighttime navigation is prohibited.

(7) All ships are assumed to carry a full cargo.

(8) All ships carry only one cargo at a time.

(9) Lakers are phased-out or retired from the fleet
based on a 75 year useful life.

(10) When additional ships are needed because the cargo
demand is greater than the fleet transporting capa-
bility, ships are built according to percentages
which were determined from current building trends
and are input as data into the model.

(11) When the cargo demand is less than the fleet trans-
porting capacity, the smallest ships are deleted
first.

Locks

(1) Each lock can be described as a single-server with
a simple waiting line queue.

(2) Vessels are processed on a first come-first served
basis.

(3) Lock service time distribution is characterized by
its mean and standard deviation.

(4) Vessel arrival rate follows a Poisson distribution.

(5) Vessels are locked through in a manner which minimizes
the lock's utilization (maximizes its capacity). If
queues exist on both sides of the lock, the lock will
alternate in processing upbound and downbound vessels.
If a queue exists on one side of the lock and the time
of arrival of a vessel at the other side of the lock
is less than the turnback time of the lock, the lock
will wait to process the arriving vessel. Otherwise,
it will turn back to process the next vessel in the
queue.

(6) Only one vessel at a time is processed by a lock.
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(7) Thu- capacity of each lock system is determined by
the constraining lock and the distance between locks
does not prohibit the Poisson distribution of vessel
arrivals.

(8) At the Soo, vessels arriving are sorted by their use
of the lock and form independent queues for each
lock. In sorting vessels to each lock, vessels are
assigned in a manner which minimizes the system's
utilization (maximizes its capacity) within pre-
scribed vessel-lock constraints. As queues start
forming, vessels are dispatched to the waiting space
provided at each lock in such a manner that no other
vessel is blocked from entering an idle lock.

Cargo

(1) All cargo forecasts are considered to be the uncon-
strained maximum tonnage for each commodity that is
expected to move through the GL/SLS System. All
commodities are transported throughout the entire
season. No additional tonnages are generated from
extended season operation.

(2) Fifteen commodity tonnages are input. For use in the
model these fifteen are grouped into six major
commodity categories. These categories and their
corresponding commodities are:

Grain: wheat, soy beans, barley and rye,
corn and oil seeds

Stone: limestone

Iron Ore: iron ore

Coal: coal

Other Bulk: raw materials, cement, petroleum
products, minerals, and dry bulk

General Cargo: general cargo and steel products

3.3 Description of Fleet Forecast Module

Objectivye

Determine the required vessel fleet mix for a given lock
system needed to carry the projected cargo tonnage demand by
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commodity as a function of the existing fleet, vessel retirement
or phase-out schedule, vessel building schedule, available opera-
ting time, specific trade routes and vessel characteristics
(carrying capacity, speed of advance, length, beam, ice transiting
capability, vessel utilization factor, and required locking time).

Method of Approach

The method of approach used in the FLEET FORECAST MODULE
is depicted in Figure 3.2 and consists of the following major
steps:

(1) Determine the number of round trips each vessel
class and commodity combination can make during the entire
navigation season for a given set of input commodity trade route
data, vessel characteristics and operating data (carrying capa-
city, vessel speed of advance, loading and unloading times,
locking times, and extended season operations).

(2) Determine the remaining fleet commodity transporting
capacity for the entire navigation season. Initially, older
vessels are phased-out of the base year fleet in accordance with
the vessel retirement or phase-out schedule and then the remain-
ing fleet's transporting capacity by commodity is determined by:

RFCAP. = Z NSHIPS.. x NRTRIPS.. x CC.. [3.1]
sJ sJ -.J

where

RFCAP. = Remaining fleet capacity for the ith commodity

NSHIP.. = number of vessels in remaining fleet of the ith
1"I vessel class transporting the ith commodity

NRTRIPS.. = number of round trips per year each vessel of
tJ the ith vessel class can make transporting the

ith commodity

CC.. = carrying capacity of each vessel of the ith
J vessel class for the jth commodity

= summation over all vessel classes.

(3) Add (or delete) ships to (or from) the remaining
fleet until the fleet commodity transporting capacity equals the
annaul carqo tonnage demand. When the annual cargo tonnage demand
is greater than the transport capacity of the remaining fleet,
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ships are added to the fleet based on percentages established for
each commnodity and vessel class. These shipbuilding percentages
are based on the current shipbuilding trends determined from his-
torical records and from interviews with fleet operators. If
the transport capacity of the remaining fleet is greater than
the cargo tonnage demand, vessels are deleted from the fleet,
with the smallest vessels being deleted first, until the trans-
port capacity equals the cargo demand. Because vessels can be
engaged in several comimodity trades, this process of adding and
deleting vessels is an iterative one which is repeated until the
fleet transport capacity equals the cargo demand for every
commodity.

Output

Required Vessel Fleet by Commodity and Vessel Class.

3.4 Description of Transit Forecast Module

Objective

Convert the vessel fleet mix generated by the FLEET DETER-
MINATION MODULE and the annual cargo demand projections into a
vessel transit forecast demand (vessel arrivals), by vessel
class, direction and commodity, that will arrive at the particular
lock system on a daily basis as a function of vessel charac-
teristics and vessel utilization (% of loaded backhauls) and
bias traffic factor for the 14 time periods (10 months plus
early and late April and early and late December).

Method of Approach

The method of approach used in the TRANSIT FORECAST MODULE
is depicted in Figure 3.3 and consists of the following major
steps:

(1) Calculate the loaded transits and cargo distribution
for each time period for a given set of cargo tonnage demand
and vessel characteristics and performance data.

(2) Calculate the ballast transit distribution for each
time period based on vessel utilization factor ranging from 0.0
(one ballast transit for every loaded transit) to 1.0 (minimum
number of ballast transits) and navigation season start-up and
end bias traffic factors.
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Output

I. Number of Daily Vessel Loaded and Ballast Transits (byg vessel class, direction, and commnodity) for the 14 time periods.

Objetive3.5 Description of Ship Dispatch 
Module

Distribute the daily number of vessel loaded transits (by
vessel class, direction, and commrodity) and ballast transits (by
vessel class and direction) generated by the TRANSIT FORECAST

MODULE to each of the Soo Locks.
Method of Approach

(1) Ships arriving at the locks are assigned by the lock
master to a specific lock based on the physical limitations and
availability of each lock. Based on physical limitations and
to ensure maximum lock capacity (tonnage and number of daily
transits), vessels are initially dispatched in the model depending
upon the maximum ship size as follows:

(a) Maximum Vessel Class 10 (existing condition)

. Loaded Class 4 and ballasted Class 4, 5, 6,
7, and 8 vessels are assigned to the Sabin
and Davis Locks

. Loaded Class 5, 6, and 7 vessels are assigned
to the MacArthur Lock

* Loaded Class 8 and all Class 9 and 10 vessels
assigned to the Poe Lock.

(b) Maximum Vessel Class 11 (Davis Lock replaced with
a 1350 x 115 foot lock)
. Loaded Class 4 and ballasted Class 4, 5, 6,
7 and 8 vessels are assigned to the Sabin
Lock

. Loaded Class 5, 6, and 7 vessels are assigned
to the MacArthur Lock

. Loaded Class 8 and all Class 9 and 10 vessels
are assigned to the Poe Lock

. All Class 11 vessels are assigned to the new
Davis Lock.
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(c) Maximum Vessel Class 12 (Sabin and Davis Locks are
replaced by a 1460 x 145 foot lock)
. All Class 4, 5, 6, and 7 vessels are assigned

to the MacArthur Lock

. All Class 8, 9, and 10 vessels are assigned to
the Poe Lock

. All Class 11 and 12 vessels are assigned to the
new Sabin-Davis Lock.

(2) Lock utilizations for each lock are calculated based
on the initial assignments. Within the physical size constraints
of the locks, vessels are reassigned in a manner that will
minimize lock utilization (maximize capacity).

Output

Daily Number of Vessels and Loaded and Ballasted Transits
(by vessel class, commodity, and direction) at the Soo Locks
for 14 time periods.

3.6 Description of Lock Cycle Time Module

Objective

Calculate the mean upbound and downbound lock cycle times
and their variances as a function of the transit forecast of
vessels by class and direction, lock turnback characteristics and
level of traffic for each of the 14 time periods.

Method of Approach

The method of approach used in the LOCK CYCLE TIME MODULE
consists of the following major steps:

(1) Calculate the one-way mean locking time and its
variance for upbound and downbound vessel transit forecast.
Expressed mathematically:

t = Z f. x t1up j=l up j,up

t Z Zf. t
tdown j=l Jdown x j,down
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cup x a2  + 2 ()2

up j up up v up ,up ' up

( :down d. x +2f. (t - )2

down 'Idown j u down j,down down

where

t , =don :upbound and downbound one-way mean locking time
up down

f" f. = upbound and downbound fractions of total transits
7 up own of class j vessel transits

tz'upt L = upbound and downbound one-way locking times of
Jup 1jdown class j vessels

Cup' adown = upbound and downbound one-way mean locking time
variance

G. , U. = upbound and downbound one-way locking time variance
Jup 'down of class j vessels

= summation over all vessel classes.
J

(2) Calculate the mean lock cycle time and its variance
for upbound and downbound vessel transit forecast. If ships are
waiting on both sides of the lock, the mean lock cycle time is
simply the sum of the mean locking time for downbound ships and
the mean locking time for upbound ships, while if the traffic
is one-way, i.e., either entirely upbound or entirely downbound,
the mean cycle time is the sum of the one-way mean locking time
plus the time for the lock to turn back and get ready to process
the next ship. For the general case when vessels are not
necessarily waiting to be serviced, the mean lock cycle time and
its variance can be expressed by the following equations which
can be solved simultaneously.

t up  : up + (l-Pdown) tb + down t/down

4d n +(l-p tb + PtZadown Zdown 
up

Pup X up x tCup
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Odown x down X t
ddown

a a dow + (i )20 up = up (-0down ) + 02down down

CF2 2don+ (1_P up )' + Pup P2u

Odown 2 p up

where

tup t down upbound and downbound mean lock cycle time

a ,9 a = upbound and downbound variance of the mean lockCup °down cycle time

t , t = upbound and downbound one-way mean locking time
Zup Zdown

tb = turnback time

Pup = probability of the lock serving an upbound vessel

Pdown = probability of the lock serving a downbound vessel

aup' adown = upbound and downbound one-way locking time variance.

xup' Idown = upbound and downbound vessel arrival rate

Output

Mean Upbound and Downbound Lock Cycle Times and their
variances for the 14 time periods.

3.7 Description of Lock Queue Module

Objective

Determine average vessel waiting time, average vessel
queue length, and monthly lock utilization based on the vessel
transit forecast, mean lock cycle time, available lock operating
time, weather delays, lock malfunction delays, required pleasure
craft and non-commercial lockages and ice delays.

Method of Approach

The LOCK QUEUE MODULE can be described as a single server,
simple waiting line model, characterized as M/G/l. The solution
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of the M/G/l model, known as the Pollaczek-Khentchine Formula,
is based or the following assumptions:

. Poisson arrival; that is,exponential inter-
arrival time

. Arbitrary service time with its known mean
and standard deviation.

Under these conditions, the average queue length (L ) and the
queue waiting time (Wq) can be determined from the following
equations:

L x2 G
2 + P2

LW
q

where

A vessel interarrival rate (number of ships arriving
per unit time)

= variance of mean lock cycle time

p = lock utilization (= At )

to  = mean lock cycle time.

Using the appropriate data, these equations are used to determine
the average queue length and average waiting time of ships for
both upbound and downbound traffic at the lock for each of the 14
time periods.

In addition, as a first approximation, the model estimates
the round trip time (transit + waiting) for the Welland Canal
and St. Lawrence River systems. This total round trip time con-
sists of the sum of the locking times, queuing waiting times, and
transit times in reaches. Expressed mathematically:

Total Round Trip Time = (t + t V2 + w
Cup Cdown qup

+ W + (' +t' )/2 + (w' + w'
qdown UP down qup qdown

x N + TT.
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where

t up, t = upbound and downbound mean lock cycle time at
down the constraining lock

= upbound and downbound mean lock cycle time att;up Cdown the remaining locks

W , w = upbound and downbound average queue waiting time
qup qdown at the constraining lock

W1 W, w = upbound and downbound average queue waiting time
qup qdown at the remaining locks

TT = round trip transit time in the reaches

N = number of remaining locks.

Output

Average Vessel Waiting Time, Average Vessel Queue Length,
and Lock Utilization for both upbound and downbound for 14 time
periods.

3.8 Description of the Capacity Expansion Module

Objective

Determine if capacity of a lock has been reached and if
so, implement a capacity expansion measure, if desired.

Method of Approach

The method of approach used in the Capacity Expansion
Modle consists of the following major steps:

(1) Determine if capacity has been reached by calculating
the average lock utilization at the constraining lock for the
months of May through November. If this average lock utilization
is greater than 90%, capacity is reached.

(2) If capacity is reached determine if a capacity ex-
pansion measure is to be implemented and if so, determine what
measure is to be implemented. This information is provided as
input data. Capacity may be expanded by reducing locking times,
deepening ship. draft, or building new locks. Any one or any
combination of these alternatives may be used.
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(3) Implement the chosen capacity expansion measure. If
no measure is to be implemented, the analysis will stop here and
move to the next lock system. If capacity is to be expanded,
the required new data will be read and the calculations needed to
implement these changes will be made. Simulation will resume
with the next two year period following the capacity year.

Output

The year capacity is reached in each lock system and the
capacity expansion information.
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4. VALIDATION OF GL/SLS LOCK CAPACITY MODEL

4.1 Introduction

With any computer model which is supposed to represent
a real-world phenomenon, the model's results or predictions are
only as good as the basic input data and the basic rules and
assumptions used in its development. The test of how realis-
tically the computer model represents the actual conditions at
each of the lock systems is shown through its validation,
which is a direct measure of its credibility. Based on the
validation presented in this section, we believe that the model
agrees well with the real-world conditions for the validation
year of 1976 and, as a result, the model predictions for future
years can be viewed with a degree of confidence within the con-
straints imposed by the basic rules, assumptions, and input data.

A validation year of 1976 was chosen because locking
information is well documented for that year. It is felt that
1976 was a good, typical year in which there were no extra-
ordinary factors which would have affected cargo movements through
the GLISLS system.

4.2 Soo Lock System

4.2.1 Brief Description of the Soo Locks

The Soo Locks are located at Sault Ste. Marie, Michigan.
Before the Navigation Season Extension Program started, the Soo
Locks operated for approximately nine months of each year from
early April through late December. During the Season Extension
Demonstration Program, the Soo Locks were kept open into
February for the first three years (1972 to 1974) and for 12
months for the remaining years of 1975 through 1979 [1]. For
the 1980-81 season, operations were halted on 31 December 1§80.

The Soo lock system consists of four parallel locks,
the MacArthur, Poe, Davis, and Sabin locks, as shown in Figure
4.1. Each lock has its own pier that can accommnodate two or
three ships in each queue. In addition to the four United
States locks, an older lock is located on the Canadian side of
the St. Marys River. This lock, however, is small and shallow,
and is used primarily by passenger vessels, pleasure craft, and
other small ships carrying only a very small amount of cargo.
Because of this, the Canadian lock has been excluded from the
analysis of the Soo Lock capacity.
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Currently, the MacArthur Lock handles most of the down-
bound loaded ships with an overall length of up to 730 ft, but
can accommuodate ships up to 767 ft in length with special lock-
ing procedures. The Poe Lock can process ships up to 1015 ft
in length with a beam of 105 ft and currently handles mostly
"1000 footers" and vessels that the MacArthur Lock cannot service.
The Sabin and Davis Locks are identical in size and handle most
of the ballasted upbound ships having a beam of up to 75 ft and
length of up to 836 ft. Because of the shallow depth of both
the Sabin and Davis Locks, the number of vessels using these
locks has decreased as vessels have either been reti---d or
phased-out of the fleets which use the Soo Locks. As a result,
only the Sabin or Davis Lock is usually operated unless there is
sufficient demand to warrant the operation of both locks.
Table 4.1 shows the dimensions of the Soo Locks and ship size
restrictions.

4.2.2 Model Validation at the Soo Locks

In validating the GL/SLS LOCK CAPACITY MODEL for the $oo,
the criterion used for the validation was to compare model pre-
dictions based on transporting the actual tonnage with actual
Soo conditions in 1976 for:

(1) Number of average daily transits by month,

(2) Distribution of vessel arrivals by vessel
class (lockage mix),

(3) Ratio of loaded vessel transits to total
vessel transits.

In addition, if the data had been readily available, we would
have also included comparisons of actual versus predicted vessel
waiting times and vessel queue lengths experienced at the Soo.
Of the three items listed, the first two were considered to be
of particular importance because they directly establish the
lock capacity in terms of transits per day and tonnage trans-
ported.

The validation computer run for 1976 was made for the
current level of ship utilization of 80%/0 (ship utilization of
1.0 indicates that the minimum possible number of ballast tran-
sits are assigned, whereas ship utilization of 0.0 indicates one
ballast transit for every loaded transit). From this run,
agreement was determined to be quite good between the model
predictions and the actual Soo conditions for the number of
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TABLE 4.1 SOO LOCKS DIMENSIONS [2, 3]

PRINCIPAL FEATURES MACARTHUR SABIN DAVIS POE CANADIAN

Lock width, ft 80 80 80 110 59

Maximum ship beam, ft 75 75 75 105 -

Length between mitre
sills, ft 800 1350 1350 1200 900

Maximum ship length, ft 730* 836 826 1015 -

Depth on upper mitre
sill, ft 31 24.3 24.3 32 16.8

Depth on lower mitre
sill, ft 31 23.1 23.1 32 16.8

Lift, ft 22 22 22 22 22

* 767 foot ships permitted with special handling.
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average daily transits and the distribution of vessel arrivals
by vessel class. A summary of each of these comparisons is
presented in Figures 4.2 and 4.3. A comparison of the ratio of
loaded to total vessel transits between the model and actual
Soo conditions could not be made since the data is not readily
available. We would, however, expect the model to predict a
lower ratio of loaded to total transits than actual conditions,
similar to that found for the St. Lawrence and Welland. However,
we would expect the difference to be less for the Soo, since
vessels transiting the Soo tend to operate at closer to their
carrying capacity than the typical vessel at the Welland or
St. Lawrence.

4.3 Welland Canal Lock System

4.3.1 Brief Description of the Welland Canal Locks

The Welland Canal, shown in Figure 4.4, is located
approximately 20 miles west of the Niagara River and connects
Lake Erie to Lake Ontario. The canal contains eight locks over
a distance of 27 miles that provide a lift of 326 feet between
Lake Ontario and Lake Erie. Of the eight locks, Locks 1 through
7 are lift locks, while Lock 8 is primarily a guard lock. Locks
1, 2, 3, and 8 are single locks that handle both upbound and down-
bound traffic. Locks 4, 5, and 6, called "flights" because they
resemble stairs, lift ships a total of 135 feet over the Niagara
Escarpment. These locks are twinned permitting parallel traffic,
but each set of three locks is essentially a sic;71e lock system
because once a ship enters it must be locked all the way through
the three before the next ship is serviced. Lock 7 is considered
to be the most constraining lock in the system because of its
longer locking time and because of its somewhat curving channel
located only about 1800 feet away from the flights. Table 4.2
shows the lock dimensions and the maximum ship size.

4.3.2 Model Validation at the Welland Locks

In validating the GL/SLS LOCK CAPACITY MODEL for the
Welland, the criterion used for validation was to compare model
predictions based on transporting of the actual tonnage with
actual Welland conditions in 1976 for:

(1) Number of average daily transits by month,

(2) Distribution of vessel arrivals by vessel

class (lockage mix), and
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TABLE 4.2 WELLAND CANAL LOCKS DIMENSIONS [4]

LOCK LENGTH WIDTH DEPTH OVER SILLS LIFT

(ft) (ft) (f t)- (ft)-

All Locks 7661 80 30 46.5'

Maximum 730 76 25.5 (draft )4

Ship Size

Lock 1 8652

Lock 2-7 85 92

Guard Lock 8 13802

Notes:

1. Breast wall to gate fender.

2. Center to center of inner gate pintles.

3. Lift for Locks 1 to 7; variable lift for Lock 8, normally
less than 3 ft.

4. Draft at low water datum.
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(3) Ratio of loaded vessel transits to total
vessel transits.

In addition, if the data had been readily available, we would
have also included comparisons of actual versus predicted vessel
waiting times and vessel queue lengths experienced on the Welland.
Of the three items listed, the first two were considered to be of
particular importance because they directly establish the lock
capacity in terms of transits per day and tonnage transported.

The validation computer run for 1976 was made with a ship
utilization of 70% (ship utilization of 1.0 indicates that the
minimum possible number of ballaSt transits are assigned, whereas
ship utilization of 0.0 indicates one ballast transit for every
loaded transit). From this run, agreement was determined to be
quite good between model predictions and the actual Welland con-
ditions for the number of average daily transits and the distri-
bution of vessel arrivals by vessel class. A summiary of each of
these comparisons is presented in Figures 4.5 and 4.6. Comparing
the ratio of loaded to total vessel transits, the agreement, as

shown below, is not quite as good.
RATIO OF LOADED TO TOTAL VESSEL TRANSITS

ACTUAL COMPUTED

Upbound 63% 49%
Downbound 90% 84%

This discrepancy between the model predictions and actual con-
ditions is due, we believe, primarily to the fact that all ship
transits in the model are either carrying a full load of cargo or
are in ballast, whereas in reality many vessels transiting the
Welland are transporting less than a full load; that is, they
are operating at 501/% to 75% of full load. While this agreement
is not as good as we would like for the validation year (1976), we
resisted decreasing the carrying capacity of each class of vessel,
which would have increased the predicted ratio. Looking ahead
towards the capacity conditions at the Welland, vessels will
most likely be operated at closer to their carrying capacity
conditions than they currently are.

4.4 St. Lawrence River Lock System

4.4.1 Brief Description of St. Lawrence River Locks

The St. Lawrence River connects Lake Ontario to the Gulf

of St. Lawrence. The St. Lawrence System, shown in Figure 4.7,
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extends approximately 190 miles from St. Lambert Lock at Montreal
to Kingston, Ontario, on Lake Ontario.

The System was created by excavation of channels to a depth
of 27 feet, permitting the transit of vessels drawing 25.5 feet
with water levels at low water datum, and the construction of
seven single locks to by-pass certain rapid sections of the river.
Of the seven locks, two are operated by the United States; the
Snell and Eisenhower Locks located near Massena, New York.
Five locks are operated by Canada; the St. Lambert and Cote
Ste. Catherine Locks located near Montreal, the Upper and Lower
Beauharnois Locks located in the Beauharnois Power Canal, and
the Iroquois Lock located at Iroquois, Ontario.

The major constraint to traffic is generally considered
to be the Beauharnois Locks. These locks are relatively close
together and provide no waiting area for vessels between the
locks. In addition, during the peak summer months, the Beau-
harnois Locks experience more transits by pleasure craft than
any other locks due to travel to and from Montreal.

All seven locks are similar in size and all are capable of
locking a ship that has a length of 730 feet and a beam of 76 feet.
Table 4.3 shows the detailed lock dimensions and ship capacity.

4.4.2 Model Validation at the St. Lawrence River Locks

In validating the GL/SLS LOCK CAPACITY MODEL for the St.
Lawrence, the criterion used for validation was to compare model
predictions based on transporting the actual tonnage with actual
St. Lawrence conditions in 1976 for:

(1) Number of average daily transits by month,

(2) Distribution of vessel arrivals by vessel
class (lockage mix),

(3) Ratio of loaded vessel transits to total
vessel transits.

In additior, if the data had been readily available, we would
have also included comparisons of actual versus predicted vessel
waiting times and vessel queue lengths experienced at the St.
Lawrence. Of the three items listed, the first two were con-
sidered to be of particular importance because they directly
establish the lock capacity in terms of transits per day and
tonnage transported.
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TABLE 4.3 ST. LAWRENCE RIVER LOCK DIMENSIONS [5]

Length, breast wall to gate fender ... .......... 766 feet

Width .... ... .. ........................ 80 feet

Depth over sills ...... ................... 30 feet

Ships may not exceed 730 feet in overall length or
76 feet in maximum beam

Locks:

St. Lambert ..... ............... 13 to 22 feet
Cote Ste. Catherine .... ........... 28 to 37 feet
Lower Beauharnois ... ............ .. 38 to 42 feet
Upper Beauharnois ... ............ .. 36 to 40 feet
Snell ..... .................. .. 45 to 49 feet
Eisenhower .... ............... ... 38 to 42 feet
Iroquois .... .. ................ 0.5 to 6 feet
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The validation computer run for 1976 was made with a ship
utilization of 70% (ship utilization of 1.0 indicates that the
maximum possible number of ballast transits are assigned, whereas
ship utilization of 0.0 indicates one ballast transit for every
loaded transit). From this run, agreement was determined to be
quite good between the model predictions and the actual St.
Lawrence conditions for the number of average daily transits and
the distribution of vessel arrivals by vessel class. A surmmary
of each of these comparisons is presented in Figures 4.8 and
4.9. Comparing the ratio of loaded to total vessel transits,
the agreement is not quite as good.

RATIO OF LOADED TO TOTAL VESSEL TRANS ITS

ACTUAL COMPUTED

Upbound 82% 59%
Downbound 8 2 % 70 %

The discrepancy between the model predictions and actual
conditions is due, we believe, primarily to the fact that all
ship transits in the model are either carrying a full load of
cargo or are in ballast, whereas in reality many vessels tran-
siting the St. Lawrence are transporting less than a full load;
that is, they are operating at 50% to 75%01 of full load. While
this agreement is not as good as we would like for the vali-
dation year of 1976, we resisted decreasing the carrying capa-
city of each class of vessel, which would have increased the
predicted ratio. Looking ahead towards the capacity condition
at the St. Lawrence, vessels will most likely be operated at
closer to their carrying capacity conditions than they currently
are.
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5. CAPACITY ANALYSIS BASE CASE

5.1 Introduction

A capacity analysis of the existing facilities, or base
case, was performed as a first step in determining the feasi-
bility of expanding the capacity of the Great Lakes/St. Law-
rence Seaway System. This analysis provides a basis against
which system capacity expansion measures may be tested.

The GL/SLS System has a guaranteed ship draft at low
water datum of 25.5 feet. Over the past several years water
levels in the Great Lakes have been significantly higher than
the low water datum, allowing ships to operate at drafts of up
to 25 feet through the Welland Canal and St. Lawrence River and
27 feet through the Upper Lakes. This increased draft allowed
ships to carry more cargo, increasing the tonnage capacity of the
GL/SLS System at no cost.

Historically, water levels in the Great Lakes have
fluctuated in a cyclic process over periods of decades. There-
fore, the present high water levels cannot be assumed to exist
throughout the next seventy years. For this reason, two base
case analyses were run. The first base case simulated the pre-
sent system conditions with high water levels and determined
capacity assuming these conditions continue to exist. The assumed
drafts were 26 feet in the St. Lawrence River and Welland Canal
and 27 feet through the Upper Lakes. The second base case simu-
lated the system using the guaranteed ship draft of 25.5 feet.
This second base case must be used in this expansion feasibility
analysis because 25.5 feet is the only system draft that may be
reasonably assumed to exist until the year 2050.

5.2 Cargo Projections

Unconstrained cargo forecasts for the movement of fifteen
commiodities through the GL/SLS locks were developed by Booz-Allen
and Hamilton [6]. These fifteen cormmodities were grouped into
six major commodity categories for use in the lock capacity model
as shown in Table 5.1.

in ge 1n' ralJ, 'the tonnages processed by the locks are expec-
ted to increa -throughout the period from 1978 through 2050 as
shown in Figule'5.1. The Soo Locks will see the largest overall
increase, wit.downbound tonnages increasing from 97,195,000
short tons in 1978 to 246,208,000 short tons in 2050, but a
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TABLE 5.1 CARGO COMMODITIES

COMMODITY CATEGORY INDIVIDUAL COMMODITIES

Grain Wheat, Soy Beans, Barley and Rye, Corn,

Oil Seeds

Stone Limestone

Iron Ore Iron Ore

Coal Coal

Other Bulk Raw Materials, Petroleum Products,
Cement, Non-Metal Minerals, Dry Bulk

General Cargo General Cargo, Steel Products

5-2



260-

1230- SOO DOWN

I 220

200

180

S 160

C, 140

o 120

S 100 WELLAND DOWN

I80 SLR DOWN

SLR UPI60 WELLAND UP

40 50U

20

80 85 90 2000 2010 2020 2030 2040 2050

1 YEAR

I FIGURE 5.1 CARGO PROJECTIONS FOR SOO, WELLAND,

AND ST. LAWRENCE RIVER

1 5-3



fairly steady rise is predicted for all of the locks during that
period of time. Tonnages are projected to rise approximately
1.3% per year downbound and 1.3% per year upbound at the Soo
Locks, 1.0% per year downbound and 1.5% per year upbound at the
Welland Canal, and 1.2% per year downbound and 1.4% per year
upbound at the St. Lawrence River Locks.

At the Soo Locks, more than 90% of the cargo moves down-
bound. This percentage is expected to remain constant through
2050. At the Welland Canal, approximately 71% of the cargo
moves downbound. This percentage is projected to decrease to
approximately 63% over the next 70 years. At the St. Lawrence
River, approximately 58% of the cargo moves downbound. This
percentage is projected to drop slightly to 54% by the year 2050.

The cargo projections for each of the six commodity cate-
gories are discussed in the following paragraphs.

5.2.1 Iron Ore

Iron ore comprises the largest single commodity through
the Soo Locks, equaling approximately 63% of the total tonnage.
This ratio should remain constant because iron ore through the
Soo is projected to increase approximately 1.3% per year from
67,877,000 short tons in 1978 to 168,533,000 short tons in 2050.
More than 99% of the iron ore through the Soo moves downbound.
This ratio is expected to remain constant.

Iron ore is the second largest commodity moving through
the Welland Canal, comprising approximately 23% of the total
tonnage. Iron ore tonnages are expected to increase approximately
1.1% per year from 16,138,000 short tons in 1978 to 36,123,000
short tons in 2050. Currently, approximately 70% of the iron ore
moves upbound at the Welland. This ratio is expected to increase
to 78% by 2050.

Iron ore is the second largest commodity group moving
through the St. Lawrence River Locks, and is approximately 23%
of the total tonnage. This percentage will remain constant
since iron ore is expected to increase approximately 1.2% per
year from 13,836,000 short tons in 1978 to 33,016,000 short tons
in 2050. All of the iron ore through the St. Lawrence River
moves upbound. The forecasts for iron ore are shown in Figure
5.2.
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5.2.2 Coal

Coal is the third largest commrodity moving through the
Soo Locks, presently comprising approximately 7% of the total
cargo flow. Downbound coal through the Soo Locks is projected
to increase at a rate of 6.2% per year from 2,846,000 short tons
in 1978 to 19,749,000 short tons in 2010. This will be followed
by a period of almost no growth through 2050. Upbound coal is
expected to increase at a fairly even rate of 1.1% per year
from 4,817,000 short tons in 1978 to 10,939,000 short tons in
2050. In 2050, coal is predicted to comprise approximately 11%.
of the traffic at the Soo. Presently, approximately 37% of the
coal moves downbound. In 2010 the percentage of coal moving
downbound will be 75% of the total coal movement. By 2050, the
percentage will drop to 62%..

Coal presently accounts for 9% of the total tonnage at
the Welland Canal. Virtually no growth is expected for coal at
the Welland, with the tonnage remaining approximately 5,700,000
short tons. By 2050 coal will comprise approximately 4% of the
Welland total. All of the coal moving through the Welland Canal
moves downbound.

Coal accounts for approximately 2% of the tonnage pro-
cessed by the St. Lawrence River Locks. Coal through these
locks is predicted to increase at a rate of 1% per year, from
1,004,000 short tons in 1978 to 2,088,000 short tons in 2050.
By 2050 coal will make up approximately 11% of the St. Lawrence
River Locks total. More than 99% of the St. Lawrence River coal
moves upbound. The coal projections are illustrated on Figure
5.3.

5.2.3 Stone

Stone includes approximately 2% of the total tonnage
through the Soo Locks. Stone tonnages are predicted to increase
at a rate of approximately 1.3% per year from 1,995,000 short tons
in 1978 to 4,955,000 short tons in 2050. All of the stone move-
ment at the Soo Locks is upbound.

The stone estimates for the Welland Canal and the St.
Lawrence River Locks are the same. Stone accounts for less than
1%' of the total tonnages through both systems. Stone tonnages
are expected to increase 1.3% per year, from 156,000 short tons
in 1978 to 390,000 short tons in 2050, for both systems.
Approximately 70% of the stone through the Welland and the St.
Lawrence Locks moves downbound. Stone projections are illus-
trated in Figure 5.4.

5-6



18 S00 DOWN

17

16

15

14

13

12

~11 50U

0

9

6 WELLAND DOWN

4

3

2 SLR UP

80 85 90 2000 2010 2020 2030 2040 2050

YEAR

FIGURE 5.3 CARGO PREDICTIONS FOR COAL

5-7



6

0 UP

-4

CD,

z3

2

1WELLAND AND

SLR DOWN

/ WELLAND AND
-SLR UP

80 85 90 2000 2010 2020 2030 2040 2050

YEAR

FIGURE 5.4 CARGO PROJECTIONS FOR STONE

5-8

I K



5.2.4 Grain

Grain is the second largest commodity category to go
through the Soo Locks. Grain accounts for approximately 22% of
the tonnage through the Soo. Grain is expected to increase
3.2% per year from 23,856,000 short tons in 1978 to 34,885,000
short tons in 1990, level off with 0.1% per year growth through
2000 to 35,279,000 short tons, and then increase 0.8% per year
to 52,416,000 short tons in 2050. By 2050, grain will drop to
19% of the total Soo tonnage. All grain through the Soo is
downbound.

Grain is the largest commodity category passing through
the Welland Canal, consisting of 44% of the total tonnage. Grain
flows through the Welland Canal are projected to increase 2.2%
per year until 1990, from 29,761,000 short tons in 1978 to
38,716,000 short tons in 1990, followed by an increase of 0.4%
per year to 40,388,000 short tons in 2000, then an increase of
0.8% per year from 2000 to 2050 for a total of 59,707,000 short
tons. By 2050 grain will drop to 38% of the total Welland Canal
tonnage. More than 99% of all grain through the Welland Canal
moves downbound.

Grain is the largest commodity category processed by the
St. Lawrence River Locks, consisting of 47% of the total tonnage.
The growth pattern for grain in the St. Lawrence River is expected
to be similar to that of the Welland and the Soo, rising 2.2% per
year from 28,745,000 short tons in 1978 to 37,296,000 short tons
in 1990, then 0.4% per year to 38,815,000 short tons in 2000,
followed by 0.8% per year to 57,390,000 short tons in 2050.
More than 99% of the grain through the St. Lawrence River moves
downbound. Grain projections are shown in Figure 5.5.

5.2.5 Other Bulk

Other bulk accounts for 4% of the tonnage processed by
the Soo Locks. Other bulk is forecast to increase 1.5% per year
downbound, from 1,961,000 short tons in 1978 to 5,804,000 short
tons in 2050, and 1.6% per year upbound, from 2,476,000 short
tons in 1978 to 8,017,000 short tons in 2050. By 2050 other
bulk will comprise 5,% of the total Soo tonnage. Approximately
57% of the other bulk transiting the Soo Locks moves upbound.

Other bulk includes approximately 15% of the total
tonnage through the Welland Canal. Other bulk is expected to
increase 1.60 per year downbound from 6,333,000 short tons in
1973 to 20,466,000 short tons in 2050, and 1.10 per year upbound
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from 3,863,000 short tons in 1978 to 8,620,000 short tons in
2050. By 2050 other bulk will be 19% of the total tonnage
through the Welland Canal. In 1978, 62% of the other bulk moved
downbound through the Welland Canal. By 2050 this ratio is
expected to be 70% of the total.

Other bulk accounts for approximately 18% of the total
tonnage through the St. Lawrence River Locks. Other bulk is
predicted to increase 1.7% per year downbound from 5,501,000
short tons in 1978 to 18,916,000 short tons in 2050, and 0.8%
per year upbound from 5,302,000 short tons in 1978 to 9,420,000
short tons in 2050. By 2050 other bulk is expected to be 19%
of the St. Lawrence River tonnage. In 1978, 51% of the other
'bulk moved downbound in the St. Lawrence River which is expected
to increase to 67% by 2050. Other bulk estimates are illus-
trated in Figure 5.6.

5.2.6 General Cargo

General cargo is the smallest commodity category moving
through the Soo Locks and accounts for approximately 1% of the
total tonnage. General cargo is projected to increase approx-
imately 1.1% per year from 833,000 short tons downbound and
736,000 short tons upbound in 1978, to 1,848,000 short tons
downbound and 1,651,000 short tons upbound in 2050, remaining
approximately 1% of the total projected tonnage. Approximately
53% of the general cargo forecast to transit the lock through
2050 will move downbound.

General cargo makes up approximately 9% of the tonnage
processed by the Welland Canal. Upbound general cargo is pro-
jected to increase at a fluctuating rate from 4,793,000 short
tons in 1978 to 9,069,000 short tons in 2020, followed by an
increase of 2.9% per year to 21,118,000 short tons in 2050.
Downbound general cargo is estimated to increase approximately
1.5% per year from 1,114,000 short tons in 1978 to 3,166,000
short tons in 2050. By 2050 general cargo is expected to be 16%
of the cargo processed by the Welland Canal. In 1978 approx-
imately 81% of the general cargo moved upbound and by 2050,
87% is projected to move upbound at the Welland Canal.

In 1978 general cargo included ll% of the total cargo
moving through the St. Lawrence River Locks. The increase in
upbound general cargo through the St. Lawrence River Locks is
expected to fluctuate from 5,591,000 short tons in 1978 to
10,648,000 short tons in 2020, a 90.4% increase, followed by an
increase of 2.7% per year to 23,822,000 short tons in 2050.
Downbound general cargo is projected to increase at a rate of
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1.6% per year from 1,312,000 short tons in 1978 to 4,199,000
short tons in 2050. In 2050 general cargo is expected to amount
to 19% of the tonnage processed by the St. Lawrence River Locks.
In 1978 approximately 81% of the general cargo through the St.
Lawrence River Locks moved upbound. By 2050 approximately 85%
of the general cargo is projected to move upbound. The predic-
tions for general cargo are shown on Figure 5.7.

5.3 Lockage Time

5.3.1 Brief Description of the Locking Process

Locks were placed on the Great Lakes/St. Lawrence Seaway
System to allow passage of vessels where the natural conditions
of rapids and water falls made navigation impossible. The locks
allow navigation through the waterways while maintaining rela-
tively large differences in water level between the upstream
and downstream sides of the lock. The locks also allow for the
installation and operation of several hydroelectric power
generating stations without preventing vessel use of the System.

Vessels using the locks on the GL/SLS System range in type
and size from pleasure craft as small as 20 ft long to ocean
and lake carriers 730 ft long and 76 ft wide in the St. Lawrence
River Locks, up to laker carriers 1,000 feet long and 105 ft
wide at the Soo Locks. The details of the locking process will
vary depending on the type and size of the vessel, weather con-
ditions and lockage demand, and on the individual lock charac-
teristics; however, the general locking process remains the same.

A basic lock operating cycle is illustrated in Figure
5.8. When a vessel reaches a lock approach, it will either be
told by the lockmaster to proceed into the lock or to moor
alongside the approach wall until permission is received to enter
the lock. The vessel must wait if the lock is occupied, if the
lock is being recycled (turn back), or if there are other vessels
waiting first.

After being given the go-ahead, the vessel will proceed
into the lock at a safe rate of speed as instructed by the lock-
master, and as dictated by the locking procedures for that
particular lock. When the vessel has entered the lock, it will
be moored. One or more vessels may be brought into the lock
if vessel sizes permit a tandem or multiple vessel lockage. Once
the vessel(s) are in place, the rearward gates of the lock will
be closed. The required valves will be opened and the chamber
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STEP 1; VESSEL ENTERING THE LOCK

,-UPPER GATE CLOSED / LOWER GATE OPEN

INTAKE VALVE DISCHARGE VALVE
CLOSED OPEN4

STEP 2; FILLING OF THE LOCK

FUPPER GATE CLOSED f LOWER GATE CLOSED

INAK ALE'-ORS DICARE AVE EHAS

OPEN CLOSED MANIFOLDS

STEP 3; VESSEL LEAVING THE LOCK

FUPPER GATE OPEN /LOWER GATE CLOSED

INTAKE VALVE DISCHARGE VALVE
OPEN CLOSED

FIGURE 5.8 BASIC LOCKING PROCESS
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will be emptied (dumped) or filled depending on whether the
vessel is transiting from higher or lower, or lower to higher
water. This process is called chambering. When the new water
level has been reached, the forward gates will be opened, the
mooring lines will be cast off, and the vessel(s) will proceed
out of the lock.

5.3.2 Selection of Lockage Times

The time required to process a vessel through a lock
(locking time) can be broken down into a small or large number
of components. One of the more elementary breakdowns consists
of three components as follows:

Entrance Time -time from vessel arrival to vessel
mooring inside the lock;

Chambering Time -time required to close the rear-
ward gate, empty or fill the lock,
and open the forward gates;

Exit Time -time from completion of chambering
until the lock is ready to accept
another vessel.

The length of the locking time is dependent upon individual
lock characteristics, vessel characteristics, the preceding lock
cycle, weather conditions, level of traffic, and equipment fail-
ures.

The lock characteristics mainly affect chambering time.
Gate opening and closing times are basically functions of the
operating machinery. Dump/fill times are functions of the size
of the chamber and the lock culverts. In general, differences
in chambering time because of differences between lock designs
are negligible.

Vessel characteristics will have no affect on dump/fill
times because the amount of water which must be moved into or
out of the lock is independent of ship size. However, large
vessels, especially those approaching maximum vessel size for
the lock, have large entrance and exit times. The larger ships
must move slower and require extra maneuvering time in order to
safely enter and exit the lock and clear other vessels.

During periods of equal amounts of upbound and downbound
traffic, vessels can be locked "on the fly". That is to say,
vessels are locked in alternate upbound and downbound directions,
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eliminating the need for turnback lockages. When traffic is
primarily in one direction, turn-back lockages are required.
After a vessel is locked through, the gates must be turned
back so that the next vessel can be taken from the same direction.

Adverse weather conditions may increase locking times
or cause shutdown of the locks altogether. During early or late
season operations, large accumulations of ice in the lock and
lock throat may require separate ice lockages. Fog may cause
lock shutdown because of visibility problems. High winds may
make vessels with large broadside areas unmanageable, causing
them to be temporarily prohibited from using the lock.

Maintenance schedules have been arranged to minimize their
impact on locking times; however, temporary delays may still
occur because of equipment failure. The rate of these failures
increases when the navigation season is extended into winter
operations.

Looking at the breakdown of locking time in more detail,
the lock service time (t) for normal season operations can beexpressed as:

2 = tapproach + tentry + tprocess +

tchamber exit + tthroat exit

where

tprocess =gate closing + securing +

t t

gate opening +  unsecuring

and

tZ = time required to lock a ship (min)

tapproach = time for a ship to move from clear point to
point where bow is over entrance sill (min)

tentry = time from point of bow over sill to point where
entrance gates can close (min)

tgate closing = time for entrance gates to close (min)
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t ~time for a ship to secure (min)
securi ng

t dump/fill =time for lock to dump or fill (min)

gate openin g -time for exit gates to open (min)

~unsecuri ng = time for a ship to unsecure (min)

t chamber exit = time for stern of ship to pass over exit
sill (min)

t throat exit = time for ship to move from its stern over sill
to when the ship has passed the exit clear
point and another ship can begin the locking
process from the other direction.

It would be desirable to have a large data base for
locking time components that could then be analyzed to determine
a mean and frequency distribution for each component. In
reality, this data does not exist for any system other than the
Welland Canal. In order to obtain the required time component
data for each of the three lock systems, the following approach
was taken.

Welland Locks: The St. Lawrence Seaway Authority (SLSA)
has done a silgnificant amount of lock record analysis to generate
mean locking times and the associated standard deviation by vessel
class and direction. The results of that analysis for one full
year of lock records is presented in Tables 5.2 and 5.3. Based
on conversations with SLSA personnel, the comment was made
several times that while this was the best data available, they
felt they needed more than a full year of data to have a statis-
tically significant data base. In summuary, based on their
analysis, Lock 7 was found to be the most constraining lock in
terms of locking time, while Locks 1, 2, and 3 all had almost
the same locking time (approximately 5 to 7 minutes less than
that at Lock 7), and the total locking time at the flight locks
(Locks 4, 5, and 6) was approximately 30 to 35 minutes depending
on the ship class.

St. Lawrence River Locks: At the St. Lawrence Locks,
data on locking times are not as complete and detailed as that
available for the Welland. Following the recommendation of the
SLSA and SLSDC personnel, the locking times of the St. Lawrence
Locks are assumed to be the same as those of the non-constraining
locks (Locks 1, 2, and 3) in the Welland Canal. The percent dif-
ference between constraining and non-constraining locking times
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was assumed to be the same at the Welland and at the St. Lawrence
River, allowing determination of the St. Lawrence River non-con-
straining locking times. A summnary of the locking time data
for the St. Lawrence Locks is presented in Tables 5.4 and 5.5.

Soo Locks: Similar to the St. Lawrence situation, data
on lock g times at the Soo are not as complete and detailed
as that available for the Welland. At the Soo, the only lockingI time data collected are the time from when the bow passes over
the entrance sill until when the stern passes over the exit sill.
Data on entrance and exit times are not available. In order toI estimate these entrance and exit time ;, conversations were
held with the lock operators to determine where the clearing
points were defined, and what practical assumptions could be made
in order to obtain the data needed. Based on those discussions,:1 it was decided to estimate the entrance and exit times by
assuming that the average speed of advance of vessels entering
the lock is approximately 1.0 mph, and the average speed of1 advance of vessels leaving the lock is approximately 2.0 mph.
Using this approach, along with locking data from the Sabin-

* Davis Lock Model and data gathered by Penn State at the Soo, the
locking time data, presented in Tables 5.6 and 5.7, were derived.

5.4 Fleet Mix

5.4.1 Significance of Fleet Mix Determination

The Great Lakes/St. Lawrence Seaway System services lake-
bound ships (lakers) and oceangoing ships (salties). The number,
size (or vessel class), and carrying capacity of the ships that
operate on the GL/SLS System plan an important role in deter-
mining the capacity of the system.

Table 5.8 gives the characteristics of the vessels that
the GL/SLS Lock Capacity Model assumes operate through the Great
Lakes and St. Lawrence Seaway. As is noted on the table, all
oceangoing ships longer than 400 feet are classified Class 6.
Lake ships 600 to 699 feet (conventional Classes 5 and 6) are
called Class 5 by the model.

Larger ships carry more cargo in proportion to their
locking time than do smaller ships. Therefore, recognizing that
the system constraint is in terms of the number of lockages that
can be completed per day, as the ships in the fleet get larger,
because of the retirement of small ships and the construction
of larger ships, the capa-ity of the locking system increases.
The composite ship class can be used as an indicator of the size
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of the vessel fleet. If the composite ship class of the fleet
utilizing a lock system increases with time, the tonnage capa-
city of that lock system will also increase. Composite ship
class for a given fleet is obtained as follows:

LU
Z LC X SHIP (LC)

LCl
CSC LU

Z SHIP (LC)
LC~ 1

where

LC = vessel class

Lt = largest vessel class in fleet

SHIP(Lc) = number of ships of each vessel class in fleet.

5.4.2 Fleet Mix for the Base Case

A task report to the Corps of Engineers entitled "Great
Lakes/St. Lawrence Seaway Fleet Mix' [7] describes the general
economic and operating conditions that determine the fleet mix.
This section describes the way in which fleet growth percentages
were determined for each ship class and commodity for use in
the GL/SLS Lock Capacity Model. The model uses these fleet growth
predictions with projected commnodity demand to compute the fleet
size in future years.

Commiodity demand plus the availability and size of port
facilities ultimately determine the composition of future
fleets; however, the way in which operators change their fleet
composition also depends on general economic conditions. These
conditions include the costs of operating small ships to serve
small ports, the costs of labor, the price of fuel, the fuel
efficiency of various sizes and classes of ships, and the capital
costs involved in building new ships.

This section reviews the way in which ships are added for
the base case; that is, the case in which the fleet changes to
meet commodity demand but no physical or operational changes
are made in the lock systems. These fleet growth computations
assume that each lock system serves a separate fleet. For
example, the Soo Locks fleet is assumed to include all the ships
that use the Soo Locks system; U.S., Canadian, and foreign.
Similar assumptions are made for the fleets for the Welland Canal
and the St. Lawrence River.
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Table 5.9 shows the percent growth for each ship class
to meet commodity demand for the Soo Locks System. The numbers
show the percent that each ship class is expected to increase to
meet increased demand for a particular commodity. As an example,
for ore, new construction to meet additional demand is expected
to be 10%10 Class 5 ships, 20% Class 7 ships, and so forth. The
paragraphs that follow describe the specific conditions that
were considered to determine percent growth for each ship class.
Table 5.10 provides the same information for the Welland Canal
and St. Lawrence River. A similar table and description will
also be provided for new fleet growth patterns that are expected
to occur in response to structural changes to the locks systems.

5.5 Results of Base Case Analysis

5.5.1 Definition of Capacity

For the purposes of this study, capacity at one of the
lock systems on the GL/SLS System is defined as an average
lock utilization of 90% for the high demand months of May
through November. Lock utilization is the ratio of the time
the lock is actually processing ships to the total time avail-
able for ship processing, expressed as a percent. Lock utili-
zation of 90%' generally results in an average vessel waiting
time of approximately six hours and an average queue length of
four ships. Lock utilizations of greater than 90%/1 may result
in much larger waiting times and queue lengths, because these
quantities increase exponentially near capacity.

5.5.2 Higher Water Level Base Case

The high water base case assumes an allowable ship draft
of 27 feet at the Soo and 26 feet at the Welland Canal and St.
Lawrence River.

5.5.2.1 Soo Locks - Based on the input data explained
in the previous sections (cargo projections, lock characteris-
tics, and fleet mix) and a capacity definition of 90'0 lock
utilization, capacity at the Soo Locks will be reached in the
year 2010. The tonnage processed through the Soo Locks at
capacity will be 182,251,000 short tons. This assumes that
the higher water levels that allow ships to operate at up to
27 feet of draft will remain until this time.

The capacity tonnage of 182,251,000 short tons is an
increase of 74,861,000 short tons or 69.7'0 over the 107,390,000
short tons processed through the Soo Locks in 1978. This
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TABLE 5.9 SOO LOCKS BASE LINE FLEET %ADDED TO EACH CLASS

OTHER GENERAL
CLASS ORE COAL STONE GRAIN BULK CARGO

4 0 0 0 0 30 20
5* 10 10 40 10 60 0
6** 0 5 0 20 0 80
7 20 40 60 70 10 0
8 10 15 0 0 0 0
9 0 0 0 0 0 0

10 60 30 0 0 0 0
*Class 5 and 6 Lakers

**Ocean Class

a Ore - The U.S. operators will continue to build Class 5 and 6
ore carriers because of port limitations. There are no
foreign ore carriers using the Soo, therefore Class 6 is zero.
Canadian Class 7 ships will continue to be important. Someg Class 8 ships will be built for U.S. trade, bit the prepon-
derance of new ore ships are expected to be Class 10.

*Coal -Some Class 5 and 6 lakers are expected to be added to
serve small ports. Some Class 6 foreign ships are expected
to haul coal, but the numbers are expected to be low. Class
7 ships will be used to carry coal to Canadian ports on LakeI Ontario and for transshipment to overseas ports. There will
continue to be an important growth of Class 8 and 10 ships
for coal shipments to ports on the Lakes.

*Stone - Most U.S. ships in the stone trade are Class 5 and 6.
No foreign ships are expected to carry stone through the Soo.
As the stone trade expands, a shift to Class 7 ships is
expected, but not larger ships.

*Grain - Carriers taking grain out of Lake Superior are dis-
tributed as follows: U.S., 6.9%; Canadian, 70.4%; and foreign,
22.7%. Old Class 5 ships are presently used in the U.S. grain
trade, but if the U.S. share of the trade increases, operators
are likely to move to larger ships. Nearly all Canadian
ships hauling grain are Class 7. If the locks at the Welland
and the St. Lawrence River do not increase in size, this
trend is expected to continue.
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TABLE 5.9 SOO LOCKS BASE LINE FLEET % ADDED TO EACH CLASS
(CONTINUED)

Other Bulk - This category includes sand, salt, raw materials,
cement, and petroleum products. These commodities are carried
in the smallest ships although in future years there could
be some expansion into Class 7 vessels.

General Cargo - General cargo is carried in the smallest of
the lakers, often package freighters that are less than 100
feet long, plus ocean class vessels. This trend is expected
to continue.
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I
TABLE 5.10 WELLAND CANAL AND ST. LAWRENCE RIVER

BASE LINE FLEET

OTHER GENERAL
CLASS ORE COAL STONE GRAIN BULK CARGO

4 0 0 0 0 20 20
5* 20 10 20 5 30 0

6** 0 10 10 35 30 80
7 80 80 70 60 20 0
*Class 5 and 6 Lakers
**Ocean Class

* Ore - Upbound ore comes from Labrador and goes to Lake Ontario
and U.S. ports. Downbound ore goes to steel mills in Lake
Ontario. Some ore moves in Class 5 and 6 lakers but most
is carried in Canadian Class 7's.

. Coal - Most coal shipments are downbound from the U.S. to
Ca Ontario ports. This is generally carried in Canadian
Class 7 ships. Some coal moves in ocean class ships.

* Stone - Some stone is carried U.S. to Canada in Class 5 ships,
but most is carried Canada to Canada or Canada to U.S. in
Canadian Class 7's.

* Grain - Grain shipments through the Welland Canal are 64%
Canadian, 36% foreign, and 0.6% U.S. Building predictions
reflect this distribution.

* Other Bulk - Most of this cargo is carried in small lakers
although some coke comes through in foreign ships. Some
future building of Class 7's is expected.

* General Cargo - General cargo moves in the smallest lakers
and in ocean class.
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increase in tonnage is mainly the result of a 256% increase
in coal, a 54%1 increase in iron ore, and a 60% increase in
grain.

In order to transport the increased commodities, the Soo
fleet increased 41.7%, from 108.5 ships in 1978 to 153.7 ships
in 2010. At the same time, system capacity was increased as
smaller ships were retired and larger ships were constructed.
The composite ship class for the Soo Locks increased from 6.4
in 1978 to 7.0 in 2010. The greatest increases in ship size
came in iron ore and coal carriers. The composite ore carrier
ship class increased from 6.9 in 1978 to 8.4 in 2010, and the
composite coal ship class increased from 6.1 in 1978 to 7.8 in
2010. The Soo fleet mix from 1978 through 2010, according to
ship class, is shown in Figure 5.9.

The total number of transits through the Soo Locks
increased from 7,698 in 1978 to 10,665 in 2010. This increase
of 38.5%, compared with the tonnage increase of 69.7%, is a
further indication of the increased capacity of the fleet due
to the construction of larger ships. There was no change in
the ratio of loaded to total transits.

The constraining locks at the Soo are the Poe and the
MacArthur. Both locks approach capacity with almost equal lock
utilization, averaging 91.4% at the MacArthur and 90.3% at the
Poe for the peak period from May to November. Near capacity,
however, the queue lengths and waiting times are slightly longer
at the Poe than at the MacArthur. This is because the Poe
handles large ships with longer locking times, while the Mac-
Arthur handles more ships, but of smaller size and shorter
locking time. During the period of heaviest traffic in July,
the Poe had a lock utilization of 91%/1, an average waiting time
of 3.0 hours upbound and 13.1 hours dcwnbound, and an average
queue length of 0.7 vessels upbound and 4.4 vessels downbound.
The MacArthur lock had its heaviest traffic in May, when lock
utilization reached 95%; the average waiting time was 0.3 hours
upbound and 11.4 hours downbound, and the average queue length
was 0.03 vessels upbound and 7.0 vessels downbound.

Operation of the Davis Lock was not required because
lock utilization at the Sabin remained less than 500%. Utili -
zation at the Sabin Lock tended to decrease slightly with time
because the smaller ships that use the Sabin or Davis Locks
were retired.
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As capacity is approached, both average ship waiting
time and average ship queue length increase exponentially at
the constraining locks. Figure 5.10 shows lock utilization,
average queue length, and average ship waiting time for the
Poe Lock from 1978 to capacity in 2010. Figure 5.11 shows lock
utilization, average queue length, and average ship waiting
time for the MacArthur Locks from 1979 to capacity in 2010.

5.5.2.2 Welland Canal - The Welland Canal is the con-
straining lock system on theGL/SLS System. Based on an
allowable ship draft of 26 feet and a capacity definition of
90% lock utilization, capacity at the Welland Canal will be
reached in 1984. The tonnage processed through the Welland
Canal at capacity is expected to be 78,926,000 short tons.

The 1984 capacity tonnage of 78,926,000 short tons is an
increase of 10,862,000 short tons, or 16.0%, over the 68,064,000
short tons processed through the Welland Canal in 1978. The
increased tonnage is mainly the result of a 74.5% increase in
general cargo and a 17.4% increase in grain.

To accommu~odate these increases, the fleet operating
through the Welland Canal increased 14.7%0, from 113.6 ships in
1978 to 130.3 ships in 1984. The composite ship class increased
from 5.9 in 1978 to 6.0 in 1984. Only a few small ships could
be retired in that time, resulting in only a slight capacity
gain due to increased ship size. The Welland Canal fleet mix
from 1978 to the year capacity is reached is shown in Figure
5.12.

The total number of transits through the Welland Canal
increased from 6,395 in 1978 to 7,024 in 1984, for a change of
9.8%. More significantly, the percentage of loaded transits
increased from 63.1% of total transits in 1978 to 65.2% in
1984 because of a more even distribution of the upbound and down-
bound tonnages. The increase in this percentage increased the
system capacity at no cost. The number of transits through
the Welland Canal averaged over 31 per day during the period
from May through November 1984.

Capacity was reached at the constraining lock on the
Welland Canal in 1984 at an average lock utilization of 90.1'%
during the peak months of May through November. During the
period of heaviest traffic in July, the lock utilization was
96'.. The average waiting time was 16.0 hours upbound and 8.9
hours downbound. The average queue length was 10.6 ships up-
bound and 5.9 ships downbound. Lock utilization, vessel queue
length, and average waiting time are shown on Figure 5.13.
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5.5.2.3 St. Lawrence River - Based on the input data and
a capacity definition of 90% lock utilization, the St. Lawrence
River Locks are expected to reach capacity in the year 2014.
This assumes that water levels will remain at their present high
levels, allowing ship drafts up to 26 feet. An estimated
99,174,000 short tons will pass through the St. Lawrence River
Locks at capacity.

The capacity tonnage of 99,174,000 short tons in 2014
is an increase of 34,958,000 short tons or 54.4% over the
64,216,000 short tons processed through the St. Lawrence River
Locks in 1978. The most significant increases in tonnage came
from grain, increasing 50.9%, and general cargo increasing
98.9%.

The St. Lawrence River fleet increased from 109.0 ships
in 1978 to 156.3 ships in 2014, a change of 43.4%. The com-
posite ship class increased from 5.7 to 6.1 showing an increase
in overall capacity due to the trend toward larger ships.
More significantly, the composite grain ship increased from
5.9 in 1978 to 6.6 in 2014. The St. Lawrence River fleet mix
from 1978 to capacity in 2014 is shown on Figure 5.14.

The total number of transits through the St. Lawrence
River increased from 40.0% from 5,663 in 1978 to 7,930 in 2014.
The percentage of loaded to total transits increased from 68.0%
in 1978 to 69.9% in 2014 due to a more even distribution of
upbound and downbound cargos. This, and the increase in fleet
size, resulted in an increase in capacity at no cost.

Capacity was reached at the St. Lawrence River Locks
with an average lock utilization at the constraining lock of
90.4% during the peak months of May through November. During
the heaviest traffic in July, the lock utilization was greater
than 98% with an average waiting time of 27.6 hours upbound and
22.0 hours downbound, and an average queue length of 21.2 ships
upbound and 16.9 ships downbound. Lock utilization, average
queue length, and average waiting time for the constraining
lock are shown on Figure 5.15.

5.5.3 Minimum Water Level Base Case - 25.5 Foot Draft

5.5.3.1 Soo Locks - Water levels are assumed to be at
low water datum allo'wng ship drafts equal to 25.5 feet. Based
on this condition and a capacity definition of 90% of lock util-
ization, the Soo Locks are expected to reach capacity in the
year 2006. The tonnage processed through the Soo Locks at
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capacity hill be 173,739,000 short tons. This traffic load is
an increas.e of 61.8% over the 107,390,000 short tons processed
through the Soo Locks in 1978. Much of the increased tonnage
came from coal, which increased 40%; grain, which increased
55.1%; and iron ore, which increased 45.8%.

The fleet operating through the Soo Locks increased
36.3%, from 113.2 ships in 1978 to 154.3 ships in 2006. At the
same time, the composite ship class increased from 6.3 to 7.0
which resulted in an increase in capacity of the locks. Most
of the increase in composite ship size came from iron ore and
coal. The composite iron ore ship class increased from 6.8 in
1978 to 8.3 in 2006. The composite coal ship class increased
from 6.0 in 1978 to 7.7 in 2006. The Soo fleet mix from 1978
to 2006 is shown on Figure 5.16.

The total number of transits through the Soo Locks in-
creased 33.7%, from 8,099 in 1978 to 10,825 in 2006. At the
same time, the percentage of loaded transits decreased from

'6.2% in 1978 to 55.7% in 2006 as the downbound cargos increased
at a faster rate than the upbound cargos. This decrease re-
sulted in a slight loss of capacity.

Lock utilization at capacity during the peak demand
months of May through November averaged 92.0% at the Poe Lock
and 92.1% at the MacArthur Lock. During the period of heaviest
traffic in July, utilization at the Poe Lock was 92%, the
average vessel waiting time was 3.1 hours upbound and 15.9
hours downbound, and the average queue length was 0.7 vessels
upbound and 5.4 vessels downbound. During the most severe
month at the MacArthur Lock, May, the lock utilization was 93%,
average vessel waiting time was 0.3 hours upbound and 9.5 hours
downbound, and the average queue length was 0.03 ships upbound
and 5.8 ships downbound. Lock utilization, average vessel
waiting time, and average queue length are shown on Figure
5.17 for the Poe Lock and on Figure 5.18 for the MacArthur Lock.

The Sabin and Davis Locks are non-constraining locks at
the Soo. In 2006, when both the Poe and the MacArthur were at
capacity, the Sabin Lock averaged 49% utilization during the peak
period. The Davis Lock was not in use.

5.5.3.2 Welland Canal - At the guaranteed system-wide
draft of 25.5 feet and a capacity definition of 90% lock util-
ization, the Welland Canal is expected to reach capacity in
1981. The Welland is not actually at capacity now because high
water is permitting deeper draft requiring less transits to
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process the same amount of cargo. The amount of cargo pro-
cessed through the Welland Canal at capacity will be 75,187,000
short tons.

The capacity tonnage at the Welland Canal of 75,198,000
short tons is an increase of 7,131,000 short tons or 10.5% over
the 68,067,000 short tons processed in 1978. The major in-
creases in cargo came from general cargo which increased
49.1%, and grain which increased 11.6%.

The number of ships utilizing the Welland Canal increased
9.1%1 from 119.5 ships in 1978 to 130.4 ships in 1981. At the
same time the composite ship class increased from 5.9 to 6.0
providing a slight increase in capacity due to the larger sized
fleet. The Welland fleet mix from 1978 to capacity is shown on
Figure 5.19.

The total number of transits through the Welland Canal
increased 5.9% from 6,865 in 1978 to 7,268 in 1981. The per-
centage of loaded transits increased from 63.2% in 1978 to 64.7%
in 1981, allowing for a small capacity increase. The number of
transits through the Welland Canal averaged over 31 per day
during the months of May through November 1981.

At capacity, the constraining lock at the Welland Canal
averaged 94.4% lock utilization for the peak period from May to
November. During the period of highest traffic in July, lock
utilization was greater than 98%, average vessel waiting time
was 36.0 hours upbound and 35.4 hours downbound, and average
queue length was 24.2 ships upbound and 24.2 ships downbound.
Lock utilization, average vessel waiting time, and vessel queue
length are shown on Figure 5.20.

5.5.3.3 St. Lawrence River - Based on the definition of
lock capacity as 90% lock utilization and a operating draft of
25.5 feet, the St. Lawrence River will rea,_n capacity in the
year 2006. At capacity the amount of cargo passing through the
St. Lawrence River Locks will be 92,526,000 short tons.

The capacity tonnage of 92,526,000 is an increase of
44.1% or 28,313,000 short tons over the 64,213,000 short tons
p.-ocessed in 1978. The major cargo increases came in general
ca,-go, other bulk, iron ore, and grain. General cargo in-
creased 90.8%, other bulk increased 42.7%, grain increased
41.8%, and -iron ore increased 30.2%.

The number of ships operating through the St. Lawrence
River Locks increased from 114.3 in 1978 to 152.8 ships in 2006
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for a percent increase of 33.7%. During this time, the com-
posite ship class rose From 5.7 in 1978 to 6.1 in 2006, re-
sulting in an increase' in system capacity due to increased
tonnage per lockage. Much of this increase is the result of
increases in the composite size of ore, coal, and grain ships.
The composite ore ship increased from 6.1 in 1978 to 6.7 in
2006. The composite coal ship incr-eased from 6.0 in 1978 to
6.8 in 2006. The composite grain ship increased from 5.9 in
1978 to 6.5 in 2006. The fleet mix for the St. Lawrence River
from 1978 to capacity in 2006 is shown on Figure 5.21.

The total number of transits through the St. Lawrence
River increased 29.9% from 6,091 in 1978 to 7,910 in 2006. At
the same time the percent loaded transits increased from 67.5%
in 1978 to 70.0% in 2006. This was due to a more equal distri-
bution of upbound and downbound cargos and resulted in a small
increase in capacity.

At capacity in 2006, the constraining lock on the St.
Lawrence River had an average lock utilization of 90.1% over
the peak months of May through November. During July, the
most severe month, the lock utilization was 97%, the average
vessel waiting time was 24.8 hours upbound and 20.0 hours down-
bound, and the average queue length was 19.1 ships upbound and
15.3 ships downbound. Lock utilization, average vessel waiting
time, and vessel queue length are shown on Figure 5.22.
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6. ANALYSIS OF NON-STRUCTURAL ALTERNATIVES

6.1 Introduction

Non-structural capacity expansion alternatives are a
means of increasing the tonnage processed through a lock system
without constructing new locks or performing major structural
lock and channel modifications. The non-structural alterna-
tives increase lock capacity by changing a component of the lock-
ing system. In this study all of the non-structural alterna-
tives selected for consideration by the Corps of Engineers have
the effect of reducing locking time. Other non-structural
alternatives might increase capacity by maximizing the tonnage
processed per lockage or by increasing the available lock
operating time. Policy decisions resulting in preferential
treatment, such as discouraging non-cargo carrying ships, are
also considered non-structural alternatives. The Corps of
Engineers did not select any alternatives of this type for
inclusion in the study.

The Corps of Engineers selected four non-structural
alternatives [8] for testing in this sensitivity and feasibility
analysis. These alternatives are:

(1) Install Traveling Kevels

(2) Increase Ship Speed into Locks

(3) Decrease Chambering Time

(4) Install Lock Traffic Control Systems.

Each of these alternatives increase the capacity of a
lock system by reducing a component of the locking time. A
range of possible locking time reductions was established for
each of the non-structural alternatives based on operational
experience [9]. Engineering judgement was then used to deter-
mine a reasonable locking time reduction that could be obtained
within this range. These most probable, or expected values, for
the locking time reductions were then used in the analysis.

Each of the four non-structural alternatives are de-
scribed in greater detail in the following sections of the
report, along with the results of the sensitivity and feasi-
bility analysis which determine the possible effect of each
alternative on,.capacity. In addition to evaluating each
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non-structural alternative alone, a non-structural improvement
to maximum utility alternative was tested. This fifth non-
structural alternative .ombines, as much as possible, the first
four non-structural alternatives in a way that provides the
maximum locking time reduction that can reasonably be expected
from these alternatives. The results of the non-structural
maximum utility alternative provides a base line of non-struc-
tural improvements against which the structural alternatives,
discussed later in this report, are evaluated.

Although five specific non-structural alternatives are
examined in this analysis, the capacity simulation results
from these analyses may also be applied in other cases. For
example, if a non-structural alternative not specified here
were thought to be able to reduce locking times by 7.5%, the
results of the traveling kevels capacity simulation could be
used to evaluate this new alternative because the output would
be the same. In general, therefore, these non-structural
capacity simulations can be thought-of as a locking time re-
duction sensitivity analysis against which any alternative
for reducing locking time may be evaluated. Table 6.1 summrarizes
the five non-structural alternatives tested and their corres-
ponding locking time reductions. The alternatives are dis-
cussed in the following sections of the report.

6.2 Traveling Kevels

6.2.1 Lock Improvement

Traveling kevels are wheeled movable mooring posts which
would travel on a rail along the guide walls on both sides of
the lock. Upon approaching the lock entrance, a ship would be
moored to the kevels. The kevels would then tow the ship into
the lock.

A ship under its own power must proceed into a lock
very slowly to minimize the chance of damaging the lock or the
ship. Using traveling kevels it is estimated that a ship would
be able to move into the lock faster with the same degree of
safety. Ship speed entering the lock would increase, decreasing
locking time, although some of the time gain would be lost in
hook-up and release from the assisting devices.

Traveling kevels would reduce the lockage time component
of lock entry time which is approximately 15% of the total
locking time. -The best estimate of performance for traveling
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kevels is a reduction of entry time by approximately one-half
resulting in a total locking time reduction of 7.50. To
evaluate the impact of this change, the Lock Capacity Model was
run until it reached capacity using baseline data, then all of
the locking times were reduced by 7.5% and the simulation was
continued. The resulting delay in the year capacity was reached
showed the benefit of installing traveling kevels.

6.2.2 Results of Capacity Simulation Using Traveling Kevels

6.2.2.1 Soo Locks - After the Soo Locks reached capa-
city in 2006, traveling kevels were installed and the capacity
condition was delayed until 2014. At this new capacity level
the Soo Locks processed 189,501,000 short tons of cargo. This
is an increase of 15,762,000 short tons or 9.1% over the
173,739,000 short tons that passed through the lock in 2006.

Most of the increases in cargo between 2006 and 2014 came
in iron ore and grain. Iron ore increased 11.4% while grain
increased 6.2%.

The number of vessels in the Soo Locks fleet increased
6.1%, from 154.3 ships in 2006 to 164.6 ships in 2014. The
composite ship class for the Soo fleet increased only slightly
from 7.0 in 2006 to 7.1 in 2014. Therefore, very little
capacity was gained due to growth in the size of the Soo fleet.
The Soo fleet mix from 1978 to 2014 is shown on Figure 6.1.

The total number of transits through the Soo Locks in-
creased 6.4%, from 10,825 transits in 2006 to 11,517 transits
in 2014. The percentage of loaded transits remained fairly
constant, increasing slightly from 55.7% in 2006 to 55.9%
in 2014. Reduction of ballasted lockages therefore had little
effect in increasing the Soo capacity from 2006 to 2014.

Capacity at the Soo was reached at the Poe and MacArthur
Locks in 2014. The Poe and MacArthur Locks each had average
lock utilizations during the peak months of May through Nov-
ember of 92.0%. During October, the month of heaviest traffic
at the Poe Lock, the lock utilization was 92.0%, the average
vessel waiting time was 3.7 hours upbound and 15.9 hours down-
bound, and the average queue length was 1.0 ships upbound and
5.6 ships downbound. Lock utilization, average vessel waiting
time, and average queue length for the Poe Lock are shown on
Figure 6.2. During May, the most severe month at the MacArthur
Lock, utilization was 92.0%, average vessel waiting time was
0.3 hours upbound and 8.7 hours downbound, and average queue
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E length was 0.03 ships upbound and 5.7 ships downbound. Lock
utilization, average vessel waiting time, and average queue
length for the MacArthur Lock are given on Figure 6.3.

6.2.2.2 Welland Canal - After adding traveling kevels
when the original capacity condition was reached in 1981, the

A Welland Canal again reached capacity in 1985. At capacity in
1985 a total of 80,738,000 short tons of cargo were processed
through the Welland Canal. This is an increase of 5,540,000
short tons, or 7.5%, over the 75,198,000 short ton~s of cargo
processed through the locks in 1981.

The commiodities that had the largest increases in cargo
from 1981 to 1985 were general cargo and grain. General cargo
increased 25.4%/, and grain cargo increased 7.8%/1.

The number of ships in the Welland Canal fleet increased
6.7%, from 130.4 ships in 1981 to 139.1 ships in 1985. The
composite ship class for the Welland Canal fleet remained con-
stant at 6.0 from 1981 to 1985; therefore, capacity did not in-
crease because of an increase in ship size. The Welland Canal
fleet mix is shown on Figure 6.4.

The total number of transits through the Welland Canal
increased 4.9%, from 7,268 transits in 1981 to 7,627 transits
in 1985. A slight increase occurred in the percentage of loaded
transits, from 64.7% in 1981 to 65.2%/ in 1985, which resulted
in a small capacity increase.

Lock utilization at the constraining lock on the Welland
Canal during the capacity year of 1985 was an average of 90.71.
over the peak months of May through November. During July, the
most severe month, the lock utilization was 96.0% and the
average vessel waiting time was 16.5 hours upbound and 8.8 hours
downbound. The lock utilization, average waiting time, and
average queue length are shown in Figure 6.5.

6.2.2.3 St. Lawrence River - After installing traveling
kevels at the final capacity -level in 2006, capacity on the
St. Lawrence River Locks was delayed until 2016. The cargo
processed through the St. Lawrence Locks at capacity in 2016 was
100,534,000 short tons. This is an increase of 8,008,000
short tons or 8.7% over the base case capacity in 2006 of
92,526,000 short tons.

Most of the tonnage increase through the St. Lawrence
River from 2006 to 2016 was in the categories of other bulk,
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iron ore, and grain. Other bulk increased 13.7%, iron oreI increased 10.7%,1, and grain increased 7.8%.

The total number of ships operating through the St.
Lawrence River increased 14.9%, from 143.4 ships in 2006 to
164.8 ships in 2016. The composite ship class for the St.
Lawrence River fleet remained constant at 6.1. No increase inI capacity through the St. Lawrence River Locks was gained from
an increase in fleet vessel size. The St. Lawrence River fleet
mix is shown on Figure 6.6.

The total number of transits through the St. Lawrence
River Locks increased 8.7%, from 7,910 transits in 2006 to
8,597 transits in 2016. The percentage of loaded transits
decreased slightly from 70.0% in 2006 to 69.7% in 2016. This
caused a very small decrease in capacity due to an increase in

the number of ballasted lockages.
At capacity in 2016 the constraining lock in the St.

Lawrence River had an average lock utilization of 90.4% over
the peak months of May through November. During July, the most
severe month, the lock utilization was 97.0%, the average waiting
time was 20.9 hours upbound and 17.3 hours downbound, and the
average queue length was 17.3 ships upbound and 14.3 ships down-
bound. The lock utilization, average vessel waiting time, and
average queue length for the constraining lock on the St.

Lawrence River are shown in Figure 6.7.

6.3 Increase Ship Speed Entering the Locks

6.3.1 Lock Improvement

To implement this alternative, ships would be instructed
to enter the locks at a higher speed. Additional safety pro-
cedures and devices would be implemented at the lock to reduce
the chance of lock and ship damage. The ship would have to relyI to a greater extent than it presently does on the operation of
its own controls, particularly the application of reversal of
power. This would reduce margins for safety; therefore, addition-
al safety measures would be required to prevent ship and lock
damage. Additional safety devices may include replaceable
fenders, energy absorbers, and rolling fenders. Some of these
devices are currently in place at the Soo Locks and at the St.

Lawrence River Locks.

Increasing the ship speed into the lock would increase
the lock capacity by reducing the lock entry time component of
the locking time. Lock entry tim~e is approximately 1510 of the
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total locking time. Increasing the ship speed into the lock
would reduce lock entry time approximately 20% at the Soo and
St. Lawrence River, and approximately 33% at the Welland Canal.
The improvement will reduce locking times to a greater extent
at the Welland Canal than at the Soo and St. Lawrence River
Locks because ships already enter the soo and St. Lawrence River
Locks, which have some safety bumpers and fenders, at higher
speeds. Locking time reductions are likely to vary widely
between individual ships.

6.3.2 Results of Capacity Simulation Using Increased Ship Speed
Entering Locks

6.3.2.1 Soo Locks - With the implementation of increased
ship speed entering the locks at the Soo when capacity is reached
in 2006, the capacity condition was delayed until 2008. At capa-
city with ship entrance speed increased in 2008 the amount of
cargo processed through the Soo Locks was 177,988,000 short tons.
This is an increase of 4,249,000 short tons or 2.4% over the
173,739,000 short tons processed through the lock in 2006.

Most of the increase in cargo between 2006 and 2008 came
in iron ore. Iron ore through the Soo Locks increased 2.8%,
from 98,911,000 short tons in 2006 to 101,740,000 short tons
in 2008.

The number of vessels in the Soo Locks fleet increased
1.8% from 154.3 ships in 2006 to 157.1 ships in 2008. During
that two year period, the composite ship class remained con-
stant at 7.0. Figure 6.8 shows the fleet mix for the Soo from
1978 until 2008.

The number oftransits through the Soo Locks increased
2.0%, from 10,325 transits in 2006 to 11,041 transits in 2008.
The percentage of loaded transits at the Soo Locks remained
constant at 55.9%.

Capacity at the Soo was reached at both the Poe and
MacArthur Locks in 2008. The Poe Lock had an average lock
utilization during the peak months of May through November of
91.3"%. During the highest level of traffic in October, the
lock utilization was 92.0', the average vessel waiting time was
3.1 hours upbound and 14.8 hours downbound, and the average
queue length was 0.9 ships upbound and 5.1 ships downbound. Lock
utilization, average vessel waiting time, and average vessel
queue length for the Poe Lock are given on Figure 6.9.
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The MacArthur Lock had an averace lock itization Df
92.-l' during the peak months of May throuan 'ovemoer. Durina
tne most severe month, May, lock utilization was 95.0 , averace
vessel waiting time was 0.3 hours jpbound and 13.1 hours down-
bound, and average queue length was 0.03 ships upbound and 8.3
ships downbound. Lock utilization, average vessel wait 4 :ig time,
and average queue length for the MacArthur Lock are ai en on
Figure 6.10.

6.3.2.2 Welland Canal - After increasing ship speed
entering the locks when the original capacity condition occurred
in 1981, the Welland Canal again reached capacity in 1984.
At capacity in 1984 a total of 78,921,000 short tons of carco
were processed through the Welland Canal. This is an increase o*
3,723,000 short tons or 5.0"" over the 75,198,000 short tons of
cargo processed through the locks in 1981.

The commodities that realized the largest increase in
cargo from 1981 to 1984 were general cargo and grain. General
cargo increased 17.1', while grain increased 4.9g .

The number of ships in the Welland Canal fleet increased
4.2% from 130.4 ships in 1981 to 135.9 ships in 1984. The com-
posite ship class for the Welland Canal fleet remained constant
at composite class 6.0. The £;elland Canal fleet mix is shcwn on
Figure 6.11.

The total number of transits through the Welland Canal
increased 3.2%, from 7,268 transits in 1981 to 7,497 transits
in 1984. The percentage of loaded transits increased slightly
from 64.7", in 1981 to 64.2% in 1984. A small capacity increase
was gained from the reduction of ballasted transits.

Lock utilization at the constraining lock on the Welland
Canal at capacity in 1984 was an average of 92.3. over the peak
months of May through November. During July, the most severe
month, the lock utilization was greater than 98:, averaae vessel
waiting time was 29.7 hours upbound and 11.8 hours downbound,
and average queue length was 20.9 ships upbound and 11.8 ships
downbound. The lock utilization, average vessel waiting time,
and average queue length are shown on Figure 6.12.

6.3.2.3 St. Lawrence River - After increasinq shio's
speed entering the locks upon reaching capacity in 2'016, caL'a-
city at the St. Lawrence River Locks was delayed until .Cl2.
The amount of cargo passing through the St. Lawrence River
Locks at capacity in 2010 was 96,198,000 short tons. This is
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I

an increase of 3,672,CO short tons or 1.0, over the base case
capacity in 2006 of 92,526,000 short tons.

Most of the tonnage increase through the St. Lawrence
River from 2006 to 2010 was in qeneral cargo, other bulk, iron
ore, and grain. General cargo increased 7.0%, other bulk in-
creased -.4., iron ore increased 3.9", and grain increased
L.8 .

The total number of ships operating through the St.
Lawrence River increased 10.9 , from 143.4 ships in 2006 to
159.1 ships in 2010. The composite ship class for the St.
LaWrence River fleet did not change during that period, remain-
ing at composite class 6.1. The St. Lawrence River fleet mix
is shown on Figure 6.13.

The total number of transits through the St. Lawrence
River Locks increased 11.0-1, from 7,429 transits in 2006 to
8,247 transits in 2010. The percent loaded transits increased
only slightly from 70.0" in 2006 to 70.2'j in 2010.

At capacity in 2010 the constraining lock in the St.
Lawrence River had an average lock utilization of 91.9- over
the peak months of May through November. During July, the most

severe month, lock utilization was greater than 98.0%, the
average vessel waiting time was 30.6 hours upbound and 30.7
hours downbound, and the average queue length was 24.2 ships
both upbound and downbound. The lock utilization, average
vessel waiting time, and average queue length for the con-
straining lock on the St. Lawrence River are shown on Figure
6.14.

6.4 Decrease Lock Chambering Time

6.4.1 Lock Improvement

Chambering time, as was defined in Section 5.3.2, consists
of several components, two of which include chamber dump/fill
times and chamber exit tines. Locking time could be reduced by
reducing these times. To reduce the dump/fill time, the hydraulic
system of the lock would be remodeled or replaced. The flow
rate through the culverts and the intake and outlet ports would
be increased. The valves would be modified to open and close
faster. Exit times could be reduced by providing longitudinal
hydraulic assistance for ships exiting downstream. WAater would
be allowed to enter the chamber through the filling ports from
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the upstream side to hydraulically assist the exit of downbound
vessels. Implementation of this alternative would decrease the
lock chambering times and thereby reduce the lock cycle time.

Chambering time is approximately 15.' of the total locking
time at the Welland Canal Locks, and approximately I0' of the
total locking time at the Soo and St. Lawrence River Locks.
By expanding the hydraulics of the locks, chambering could con-
ceivably be reduced 10% at the Soo and St. Lawrence River and 15.
at the Welland Canal. The corresponding reduction in total
locking time would be 1% at the Soo and St. Lawrence River Locks
and 2.5, at the Welland Locks. Downstream longitudinal hydraulic
assistance could be expected to reduce the downstream locking
time an additional 4.5' at the Soo and St. Lawrence River Locks
and 2.5k at the Welland Canal. Chambering times can be improved
more at the Welland Canal Locks which have smaller capacity dump/
fill culverts than at the Soo and St. Lawrenor River Locks. Down-
stream longitudinal hydraulic assitance will reduce exit times
more at the Soo and St. Lawrence River Locks, where it is not
in use at the constraining lock, than at the Welland Locks where
it is used to some extent.

6.4.2 Results of Capacity Simulation Using Decreased Lock
Chambering Times

6.4.2.1 Soo Locks - With implementation of a revised
hydraulic system and downstream longitudinal hydraulic assistance
at the Soo Locks when capacity was reached in 2006, the capacity
condition was delayed until 2010. At capacity with the reduced
chambering times in 2010, the amount of cargo processed through
the Soo Locks was 182,250,000 short tons. This is an increase
of 8,511,000 short tons or 4.9", over the 173,739,000 short tons
processed through the locks in 2006.

Most of the increase in cargo between 2006 and 2010 was
in iron ore and grain. Iron ore increased 5.6, while grain
increased 3.1.

The number of vessels in the Soo Locks fleet increased
3.8', from 154.3 ships in 2006 to 160.1 ships in 2010. The
composite ship class for the Soo fleet increased slightly from
7.0 to 7.1 due to slight increaces in the sizes of the ore, coal,
and stone fleets. A slight gain in capacity was realized from
this increase. The Soo fleet mix from 1978 to 2010 is shown on
Figure 6.15.
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The total number of transits through the Soo Locks in-
creased 3.9,, from 10,825 transits in 2006 to 11,246 transits
in 2010. The percent loaded transits remained constant at 55.7
from 2006 to 2010.

Capacity at the Soo was reached by both the Poe and Mac-
Arthur Locks in 2010. The Poe Lock had an average lock utili-
zation during the peak months of May through November of 91.6'.
During the most severe traffic month, October, lock utilization
was 92.0", the average vessel waiting time was 3.7 hours upbound
and 14.7 hours downbound, and the average queue length was 0.9
ships upbound and 5.1 ships downbound. Lock utilization, average
vessel waiting time, and average queue length for the Poe Lock
are given on Figure 6.16.

The MacArthur Lock had an average lock utilization of 92.1'.
during the peak months of May through November. During the
period of peak traffic in May, the MacArthur Lock had a lock
utilization of 93.0%, average vessel waiting time of 0.3 hours
upbound and 7.9 hours downbound, and average queue length of
0.03 ships upbound and 6.3 ships downbound. Lock utilization,
average vessel waiting time, and vessel queue length for the
MacArthur Lock are given on Figure 6.17.

6.4.2.2 Welland Canal - After improving the hydraulic
system and adding downstream longitudinal hydraulic assistance
at the original capacity condition in 1981, the Welland Canal
again reached capacity in 1983. At capacity in 1983 a total of
78,839,000 short tons of cargo were processed through the Welland
Canal. This is an increase of 3,641,000 short tons, or 4.8,
over the 75,198,000 short tons of cargo that passed through the
locks in 1981.

The commodities that realized the largest increases in
cargo irom 1981 to 1983 were general cargo and grain. General
cargo increased 16.7, and grain increased 3.5'.

The number of ships in the Welland Canal fleet increased
4.2,, from 130.4 ships in 1981 to 135.9 ships in 1983. The
composite ship class fcr the Wellard Canal fleet mix is shown
on Figure 6.18.

The total number of transits through the Welland Canal
increased 3.1', from 7,268 transits in 1981 to 7,496 transits
in 1983. The percent loaded transits increased from 64.7 in
1981 to 54.2"- in 1983 causing a slight increase in capacity due
to a reduction in ballasted transits.
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Lock utilization at the constraining lock on the Wellano
Canal at capacity in 1983 was an average of 94.4' over the peak
months of May through November. During July, the most severe
month, the lock utilization was greater than 98, and average
vessel waiting time was 34.9 hours upbound and 18.1 hours down-
bound. The average queue length was 24.2 ships upbound and 12.7
ships downbound. The lock utilization, average vessel waiting
time, and average queue length are shown on Figure 6.19.

6.4.2.3 St. Lawrence River - With implementation of
revised hydraulic systems and downstream longitudinal hydraulic
assistance upon reaching capacity in 2006, capacity on the St.
Lawrence River Locks was delayed until 2010. The amount of
cargo processed through the St. Lawrence River Locks at capacity
in 2010 was 96,353,000 short tons. This is an increase of
3,827,000 short tons or 4.1:% over the base case capacity in
2006 of 92,526,000 short tons.

Most of the tonnage increase through the St. Lawrence
River from 2006 to 2010 was spread among general cargo, other
bulk, iron ore, and grain. General cargo increased 7.1
other bulk increased 4.6', iron ore increased 3.9%, and grain
increased 3.1'.

The total number of ships operating through the St.
Lawrence River increased 10.9%, from 143.4 ships in 2006 to
159.1 ships in 2010. The composite ship class for the St.
Lawrence River fleet remained constant at composite class 6.1.
Capacity of the St. Lawrence River Locks was not increased by
an increase in ship size. The St. Lawrence River fleet mix is
shown on Figure 6.20.

The total number of transits through the St. Lawrence
River Locks increased 11.0%, from 7,429 transits in 2006 to
8,246 transits in 2010. The percent loaded transits increased
slightly from 70.0% in 2006 to 70.2'. in 2010, giving a slight
capacity increase due to a reduced fraction of ballasted tran-
sits.

At capacity in 2010 the constraining lock in the St.
Lawrence River had an average lock utilization of 91.9: over
the peak months of May through November. During July, the most
severe month, lock utilization was greater than 98.J'-, the
average vessel waiting time was 30.6 hours upbound and 15.7 hours
downbound, and the average queue length was 24.1 ships upbound
and 12.4 snips downbound. The lock jtilization, averaoe vessel
waitina time, and average queue length for the constraining lock
on the St. Lawrence River are shown on Fiqure 6.21.
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: 6•5Traffic -ontrol System at Locks

.5•l Lock improvement

The proposed traffic control system would consist of a
central , computer run control point for each of the three lock
systems. Information concerning all of the ships approaching or
in the lock system would be input. The system would plan ship
arrivals at the lock to reduce lock approach times. Ship
meetings at restricted channel sections would also be planned to
increase safety. Instructions would be relayed to the ship
captains by radio from lock traffic controllers at the central
control station. The proposed traffic control system would be
desioned to reduce delays in lock approaches and would allow
faster responses by the lock operators in the locking operation.

Approach time is approximately 20% of the total locking
time at the Soo and St. Lawrence River Locks, and 25. of the
total at the Welland Canal Locks. The proposed traffic control
system would have the potential to reduce approach times approx-
imately 22: at the Soo and St. Lawrence River, and approximately
12% at the Welland Canal. It is estimated that total locking
times would correspondingly be reduced 4.5' at the Soo and St.
Lawrence River Locks, and 3.0' at the Welland Locks. The pro-
posed control system would reduce locking times more at the Soo
and St. Lawrence River because the present means of traffic
control at these locks are less sophisticated than that in use
at the Welland Canal. It is judged, however, that the system
in use at the Welland also has potential for some improvement.

6.5.2 Results of Capacity Simulation Using Traffic Control

System at the Locks

6.5.2.1 Soo Locks - With implementation of a traffic
control system at the Soo Locks when capacity was reached in
2006, the capacity condition was delayed until 2010. At caoacity
wiLU che traffic control system implemented, the amount of cargo
processed through the Soo Locks was 182,250,000 short tons. This
is an increase of 8,511,000 short tons or 4.9:, over the 173,739,000
short tons processed through the lock in 2006.

Most of the increase in cargo between 2006 and 2010 came
in iron ore and grain. Iron ore increased 5.6 and grain in-
creased 3.1

The number of vessels in the Soo Locks fleet increased
3.7", from 154.3 ships in 2006 to 160.0 ships in 2010. The
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II,
composite ship class for the Soo fleet increased slightly from
7.0 in 2006 to 7.1 in 2010. A slight increase in capacity was
realized due to the small increase in ship size. The Soo
fleet mix from 1978 to 2010 is shown in Figure 6.22.

The total number of transits through the Soo Locks in-
creased 3.9's, from 10,825 transits in 2006 to 11,246 transits
in 2010. The percent loaded transits remained constant at 55.8k;
therefore, there was no capacity increase due to a reduced
fraction of empty backhauls.

Capacity at the Soo was reached by both the Poe and Mac-
Arthur Locks in 2010. The Poe Lock had an average lock utili-
zation during the peak months of May through November of 91.6_.
During the most severe month, October, the lock utilization
was 92.0-', the average vessel waiting time was 3.2 hours upbound
and 15.0 hours downbound, and the average queue length was 0.8
ships upbound and 5.2 ships downbound. Lock utilization, average
vessel waiting time, and average queue length for the Poe Lock
are given on Figure 6.23.

The MacArthur Lock had an average lock utilization of
92.3' during the peak months of May through November. During
the most severe month, May, lock utilization was 94.0", average
vessel waiting time was 0.3 hours upbound and 10.8 hours down-
bound, and average queue length was 0.03 ships upbound and 6.9
ships downbound. Lock utilization, average vessel waitino time,
and average queue length for the MacArthur Lock are given on
Figure 6.24.

6.5.2.2 Welland Canal - After implementation of a traffic
control system at the original capacity condition in 1981, the
Welland Canal again reached capacity in 1983. At capacity in
1983 a total of 78,735,000 short tons of cargo were processed
through the Welland Canal. This is an increase of 3,536,000
short tons or 4.7' over the 75,198,000 short tons of cargo
processed through the locks in 1981.

The commodities that had the largest increases in cargo
from 1981 to 1983 were general cargo and grain. General cargo
increased 16.5', and grain increased 4.9.

The number of ships in the Welland Canal fleet increased
4.2', from 130.4 ships in 1981 to 135.9 ships in 1983. The
composite ship class for the Welland Canal fleet remained at
6.0. Lock capacity was therefore not increased as the result of
increasing ship size. The Welland Canal fleet mix is shown on
Figure 6.25.
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The total number of transits through the Welland Canal
increased 31,from 7,268 transits in 1981 to 7,496 transits
in 1983. The ratio of loaded transits to total transits in-
creased slightly from 64.7:, in 1981 to 65.2'0 in 1983. Lock capa-
city increased slightly because of the reduction in the number
of ballasted transits.

Lock utilization at the constraining lock on the Welland
Canal at capacity in 1983 was an average of 94.9" over the peak
months of May through November. During July, the most severe
month, the lock utilization was greater than 98.0", , average
vessel waiting time was 35.1 hours upbound and 34.6 hours down-
bound, and average queue length was .24.2 ships both upbound and
downbound. Th~e lock utilization, average vessel waiting time,
and average queue length are shown on Figure 6.26.

6.5.2.3 St. Lawrence River - With the implementation of
a traffic control system upon reaching capacity in 2006, capa-
city on the St. Lawrence River Locks was delayed until 2012.
The amount of cargo processed through the St. Lawrence Locks at
capacity in 2012 was 97,789,000 short tons. This is an increase
of 5,263,000 short tons, or 5.700, over the base case capacity
in 2006 of 92,526,000 short tons.

Most of the tonnage increase through the St. Lawrence
River from 2006 to 2012 was from other bulk, iron ore, and
grain. Other bulk increased 7.5'%, iron ore increased 6.3"', and
grain increased 4.8%.

The total number of ships operating through the St.
Lawrence River increased 17.6-',, from 143.4 ships in 2006 to
161.0 ships in 2012. The composite ship class for the St.
Lawrence River fleet remained constant at 6.1. No capacity
increase was therefore realized from increased ship size. The
St. Lawrence River fleet mix is shown on Figure 6.27.

The total number of transits through the St. Lawrence
River Locks increased l2.7- , from 7,429 transits in 2006 to
S,373 transits in 2012. The percentage loaded transits remained
constant from 2006 to 2012 at 70.0. Capacity was therefore not
increased from reducing the percentage of ballasted transits.

At capacity in 2012 the constraining lock in the St.
Lawrence River had an average lock utilization of 91.0 over
the peak months of May through November. During July. the most
severe month, lock utilization was greater than 98 J , 'he
avaerage vessel waiting time was 30.0 hours upbound and 26.7 hours
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downbound, and the averaqe queue length was 24.2 ships upbound
and 21.5 ships downbound. The lock utilization, average vesse&
waiting time, and average queue length for the constraining lock
on the St. Lawrence River are showti on Figure 6.23.

6.6 Non-Structural Alternatives to Maximum Utility

6.6.1 Lock Improvement

The term "Non-Structural Alternatives to Maximum Utility"
refers to the combination of the preceding non-structural alter-
natives selected in a way that shows potential for providing tne
greatest increase in lock system capability and that accounts for
mutually exclusive contributions to lockage time reduction. For
any given fleet level, capacity will be increased when ships can
be processed through the system more quickly. Specifically,
system effectiveness is a function of locking times.

The locking operation can be considered as a series of
discrete events each of which requires a certain amount of time
to perform. Each of the four non-structural alternatives reduces
the time it takes to perform one event. Traveling kevels and
increased ship speed reduce the entrance time. Reduced dump/
fill times and downstream longitudinal hydraulic assistance
decrease chamberina time. The traffic control system reduces
approach time.

Traveling kevels provide the largest capacity increase
of all the individual non-structural alternatives and therefore
were included in the non-structural improvements to maximum
utility. Since the ship entering the exitina the lock will be
under the control of the traveling kevels, the alternatives of
increasing ship speed into the lock and downstream longitudinal
hydraulic assistance are excluded as independent contributions
toward the reduction of lockage time. The capacity gain from
traveling kevels is greater than the gain for the combination
of the alternatives of increased ship speed and downstream
longitudinal hydraulic assistance.

The three remaining non-structural improvements of travel-
inq kevels, reduce dump/fill times and traffic control systems

are independent and may, therefore, all be implemented together.
Since each reduces a different component of the locking time,
their locking time improvements are additive. The combination
of the three improvements have therefore been selected as the
non-structural alternatives implemented to maximum utility.
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At the Soo Locks, traveling kevels reduce locking time
7.5.,de:reased dump'fill time reduces locking time 1.0-, and
the traffic control system reduces locking time 4.5 . Imple-
mented together, these alternatives reduce locking times at the
oo Locks by 13 .

At the Welland Canal, travelina kevels reduce locking
time 7.5., decreased dump/fill time decreases lockino time 2.5
and the traffic control system reduces loc..ing time 3.0 . Imple-
mented toqether, these alternatives reduce locking times at tne
Welland Canal by 13-.

At the St. Lawrence River Locks, traveling kevels reduce
locking time 7.5, decreased dump/fill time reduces locking
time 1.0 , and the traffic control system reduces lockinc time
I.5 . Implemented together, these alternatives reduce locking
times at the St. Lawrence River Locks by 13.0.

6.6.2 Results of Capacity Simulation

6.6.2.1 Soo Locks - By implementino the non-structural
improvements at the Soo Locks to maximum utility, the capacity
condition was delayed from 2006 under base conditions to 201S.
At capacity in 2018 the amount of cargo processed through the
Soo Locks was 196,766,000 short tons. This is an increase of

I 2,072,000' short tons or 1'.3' over the 173,739,000 short
tons that passed through the Soc Locks in 2006.

Most of the increases in tonnage between 2006 and 201E
came in iron ore and grain. Iron ore increased 17.3 , and grain
increased 9.3-.

The number of vessels in the fleet operatino through the
Soo Locks increased 9.7-, from 154.3 ships in 2006 to 169.3
snips in 2018. The composite ship class for the Soo fleet in-
creased only slightly, from 7.0 in 2006 to 7.1 in 2018, indi-
cating very little increase in lock capacity due to an increase
in ship sizes. The Soo fleet mix from 1978 to 2018 is shown
on Figure 6.29.

The total number of transits through the Soo Locks in-
creased 9.1%, from 10,825 transits in 2006 to 11,806 transits
in 2018. The ratio of loaded to total transits did not increase
significantly between the 55.7: in 2006 and the 56.1' in 2018.
Since the fleet size did not increase significantly and the per-
centage of empty transits was not reduced significantly, it can
be concluded that almost all of the increase in tonnage capacity
was gained from the 13. reduction in locking time due to imple-
menting the non-structural alternatives.
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Capacity was reached at the Poe Lock in 201.. The Poe
Lock had an average lock utilization during the peak months of
May through November of 90.0-. During the most congested montn,
May, the lock utilization was 90 , the average waiting time was
3.9 hours upbound and 11.3 hours downbound, and the average queue
length was 1.0 vessels upbound and 4.0 vessels downbound. The
lock utilization, average vessel waiting time, and average queue
length for the Poe Lock are given in Figure 6.30. The MacArthur
Lock did not reach capacity for this period of time.

6.6.2.2 Welland Canal - After implementation of the non-
structural alternatives to maximum utility at capacity in 1981,
the Welland Canal reached capacity again in 1996. At capacity
in 1996 a total of 88,598,000 short tons of cargo were pro-
cessed through the Welland Canal. This is an increase of
13,400,000 short tons or 17.8- over the 75,198,000 short tons
processed through the Welland Canal at capacity in 1981.

The major increases in cargo came in other bulk, iron
ore, and grain. Other bulk increased 22.4 , iron ore increased
21.3-, and grain increased 17.4-.

The number of ships in the Welland Canal fleet increased
12.7 :, from 130.4 ships in 1981 to 147.0 ships in 1996. The
composite ship class for the Welland Canal fleet increased
somewhat from 6.0 to 6.2; however, major increases in composite
iron ore and coal ship classes occurred. The composite iron ore
ship increased from 6.1 to 6.8 and the composite coal ship in-
creased from 6.0 to 6.8. The Welland Canal fleet mix is shown
on Figure 6.31.

The total number of transits through the Welland Canal
increased ll.l: from 7,268 transits in 1981 to 8,075 transits in
1996. However, the percent loaded transits decreased from 64.7:
4n 1981 to 63.9-: in 1996, causing a slight decrease in capacity.

Lock utilization at the constraining lock on the Welland
Canal at capacity in 1996 was an average of 91.7 during the peak
months of May through November. During July, the most severe
month, lock utilization was 97, average waiting time was 19.1
hours upbound and 9.8 hours downbound, and average queue length
was 14.4 vessels upbound and 7.4 vessels downbound. The lock
utilization, average waiting time, and average queue length for
the Welland Canal are shown on Figure 6.32.

6.6.2.3 St. Lawrence River - With implementation of the
non-structural alternatives to maximum utility, capacity was
reached in the St. Lawrence River Lock System in 2024. The
amount of cargo processed through the locks at capacity in 2024
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was 108,597,000 short tons. This is an increase of 16,071,000
short tons or 17.4- over the base case capacity in 2006 of
92,526,000 short tons.

Most of the tonnage increase was in other bulk, iron ore,
and grain. Other bulk increased 241.8 , iron ore increased 19.4-,
and grain increased 14.1.

The total number of ships in the St. Lawrence River fleet
increased 25.0.-,from 143.4 ships in 2006 to 179.2 ships in 2024.
The composite ship class remained constant at 6.1 from 2006 to
2024, indicating that the overall fleet size did not change with
time. No additional capacity was realized through the construc-
tion of larger ships. The St. Lawrence River fleet mix is shown
on Figure 6.33.

The total number of transits through the St. Lawrence
River Locks increased 25.8>:, from 7,429 transits in 2006 to
9,345 transits in 2024. The ratio of loaded to total transits
remained constant from 2006 to 2024. Both the composite shipI size and the loaded to total transit ratio remained constant,
indicating that the entire capacity expansion was gained through
the decreased locking times.

In 2024 the constraining lock in the St. Lawrence River
had an average lock utilization of 93.0. over the peak months
of May through November. During July, the most severe month,
lock utilization was greater than 98 , the average vessel waiting
time was 27.3 hours upbound and 27.5 hours downbound, and the
average queue length was 24.2 ships upbound and downbound. The
lock utilization, average waiting time, and average queue length
for the constraining lock on the St. Lawrence River are shown
on Figure 6.34.

6.7 Summary of the Impact of Non-Structural Alternatives
on Lock Capacity

Subsections 6.2 through 6.6 of this report discussed in
detail the impact of each non-structural alternative on lock
system capacity. Fleet mix and queuing information for each
lock system and each alternative were presented both graphically
and in the text. This section summarizes the results of these
analyses and discusses the capacity relief generated by the
alternatives.

Several parameters can be used to indicate the effective-
ness of implementing a capacity expansion measure. As an overall
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indicator of effectiveness, the additional cargo tonnage pro-
cessed through the locks as a result of implementing the expansion
measure may be the most useful. Lock operators may use the
increase in the number of transits per day through the lock re-
sulting from implementing a capacity expansion measure as an
indicator of effectiveness because ballasted ships require as
much effort to lock through as loaded ships. Fleet operators
might measure the effectiveness of a capacity expansion alter-
native by the reduction in vessel waiting time the alternative
provides.

Waiting time reductions due to capacity expansion measures
are temporary. As the demand for service grows and the capacity
of the lock system is again approached, waiting times will in-
crease to the same levels that existed before the measure was
implemented. However, in the interim, the system has served
its customers effectively at below-capacity conditions. Tonnage
and number of transits are permanent gains provided by the capa-
city expansion measures. Therefore, these two parameters are
used in this summary as a basis for comparing the non-structural
alternatives. Tonnage and the number of transits at capacity for
each of the non-structural alternatives are summarized in
Table 6.2. Waiting times were shown graphically on the queuing
information figures that accompany the discussion of the capacity
analyses for each alternative.

It can be seen from Table 6.2 that traveling kevels have
the best gains in tonnage, number of transits, and years until
capacity is again reached at all of the locks comnared to the
other individual non-structural alternatives. This is to be
expected since traveling kevels would reduce locking times more
than any of the other alternatives considered in this study.

From Table 6.2 it can be seen that the remaining individual
non-structural alternatives rank in different positions at each
lock system. Decreasing the lock chambering time and the local
traffic control system rank identically second at the Soo.
Increasing the ship speed into the locks is the second best
alternative in terms of capacity increase at the Welland Canal.
At the St. Lawrence River, the local traffic control system
yields the second best capacity improvement of the individual
alternatives considered.

Implementing the non-structural alternatives to maximum
utility, consisting of installing traveling kevels, decreasing
the lock dump/fill times, and installing a local traffic control
system can provide a greater increase in capacity than is
achieved by any of the individual non-structural alternatives.
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However, the total increase in tonnage at capacity is less than I
the sum of the tonnage increases for the individual alternatives.
This is due to the fact that the individual alternative lockage
time improvements are not additive for the non-structurals to
maximum utility case and because other factors besides locking
time also affect lock system capacity.

F
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7. ANALYSIS OF STRUCTURAL ALTERNATIVES

7.1 Introduction

Structural alternatives for increasing lock capcity con-
sist of constructing new, larger locks or increasing the depth
of existing locks and channels. In this study five structural
scenarios were tested to determine the sensitivity of their
effects on GL/SLS System capacity. The five scenarios specified
by the Corps of Engineers [8] are as follows:

1. Operate 1350 x 115 foot locks after the system has
reached capacity with the non-structurals to
maximum utility.

2. Operate 1460 x 145 foot locks after the system has
reached capacity with the non-structurals to
maximum utility.

3. Allow 28 foot ship draft after the system reaches
capacity with the non-structurals to maximum
utility.

4. Allow 32 foot ship draft after system reaches
capacity with the non-structurals to maximum
utility.

5. Limit cargo on the basis of a capacity condition
with non-structurals to maximum utility at the
Welland Canal. Operate a 1350 x 115 ft lock at
the Soo when it reaches capacity.

The first two scenarios tested the effect of larger and
wider ships on the capacity of the GL/SLS System. In Scenario
1 locks capable of handling 1100 x 105 foot (Class 11) ships
were built at each of the three lock systems. These locks
were placed in service when capacity was reached with the non-
structurals to maximum utility alternative described in the
previous section. Scenario 2 tested the same conditions except
that the new locks were sized to handle 1200 x 130 foot (Class
12) ships.

The next two scenarios tested the effect of deeper ship
draft on lock capacity. First, the existing locks were brought
to capacity with non-structural alternatives implemented to max-
imum utility. Capacity was then increased again by allowing
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ship drafts of 28 feet in Scenario 3 and 32 feet in Scenario
4 without a change in maximum allowable ship size.F

The last scenario tested the effect of making structural
modifications to the Soo Locks while the St. Lawrence Seaway
Locks, including the Welland Canal, were not changed. New cargo
projections were prepared by the Corps of Engineers [10] based
on the Welland Canal reaching capacity with non-structural
alternatives to maximum utility in 1996. The tonnage through
the Welland Canal was held constant at the 1996 capacity tonnage,
and the Soo and St. Lawrence River tonnages were adjusted
accordingly. For this analysis, a 1350 by 115 foot lock, cap-
able of handling Class 11 ships, was placed in operation at the
Soo after capacity was reached using non-structural alternatives
to maximum utility for the constrained cargo. Only non-
structural improvements were implemented at the Welland and
St. Lawrence River Locks.

7.2 Fleet Mix for Structural Alternatives

This section estimates shipbuilding trends to meet pro-
posed structural changes to existing GL/SLS locks systems. As
was done in the base case, past shipbuilding customs and com-
modity projections were used to estimate the perdent of each
class of ship that would be built. In addition, leading ship-
ping industry representatives were consulted. In particular,
we are deeply indebted for the assistance provided by David
Buchanan, Vice President of the Lake Carriers Association,
and to John Greenwood, author of "Greenwood's Guide to Great
Lakes Shipping".

Structural changes to existing locks systems that will
affect the fleet are basically building larger locks. Given a
larger lock system, one must then determine the extent to which
fleet operators will acquire the largest classes of ships that
can use these systems. This study analyzes the feasibility of
structural change alternatives; one that would permit the use
of 1100 foot ships and a second that would permit the use of
1200 foot ships. It is therefore necessary to establish a
fleet expansion model that will reflect the way in which
fleet operators will respond to these expansions in the physical
size of the locks.

Considering the question of building ships 1100 and 12003
feet long, industry representatives do not believe that fleet
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operators will go the larger ships as they did the 1000 footers.
There is no present demand for larger ships, therefore industry
representatives do not believe that the larger ships will be
built. Historically operators have built larger ships as larger
locks became available; however, this pattern may change
because of the increased capital costs of large ships. The
cost of a 1000 footer has gone up from 35 to 70 million dollars
in the past five years. Fleet operators may determine that
the cost of a 1100 or 1200 footer is so high that the ships
would not be justified by the additional cargo they could car-
ry [113. There are other reasons why the shift to Class 11 and
12 ships may be somewhat restrained. These include:

*Size of dry docks

*Design strength of ships

*Reach of shoreside machinery

*Service facilities of commodity terminals.

The first 1000 foot laker was constructed and placri in
service in 1972, just four years after completion of the Poe
Lock in 1968. Since that time the size of the 1000 foot fleetr has increased dramatically. At this writing (May 1981), there

[ are thirteen 1000 foot lakers listed in "Greenwood's Guide to
Great Lakes Shipping". There are, however, no new 1000 foot
vessels on order, and unless current trends in commodity demand
change, there will be no additional new ship construction for
the U.S. flag dry bulk cargo fleet for at least two years (1983).
Only modest growth in cargo is expected through the middle of
the decade or until the rebuilding of the U.S. steel industry
is in full swing [123.

These comments are presented in justification of the plan
for the fleet expansion presented in this analysis. The GL/SLS
System capacity expansion scenarios used in this study call for
increases in lock size to accommodate 1100 foot and 1200 foot
ships. Based on expected shipbuilding trends, the fleet mix
model used in these scenarios shows fleet expansion in the
largest classes of ships, but not at the rate that 1000 foot
ships were built between 1972 and 1981. Future expansion into
the largest classes of ships is expected to be somewhat slower.
Tables 7.1, 7.2, and 7.3, showing the expected fleet expansion
patterns for the 1100 foot vessel scenario, reflect this think-
ing. The paragraphs that follow the tables describe some of
the special conditions that were considered to determine the
percent growth in each ship class. Tables 7.4 and 7.5 show
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TABLE 7.1 SO0 LOCKS FLEET GROWTH
STRUCTURAL ALTERNATIVE 1 - GL/SLS LOCKS SYSTEMS

EXPANDED TO ACCEPT SHIP 1100 FEET LONG BY 105 FEET WIDE

OTHER GENERAL

CLASS JRE COAL STONE GRAIN BULK CARGO

4 0 0 0 0 30 10
5* 10 5 40 5 60 10

6** 0 5 0 10 0 30
7 0 10 60 5 10 0
8 10 5 a 0 0 50
9 0 0 0 0 0 0

10 60 65 0 60 0 0
11 20 10 0 20 0 0

* Class 5 and 6 lakers

** Ocean class

Ore - Class 5 and 6 lakers will continue to be built because of port re-
strictions. Ocean Class 6 will not handle ore. Class 7 ships will tend to
drop off because both the Welland and St. Lawrence River will handle 1100
foot ships. Class 8 ships will continue to be added to meet specific port
situations. New growth for ore will be mostly Class 10 and 11 with more Class
10's being added because high capital costs may not justify adding a higher
proportion of Class 11 ships.

Coal - Some coal will continue to be carried in Class 5, 6, and 8 ships be-
cause of special port situations. Class 7 ships will continue to be used by
Canadian operators. The greatest number of ships added will be for Class 10
and 11, and as in the case of ore, the greatest number of large s:nips will
be Class 10.

Stone - Stone is not carried by the largest ships and is not carried by
foreign ships. Expansion in stone capacity is therefore split between laker
Classes 5, 6, and 7.

Grain - Some grain is expected to continue to be shipped in laker Class 5 and
6 ships shown here as Class 5. Some grain is currently shipped in foreign
vessels and this practice is expected to continue. When significant increases
in the demand for grain occur, grain is expected to be carried in the largest
ships. This grain may be carried to the mouth of the St. Lawrence River for
shipment overseas. Although loading facilities for Class 10 and 11 grain
carriers do not presently exist, it is likely they would be developed to
meet a significant increase in demand.

Other Bulk - These cargos will go in smaller ships, but not in ocean class
ships. If demand increases, some larger ships may be added.

General Cargo - Traffic will continue in salties and smaller lakers, with
growth, as it occurs in Class 8.
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TABLE 7.2 WELLAND CANAL FLEET GROWTH
STRUCTURAL ALTERNATIVE 1 - GL/SLS LOCKS SYSTEMS

EXPANDED TO ACCEPT SHIPS 1100 FEET LONG BY 105 FEET WIDE

OTHER GENERAL
CLASS ORE COAL STONE GRAIN BULK CARGO

4 0 0 25 0 20 10

5* 0 0 5 0 30 10

6** 10 5 10 15 30 40
r 7 10 35 60 5 20 5

8 0 10 0 0 0 30
9 0 0 0 0 0 5

10 60 40 0 60 0 0

11 20 10 0 20 0 0

* Class 5 and 6 lakers

** Ocean class

Ore - When the locks are expanded, ore shipments in laker Class 5 and 6 are
expected to drop. Some foreign ships will continue to be used as will some
Class 7 ships for special port situations. Capacity for additional demand,
however, will be met by new Class 10 and 11 ships.

Coa' - Coal shipments will continue in Class 7 and 8 ships to meet port re-
strictions. If heavy demand for coal develops in the lakes, fleet operators
can be expected to go to Class 10 and 11 ships.

Stone - Stone is relatively minor commodity that presently moves in smaller
ships. If demand increases, some stone may go in Class 7 ships, but it is
not likely, to go in larger ships.

Grain - Currently grain is carried in Class 7 ships. If the locks expand
and demand remains high, grain fleets can be expected to shift to the largest
ships.

Other Bulk - There is presently a large amount of coke going in foreign ships
to the U.S. Most commodities represented in other bulk are minor and therefore
thele cargos are not expected to shift to larger ships.

General Cargo - A large part of the general cargo is foreign steel coming to
ports in the U.S. Therefore a large portion of general cargo growth is taken
in ocean class ships with some expectation of expanding into larger ships.
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TABLE 7.3 ST. LAWRENCE RIVEP FLEET GROWTH
STRUCTURAL ALTERNATIVES I - GL/SLS LOCKS SYSTEMS

EXPANDED TO ACCEPT SHIPS 1100 FEET LONG BY 105 FEET WIDE

OTHER GENERAL
CLASS ORE COAL STONE GRAIN BULK CARGO

4 0 0 10 0 20 10
5* 0 0 20 0 30 10
6** 10 5 40 15 30 40
7 10 45 30 5 20 5
8 0 0 0 0 0 30
9 0 0 0 0 0 5

10 60 40 0 60 0 0
11 20 10 0 20 0 0
* Class 5 and 6 lakers

** Ocean class.

Ore - Ore shipments are the same as for the Welland Canal.

Coal - Most coal comes from the U.S. to Lake Ontario. Coal ships in the SLR
may be slightly smaller.

Stone - Some foreign stone moves from overseas to Canada and the U.S. Stone

will generally be carried in smaller ships and in ocean class.

Grain - Grain traffic in SLR is the same as in the Welland Canal.

Other Bulk/General Cargo - Same as for the Welland Canal.
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TABLE 7.4 SOO LOCKS FLEET GROWTH
STRUCTURAL ALTERNATIVE 2 -GL/SLS LOCKS SYSTEMS

EXPANDED TO ACCEPT SHIPS 1200 FEET LONG BY 130 FEET WIDE

OTHER GENERAL
CLASS ORE COAL STONE GRAIN BULK CARGO

4 0 0 0 0 30 10
5* 10 5 40 5 60 10
6* 0 5 0 10 0 30

7 0 10 60 0 10 10
8 10 5 0 0 0 30
9 0 5 0 0 0 10

10 30 50 0 50 0 0
11 10 5 0 10 0 0
12 40 15 0 25 0 0
*Class 5 and 6 lakers
**Ocean class

Ore -Some Class 5, 6 and 8 ships will be built because of port restrictions.
Ore shipments will tend to move toward the largest ships but not completely
because of the high capital costs of the Class 11 and 12 ships.

*Coal - Some smaller coal ships will continue to be built because of port re-
strictions. If the demand for coal increases significantly, particularly for
overseas shipments, fleet operators will add larger ships.

Stone - Demand for stone is not expected to increase to the extent that large
ships would be required.

*Grain - Some Class 5 and 6 lakers and ocean Class 6 would continje to haul
grain, but if locks increase in size, grain demand is expected to move fleet
ooerators to the largest ships. This also assumes that grain loading facilities
would be developed for large class ships. Currently grain elevators service
730 x 76 foot ships.

*Other Bulk - These cargos go in smaller ships, but not ocean class.

*General Cargo - Package freight will continue to go in the smallest vessels.
A large percent of general cargo will continue to be carried in ocean class.
As demand increases, the size of general cargo vessels is expected to
increase somewhat.
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TABLE 7.5 WELLAND CANAL AND ST. LAWRENCE RIVER FLEET
GROWTH, STRUCTURAL ALTERNATIVE 2 - GL/SLS LOCKS SYSTEMS
EXPANDED TO ACCEPT SHIPS 1200 FEET LONG BY 130 FEET WIDE

OTHER GENERAL r
CLASS ORE COAL STONE(SLR)*** GRAIN BULK CARGO

4 0 0 25(10) 0 10 10

5* 0 0 5(20) 0 15 10

6 * 0 5 10(40) 15 20 20
7 10 35 60(30) 5 20 10
8 0 10 0 0 20 30
9 0 0 0 0 15 20

10 30 20 0 30 0 0
11 30 20 0 30 0 0
12 20 10 0 20 0 0

* Class 5 and 6 lakers

** Ocean class
All predictions are the same for the Welland and SLR except for stone.
Most of the stone is carried from Lake Ontario through the Welland
Canal to the U.S.

Fleet growth rates follow the same general pattern as shown for the Soo in
Table 7.4except there is less demand for laker Class 5 and 6 ships for ore,
coal, and grain.

Class 8 and 9 may also include some ocean-going ships longer than 700 feet
which can utilize the Seaway due to its increased width.
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the expected fleet expansion patterns for the 1200 foot vessel
scenario. Table 7.6 shows the expected fleet expansion patterns
for tne Soo locks with cargo constrained by the Welland Canal
and 1100 foot vessels at the Soo. Table 7.7 contains the
Welland Canal and St. Lawrence River fleet mix building factors
for the constrained case.

7.3 Lockage Times for Structural Alternatives

7.3.1 Introduction

Modeling 1100 and 1200 foot locks requires that new
locking times be predicted based on current experience and
engineering estimates. This section describes the methods
that were used to develop these times.

Two assumptions were used in the development of locking
time data:

The relationships between the existing data, such as
upbound vs downbound traffic are essentially correct
and can be extended to make estimates for the new
locks.

Locking times are largely a function of ship size
(length, beam, draft) relative to lock size. That
is, ships are small in terms of the ratio of ship size
to lock size have lower locking times than ships
that are large relative to lock size. In addition,
it is assumed that a small ship has the same locking
time in any lock whose size ratio is much larger
than the ship size. For example, a Class 7 ship will
have the same locking time in either a Class 11 or
Class 12 sized lock.

Table 7.8 shows the predicted locking time data for the
proposed Class 11 sized locks which could accept a 1100 foot
long and 105 foot wide ship. Table 7.9 shows the projected
locking times for the Class 12 sized locks that could accept
a 1200 foot long and 130 foot wide ships.

7.3.2 Development of Locking Times

Empirical equations, developed from lock records of the
St. Lawrence Cote St. Catherine Lock for the SPAN Study [13],
were used to obtain estimates for the lock entrance and exi'-
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TABLE 7.6 SOO LOCKS FLEET GROWTH
STRUCTURAL ALTERNTIVE 5 - SOO LOCKS EXPANDED TO ACCEPT

1100 x 105 FOOT SHIPS; WELLAND AND SLR REMAIN UNCHANGED
CARGO CONSTRAINED BY CAPACITY AT THE WELLAND CANAL

OTHER GENERAL
CLASS ORE COAL STONE GRAIN BULK CARGO

4 0 0 0 0 30 20
5* 10 10 40 10 60 0
6** 0 5 0 20 0 80
7 20 30 60 70 10 0
8 10 10 0 0 0 0
9 0 0 0 0 0 0

10 10 10 0 0 0 0
11 50 35 0 0 0 0

*Class 5 and 6 lakers
**Ocean class

Ore - Some Class 5, 6, 8 U.S. ore carriers will continue to be built be-
cause of port restrictions; Canadian ore shipments will be made in Class 7
because the dimensions of the Welland Canal remain fixed. U.S. ore ship-
ments will be likely to move to the larger ships since the facilities to handle
these ships would be available or quickly developed.

Coal - Some U.S. coal will continue to move in smaller ships because of port
restrictions. Coal for Canadian ports in Lake Ontario and for transshipment
overseas will be carried in Class 7's. Coal for ports west of the Welland
Canal will be expected to move in larger ships.

Stone - Demand for stone is not expected to increase to the extent that
large ships would be required.

Grain - A high percentage of grain shipments are in foreign and Canadian
ships, therefore growth in ocean Class 6 and Class 7 ships is expected.

Other Bulk and General Cargo - Growth for these cargos remains the same as
for the base line fleet.
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TABLE 7.7 WELLAND CANAL AND SLR FLEET GROWTH
STRUCTURAL ALTERNATIVE 5 - SO0 LOCKS EXPANDED TO ACCEPT

1100 x 105 FOOT SHIPS; WELLAND CANAL AND SLR REM1AIN UNCHANGED

OTHER GENERAL
CLASS ORE COAL STONE GRAIN BULK CARGO

4 0 0 0 0 20 20

5* 20 10 20 5 30 0
6** 0 10 10 35 30 80
7 80 80 70 60 20 0

* Class 5 and 6 lakers
** Ocean class

Fleet growth in all categories follows the base line.
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times. These entry and exit times correspond to the

(:approach + :entry) and (7chamber exit + 7throat exit) times r
described earlier in this report in Section 5.3. Times were
calculated for vessels of Class 7 through 10 using maximum
ship sizes shown below chosen from "Greenwood's Guide to Great r
Lakes Shipping":

SHIP CLASS LENGTH x BEAM (ft)

7 730 x 75

8 826 x 75

9 858 x 105

10 1000 x 105

These times were then compared to the corresponding MacArthur-
Poe locking times in Section 5.3. The correlation was reason-
able in all cases although better correlation was obtained for
upbound times than for downbound times. Based on these results,
these equations were judged acceptable for use as a first
approximation. Table 7.10 shows the equations and the results
of the calculations of locking times for the new ship classes.
Time in the lock was chosen based on the data presented earlier
in Section 5.3.

The results shown in the first two tables of 7.10 were

adjusted by preserving the approximate percent differences
between the predicted upbound and downbound locking times
and the constraining and non-constraining locking times as
occur between recorded values of these quantities. Also, as
in Section 5.3, the St. Lawrence River constraining locking
times were the same as the Welland non-constraining locking
times. At the Soo, the Davis Lock is expanded so that it is
similar to the current Poe Lock. Therefore, the new Sabin/Davis
combination is predicted to have locking times that are
approximately the same as the present Ma:Arthur/Poe combination.

The locking times that result from these computations
agree with current experience since they show substantial
differences in locking times between 75 foot and 105 foot
beam ships at the 1100 x 105 foot ship size locks, and also be-
tween 105 ft and 130 ft beam ships at the 1200 x 130 foot ship
size locks. Also, Class 10 ships have decreased lor'"', times
in the new larger locks because they are now smaller ative
to the lock size.
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TABLE 7.10 DEVELOPMENT OF LOCKING TIMES

UPOUD enr 1.97 x 10-  (L x B) + 6.53

: enty= 1.04 x 10- (L x B) + 5.53

DOW:Dit 2.59 x I0- (L x B) + 4.92

1.62 x 10"4 (L X B) + 4.07:exit

NUMBERS UPBOUND

SHIP CLASS ;entry 'in lock -exit total

6 19 14 12 45
9 24 14 15 53

10 27 14 16 57
11 29 14 18 61
12 37 14 22 73

DOWNBOUND

SHIP CLASS
Sentry -in lock exit 'total

8 21 14 14 49
9 28 14 19 61

10 32 14 21 67
11 35 14 23 70
12 45 14 29 8:8

SOO LOCKS

SHIP CLASS entry -in lock exit :total
up down up down up down up down

12 37 45 54 52 22 29 113 126
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7.4 Scenario No. 1 - 1350 by 115 Foot Locks

7.4.1 Scenario Description

After reaching capacity with non-structural alternatives
implemented to maximum utility, 1350 by 115 foot locks were
placed in operation. These locks are capable of handling ships
1100 by 105 feet, which are considered to be Class 11 . No
increase in system draft from 25.5 feet was made.

At the Soo Locks, which reached capacity with non-
structural alternatives implemented to maximum utility in 2018,
a single 1350 by 115 foot lock was constructed. This lock
was built in place of the Davis Lock. The existing Sabin,
MacArthur, and Poe Locks were not changed. The non-structural
improvements were also implemented on this new lock.

At the Welland Canal, which reached capacity with non-
structural alternatives implemented to maximum utility in 1996,
the existing eight lock system was scrapped and a new lock
system consisting of four 1350 by 115 foot locks was built in
its place. The non-structural improvements retrofitted on the
existing locks were assumed to be built into the new locks.

At the St. Lawrence River, which reached capacity with
non-structural alternatives implemented to maximum utility in
2024, the existing seven lock system was scrapped and a new
lock system consisting of five 1350 by 115 foot locks was
built. In the new St. Lawrence River Lock System the Snell
and Eisenhower Locks were combined into a single lock as were
the Upper and Lower Beauharnois. The non-structural improve-
ments, retrofitted on the existing locks, were assumed to be
built into the new locks.

7.4.2 Results of Capacity Simulation

7.4.2.1 Soo Locks - Construction of a 1350 by 115 foot
lock in place of the existing Davis Lock extended capacity at
the Soo Locks up to 2050. At capacity in 2050, 272,245,000
short tons of cargo were processed through the Soo Locks.
This is an increase of 75,479,000 short tons or 38.4% over the
amount of cargo processed through the locks in 2018 when the
system was at capacity with the non-structural alternatives
combined to maximum utility.
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In the period between 2018 and 2050, iron ore and grain
had the largest increases in demand through the Soo. Iron ore
increased 45.2% and grain increased 29.7%.

The number of ships in the Soo Locks fleet did not in-
crease significantly between 2018 and 2050, increasing 0.8%

F from 169.3 ships in 2018 to 170.6 ships in 2050. The increase
in composite ship class from 7.1 in 2018 to 8.1 in 2050 was much
more significant. Because of the new, larger lock, the per-

i centages of Class 10 and 11 ships increased from 19.5% of the
Soo fleet in 2018 to 50.4% of the fleet in 2050. Since larger
ships carry more tonnage per minute of locking time than
smaller ships, this yielded large increases in capacity. The
Soo fleet mix is shown on Figure 7.1.

The number of actual transits through the Soo Locks de-
creased 3.6%, from 11,807 transits in 2018 to 11,379 transits
in 2050. The number of transits decreased because larger ships
require more time to lock than do smaller ships. The ratio of
loaded transits to total transits increased from 56.1% in 2018
to 58.7% in 2050. This is due to a more even balance between
upbound and downbound commodities. Capacity increased due to
a reduction in ballasted transits.

Capacity was reached by both the Poe and the new Davis
Locks in 2050. The Poe had an average lock utilization during
the peak months of May to November of 90.6%. The most severe
congestion occurred at the Poe in June when lock utilization
was 92%, average vessel waiting time was 4.9 hours upbound and
15.1 hours downbound, and average queue length was 1.6 vessels
upbound and 5.2 vessels downbound. The new Davis Lock had an
average lock utilization of 90.9% during the peak months of
May through November. During the most congested month, May,
lock utilization was 92%, average vessel waiting time was
5.2 hours upbound and 16.3 hours downbound, and average queue
length was 1.6 vessels upbound and 5.4 vessels downbound.
Lock utilization, vessel waiting time, and queue length are
given in Figure 7.2 for the Poe Lock and Figure 7.3 for the new
Davis Lock.

Both the Sabin and MacArthur Locks were under-utilized
with average utilization of 25.0% at the Sabin and 38.0; at
the MacArthur. Utilization for these locks decreased from 2018
to 2050 as the percentage of ships that could use these locks
decreased. Lock utilization, average vessel waiting time, and
average queue length for the MacArthur Lock are given on Figure 7.4.
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7.4.2.2 Welland Canal - Construction of a new Welland
Canal consisting of four 1350 x 115 foot locks extended capacity
through that section of the GL/SLS System to 2034. At capacity
in 2034, 128,693,000 short tons of cargo passed through the new
Welland Canal. This tonnage is an increase of 40,095,000 short
tons or 45.3'0 over the capacity tonnage of 88,598,000 short tons
processed through the existing Welland Canal in 1996 when capac-
ity was reached with non-structural alternatives implemented to
maximum utility.

By commodity, the largest cargo demand increases were in
general cargo, other bulk, and iron ore. General cargo increased
74.7%, other bulk increased 66.9'%, and iron ore increased 52.9%.
Although it increased at a much slower rate, grain also showed
a significant gain of 32.4'0 during the period.

There was almost no change in the number of ships in
the Welland Canal fleet between 1996 and 2034, with 147.0 ships
in 1996 and 146.9 ships in 2034. The 45.3% increase in tonnage
through the Welland was mainly the result of an increase in the
composite ship size from 6.2 in 1996 to 7.2 in 2034. The in-
creased ship size meant more tons of cargo per lock operating
minute, causing a significant capacity increase. The Welland
Canal fleet mix is shown on Figure 7.5.

The total number of transits through the Welland Canal
decreased 8.6% from 8,075 transits in 1996 to 7,380 transits
in 2034. This would be expected since larger ships take more
time to lock than smaller ships. The larger ships carry more
tonnage however, more than making up for the decreased number
of transits. Due to a better balance between upbound and
downbound cargo flows in 2034, the ratio of loaded transits to
total transits increased from 63.9' in 1996 to 65.2% in 2034.
This resulted in a small capacity increase due to increased
ship utilization and reduced empty backhauls.

At capacity in 2034, the average lock utilization for
the constraining lock on the new Welland Canal Canal was 92.1
for May through November. During the most congested month,
July, lock utilization was 97.C,', average vessel waiting tine
was 25.1 hours upbound and 11.5 hours downbound, and average
queue length was 17.4 ships upbound and 3.0 ships downbound.
Lock utilization, average vessel waiting time, and average
queue length are shown on Figure 7.6.

7-22



I NON-
BASELINE __STRUCTURAL

-- SCENRIO 1

170
160

55

150 -VI
145

40

30

25 VI I

120 -I
VIII

I15 - V -IV

110 -XT
5

IX

30 35 go 95 2000 2010 2020 2030 2040 2050

YEARS

FIGURE 7.5 FLEET MIX, WELLAND CANAL -SCENARIO 1 PLUS BASELINEI AND NON-STRUCTURAL ALTERNATIVE TO MAXIMUM1 UTILITY

1 7-23



BASELINE NON
STRUCTURE:

19 .----- , SCENARIO 1 919 19

WAIT18 181 (c)13

17 17

16 16

15 15

= 14 14

QUU13 13
QUEUE WAIT =

12 1981 (c) 2034 (c) 2 12v

rj /

S UTIL
10 UTIL 199 (c) UTIL 100 2 10~, 1 K UIL /K 203  (0

1981 (c) WAIT 2034 (c)

< 9 ' " /Y[,1996 (c) 90 9 Z
QUEUE QUEUE

99 QUEUE 2034 (c) 3o 3_1996 ( ).

7 1; 70 7

6 1 60 6

/50
4 40 4

3- 30 3

/
2 20

/

10 1
80 85 90 2000 2010 2020 2030 2040 2050

YEARS

FIGURE 7.6 SCENARIO 1, WELLAND CANAL - QUEUE
LENGTH, WAITING TIME, UTILIZATION

7-24

A..



7.4.2.3 St. Lawrence River - Construction of a series
of five 1350 by 115 foot locks in the St. Lawerence River to
replace the existing seven St. Lawrence River Locks postponed
capacity at that segment of the GL/SLS System until 2048. AtIcapacity in 2048 a total of 144,539,000 short tons of cargo
were passed through the new St. Lawrence River Locks. This
total is an increase of 35,942,000 short tons or 33.1% over the
108,597,000 short tons passed through the existing St. Lawrence
River Lock System in 2024 when capacity was reached with non-
structural alternatives combined to maximum utility.

The commodities that increased most significantly be-
tween 2024 and 2048 were general cargo and other bulk. Gen-
eral cargo increased 77.9'0 and other bulk increased 38.2'0.
Also increasing significantly, but not at such high rates, were
grain at 20.9% and iron ore at 25.4%.

From 2024 to 2048 the St. Lawrence River fleet increased
only slightly from 179.2 ships to 182.3 ships. More important,
the composite ship class in the fleet increased from 6.1 in
2024 to 7.1 in 2048. Larger ships increase system capacity
because the increase in the car'rying capacity of the ship more
than offsets the increased lockage time. The St. Lawrence
River fleet mix is shown on Figure 7.7.

As was expected, since larger ships take more time to
lock, the total number of trans'ts through the St. Lawrence
River decreased 8.5% from 9,345 transits in 2024 to 8,553
transits in 2048. The ratio of loaded transits to total tran-
sits remained constant at 70.01, from 2024 to 2042. No
capacity increase was gained due to reduced Fpercentage of
empty backhauls.

At capacity in 2048, lock utilization of the constrain-
ing lock on the new St. Lawrence River System was 93.0"'! for the
peak months of May through November. During the most congested
month, July, lock utilization was greater than 98.0'., average
vessel waiting time was 30.2 hours upbound and 30.4 hours down-
bound, and average queue length was 24.6 vessels both upbound
and downbound. Lock utilization, average vessel waiting time,
and average queue length are given on Figure 7.3.
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7.5 Scenario No. 2 -1460 by 145 Foot Locks

7.5.1 Scenario Description

New locks were placed in operation at each lock system
after capacity was reached with non-structural alternatives
implemented to maximum utility. In this case the new locks
were 1460 by 145 feet, capable of handling 1200 by 130 foot
ships (Class 12). No change in the system draft from 25.5
feet was made.

At the Soo Locks, which reached capacity in 2018 with
non-structural alternatives combined to maximum utility, one
new 1460 by 145 foot lock was constructed. This new lock
was constructed in place of the Sabin and Davis Locks. The
Soo Lock System then consisted of the MacArthur and Poe Locks,
which were not changed, and the new Sabin-Davis Lock. The
non-structural alternatives already in use at the MacArthur
and Poe Locks were implemented at the new Sabin-Davis.

At the Welland Canal, which reached capacity in 1996
with non-structural alternatives combined to maximum utility,
four new 1460 by 145 foot locks were constructed. These new
locks replaced the existing eight locks which were scrapped.
The non-structural alternatives that were in use on the ex-
isting Welland Canal Locks were assumed to be built into the
new locks.

At the St. Lawrence River, which reached capacity in
2024 with non-structural alternatives combined to maximum
itility, the existing new locks were scrapped, and a new series
of five 1460 by 145 foot locks was built. Construction of the
new lock system was optimized by combining the Snell and
Eisenhower Locks into one lock, and the Upper and Lower
Beauharnois Locks into one lock. The non-structural improve-
ments were built into the five new locks.

7.5.2 Results of Capacity Analysis

7.5.2.1 Soo Locks - Construction of a new 1460 by 145
foot lock to replace the Sabin and Davis Locks allowed the
Soo Lock System to pass the 2050 unconstrained cargo forecasts
without a capacity situation occurring. The 2050 unconstrained
cargo forecast is 272,247,000 short tons. This is an increase
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of 75,481 ,000 short tons or 38.4'a over the 196,776,000 short
tons of cargo that passed through the Soo Locks at capacity
with non-structural alternatives implemented to maximum

utility in 2018.
For the period from 2018 to 2050, the commodities that

had the largest increases in demand at the Soo were iron ore
and grain. Ircni ore increased 45.2%0 and grain increased 29.7%.

Average lock utilization in 2050 for the new Sabin-
Davis Lock was 87.0%0 for the peak months of May through November.
This indicates that if the cargo forecasts could be projected
to increase in the same patterns as existed before 2050,
capacity would be expected at the Soo within the decade after
2050.

It is significant that the new Sabin-Davis Lock becomes
the constraining lock at the Soo. This is because a large
number of Class 11 and Class 12 ships were added to the Soo
fleet between 2018 and 2050. A total of 36.3 ships out of
149.8 ships, or 25.2% of the Soo fleet in 2050, were Class 11
and 12 ships, and these ships could only be served by the new
Sabin-Davis Lock.

The Poe Lock had an average lock utilization of 86.7"
in 2050, only slightly less than the new Sabin-Davis Lock.
The Poe Lock handled Class 8, 9, and 10 ships, which totaled
68.2 ships, or 45.5%0 of the Soo fleet.

The MacArthur Lock in 2050 had an average lock utiliza-
tion of only 41.0% . The utilization at this lock decreased as
the size of vessels in the Soo fleet increased beyond the size
that the MacArthur Lock could handle. Soo Lock capacity could
be maximized to a point well beyond 2050, if needed, by also
replacing the MacArthur Lock with a lock capable of handling
Class 10 or larger sized ships.

The composite vessel class for the Soo Lock fleet in
2050 was 8.5, indicating the great number of very large ships.
There were 9,834 transits through the Soo in 2050. These
numbers cannot be compared to the 2018 values because a capac-
ity condition did not exist in 2050 and therefore the number
of transits will increase over the 2050 total before capacity
occurs. The Soo fleet mix is shown on Figure 7.9.
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During June, the most congested month at the new Sabin-
Davis Lock, the lock utilization was 88%, average vessel waiting
time was 7.1 hours upbound and 11.4 hours downbound, and average

, I queue length was 2.0 ships upbound and 3.2 ships downbound.
Lock utilization, average vessel waiting time, and average
queue length are given on Figure 7.10. The conditions of the
Poe and MacArthur Locks are shown on Figures 7.11 and 7.12,
respectively.

7.5.2.2 Welland Canal - With a series of four 1460 by
145 foot locks, the Welland Canal reached capacity in 2046 with
a total cargo flow of 148,229,000 short tons. Capacity of the
Welland Canal increased by 59,631,000 short tons or 63.9% over
the 88,598,000 short tons passed through the locks at capacity
in 1996 with non-structural alternatives combined to maximum
utility.*

The largest increases in commodity flow through the
._elland Canal between 1996 and 2046 were in general cargo, other
bulk, and iron ore. General cargo increased 125%, other bulk
increased 106%, and iron ore increased 73.1%. Grain flows also
increased significantly, rising 45.6' in the time period.

The number of ships in the Welland Canal fleet increased
9.4%, from 147.0 ships in 1996 to 160.8 ships in 2046. Most
important, however, is the increase in composite ship class from
6.2 in 1996 to 7.8 in 2046. The large increase in fleet size
is the main reason for the 59,631,000 short ton capacity in-
crease between 1996 and 2046. The Welland Canal fleet mix
is shown on Figure 7.13.

The total number of transits through the Welland Canal de-
creased 9.1% from 8075 transits in 1996 to 7344 transits in 2046.
The reduction in transits occurred because large ships require
more time to lock than small ships. The ratio of total transits
to loaded transits increased from 63.9% in 1996 to 68.8%; in
2046, causing a significant capacity increase due to a reduction
in ballasted transits. This reduction occurred as the result of
a better balance between upbound and downbound cargo flows.

At capacity in 2046 the constraining lock on the Welland
Canal had an average lock utilization of 93.7% during the peak
months of May through November. During the most cogested month,
July, lock utilization was greater than 98.0%, average vessel
waiting time was 36.1 hours upbound and 19.2 hours downbound, and
average queue length was 24.6 vessels upbound and 13.2 vessels
downbound. Lock utilization, average vessel waiting time, and
average queue length are shown on Figure 7.14.
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7.5.2.3 St. Lawrence River -By replacing the existing
seven St. Lawrence River Locks with five 1460 by 145 foot locks,
the 2050 unconstrained cargo forecast may be passed without
a capacity condition occurring. The 2050 unconstrained cargo
forecast is 148,259,000 short tons. This is an increase of 36.5%
or 39,662,000 short tons over the 108,597,000 short tons of cargo
passed through the St. Lawrence River when it was at capacity in
2024 with non-structural alternatives combined to maximum
utility.

Much of the increased cargo flow through the St. Lawrence
River between 2024 and 2050 came from general cargo, other bulk,
iron ore, and grain. General cargo increased 85.0%, other bulk
increased 42.0%, iron ore increased 28.0%0, and grain increased
23.4%.

The total number of vessels in the St. Lawrence River
fleet in 2050 was 172.6 ships. The total number of transits
through the new St. Lawrence River Locks was 7,454 transits in
2050. Since the system was not at capacity in 2050, these quan-
tities may increase before capacity is reached at some time
beyond 2050.

The composite ship class for the St. Lawrence River
fleet was 7.7 in 2050. There were 35.7 ships of Class 10 or
larger, which are 20.7%,1 of the total fleet. Capacity at the
St. Lawrence River will be reached bEyond 2050 because of this
large increase in ship size. The St. Lawrence River fleet mix
is shown on Figure 7.15.

Lock utilization at the constraining lock on the new
St. Lawrence River Lock System in 2050 was an average of 78.3"
over the peak months of May through November. During the most
congested month, July, lock utilization was 34.0", average
vessel waiting time was 3.1 hours upbound and 2.0 hours down-
bound, and average queue length was 2.3 vessels upbound and 2.2
vessels downbound. Lock utilization, average vessel waiting
time, and average queue length are shown on Figure 7.16.

7.6 Scenario No. 3 - 28 Foot Ship Draft

7.6.1 Scenario Description

At each lock system capacity was increased by increasing
the allowable ship draft to 28 feet after capacity was reached
with non-structural alternatives combined to maxim.um itility.
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Drafts were not increased at the Sabin and Davis Locks. No
other change was made to the size of the locks. The maximum
size ships were Class 10 at the Soo and Class 7 at the Welland
and St. Lawrence River.

Increasing ship draft increases the capacity of a lock
system by increasing the cargo carrying capacity of each ship.
This is provided that each ship has a sufficient molded depth
to allow it to operate at the increased draft. In the Lock
Capacity Model, carrying c, acities of the ships were increased
by the values found in a capacity increase per inch of immersion
table [3]. The capacity increase per inch of immersion for the
ships used in this study is given in Table 5.1. Lake ships less
than 600 feet long on the GL/SLS System operate at their maxi-
mum depth in most cases, therefore in this analysis the capacity
of Class 4 ships was not increased beyond the 25.5 foot draft
capacity.

7.6.2 Results of Capacity Analysis

7.6.2.1 Soo Locks - With ship draft increased to 28
feet, capacity at the Soo was reached in 2026. The cargo ton-
nage at capacity in 2026 was 213,734,000 short tons. The
2026 capacity tonnage increased 16,968,000 short tons or 8.6%
over the capacity tonnage of 196,766,000 short tons with non-
structural alternatives combined to maximum utility in 2018.

The majority of the cargo increase between 2018 and 2026
was in iron ore and grain. Iron ore increased 10.5% and grain
increased 6.7%.

The number of vessels in the Soo Locks fleet decreased
3.0%, from 169.3 ships in 2018 to 164.3 ships in 2026. The
composite ship class in the Soo fleet remained constant at
7.1. This indicates that the additional capacity at the Soo
was due to the increased draft, which also compensated for the
capacity of the five ships that were dropped from the fleet.
The Soo fleet mix is shown in Figure 7.17.

The total number of transits through the Soo Locks
decreased 5.6" frcm 11,807 transits in 2018 to 11,147 transits
in 2026. The ratio of loaded transits to total transits remained
constant at 56.1%.

At capacity in 2026 the Poe Lock had an average lock
utilization of 92.0% over the peak months of May through
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November. During the most congested month, May, the lock
utilization was 92.-, average vessel waiting time was 4.0
hours upbound and 14.9 hours downbound, and average queue
length was 1.2 vessels upbound and 5.3 vessels downbound.
Lock utilization, vessel waiting time, and vessel queue
length for the Poe Lock are shown on Figure 7.18.

The MacArthur Lock was not at capacity in 2026 with an
average utilization of 79.0'%. Because of building trends and
vessel retirements, the number of vessels that could use the
MacArthur Lock decreased. Lock utilization, vessel waiting
time, and vessel queue length for the MacArthur Lock are shown
on Figure 7.19.

7.6.2.2 Welland Canal - With an allowable ship draft of
28 feet and non-structural alternatives implemented to maximum
utility, capacity at the Welland Canal was reached in 2012. The
cargo passed through the locks at capacity in 2012 was 102,558,000
short tons. This was an increase of 13,960,000 short tons or
15.8% over the 88,598,000 short tons of cargo passed at capacity
with only the non-structural alternatives to maximum utility in
1996.

The commodities that increased at the highest rates be-
tween 1996 and 2012 were other bulk, general cargo, and iron ore.
Other bulk increased 22.4'0, general cargo increased 21 .4 %, and
iron ore increased 20.0%. Grain increased significantly be-
tween 1996 and 2012 although at a lower rate of 11.6".

The Welland Canal fleet increased 1.6", from 147.0 ships
in 1996 to 149.4 ships in 2012. The composite ships class did
not change, remaining at 6.2, therefore capacity was not in-
reased by use of larger ships. The Welland Canal fleet mix
is shown on Figure 7.20.

The total number of transits through the Welland Canal
increased slightly from 8,075 transits in 1996 to 3,119 transits
in 2012. The ratio of loaded transits to total transits in-
creased from 63.9% in 1996 to 65.2%1 in 2012, resulting in a
capacity increase due to a reduction in the percentage of
ballasted transits.

The constraining lock at the Welland Canal in 2C12 had
an average lock utilization of 91 .7%' during the peak months of
May through November. During the most congested month, July,
lock utilization was 97.0"', average vessel waiting time was
20.9 hours upbound and 10.2 hours downbound, and average queue
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length was 15.8 vessels upbound and 7.7 vessels downbound. Lock
utilization, average vessel waiting time, and average queue
length are shown on Figure 7.21.

7.6.2.3 St. Lawrence River -With non-structural al-
ternatives implemented to maximum utility and an allowable ship
draft of 28.0 feet, capacity was reached at the St. Lawrence
River Locks in 2034. Increasing draft to 28.0 feet increased
capacity to 122,945,000 short tons, a 14,348,000 short tons
or 13.2% increase over the 108,597,000 short tons passed at
capacity in 2024 with only non-structural alternatives to
maximum utility.

The largest percentage increases in commodity tonnage
were in general cargo and other bulk. General cargo increased
32.7% ', and other bulk increased 14.9". Large tonnage increases
also occurred in grain which increased 3.1% and iron ore which
increased 9.9% .

The St. Lawrence River fleet increased 2.8% from 179.2
ships in 2024 to 184.3 ships in 2034. The composite ship class
dropped from 6.1 to 6.0 as the large increase in general cargo
caused an increase in the number of Class 4 and 6 ships added
to the fleet. The St. Lawrence River fleet mix is given on
Figure 7.22.

The total number of transits through the St. Lawrence
River increased slightly from 9,345 in 2024 to 9,404 in 2034.
The ratio of loaded transits to total transits increased some-
what from 69.9co in 2024 to 71 .1% in 2034, causing an increase
in capacity due to a reduction in the percentage of ballasted
transi ts.

At capacity in 2034, lock utilization was an average
of 93.3' over the peak months from May through November.
During the most congested month, July, lock utilization was
greater than 98%, average vessel waiting time was 27.2 hours
upbound and 27.5 hours downbound, and average queue length
was 24.2 ships both upbound and downbound. Lock utilization,
average vessel waiting time, and average queue length are given
on Figure 7.23.

7.7 Scenario No. 4 - 32.0 Foot Draft

7.7.1 Scenario Description

At each lock system, as capacity was reached with non-

structural alternatives combined to maximum utility, the capacity
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of the lock system was increased by increasing al lowable ship
draft to 32.0 feet. Drafts were not increased at the Sabin or
Davis Locks because they mainly handle ballasted ships. No
other change was made in the size of the locks. Maximum ves-
sel class was still Class 10 at the Soo Locks and Class 7 at
the Welland and St. Lawrence River Locks.

Increasing ship draft increases lock capacity by in-
creasing the carrying capacity of each ship. Some ships, how-
ever, do not have sufficient molded depth to operate at deeper
drafts. These are mainly the small lake ships. In the Lock
Capacity Model, Class 4 ships were assumed to be operating at
their maximum draft with system draft equal to 25.5 feet.
The capacity of Class 4 ships was not increased for deeper
drafts. The capacity of the other class ships were increased
by the values tabulated for capacity increase per inch of
immersion. The capacity increase per inch of immersion figures
are given as part of Table 5.1.

7.7.2 Results of Lock Capacity Analysis

7.7.2.1 Soo Locks - With non-structural alternatives
combined to maximum utility and a 32.0 foot operating draft,
capacity was reached at the Soo Locks in 2038. The amount of
cargo passed through the Soo at capacity in 2038 was
241 ,652,000 short tons. This was an increase of 44,886,000
short tons or 22.8% over the 196,766,000 tons of cargo passed
through the 5oo in 2018 when capacity was reached with non-
structural alternatives implemented to maximum utility.

The increases in commodities between 2018 and 2038 were
mainly in iron ore and grain. Iron ore increased 27.3% and
grain increased 17.3',.

The total number of ships in the Soo fleet decreased
4.4'0, from 169.3 ships in 2018 to 161.9 ships in 2038. The
composite ship class remained the same at 7.1. However, the
number of Class 4 and Class 10 ships increased while the num-
ber of ships in the intermediate classes decreased. Class 4
increased due to increases it' other bulk. Class 10 increased
due to increases in iron ore. The Soo fleet mix is shown
in Figure 7.24.

The total number of transits through the Soo Locks
decreased 10.4' from 11,807 transits in 2018 to 10,581 transits
in 2038, as the increased ship capacities covered the increased
tonnages. The ratio of loaded transits to total transits
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increased slightly from 56.1' in 2018 to 56.7% in 2038,
causing a slight capacity increase.

At capacity in 2038, the average lock utilization for
the Poe Lock for the peak months of May through November was
90.0%. During the most congested month, May, lock utilization
was 90.0%, average vessel waiting time was 3.7 hours upbound
and 11.3 hours downbound, and average queue length was 1.1
ships upbound and 4.0 ships downbound. Lock utilization,
average vessel waiting time, and average queue length are
shown in Figure 7.25.

Lock utilization at the MacArthur Lock in 2038 was 71%
for May through November. Utilization of the MacArthur Lock
decreased as the number of ships able to utilize that lock
decreased. Lock utilization, average vessel waiting time, and
average queue length are given in Figure 7.26.

7.7.2.2 Welland Canal - With non-structural alternatives
combined to maximum utility and a draft of 32.0 feet, capacity
was reached at the Welland Canal in 2030. The tonnage passed
through the Welland Canal at capacity in 2030 was 122,586,000
short tons. This is an increase of 33,988,000 short tons or
38.4% over the 88,958,000 short tons passed through the
canal in 1996 when capacity was reached with the non-structurals
implemented to maximum utility.

The largest percentage increases in commodities were in
general cargo, other bulk, and iron ore. General cargo in-
creased 48.1%, other bulk increased 55.3%, and iron ore in-
creased 46.4%. Grain also increased significantly although at
a lower rate by 28.4%.

The number of ships in the Welland Canal fleet increased
by 9.9%, from 147.0 ships in 1996 to 161.6 ships in 2030. The
composite ship size decreased from 6.2 to 6.1 as small lakers
and ocean-going ships were added to carry the increased other
bulk and general cargo. This decreased fleet ship size re-
sulted in a small decrease in capacity. The Welland Canal
fleet mix is shown in Figure 7.27.

The number of transits through the Welland Canal in-
creased 1.5., from 8,075 ships in 1996 to 8,197 ships in 2030.
At the same time the ratio of loaded transits to total transits
increased from'63.9% to 66.5' due to an increase in upbound
traffic relative to downbound traffic. This increased transit
ratio resulted in increased capacity.
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At capacity in 2030, lock utilization at the constrain-
ing lock on the Welland Canal was 92.7% for May through November.
During the peak month of July, lock utilization was greater
than 98.0%, average vessel waiting time was 27.6 hours upbound
and 11.2 hours downbound, and the average queue length was 21.2
ships upbound and 8.6 ships downbound. Lock utilization,
average vessel waiting time, and average queue length are given
in Figure 7.28.

7.7.2.3 St. Lawrence River - Capacity was reached in
2046 in the St. Lawrence River Locks with operating draft equal
to 32 feet and non-structural alternatives implemented to max-
imum utility. The amount of cargo processed through the St.
Lawrence River Locks at capacity in 2046 was 141,885,000 short
tons. This is an increase of 33,288,000 short tons or 30.7%
over the 108,597,000 short tons of cargo processed through
the St. Lawrence River Locks in 2024 when capacity was reached
with non-structural alternatives implemented to maximum
utility.

General cargo increased the most between 2024 and 2046,
increasing 71.7% from 15,144,000 short tons in 2024 to 26,005,000
short tons in 2046. Also increasing significantly were other
bulk increasing by 35.4%, iron ore increasing by 23.4V, and
grain increasing by 19.5%.

The St. Lawrence River fleet increased 8.0%, from 179.2
ships in 2024 to 193.6 ships in 2046. The composite ship de-
creased from 6.1 to 6.0, because of the large increases in
other bulk and general cargo which are transported in ocean-
going ships and small lakers. The reduced fleet ship size
resulted in a decreased capacity. The St. Lawrence River
fleet mix is shown in Figure 7.29.

The total number of transits through the St. Lawrence
River decreased 1.3%, from 9,345 transits in 2024 to 9,225
transits in 2046. The ratio of loaded transits to total
transits increased from 69.9% to 72.1'. because of a more even
balance between upbound and downbound commodities. An iP-
crease in capacity resulted because of a reduction in the
percentage of ballasted transits.

The constraining lock on the St. Lawrence River had an
average lock utilization of 90.0% in 2046 during the montis of
May through November. During July, the most congested month,
lock utilization was 97.0%, average vessel waiting time was
15.9 hours upbound and 13.5 hours downbound, and average queue
length was 14.1 ships upbound and 12.0 ships downbound. Lock
utilization, average vessel waiting time, and average queue
length are given in Figure 7.30.
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7.8 Scenario No. 5 - Constrained Cargo Flows

7.3.1 Scenario Descriotion

In this scenario the only improvements to the Welland
Canal and St. Lawrence River portions of the GL/SLS System are

non-structural. With non-structural improvements combined to
maximum utility, the Welland Canal reached capacity in 1996.
No alternatives were implemented at the Welland Canal past 1996
to relieve this capacity condition. Instead, the Welland Canal
was allowed to constrain the cargo flow through the GL/SLS
System. Non-structur3l alternatives were implemented at the
Soo and St. Lawrence River Locks when they reached capacity. A
1350 by 115 foot lock was placed in operation at the Soo when
capacity was reached there with non-structural alternatives
combined to maximum utility.

The new lock at the Soo was built as in Scenario No. 1.
The Davis Lock was replaced by a 1350 by 115 foot lock capable
of handling Class 11 ships. The Sabin, MacArthur, and Poe Locks
remained unchanged structurally. Non-structural alternatives
were also implemented on the new Davis Locks.

7.8.2 Cargo Forecasts

A capacity tonnage of 87,400,000 short tons was reached
in 1996 at the Welland Canal with non-sttuctural alternatives
implemented to maximum utility. This tonnage was assumed to
be the maximum tonnage that may be passed through the Welland
Canal, and therefore the Welland Canal cargo projections were
held constant at 87,400,000 short tons from 1996 to 2050. The
cargo flows for the Soo and St. Lawrence River were recalcu-
lated by the Corps [10] based on a maximum tonnage through
the Welland Canal of 37,400,000 short tons. The constrained
cargo forecasts are shown on Figure 7.31.

7.8.3 Results of Capacity Analysis

7.8.3.1 Soo Locks - Using the cargo forecasts constrained
by the capacity condition at the Welland Canal in 1996, the
existing Soo Locks reached capacity in 2008 at a tonnage of
173,483,000 short tons. By implementing non-structural alter-
natives to maximum utility, capacity at the Soo Locks was post-
poned to 2020 with a cargo volume of 191,944,000 short tons.
By constructing a new Davis Lock capable of handling Class 11
ships, the Soo Locks passed the 2050 constrained cargo flows.
The tonnage passed through the Soo in 2050 is 248,051,000
short tons.
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The 2050 cargo tonnage is 24,194,000 short tons or 3.9".
less than the unconstrained 2050 cargo projection of 272,245,000
short tons. The cargos that decreased significantly due to the
constraint at the Welland Canal were grain and other bulk.
Grain decreased 38.2% from an unconstrained total of 52,413,000
short tons to a constrained total of 32,368,000 short tons.
Other bulk decreased 13.2' from 13,820,000 short tons in the
unconstrained forecast to 11,999,000 short tons in the con-
strained flow.

Using the constrained cargo flows, the Soo Locks were
not at capacity in 2050. Average lock utilization was 65.9cS at
the Poe and MacArthur Locks and 65.3% at the new Davis Lock for
the months of May through November.

There were 176.4 ships in the Soo fleet in 2050 using
the constrained cargo forecasts. The composita ship size for
the fleet was 7.4. This compares to capacity in 2050 with the
unconstrained flows and a 1350 by 115 foot Davis Lock where
there were 170.6 ships but with a composite ship class of 3.1.
The number of Class 10 and 11 ships did not increase as much
in this Scenario as they did in Scenario I because grain, which
tends to be carried in the largest ships, had to be carried in
Class 7 ships in order to pass through the AWpland Canal and
St. Lawrence River. The Soo fleet mix is shown on Figure 7.32.

The number of transits through the Soo Locks in 2050
with the constrained flows was 12,232 as comoared with 11,379
transits with the unconstrained flows. This increase is
another indication of the smaller fleet size. The ratio of
loaded transits to total transits decreased from 58.9- for the
unconstrained case to 57.7% for the constrained case, indicating
that a greater percentage of upboind cargos were blocked by
the Welland Canal constriction than downbound cargos.

Since the Soo Locks were not at capacity in 2050,
waiting times and queue lengths were relatively short. At the
MacArtnur Lock during the month of June, lock utilization was
66.0%, average vessel waiting times were 0.5 hours upbound and
1.5 hours downbound, and average queue lengths were 0.1 ships
upbound and 0.6 ships downtound. At the Poe Lock, utilization
was 56.13 in June, average vessel waiting time was 0.3 hours
upbound and 1.3 hours downbound, and average queue length was
0.2 ships upbound and 0.6 ships downbound. At the new Davis
Lock in "lay, lock utilization was 67.0%, average vessel waiting
time was 8 3 hours upbound and 2.6 hours downbound, and average
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queue length was 0.4 ships upbound and 0.8 ships downbound.
Lock utilization, average vessel waiting times, and average
queue lengths for the MacArthur, Poe, and the new Davis -orks
are shown on Figures 7.33, 7.34, and 7.35, respectively.

7.8.3.2 Welland Canal - Capacity was reached at the ex-
isting Welland Canal in 1981 with a cargo flow of 75,185,000
short tons. Non-structural alternatives to maximum utility
were implemented extending the capacity of the Welland Canal
to .-cargo flow of 87,400,000 short tons. This tonnage, the
maximum amount of cargo that would be processed through the
Welland Canal without structural modifications, was reached
in 1996 and was held constant through to 2050. In the year
1996 the Welland Canal was slightly below capacity with an
average lock utilization for the peak months of May through
November of 88.6'a. This near capacity condition existed
through 2050, dropping slightly to 85.4% by 2050.

The capacity constraint of 87,400,000 short tons
through the Welland Canal blocked 67,934,000 short tons or
43.710 of the unconstrained 2050 Welland Canal cargo pro-
jections. This cargo restriction appeared across the board
with the 2050 constrained forecast for each of the six
commodity groups approximately 43.7", less than the 2050
unconstrained forecasts.

In 2050 with the constrained cargo projections the
Welland Canal fleet consisted of 147.1 ships with a composite
ship class of 6.1. The number of ships in the fleet increased
slightly from 144.8 ships in 1996, but the composite ship class
dropped slightly from 6.2 in 1996. The Welland Canal fleet
mix is shown on Figure 7.36.

The reason for the capacity condition abating slightly
between 1996 and 2050, despite the slight decrease in composite
ship class, is that the loaded transits to total transits
ratio increased significantly between 1996 and 2050. In 2050
67.5% of the 7,789 transits were loaded, while in 1996 only
64.211 of the 7,937 transits were loaded.

At 2050 a near capacity condition existed with average
lock utilization during the peak months equal to 85.4'0. During
the monst congested month in 2050, July, lock utilization at
the constraining lock was 90.0", average vessel waiting time
was 5.9 hours upbound and 4.3 hours downbound, and average
queue length was 4.3 ships upbound and 3.2 ships downbound.
Lock utilization, average vessel waiting time, and average
queue length are given on Figure 7.37.
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7.3.3.3 St. Lawrence River - Jsing the cargo oro-
jections constrained by a capacity condition at the Welland
anal, capacitY through the existing St. Lawrence River Locks

was reached in 2050. By implementing the non-structural al-
ternatives to maximum utility, capacity through the St.
Lawrence River Locks was extended beyond 2050.

At 2050 the amount of cargo that passed through tne
St. Lawrence River Locks was 95,429,000 short tons. This
constrained cargo flow is 52,330,0CC short tons or 35.5 less
than the unconstrained cargo flow of 113,259,000 short tons pro-
jected for the St. Lawrence River for 2050. The cargos that
here affected the most by the Weliand Canal constriction qerc
grain, general cargo, iron ore, and other bulk. Grain de-
creased 41.2 from an unconstrained projection of 57,415,000
short tons to a constrained total of 33,734,000 short tons.
3eneral cargo was reduced 37.7-- from 23,019,000 short tons in
the unconstrained case to 17,469,00 short tons in the con-
strained case. Iron ore decreased 37.0'- from an unconstrained
flow of 33,315,000 short tons to a constrained flow of 20,739,000
short tons. Other bulk decreased 22.7:: from an unconstrained
27,333,000 short tons to a constrained 21,116,300 short tons.

The St. Lawrence River Locks were not at capacity in
2050, Nith an average lock utilization of 74.3.. The St.
Lawrence River fleet contained 159.4 ships in 2050 with a
composite shio class of 6.0. The St. Lawrence fleet mix is
shown on Figure 7.38. There were 3,303 transits through the
St. Lawrence River in 2050, 72.5" of wnich were loaded.

The constraining lock on the St. Lawrence River System
had a peak montn lock utilization of 30.0":, average vessel
waiting time of 2.1 hours upbound and 2.J hours downbound,
and average queue length of 1.6 ships both upbound and jown-
bound. Lock utilization, average vessel waiting tie, and
average queue length are given in Figure 7.39

7.9 Summary of the imoact of Structural
Alternatives on Lock Capacitv

Subsections 7.4 through 7.3 of this repct discussed
in detail the impoact of each of the structural scenarios on -he
capacity of the GLi'SLS System. Fleet mi and queuing inorma-ion

-2a eacn ,ock system under each scenario qere :reserte rp"ic ,
"his 1ectin 3;-mrarizes tne results ar these analyses arci
Jssec t-e saoacity exoansion ,e~eratec by e3ch of 'e a3 ter'a:.es
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s 4 -n tne 7on-s.rur~a'a, cer a-i ies, tne a7- Orn
accZil na, :argo tonnage .4nicn is orcces e- -eroc ".e -sccs
as a '-esu'" -f imolementing a strctural :narge is .roaci2

-p" tes- overall indicator ofthe e:ecciieness f c-a- -
.i..ce nree of the scenarios involve constructinc new ocKS

,4nic- :an handle larer ships, the number of transits through
a 1Oc< system is not a good indicator of capacity expansion
;le to tnese changes. This is oecause larger snips require
more oc<age time, decreasing -he numoer of transits :ossible

a day. However, since larger ships transport more tonnage
oer -injte oF lockage than do smaller ships, capacity is in-
creased desoite a decrease in tne number of transits. The
oarameters .,nicn test indicate the increase in capacity due to
I 3re- sni: construction scurred by 'arger loc.<s or o- i".-

teased snip capacit/ due to deeper allowable drafts are the
o:o ss sni? D l. ss and the tonna 7e trans.-orted :)er 1 oc<a -e

i , -ig time is a gocod indicator D' lc< :apac ity.
0anaci i exoansion measures reduce qaitino til-e. Hoaever,
as the .e ard for service increased and lock system capacity
is azain az croached, waiting times increase to tne same Ieve s
tna- e'xist d .. core te measure was implementec. n cke ''-te'-
tne locK system did serve its users effectivel viit, it

I cacaciy -cnciticns.

Tonnage composite snip :lass, and to-nace tr3's.ccrtec
per icoag, along i i te iet o t"e t e ana c
i dition is delayed, will be used as indicators t 1de "ne
-e'at efa--ec- i¢e ress oI the 'ru ctu ra sze , :s. - ese
:arameters are given on Tatle 7.11 for cne Soco c-:, -a:e
7 .12 for tne weland :anal >3cks, nd n ' e _ ,3
Lawrence ,iver- Loc<s.

:'- can be seen from tie :_'mrar' ta"e5 -atc eas' :
lock size at 25.5 foot drat -esilts in a larger inc-ezse in
cao)acitv/ than increasinc trat but -etai'i''- te C x'5t'
lock size. Soth the 1350 by 115 foot tccks and te -o. oy

' Co ioc<s of 25.5 ot raOt 'n'rease--c ,
(tonnage) more than either a 2S foot or a 32 foot zraft ,'.
the existing lock size.

Increasing lock size oromotes the cont-r-uction : 'a-er
snips which causes an increase in the composite sn : size.
Since larger ships have more carrying caoacty., an increase in
the number of large ships increases the tonnage processed per
lockage. Increasing allo\.able snip draft .itnout ircreas'nc1
lock size does not increase the number o large s'ihs ie te
fleet. t increases the carrying capacity of the snips in tne
fleet, also increasing tne tonnage per lockage.
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T'BLI 7.17 .ET,,I -L F=E .. .. 7 E';E3
Soo LOCKS

Tonnage or-osite .:nna';e
tr'.czjr.l Ca~aci ty at n i zer
Acenario Year Capacity? ass LZc,:4qe

J ST)

'on-SructuraI to
%lax i , u., Jti'ity 201S 196,766 7. 16,665

1350 bv 115 ft Lock 2050 272,245 3.1 23,925

,460 '; 145 t Lock Past 272,2471 3.5 27,6
20150

r a 2026 213,,4'3 7.1 19,174

52 ft .Dra ft 2038 241 ,652 7.1 22,3

135 by 115 ft Lock Past 74

-onstrained Cargo 2050 248,051 .1.4- 2 9D

: Sa;aci-7 .4as not reached oy 2050. The values given are -nose cr 2050.
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T.BLE :.2 STRJCT' RAL SC:'A t:: E:SS

, eilano Canal LocKs

Tonnage Composite Tonna;e
Structural Capacity at Ship per
Scenario Year Capacity Class Lockage

(1 (l 3  ST) (ST)

NIon-Structural to
Noi' Uti lity 1996 38,593 6.2 10,972-,lax imur- tiity

1350 by 115 it Lock 2034 128,693 7,2 17,438

l460 av 14 ft LOCK 2026 143,229 7.. 20,184

-3 ft raft 2012 102,55 6.2 12,C32

32 ft Draft 2030 122,586 6.1 ,955

Constrained Cargo 1996 87,400 6.2 11,.12
1350 by 115 ft Lock

at Soo 2050 37,400 6.1

I
t

S I
I
1
I
I

I
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4 SLS 7 13 S7 R C URA L SCE .'AR . ... .. . . .z ....

St. L'awrence ,,er Lc ,s

Tonnage Composi te Tonnage
Structural Capacity at Ship per
Scenario Year Capacity Class Lockage

(10' ST) (ST)

Non-structrual to

M!aximum Utility 2024 108,597 6.1 11,621

1350 by 115 ft Locks 2048 I14,539 7.1 16,399

1460 by 145 ft Past 143,259: 7.7 19,390
Locks 2050

23 ft Draft 2034 122,945 6.2

32 ft Draft 2046 141,385 6.3 15,379

Constrained Cargo Past
1350 by 115 ft Lock 2050 95,029: 5.: 11,492
ac Soo

'Capacity was not reached by 2050. The values given are those for 2050.
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I
The results of Scenario 5 indicate that a second large

lock at the Soo would be effec-iie, even if no struccural
changes were made to the Welland Canal and St. Lawrence River
Lock Systems and the Welland Caral went to capacity. Under ::n-
clitions where the Welland Canal reached oapacity in 1996 and no
improvements were made, the Soo would reach capacity in 2020.
Construction of a new 1350 by 115 foot lock at the Soo will
extend capacity well beyond 2050.
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3. COST OF CAACITY EXPAISIO I ALTERNATIVES

The purpose of this study was to test the sensitivity
of the Great Lakes/St. Lawrence Seaway System to the non-struc-
tural alternatives for increasing system capacity. The 4easi-
bility of implementing the alternatives was only examined in
terms of their effects on increasing system wide capacity to
the year 2050.

The alternatives tested in this analysis are in the con-
ceptual design stage onl'. Since it was beyond the scope of
this study to prepare designs of these alternatives in an' de-
tail, and since accurate cost estimates may only be mace from
reasonably detailed designs, the cost estimates contained
herein must be considered to be rough crder of magnitude
estimates.

I This section of this report contains the estimates of
capital and annual operation and maintenance costs f¢c 're "on-
structural expansion measures and the structural scenarios.
These cost estimates were based on, and were updated from, tne
reference literature where possible, however, in some cases
such costs were not available, or the published costs 6ere
not directly applicable and had to be adjusted. in these
cases where cost information could not be used directly,
engineering judgement was used to develop reasonable ccst
estimates. Sources of information have been indicated
where applicable.

Table 8.1 gives a summary of the estimated capita,
costs and the estimated increase in annual operation and
maintenance costs of each of the non-structural and structjral
alternatives.

8.1 Traveling Kevels

I The cost of retrofitting traveling kevels on an ex-
isting lock was estimated to oe a:proxima'ey S. C7C cer I'cc
of rail in mid-1379 dollars 7a]. Updated to ,anuary i
dollars, this cost is S820 per foot. The inflation factor
of 1.17 was octained usinc i e -
'aonstruc'ion Cost index" 5 " of a pproximately
1 79 and 3-0C for ,anuary ',81 .
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The amount of -ail required for a -rae'
approximately equal to 'he length of -he dide -., e ,

:t 6as assumed that rails would be require, on :ct sides 
'he lock. Traveling kevels were assimed c t e o" 3ced n 31
of the locks on the GL/SLS System includi": tne Satin ind
Davis Locks. The costs of instaili,g _ r ,' ,e,. i
January 1981 dollars is estimated to be 3I>,]C0,:CC at the Soo,
317,000,000 at the Welland Canal, and 3l5,2CXC at one St.
Lawrence River.

Annual operation and maintenance costs were estimated
at approximately S42 per foot of rail i mid- , 7 .ol rs '14].
Updated to January 1981 dollars by the 1.17 inflaoion factor,
the operating cost is estimated to be .50 oer fcot of rail.
The yearly operation and maintenance costs in anuarv 181
dollars are then estimated to be 720,000 a- the Soo, 3l ,04CC'C
at the Welland Canal, and S910,0CC at the St. Lawrence River.

3.2 ncrease Ship Speed :nto LocK

The capital cost associated with allowing increased
sni steeds into the locks consists of the costs of install-
ing the safety bumpers and fenders in the locks. The cost
of these safety jevices is estimated to ce approximately
S-O,000 to S500,000 per lock [16] in January 1981 dollars.
he costs of the bumpers and fenders are then estimated to

be 52,500,000 for the Soo Locks, S3,500,]00 for tne WAel.and
•anal, and S3,000,000 for the St. Lawrence River Locks.

NJo operation and maintenance cost information is
available for the safety bumpers and fenders. Annual oper-
ation and maintenance costs are assumed to be 10:_ of the
capital expenditure. The annual operation and maintenance
costs are therefore estimated to be 3200,000 at the Soo,
R 350,000 at the Welland Canal, and s3o,000 at the St.

Lawrence River.

8.3 Reduce Chambering Time

The reduce chambering time alte'-ative is mace up o;
two components: reduce dumo/fill times and downstream longi-
tudinal hydraulic assistance. Reducing the lock dump/fill
times requires replacement of the lock nydraulic sYslem.
Hydraulic system costs were estimated in A.ppndix F of the

I
I
I
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1377 draft "Maximum Ship Size Study" -17 , based on ,'epor'
Dreoared Dv -e S. . Lawrence Seaway Autnori :,-- .7 e
costs ,vere estimated to be apcroximately S6_CX,' CC 7or Iow
li ' locks and S9,200,CCO for hign lift locks .,' loc s
estimated were current St. Lawrence Seaway sized locks.

Updated to January 1981 dol lars by use of the "Con-
struction Cost Index" of 2656 in September 1977 and 3400
in January 1981, the hydraulic system costs ,ere estimated
to be S3,000,000 for low lift locks and $12,000,000 for high
lift locks. Since the Poe Lock is considerably larger than
the locks on the St. Lawrence Seaway, the cost for replacing
its hydraulic system was assumed to be that of a high lift
lock whereas the other Soo Locks were assumed to be low lift
locks. The estimated costs for reducing dump'fi'l time 3re
S36,300,000 at the Soo, $90,000,000 at the Welland Canal,
and $74,000,000 at the St. Lawrence River.

The cost of implementing downstream longitudinal
hydraulic assistance was estimated to be approximat-e>
51,000,000 per lock for St. Lawrence Seaway sized locks.
Costs at the Soo Locks are assumed to be higher because lonqer
ships may be handled through these locks. The cost at each
of the Soo Locks is estimated to be S1,200 ,00. The imDle-
mentation costs of downstream longitudinal hydraulic assist-
ance are therefore estimated to be S5,000,N00 at the SCoo
$,300,200 a't the Weiland Canal, and _S, CO3C. at tnIe 3t.
Lawrence River. The total costs of reducing lock ca'ceinc
time are then estimated to be S1 300,COO at the Soo
$9S.CCO,CO0 at the Welland Canal, and 5 31,CC'J at _ "e &t.
Lawrence River.

The operation and maintenance costs for tne :modifie c
'ock h'vdrauli, s/stems i'l no: ce any re ter '.an te ._rj-t
operation and maintenarce costs or te e\isting systems.
No additional ozera'ion and 7,3af'enarce costs would resilt
from rezuilding the locK L', drauiic sys-ems. No c ts .iere
availanle ;or the ooeration and maintenance of downstream
longitudinal hydraulic assistance s.ste-'s. Yeariy oPera-
tion and maintenance :os's a!- e2s -'e- 'o be ' ~
implementation costs. The estimated costs are en S ,:5CC
at the Soo, , 200,CCO at tne ,.e' ianc anal, and 7,. 3t
the St. Lawrence River.

,A



S*.4 Lo)ck 7r' :,on rol 's -em

This alternative, orimarily consisting ot c cSec -ir--
cuit television and -orncuter controls o~as esti-'otec to cost
approximately 51 ,JG0,300 at the Sao LockNs, SI,,, at t-.e
Welland Canal Locks, and 52,200,000 at tne St. Law,,rence
River Locks. Analysis of similar systems siowed 3nnua.7 opera-
tion and maintenance costs to be approximately Cote
investment cost [16]. Annual operation and maintenance
costs are then estimated to be S1010,000 at :te Sco. 202
at the Welland, and 5200,00',0 at the St. Lawrence 'iver.

3.5 Non-Structuiral Alternatives to %Ia J-,um ji1t

This combination ol non-structural alternatives con-
sists of traveling kevels, decreased dumo,'Fill limes, and, a
traffic control svstem. The capital costs for 41mplementing
these three alternatives are estimated to Dc 5'2S,30C,,,C
at the Soo, $103,000,00 at the W.elland Canal, and 591,2,200 C
at the St. Lawrence River. The annual operation and 7aintenance
costs for the combination ofl the three altern atives are esti-
mlated to be S20,000 at the Soo, $1 ,lO0,00C at the We'land

Canal, and S1,110,000 at the St. Lawrence River.

3.6 Scenanio 1 - 1350 by 115 Foot Locks

The cos ts for bu ilIdi no 13J50 by 115 loot 1 cN's caoabl e
of handling 1100 by 1035 foot snips (Class 11I were ,ctaired
directly from the draf t update of the costls froi- t',e 'Va.ximum
Ship Size Study" [19]. The costs considlered qere lock costs,

channel costs, haroor costs, and bridge ano tunneli re:' acement

The costs for t.Ie Sic Locks incljde, in 3ddit -On to t,-e
new lock, all the corres,2ondi ng improvement costs for thie St.

"'arys Ai ver , S- . ', i v4er-Lak e St . 3r-eoiR etjstr3 it 'o f Y'acki nac , 3 '~. m -a -'cr jDoc e r Lales ha'-ccrs a s
isted in -atle -2.2. .rc costs for :ne Wellan.d Canal inclide
.ne cost o: 'our new ioc.- s and tne associated 'e'lanc 3nai
- -2een t s Te cists :)r the St. Larec uei- 'I clu
?c os s o~ 1iv e n ew lc cs 3and th e a sso ci atedJ St. Lr en ce-
ei er io rov e-7e n ts

p. - - h......................



L OR ... E RA RE C S 7-

La~e Suceror: Duluth-Superior, 'MN-,l
Presque isle, MI
Two Harbors, ,J

.e .lizhi~an: Burns -artor, IN
Calumet, :L
Gary, IN
indiana Harbor, IN
Mil',aukee, ' I

Lake Huron: Detroit Harbor, MI

Lake Erie: Ashtabula, OH
Buffalo, NY
Cleveland, OH
Conneaut, OH

Lorain, OH
Sandusky, OH
Toledo, OH

- ~ -
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'0h . 1 wing cost items Cr.Dorise tq2 es-_a:e ;r t2
S.c -oc<s -o a 1zw Passage o 112, Dv - Ot -)Y ;.

I . 1350 Dv 115 foot Lock

2. Major -arbor Dredging 2,,3c0C,2

TOTAL S 30,CC,2'0

The following items comprise the cost estimate to recor-
Struc t te Welland Canal for the 1100 by 135 foot vessels

I. Four 1350 by 115 foot Locks 35,222,22

S2. Channel Construction 3 ,C-2 ',0-

I TOTAL 52,351 ,2CC ,2C

The following items comprise tne cost estimate to recon-
struct the St. Lawrence River System for 711C b, 125 fcotIvessel s.

I. Five 1350 by 115 foot Vessels S 621 ,CCC,000

2. Channel Dredging 2,34,J00 ,.200

3. Bridges and Tunnels 1039,00,CC

TOTAL 53,621,CC0,]C,

The Yaximum Ship Size Study L17] determined that :e
only additional maintenance costs due tD moditying the GL/SLS
System to nandle 1100 by 105 foot ships would be that of
maintenance drejging the 17 major ha-tors that ,.ere inor.ved
to handle those ships. The annual increased operation and
maintenance cost for the Soo Locks is estimated -D DeNo increased operation and maintenance costs are exoected -Dr

te .e land .:anal or toe St. Lawrence River because of these
m ip ro vemen ts.

1 3.7 Scenario 2 - 1160 by 1-15 Poot Locs

nTe costs for tuilding 1-60 by 1-45 7cot cks 4n ich areI caaable of handling 1200 by 130 foot 'Class 12 vesses were
obtained directly from the draft report of the updated costs

I -

I,,
" .. .. . .' -" • . .A



-or 1e aximum Snip Size Study '71 - e ccsts consid ered
were lock costs, channel uosts, harbor costs, and brid;e
and tunnel replacement costs.

The cost estimate for the Soo Locks includes the c
of the new lock, channel dredging for the St. %Marvs River,
the Straits of Mackinac, St. Clair River-Lake, St. Clair-
Detroit River, and seventeen major 'Jpper Lake harbors. e
cost estimate for the Welland Canal includes the cost of four
new locks and channel construction. The cost estimate for
-he St. Lawrence River includes the cost of five new locks
and St. Lawrence River modifications.

The cost estimate for the Soo Locks is comprised of
the following:

1460 by 145 foot Lock S 1,0,0CC

Channel Dredging 2,739,000,000

Haroor Dredging 527,000G,3CC

TOTAL 53,356,00C,3,30

The cost estimate for the ,4e7land Canal ircludes
the following:

Four 1160 by 145 foot Locks S 736,000,000

Channel Dredging 1 600,000,..0

TOTAL 32,I56,000,000

The cost estimate for the St. Lawrence River
includes tne following:

Five i-60 by 145 foot Locks 3 76,000,CC00

Channel Dredging 3,7_90,000,300

3ridges and Tunnels 135 ,00,3O0

Ti AL 5 3l , 31,.,.0.

It was determined in te "Yaximum Shin :Size Stud . .7
I 3d i' n 1 -iin e na nce - o t J er v edi fromir :y }in

that tne onli additional main o
tne L,SLS system to iandle 2C 10 0 -cot so-I s ,,oud . .. a..

0-

A
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I ,nicn .aere fmcroved. -he annua ircrease ni71:rto
maintenance costs for tne Soo icku is F,47 . cto
creased ooera:>on an. on4ecsssaeo:e
the Wel and Zanal or tne St. LAwrerce "ier

3.3 Scenario 3 - 23 Foo: Craig

The "Maximum Ship Size Study' 17' did rot anal y:e
the costs of deepening the SL,'SLS S.,s-=- witnout increasin.:
the maximum ship size at the same 07Je. The ::s esiae io
the updated "Maximum Ship Size Stncy" I' -,us: tnere'---r :e
adjusted to develop the Cost estim-ate 7:r :'iS SCenriro.
most oases the 3,C 2y 1C Moot es:viwtaa *Nas sa" scalec
down ty line si::nificant soit cimersio4"

7he cost for deepening toe exlstnn cczo :o 2E et
4as estimated to be approximatel -- ,e cstdi
beoween coos tructing a new lock with 22 co trai~t art:r
structing one with 25.5 foot draft. For -.e Poe Loc ,-e ,:
by 105 foot snip estimate was used. 7he Satin and >is licks
oere not deepened. Or tne remainn locks tkC 31 : ':
foot estimate was used, scaled down by 3,:.-e costso
lock deepening are estimated to be S29 0 at Ve So
S110,000,000 at the Welland CAna, and 57hiCV201 a: i
St. Lawrence River.

nhe channel dreding esti ates in - ',a;Kimun "-
Study are only functions of s"to draf and :Ea-. ~ro
estimates for the St. Lawrence River and '.eland Ca3na
may te procortioned from 1105 fee- to 3C fee, ardct~e '
foot estimate m7ay be applied direct ,/ ionJer LK
channels. Thne channel dredging costs are 3-,7 1

teSoo, S1 ,135,300,CCO at the ;,4el land -n

at tre St. Lawrence River. A cost of N35: '&u' 0'
pensatn;g .jorks must also be add'ed to te ~oet-ae

Tunn el costs are ony cra-
Tay be taken directly. Tunnel -iodi 4atios ire ,'0' e
quire- c ine St. Lawrence liver at ac::!IIK

-Iart(r c:redging is aan a -"-i '-
and dra ft. Tnerefore, o.ne Soo costs ~
ma Jor tUooer Lake harbors *was ooooa-ez o -l ti
ny 10C5 foot estimate to 12CC j 5 e bE -r or
dredin; cost for the Soo is :eimte



e-t Are -7en -s- A~---

.ne nreaSe 41 anr4ua7 Doer3tion andmtaac

-reased mraintenance dredJ94'o oostzof th e ha r ors. ci os:,
ooane r' ne i;Oda- eJ ~xmr ShiD Siz7e Sout.- arC oa~

ow' n ~ to 1 ]C :yI:5fot ,-: is est_47atedj',,
3;:ol icab!le to the Soo Locks.

2.9 Scenario 4 3? Fo ot ,3 -11t

As w.-as "Ie cs ihScenario) 3 v'ere ra7
oc sc t s?~ : w0: we re nr, ie c -' 3 4 :Ie 2

~he"axmum hi SZe -2 O o r -4e e e n c teso-
o 3? ee' wi :n 31t a 13 so ire a S1!7g t ne mi~u c

.ne~~~~~ -o:etmtsi ne co-st jpda-_eone-
Size Study ..ere onere~cre ad~us-ed to jeveloc -e --ost es-t

o Dr tls s cenar;-io n m7ost -ases tne ,,asao As-
s mi ng a 40by 125 7oot 'rax imum, sized Shio 0, sCa eJ oro

on sIgnifiCant sn)iP d-ension.

The cost 'cr dee,2ening t"e existing locKS -23
wias eti-,a ted to be aorxi-atlrtw cte 4"- fr-'ce e

~wee on cot o cons T-icting new 32 coc' dra ~ ros
-e cost ofc cons.ruc -i nQ new 5. 5 f oot J rat lo c<s. 0 r oe
o oc k --ne 13 :ov 1,',5 Zoe t s'Ip e S Ila ,e was uSed.S

Sa -in and Davis Locks were not Jeepened si ce they miain1 /
c ar ry Iball1a st'ed tr a-Fffi c. For the remai n i n 0 ocs <the t1
135 f-o ot cost estimate 4a s u se d, s calIed do a to a 0
0 oo si siz e o)i jSI no g of th"Ie estiae Te osts

o f deecDeni ng te l ock'<s to 32 feet are then esti-mated 'j -e

1CC20,200C 3t oqe Soc, 317,230 at tne " e I Ia"Id A na
and 51419,000,020 at- the St' Lawqrence River.

The ".aximunSm Size Study stated tna' 0 m--2 -V c
dim7ensions for channel dredging are shio, dr3trd 2eean. .,e
So s' e st-im-at'es for te St L aw re mc ive- an we am ' ana

may be di rec ly prooor* ioned from "105 to 3 C fe e. Ih 12S
foot team estimate -ay oe used directi. -Fr -- e oDPer La z?
h:annel s. Thle estimated oh anne' drdg : css !,-

SaI,1155,CCOCDCO 'or twe Soo , S,3322 .CC oC-:r -- e J-eln
a3nal , and S.",?66,20 ,23 2cr the St 3Lawir e rce vi ver. _os-

o 2 550,373,s2 mut e 3zdej .o tr oDcs estaom'
lwcomoeiisating structures.

60i
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-~ c -e2 41" t r s- 'r l ;. a r i :n o 2
snc "-co. -he costs ::r :reC io -,ne T a"or s:er _.es
qa r rs N ere icttained Y. sca in-: n.e es-imate -or t-.e .:C

S oot sni: down to a 1ICC by 1:5 foc si . -e eztia-e
Cos: -or 7ar-or dredg in ..ron is applied -o :he Zoo is
estimated to be S1,355,"CO, 30.

I -unel costs are strictly .draft 1epenode and -ere -re
estimates -nay be made direc-l from the upda-ed a.,.imum Sio
Size Study cost estimates. Tunnel modifications are only
required at the St. Lawrence River where the cost is es'iated
o b e U02D0C

The t al construction costs for increasin; -e dralt
of -e .L/ SL System to 30 f e . .e esei;ate;
be 11 ,4 10,O00,D0C at the Soo, , 9, C,0CC a -re ,eila~c
Canal, and 1 158, C,00 at -. e St. Lairence iver .

The increase in operation and maintenance _osts
o increasin3 system-wide draft to 32 feet is esti-atec to

be the increased cost of harbor -a ntenarc =ed'-c--. -is
esti-ate was obtained from the 1' 00 :,'Y foot ship esPiate
in e updated 'axi 7rm Shio i Z t'dy, arc sca Jowr to
--he 1 C by 105 foot ship size. 7-e increase.: ozeraion and
maintenance cost, Which is a:olied only to t-e Soc Locks,
is estimated to be 3537,%C per year.

8.10 Scenario o-_ ,cns-raine arco Flo,,s

The only capital costs .vhich must be expended in this
alternative are tnose of cons.ructin. a new 135C by llb foot
lock at the Soo, capable cf handlin; 10 ty I Ks f"oot ships.
This st7imate aas develooed 2reviously as oart of Scenario
,. The costs considered .jere lock costs, channel costs,
an r arbor costs.

The Soo Lock costs for constructing a 1350 Dy 115 foot
D ck inc Ijde in addition to t-.. e cost of to .ne n e.. :c"-.- , -!e

costs for modifying the St. >,arys River, St. Clair River-Lake,
-. Iair-3e.roit River, tne t I rai. a -, _so . , -acr

Upoer Lakes harbors, as listed in Table 3.2, to alow :assa e
of ,1CC by S foot hips . Toe following cost ite-s cc-',r!se
the cost estimate for the Soo LocKs:

I

3- ,11 _

j

.1(.. 4 t



1-35 by 115 foot 1-c 3 C7, S 3 7

>ajor Harbor Dredging

TOTAL 3344,200,3,G

The total construction cost estimate for Scenario § is :neref-, re
S341,000,300.

The annual operation and maintenance cost -ue to a
1350 by 115 foot lock at the Soo and access for 11vC 13 ,5
foot ships in the Upper Lakes narbors and channels 4s equal
-o the increased maintenance dre-ing cost o- eJer -3.2s
harbors. The annual operation and maintenance cost is
estimated to be S421 ,DCC per year.

. .- .. .i. . . .



3 .Dn -S. simmrinie the results < ~ ~
:ac3 - -2 s r,3n ie r n ti e s s e nsi v'i !- and feas b i t y

a a aJ .ss. ~n ta o . s .7rna ri -s 3 s e of runs commerc In ai
-7e oase ..ea r o f 1273. 7The no n- st-r,,ctujr3l alternati ve an3i
sumrmaries , 7,ao',es 9.1 t:nrougn ?.. ,ive the base case, o r ex-
i s ting system, ca :a,--it conditions and the in (,4 iidal non-
struict-ura imtrov e-lent alterrativa -caac it cond itions. 7 -e
str'ictujral and alternati ve a naly js is s u ,mari e s, 7a tIe s
th ro 3, j i r ee t ba s-z as e a 0ac'-V : on jt -- rs ,he -icn -

strjctural alt-ernatives combined to iax inum itili> ca -c'
condi tions, and -ne s ~r a aitraieccct ~li

tinor -ne yea r '135,' -ondi tior's V cacC is not'~ae
by then.

The fol lowing informiation is contained in each, o)f trle
summary :-aoles :

1 . Capacity 'fear: Th'e vear in vnich capacity, deied
as an averag;e Iloc'k tii2a 1ion 3, DC- "3 ~a
through Novernoer, is reac -ed. If ca.Dacitv, is nlot
reached by '350, 'past i~ is 5:pec i ifeo.

.Tonnage at Capacity: The total lmoun: ,' car--o
processed througn :-ne locK s/stem- in tre cooa~
year, if capacity is not reach)ed -~25 , e
2050 cargo tonnage i s Lgi ven.

. el ay Time, h oa roro r
hours at the cons tra inriin I 2oc> Ju r i 7"
Yea r. Thi s number i s obta Inec- -oy summinig l . r -'e
(ear 'or each directi~n, -2 3 aer3 es s '

timne at the constraining >ock For e ar, ~c n7
peri od -nult ,i pIi ed by tn e numbe r t t r3ans i s r -
i ng 'hat monthly per iod . f --a a ct. ? i~ s-,
reachned by 205o, the 5"50 delay ti-e e ivn.

0. Corr,,po 1te Ship P :1asses: e.e:tc-a
class, by cormmoci -:3 ~r the f2 cet I ti -;i- -ec

ners is give" in aeto >-.

L)ot -'a cned -- 2 5 , :'-e e S'5
classes are gi ven.
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l.Dela ti .me is the cuimulative w.ai ting time turing tne capacity 'e-r- 7c

the constraining lock.

g .Class 5 ships are oceangoing. Class Sships are 7aker classes 5 and 6.

3. Soo Locks costs include the capital or 0&M costs ofl the Soo Locks, the
St. Marys River, tne St. Clair River, the Detroit River, the Straits of
Nackinac, and 17 major Upper Lakes harbors. -lelland Canal cost-s inciuc'e
the cacit al or O&,M costs for the 4,.el land Locks and Canal. S_ __,.re~
River Locks costs include the capital or. 'M costs -For t-eSt ar"

River and the locks.

.QOeration and mnaintenance costs given are the additional coss j2e -Cth
imp rovemnents. Zero 0&M cost indicates no increase over the no-coect
lev el d-u e t o th e P r oje ct .

'. i/S to max utility: Nion -structural improvement.s taken to max;mK Jt
- consisting of traveling kevels, reduced dump/fill times, and lock traffic

control systems. Locking times are reduced 130' in total at- eacn *coc<
sy stem.

6. The 1350 Ft. x 15 f t lock i s capabl1e o f pa ss i n a 11CC'7 x ',15 ft_ soip ':ass

7. The 1460 fIt x 145 ft lock is capable of passing a 1200 .x 130 t ship (C~ass '.

8. Tonnage, Delay Time, and Comoosite ShiD Class are at 2050C

9. Classes 3 and 9 for the St. Law,,rence Riv/er and .Iel'and Cana ont 3c _n
going ships longer than 700 feet as ..ell as lakers.

10. Cargos are cons tra ined by the .,IellIand Canal reach Ing cacaC~t at7

11. T ravel ing k<evei s reduce Ilock i n tim-1es 7.503 at al l Iocks 0! redc 41ng l cK
entrance times.

12. Increase shiL s ' eed into lock by orovi/ding safety bumocers and e~ders.
Locking time reduced 2.5" at the Soo and St. Lawrence River Lcc s, and
5.00'z at the .;e'jland Canal Locks.

13. Loc k Chamberi )g 71ime dec rea sed by reduc ing umi IlI a nd c
downstream- longitudinal assistance. DocKinq 4t:,es reduceo < c Crt !nd
and 1 .00 upbound at the Soo and S t .arence River .c s , arc_
dcwnoound and 2. 5' upoound at' tne 7 e3 nc Caal Lcs

I'. Lock aorahtimes reduced t,' c:e ti~ a ( c- , -A, -

Lock inc, ties reduced jobound and it~~un . tieo2' 7it. Laec
River Locks, and 3.'at, the iclan nal Lock:-s.

1I 'Vessel drf~is 275.5' unless chwiesc-ecified.
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oer ini. of investment tan do --e s ruct-ra a ' aves. ;-
non-structural alterna .ives are relati ely low ost means of
relieving lock capacity conditions over the short term. Struc-ural
alternatives, on the other hand, are high cost expansion measures,
however, they provide longer term relief in alleviating capacity
conditions at the locks. Therefore, in performing long range
planning for a lock system, structural and non-structural alter-
natives must be comoared separately. The non-structural alter-
natives could be used to alleviate immediate capacity conditions,
while the structural alternatives should be considered for pro-
viding larger capacity gains over longer periods of time.

3ased on the increased tonnage per unit cost of irplemen-
tation, the local traffic control system appears to be the most
favorable non-structural alterna -ive at all 'nree 7ock systems
This is followed by increasing the ship speed into the lock,
installing -raveling kevels, and lastly, reducing the chambering
time.

For the structural alternatives, the 1350 x 115 foot lock
appears to be most favorable at the Soo and -ne St. Lawrence
River Locks. The 1460 by 145 foot lock appears to be -lost
favorable at the Welland, and is very close to being the most
favorable alternative at the St. Lawrence River. Overall, tne
1350 by 115 foot lock is probab ly the best alcernat i e cecause
there is only a small dijfference in tonnaie per unit cost e-
tween the two lock size alternatives at the ..ieand nal . The
1460 :y 1-5 foot lock would ranK secono, followed cy 32 foot
draft and, finally, 23 foot draft.

Scenario 5, a 1350 by 115 foot lock at "-e Soo ei The
Welland Canal at capacity and limiting tonnages, cannot -e "I -
Pareo Oi _h the other sr.ct. ,.ral al ernatives -ecaise -3'rgo
demand is di- erent for .his scenario.

To develop a more accur3 ranking, ,e acts
e.... ra k fac 1 trs 3 Jc'

as coperating cost, costs due to waitinrc at1, lock, ad te -ot
of not being able to pass the unconstrained carco 'orecasts Je
to th'e existence of a c3.aacit/ condition -ust e ta.en into
account. Such a detailed anal/sis is another task of this
stud which : ji1' result in a ranking of the non-s ;n ctura
and structural alternatives in terms of 'NE*D 3enets.

9-1



-he result:s fan,/ c acacit e::a ns i n 5ensi.'v --ndI ea s ibili 'y a nalys is mnus t bIe i nterpre ted_ i n terms of the assu mo-
tions made :or toe Input parameters. ne most signif i cant
i inout ' arameters for this study include tecargo Pr-o'ec t.ons,
the locking times, and the changes in locking times associated
with each capacity expansion alternative, and the fleet mix
and the changes in the fleet mix with time and due to toe capac-
ity expansion al ternatives. Wh ilIe the in :u-_a s sumopt io ns used in
this s-idy .,,ere -,a3s ed uc :on the best information availabl e at
the time of th e Stu dv, it i s recognized. Thnat differences 2
opinion exist in some areas, and better- assumptions may te pos-
s i 'lIe i n the ut 1,re a s mo re da ta b eccme s a :iable -or as f r -n e r
anal ' is is i s Ccom P l eed . Recognizing tnis , toJe f ollo )w ing- con-
cluis1ins are trarn 'r-7m thi s sensitiv,jI, and -'easibilitv
analysis of GL,'SL'S System capacity expansion alternatives:

1.The QL,/SLS Lock Capacity Model nas teen modified for
use in analyzing the sensitivity of Thne Sy stem to a oroad range
o f noan -s tr u ct-;ra a--n d st'-ruc tu ralI alIte rn-ati 4v es focr i nc re a s n g
Systemn capacity. The model is especially applicable to feasi-
bility and sensitivity analyses since a large num Iber of runs
can bue made rela tivel y quickly and at relIatIvely low cost.

2. E;istiog Conditions

if the existing high water levels remain, allowing
27 foot Jraft, at toe Soo and 26 foot draftz in:n
St. LarneSeawav, capacity wJIll be reachI.ed j."
198S1 at toe Welland Canal, 22312 at thle Soo, and

21 a- to St . LaarcnceRie

f te curr-nt hihvater level11s recede to lwx e
Jatum, res1ulting in a 25.5 foot s ystemi.-w ide sn i o
tra, cz acla1  l o e r e ac ed in ilat Te

Wela- Cnal, 2006 at the Soo, and 2006 at h
St. arice 'i ver.

3. n- S' rucural Al ternati ves

rIn- tctra I a' tr nativ es ;rov~ 4e shc't r

re iia2mcir lc k or n arrel constrction.

La1



T'hI rc: e ffective i 7d i i za', %n- S -ruc u rl a! -2,rna
tive tested is ravi vein eveIs i n postoned n cc

capacity until lgS5 at nhe ',eIland Canal, 2311 at
trne Soo , and 2016 at the St. Lawrence ,i ver.

Non-structural alternatives can be combined to pro-
vide greater capacity increases. ';on-structural
alternatives considered in this study combined to
maximum utility, consisting of installing traveling
kevels, reducing dump/fill times, and installing
local traffic control systems, provide the greatest
non-structural capacity increases in this s ud.

Capacity is delayed until 1996 at the Welland
Canal, 2C0S at tne Soo, and 2024 at the St.

Lawrence River, based on an allowable ship dr at
of 25.5 feet.

4. Structural Scenarios

The structural scenarios provide longer term
capacity expansion but at much greater cost than
the non-structural exoansion alternatives. ....c-
tural expansion entails lock replacement and/or
significant channel dredging.

The 2050 unconstrained cargo forecasts cannot
be passed through any of the SL, SLS Lock S-s-.ems
by constructing 1350 by 115 f ot locks capable of
handling 1100 by 105 foot (Class 11) vessels at
drafts of 25.5 feet. With these locks implemented,
capacity is reached in 2030 at the ',Welland Canal,
2043 at the St. Lawrence River, and 2C50 at tne Soo.

7he _:50 unconstrai4ned .arn s te
passed nrough t- e So arc -7 L ,,4r e r e i ck -
at 25.5 foot draft by constr rctn1 l A0 bi l5 foot
*oc s .,ni:n are :~t
,Class 12:. ships. The 2C5 :aro cannot :)ass ed

1.5 ot ioch; ,.ithout incre3 sn' t: r'a rd
-. ee . Capacity. is *eac:,e a. t*e ,, e an

a5 S i D r a rrel -

3 r,] s , sni c ratt ,,i ' Jtu i":rea,eJ I_.:, _ z

e s ro 'v se 1, 1 a 2 a ci r

r. C 3.~ J e. I- ~



I lock sizes and 28 foot system-,ide draf, uapazity
is reached in 2012 at the ,4elland Canal, 2025 at the
Soo, and 2034 at the St. Lawrence River. With ex-
isting lock sizes and 32 foot svstem-,-iide draft,

capacity is reached in 2030 at the Welland Canal,
2038 at the Soo, and 2046 at the St. Lawrence River.

l Construction of a new 1350 by 115 foot lock at the
Soo would proviae si-nificant capacity increase even
if no changes were made to the St. Lawrence Seaway

Lock Systems beyond the non-structural modifications.
With cargo flows constrained due to a capacity con-
dition at the Welland Canal cacci ly vould le
reached in 2020 at the Soo after installaticn of
the non-structural alternatives combined to maxi-

mum jtility. Constru ction of a new 135C 15 1 5
foot lock then oostpones capacity to beyond 0

The Welland Canal cannot pass the 520C nconstra'nej
cargo flow in any of the scenarios tested. A :3-

bination of increased lock size and increased
draft, or a different tyoe of scenario such as
parallel lock system will be required at tre
Welland Canal to pass the 2050 unconstraied

cargos.

U-;
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Based on the results of the capacity expansion sensitiv-
ity and feasibility analysis presented in this recort and the
knowledge gained during the study, it is recommended that con-
sideration be given to using the GL/SLS LocK. Capacit/ Model for
further analysis of structural and non-structural capacity
expansion alternatives as follows:

1. Run additional structural scenarios to gain further
insight into the increases in capacity that structural improve-
ments can yield. This is particularly necessary a: -he Welland
Canal There capacity was reached prior to 2050 in all of the
scenarios tested in this study. Additional scenarios that micht
allow the 4elland Canal to pass the projected 205C unconstrained
cargos are:

a. 1460 by 145 foot locks with 28 foot draft at all
sites.

b. 1350 by 115 foot locks with 32 foo- draft at all
sites.

c. 1350 by 115 foot locks with 28 foot draft at all
sites.

d. 1350 by 115 foot locks at all sites with a dup-

licate (parallel) system at the ,4elland Sana,,
all at 25.5 foot draft.

e. 1350 by 115 foot locks at all sites ,qith a dup-
licate (parallel) system at the .4elland Canal,
all at 23 foot draft.

The ,,1acArhur Lock was very much under-utilized ,hen th:e
1-15 by 1-5 foot lock was o:nstructed in place of te Ea:;n
Davis Locks at the Soo because most of the ships were t!'en too
lar e to fit t hruoh the acArtnur. Further expaqsion ;-2nari t

wortny of consideration at the Soo then include:

f. Build a new ', acArthur Lock capable of handlinQ

Class 13 snips i,,en the l t'/0 115 l Do- :.
are const-ucted, 'iaintaining a s,s-eK,-i-e :r a
of 25.5 feet.

11-1
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Build a new ,,ac.Iir.tur Lock caoabl e of handling
Class 10 ships when the 1460 by 14, froo cks
are constructed, Aith a system-aide draft of
28 feet.

2. Test non-structural alternatives which have effects
otner than decreasing locking times in order to deternine their
effectiveness on increasing capacity. Two possible non-structural
alternatives of this type are:

a. Lockage Fee. Replacing the current toil sis-er
which is based on tonna e b/ a set zee cer
lockage. The economic incentives form this
alternative qould te "owards reducing car astec
transits and increasing the use of larger ships
which results in an increase in lock capacity.

b. Concestion Toil. Such a toll assesses the user
for the social marginal cos, due to te dela,
at the lock in addition to tie private marginal
cost which he already realizes. The -con c tIDr
toll has the effect of increasing system ef-
ficiency and eliminatin the -arcna,  se r

the lock.

3. duitional scenarios for increasing system ca acit!
could be run using 10, 11, or 12 month navigation seasons. .s
further alternatives, the season could be extended in - e ccer
Lakes only, or in the Upper Lakes for one ,ericd o, ti"e, and
Ohe S~. La,rence River and Weliand Canal for a di" , rr - --
of time.

4. A more com irenens;ie non-struc.ral irc'0"e'< :,'-
t -vitv analysis could be run hich ..iould .i je f hr "  i '

int, a nd a -- r undrstanoinq of, ne , 1aSaci -_ 3

coul be r ea e. from non- -uc ri s r crI er

7h1 e-ct of any non-structural alternati,,e or :3 --a c is -en
in eo, once tne eFect that aiernai,e nas Dn . rc. -2

reduction, fle et mix, or shio uti i -tion is .e i;.. .i
0",,u. oc :nszruci',,e to tetern:ie 'C.e seon:~:,:. 3,c!"

oni tins to variations in the carno :r e,:

One ciicuitty and orac'i ca 'mita:ia,: o -a ,: r-S
rcctcnioing tre di fficul ty Vnt O;-3ti :a !imtatio:n: -- i

sj' cr c--tions , ,eirs n t o tnC .. t . -
ene! tra tea sensitivit,' agi; os nI:.- r,

11-2
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a. Locking Time Reduction. Cover a 0 to 20-; re-
duction upbound and downbound, stepping every

b. Fleet Mix. Cover several shipbuilding percentages,
ranging from one that favors mostly small ships
to one that favors construction of mostly large
shi ps.

c. Cargo. The overall cargo pro4ec14ons would be
varied : 1C to 20.", or individual commodities
,ihich may be expeciallv difficult ' -roect
could be varied individual'y over some broadJrange.

d. Shic Utilization. The oercenta:e o em...
backhauls could be varied from the max;mum
of one for every loaded transit, -o tne min7i-
mum number of empty backhauls allowed by the
cargo flows.

I -S

L
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