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July 30, 1992

Commission for the Study of
Alternatives to the Panama Canal
c/o The Secretariat

Banco Union Building (2nd Floor)
Panama City, Panama

Attn:  Mr. Joseph Byrne
Executive Director

Subject: Final Report
Gentlemen:

Forwarded herewith is our Final Report on Phase 1 of the Operating Characteris-
tics and Capacity Evaluation (OCCE) Study. This study was prepared in accor-
dance with our Agreement dated August 12, 1991.

The OCCE Study is one of the components of the Study of Alternatives to the
Panama Canal. The purpose of Phase 1 of the overall study is to prescreen all of
the major concepts that have been proposed in the past for increasing the capaci-
ty of the Panama Canal to meet future needs and to identify a select few for more
intensive analysis in Phase 2.

The analyses herein have been based on current traffic projections prepared under
the Commerce and Traffic Projections component. A major tool in our capacity
analysis has been the Waterway Analysis Model, which has been adapted from
past applications to suit Panama Canal conditions.

A second major element of our work has been to investigate currents in a pro-
posed sea-level canal that would be generated by the differences in tides between
the two oceans, to evaluate their impact on navigation, and to suggest means of
ameliorating these currents. After analysis using our in-house computer model
LATIS, we have concluded that a positive means of control of currents in the form
of tide gates or locks is required to maintain currents at a tolerable level. It is not
expected that flow from streams entering a sea-level canal along its length will
have any significant adverse effects on navigation.
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Regarding capacity, it was concluded that the existing canal, with the Gaillard Cut
widened to 630 feet (referred to as the status quo case) will reach capacity at
about year 2020 and that further improvements will be needed to satisfy vessel
traffic needs to the target year 2060. '

All of the high-rise and low-rise lock canals would have sufficient capacity to meet
year 2060 needs, as would a two-lane sea-level canal, with currents controlled by
either tide gates or locks. A single-lane, Route 10, sea-level canal would have
sufficient capacity for year 2060 traffic needs only if operated in conjunction with
the status quo canal; otherwise a single-lane canal operated independently would
be inadequate.

Capacity is, of course, only one of many factors that influence feasibility--others
being: costs, benefits to Panama and world navigation, environmental effects,
disruption of operations, time of construction, safety and reliability.

We gratefully acknowledge the cooperation we have received from officials and
staff of CAS, the Panama Canal Commission and other public agencies and the
other consuiltants involved in the project, including SINBOL, the WEFA Group and
YEC. :

Very truly yours,

TAMS CONSULTANTS, INC.

Albert T. Rosselli
Project Director
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SUMMARY AND CONCLUSIONS

Reported on herein are the results of the Operating Characteristics and Capacity
Evaluation (OCCE) Study that covers analyses of ship transit time, delay time and
system capacity over the study period 2020 to 2060 for a variety of alternative
plans, ranging from a third set of locks to a sea-level canal. These alternatives
represent a synthesis of numerous proposals that have been suggested over the
past decades. The OCCE Study is one of several components comprising the
Study of Alternatives to the Panama Canal.

The analyses are based on vessel mix forecasts prepared under the Commodity
and Traffic Projection Study (see table below) and employed computer simulations
using the Waterway Analysis Model (WAM), modified to replicate the Panama Ca-
nal lock and sea-level conditions. '

TRAFFIC PROJECTIONS

Maximum Ship No. of Annual Ship Transits
Size (DWT) Year 1990 Year 2020 Year 2060
65,000 11,520 18,350 24,810
100,000 - 17,620 23,970
150,000 - 18,140 24,670
250,000 - 18,220 24,740
300,000 - 18,210 24,730

Source: Commodity and Traffic Projections (CTP) Study
The WEFA Group

SHIP TYPES AND ARRIVALS

The ship types used are based on the beam and draft groupings that are used by
the Panama Canal Commission (PCC) for ship scheduling purposes. In addition,
vessel classes 15 through 22, corresponding to ships from 100,000 to 300,000
DWT in size were added for analysis of the lock and sea-level plans. Ship under-
way times were generated randomly as a Poisson process, based on an analysis
of the current distribution of underway times.



EXISTING CANAL

Locking Times

Existing PCC transit records for 1990 were analyzed to determine, by vessel class
and travel direction, the mean, standard deviation, minimum, and maximum for
approach time and locking time. Average values were assigned for entry and exit
times, by vessel class, based on our field data collection in Panama in 1991. All
locking time components were adjusted to provide a consistent progression from
small to large ships.

Lock Downtime

Analysis. of the Locks Delay Data Base provided by the PCC revealed that the
frequency and duration of downtime events varied by lock, but not by day of week
or month. For each lock, the downtimes recorded for 1990 were sorted by day of
year. Then, within each day, the downtime event was assigned a random start
time, and randomly assigned to one of the lanes. A downtime of eight hours dura-
tion was added at lane two at Pedro Miguel at midnight on every day.

The scheduled lane outages for maintenance reported by the PCC for 1990 were
added. This included two 11'2 day outages of one lane for gate replacement at
Gatun. The resulting downtime file was modified to remove overlapping events at
a single chamber, simultaneous scheduled shutdowns of both lanes at a lock, and
other inconsistencies.

Ship Characteristics and Sg' eeds

PCC records were analyzed to obtain distributions of length, width, draft, horse-
power, tonnage capacity, and various ratios of these dimensions, for each vessel
class. Ship block coefficients were computed to produce correct length-width-
draft-displacement relationships. The resulting data were smoothed to produce
consistent relationships across ship size classes.

Based on preliminary simulation results, speed coefficients were selected for re-
stricted channels (the Gaillard Cut) and unrestricted channels (all others). The

resulting model outputs included average ship speeds that were in reasonable
agreement with observed data.

Model Calibration Results -

The average vessel transit time for the calibration run was 11.7 hours, including 4.1
hours of delay time and 7.6 hours of running/locking time. The average time from
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the SDB records was 11.1 hours. Other results also looked reasonable, so the
model was deemed sufficiently accurate for the purposes of the Phase 1 analysis.

SEA-LEVEL CANAL - TIDAL HYDRAULICS AND NAVIGATION

Studies were made to analyze the tide levels and currents in a sea-level canal
generated by changes in the tides of the two oceans. The TAMS program LATIS
was used to formulate a mathematical model of the canal. The spring tides in the
Pacific range from about +10.3 to -9.8 ft., whereas at the Atlantic end the range is
only about +1.2 to -0.7 ft.. This difference of levels would produce currents in an
open channel ranging from about 4 knots per hour at the Pacific end to more than
5 knots per hour at the Atlantic end. The maximum allowable currents for the safe
navigation of the very large ships, however, are about 2 knots per hour for head
currents and 1 knot per hour for following currents.

The Vergara alternative, which would employ a large embayment at the Pacific end
of the canal to mitigate tidal effect was investigated, but the analysis indicated that
although currents in the canal would be reduced, the reduction would not be suffi-
cient for safe navigation; moreover, very fast currents would be generated at the
entrance to the embayment area.

It was concluded that a system of positive closure involving two tide .gates, or
locks, is needed to control currents. Tide gates would be operated only at slack
water, which occurs every 6% hours. Operating cycles would be keyed to a half-
tide cycle (6« hours) or full-tide cycle (12'2 hours).

ALTERNATIVE CONCEPTUAL PLANS
Status Quo

The bendway representing the Gaillard Cut was modified to widen the channel to
630 feet, to permit two-way traffic, in accordance with the Panama Canal Commis-
sion’s improvement plans to be completed by year 2010. (Overtaking was still pro-
hibited.)

Lock downtimes were modified to remove the nightly shutdown of one lane at
Pedro Miguel, and to remove the special maintenance downtimes (eg., the Gatun
gate replacement that occurred in 1990).

High-Rise Lock Canal
New channels were defined for the third locks. All channels which would be tra-

versed by the larger ships were modified and single lane third locks at elevation 90
ft., with the following dimensions were added in the new channels:
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100,000 DWT 150,000 DWT 250,000 DWT

New Locks (ft.) 1,046 x 154 1,191 x 177 1,220 x 187
Channel Depth (ft) 62 69 79

It was considered that the Gaillard Cut channel dimensions would be such that the
existing night time and clear cut restrictions in transit of large ships would no lon-

ger apply.

Locking times at the new facilities were based largely on the locking times estimat-
ed for the existing Miraflores Locks for most existing ship sizes, because the new
locks have only two lifts, as does Miraflores. Locking times for the design vessels
were developed to provide a smooth progression from the largest existing ships
through the larger classes. The downtimes for the existing Miraflores Locks were
assumed to apply to the new locks.

Single Lift High-Rise Lock Canal

This system was modeled with a lake level of 85 feet and a single lift in the new
locks, for only the 100,000 DWT design ship case. This is similar to the high-rise
lock canal system, except that locking times at the ‘third locks were reduced to
simulate a single lift operation and a five foot reduction in lake level.

Low-Rise Lock Canal

All channels were modified to reflect the lower lake level (55 feet). Pedro Miguel
Locks which currently provide the lift from 55 feet to 85 feet, would no longer be
needed and were removed from the system.

Locking times were reduced to account for the single lift operations at the new
locks, and the elimination of one lift at existing Gatun.

Sea-Level Canal

The sea-level canal was modeled as a separate system, not connected to the exist-
ing canal. The Route 10 case was assumed, with a 58 km cut across the Isthmus
and double lane approaches for a total length of channel ranging from 87 to 90
km. The 58 km cut was assumed to be alternatively, either single lane, dual-lane
or partial single/partial dual-lane. Positive tidal current control was assumed to be
provided by tide gates spaced at either 58 km or 40 km, with one gate always at
the Pacific end, or by tidal locks at the Pacific side of the cut.

Based on preliminary evaluation of the effectiveness of various alternatives, it was
decided to model the following cases:
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° single-lane 58 km between tide gates, 12'2 hour cycle;

° dual-lane 18 km, single-lane 40 km flanked by tide gates, 6'4 hour
cycle;

. single-lane 58 km canal section, Pacific locks, 12%. hour cycle;
° dual-lane 58 km canal section, Pacific locks, random operations.

In addition, results for a dual-lane canal with 40 km between tide gates were de-
rived from the comparable single-lane case. When it became apparent during the
early computer runs that a single-lane canal would not suffice for year 2060, and
that the capacity with tide gates is not very sensitive to ship size, some runs that
were scheduled to be made for 250,000 DWT and 300,000 DWT ships were re-
placed by others involving the use of a single-lane canal in combination with the
status quo canal.

The canal section was modeled as a "bendway" similar to the Gaillard Cut. Chan-
nel and bendway speed coefficients were modified to produce the desired average
ship speed. For the cases with a single-lane canal, cycle times were imposed
through use of the lock downtime feature. ,

The Pacific locks, with lengths and widths similar to the high-rise and low-rise
locks, were modeled with locking times selected to produce an average service
rate of three ships per hour per canal lane (equivalent to three parallel locks per
lane). Subsequently, a two-lane canal with a total of four locks was modelled.

Combined Systems

As noted above, some cases involving a single-lane sea-level canal used in con-
junction with the status quo canal were also modelled.

SIMULATION RUNS

The Waterway Analysis Model was run for the conceptual alternative plans using a
variety of input files, including:

° network files (that describe the alternative being simulated);
° ship lists files (that describe ship characteristics and arrival patterns);

° downtime files (that describe lock outage events); and,
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° control files (with instructions to the program regarding system param-
eters).

A total of 42 simulations were run. All runs were configured to simulate one entire
year of operation.

Relay lockages were assumed throughout on the assumption that the canal would
be so operated as to achieve maximum capacity, even though higher operating
costs would be entailed.

The outputs included resource files, which outline each ship’s transit through the
canal and printout files. The resource files were processed by a commercially
available database management system (FoxPro) to produce summaries of travel
time, delay time and total transit times.

CAPACITY AND TRANSIT DELAY

Capacity of a transportation artery is not a definitive number, but is related to ac-
ceptable delay time. A higher capacity in a system can be achieved at a cost of
greater congestion and higher delays. Capacity is a function of ship mix and the
ratio of laden to ballasted ships, as well as the physical characteristics of the alter-
natives.

in the canal, the level of delay time is related to the rate of ship arrivals, compared
with the rate at which ships transit. With ships arriving in a random fashion, a plot
of delay versus the number of transits produces a hyperbolic curve, with delays
increasing gradually at low traffic volumes and then accelerating rapidly as traffic
continues to increase until, finally, the curve becomes asymptotic.

Research based on queuing theory analysis indicates that the delay curve may be
plotted from two data points, (in OCCE--for years 2020 and 2060), with the best
results achieved if one point is on the flat portion of the curve and the other on the
steep portion. If hoth points fall on either the flat or steep portion of the curve, the
results do not produce a reliable specific number, although a judgment can be
formed regarding the level of capacity.

In a number of cases modeled, the delay times produced by the model increased
by relatively small amounts between years 2020 and 2060, and the delay in the
latter year was less than the criterion, indicating that the case is well within capaci-
ty for year 2060, but also signaling that an actual capacity could not be derived
accurately from the delay curve. In those cases (namely 2, 5, 6, 7 and 8) capacity
estimates were made by considering separately the simulation results for the exist-
ing Gatun Locks and the proposed new Atlantic lock, and using the simulated lock
utilization and delay levels to estimate lock capacities, then adding the resuitant
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estimates to obtain the system capacity. These estimates were then adjusted to
take into account the relationships among ship mix, weighted average lock pro-
cessing time, and lock capacity.

In other cases, where capacity would be exceeded by the year 2060, it was neces-
sary to model cases with a portion of the 2020 traffic in order to achieve a second
data point. The sea-level cases that are based on a cyclic rhythm, in fact, require
three data points.

The Panama Canal Commission policy is that ships, on average, should be able to
transit within 24 hours of arrival. This criterion appears reasonable and is assumed
to continue to obtain in the future. Considering that unimpeded travel time is usu-
ally 8 hours or less, and to account for preparation time for canal transit, an aver-
age delay of 10 hours was assumed as one basis for capacity. Capacity was also
calculated based on 6 hours of delay, except in sea-level cases based on a 12"
hour cycle time, where an average time of 6% hours would be spent by ships
merely waiting for convoys to form, leaving no time for in-transit delays.

CONCLUSIONS

The capacities of the cohceptual alternatives modeled and analyzed are presented
in Tables XI-1 and XI-2. Curves with plots of delay time versus capacity appear in
Chapter XI.

Review of the results, including comparison of estimated capacities presented in
Tables XI-1 and XI-2 with the ship transits forecasted under the Commodity and
Traffic Projections Study by the WEFA Group (Table V-2) indicates the following:

° with a 10-hour delay criterion, the status quo canal barely meets ship
transit requirements at year 2020. With a six-hour criterion, the ca-
pacity of the status quo canal will be exceeded by year 2020;

° the capacity of new canal alternatives is more sensitive to alternative
canal configurations than to variations related to maximum ship size;

° all high-rise and low-rise lock canal alternatives, for all ship mixes
studied, have adequate capacity to year 2060;

° A closure system involving either two tide gates, or locks, at the Pacif-

ic side, is needed to limit tidal currents in a sea-level canal to safe
levels for navigation.
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° a single-lane sea-level canal alternative across the complete Isthmus
with either tide gates spaced at 58 km or three parallel locks at the
Pacific end would not be able to accommodate the ship transits pro-
jected for year 2020;

) with a 10-hour delay criterion, an 18 km dual-lane plus a 40 km sin-
gle-lane sea-level canal flanked by tide gates would barely accommo-
date ship transit needs in year 2020. With a 6-hour criterion, the
capacity of this alternative would be exceeded by year 2020;

° a two-lane sea-level canal with tide gates spaced at 40 km or with
four parallel locks at the Pacific side would be able to meet ship tran-
sit needs to year 2060;

° all single-lane sea-level canal alternatives, with tide gates or locks, in
combination with the status quo canal, have adequate capacity to
year 2060, with a 10-hour delay criterion;

° in the case of the high-rise and low-rise Lock alternatives, with the
: elimination of the constraint currently imposed by the Gaillard Cut, de-
lay encountered at the locks is the most critical factor influencing
capacity. Consequently, plans that involve a reduction in locking time
by means of a reduction of lift height (low-rise locks) or in number of

lifts (single-lift lock), achieve the highest capacities,

° in a sea-level canal, for any plan involving tide gates, the north gate
should be placed not further than about 46 km from the Pacific, in
order to limit tidal currents to 1.0 knots;

° with a 40 km spacing between gates, and a half-tide cycle, ships
entering and exiting the canal from the Pacific, traveling at a speed of
13 km/hour, could be scheduled such that they would always confront
a head current, not a following current.! An additional benefit is that
the canal would always be shielded from low tide; which would allow

This could be done by opening the tide gate at the Pacific and simultaneously closing the north
gate at the start of a high tide half cycle. A southbound convoy approaching the Pacific tide gate
would steam out against a head current and, traveling at 13 km per hour, complete its exit in 3%
hours, just as the tide reaches its peak (Figure VIII-2). The next convoy, northbound, would start to
enter the canal as the tide starts to recede, and, with the north gate still closed, the flow south of
the north gate will reverse towards the Pacific, again confronting the entering convoy head-on. As
soon as the second convoy completes its entry, i.e., 6% hours after the start of the cycle (at the
start of the low tide half cycle), the south gate will close (while the north gate opens), and will
remain closed until the next slack tide 6%s hours later, when the process repeats.
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the Pacific approach channel to be dredged to a depth based on
mean sea-level, rather than mean low water;

for safe navigation, ships 150,000 DWT and larger should be assisted
throughout their transit with a 6,000 hp tug at the stern. Other tugs
should be placed strategically along the canal to assist in the event
the need develops to stop a convoy;

if a two-lane sea-level canal is contemplated, it would be preferable to
separate the lanes to improve navigation safety;

the discharges of streams entering the canal along its length are rela-
tively small and should not impede navigation.

Comisién de Estudid "~
de las Alternativas
- al Canal de Panamé
CENTRO DE INFORMACION
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INTRODUCTION

Presented herein is our Final Report on Phase 1 of the Operational Characteristics
and Capacity Evaluation (OCCE) Study. This Study and Report was prepared in
accordance with our Agreement dated August 12, 1991,

Over the course of over half a century many alternatives have been proposed and
studied for increasing the capacity of the 75 year old Panama Canal. These alter-
natives incorporate a range of different physical layouts and operating concepts,
and would accommodate a range of vessel sizes, extending from the present
65,000 DWT up to 300,000 DWT and even larger. The alternatives for which oper-
ations were simulated and annual capacity determined range from a third set of
locks at different elevations to one-lane and two-lane sea-level canals, as outlined
in Chapter IX herein.

It is the intent of the Commission for the Study of Alternatives to the Panama Canal
(CAS) to reduce the many alternatives to a more manageable number through a
prescreening process that is to be carried out at the conclusion of Phase 1--Data
Collection and Project Formulation. Thus, the purpose of Phase 1 of the Operating
Characteristics and Capacity Evaluation Study is to determine for each of numer-
ous alternatives at two points in time, the following operating characteristics:

° for the sea-level canal alternatives, the hydraulics of tides and fresh
water inflows, as they affect navigation;

° transit times of vessels, including delays;
® vessel transit capacities.

Values for these characteristics and others to be produced under the other compo-
nent studies will be used by the FA/FR Study Contractor and CAS in the pre-
screening process to select alternatives for more detailed study.

Comprehensive historic data on vessel transit time and delays were received from
the Panama Canal Commission (PCC) and were used for calibrating the Waterway
Analysis Model, the principal tool used in evaluating capacity. This model was
adapted from previous applications in evaluating projects, principally on the Missis-
sippi River system. Data on future vessel transits were derived from the Com-
modity and Traffic Projections Study.

During Phase 1, the project proceeded in the following major areas:



field measurements of lockages, collection and review of data on
vessel transits and other data collection and review of past reports.
An inventory of reports reviewed appears in Appendix 'G’;

review of current Panama Canal operations;

assessment of operating parameters and indices;

review of traffic projections;

review of tidal hydraulics and currents in a sea-level canal using the
LATIS model;

review of the navigation requirements of large ships in a sea-level
canal; '

adaptation of the Waterway Analysis Model to suit Panama Canal
conditions;

selection of canal alternatives to be evaluated and establishment of
their operating parameters,

evaluation of transit delays by means of the Waterway Analysis Mod-
el, the development of delay/capacity curves and estimation of capac-
ities for the alternative canal cases; and,

formulation of conclusions regarding capacity and safe navigation.

Our Final Report on the items above is contained in the following chapters.



i
VESSEL TRANSIT AND LOCKAGE DATA

Two principal types of data compiled by the Panama Canal Commission (PCC)
used in connection with the Waterway Analysis Model are: vessel transit times and
vessel delays. Detailed historic data on vessel transit times are compiled by the
Marine Bureau and kept on file in the Ship Data Bank by Management Information
Systems. Records of the incidences and causes of delays are compiled by the
Locks Division of the PCC.

In addition, a review was made of sample data furnished by the PCC early in the
study process and observations were made by TAMS/ORNL personnel during two
visits to each of the three locks during September and October, 1991. The resuits
of these reviews are presented herein. '

ANALYSIS OF VESSEL TRANSIT TIMES (PCC Data)
The Data

Sample data were made available initially by the PCC consisting of timings of 214
vessels (of varying sizes) while they transited the different sections of the canal in
both directions over a 6-day period during September, 1991. The data include 32
tandem operations involving 67 ships, i.e. the combination of 2 (in three cases, 3)
vessels in a single lockage operation. This type of operation is accomplished with
small vessels that arrive at the locks at about the same time.

The times are the actual times it took the vessels to complete the transit, including
delays due to fog, locomotive breakdowns, machinery failures, etc.. There are
certain instances of errors in the recording process, and in certain other cases the
transit data are incomplete. The omissions and errors were addressed in com-
puting the average values and standard deviations of the vessel passage times.

The Analysis

The data were recorded in two main categories: by direction (northbound and
southbound), and by beam of the vessel (six widths) (Table II-1). Tandem oper-
ations were analyzed separately, only on the basis of direction. The total transit
time comprises the following elements (Figure 1I-1):
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EXISTING PANAMA CANAL
DEFINITION OF ELEMENTS OF TRANSIT TIME
(see pages 1i-3 and 11-4)

SOUTH
Cristobal

Gatun Locks

Gatun Lake

Gamboa

Gaillard Cut

SRR D
Pedro Miguel Locks | | ) ‘l'i; g;;

Sk
Miraflores Lake 3“*‘} _ *

Balboa

FIGURE II-1



I. Northbound:

Transit

Time Description of Sector

Tn1 Balboa anchorage to
Miraflores Lock

Tn2 Miraflores Lockage

Tn3 Miraflores Lake

Tn4(a) Approach time,
PM Lock

Tn4(b) Chamber time,
PM Lock

Tn4 Pedro Miguel
Lockage

Tn5 Gaillard Cut

Tn6 Gatun Lake

Tn7 Gatun Lock

Tn8 Gatun Lock center
wall to end transit
(pass Cristobal)

! Miraflores

2 pedro Miguel

3 Gatun

Computational Method

(Arr. at center wall, MF' Lock) -
(Dep. anchorage, Balboa)

(Clear last chamber, MF Lock) -
(Arr. at center wall, MF Lock)-

(Arr. at center wall, PM? Lock) -
(Clear last chamber, MF Lock)

(Entering time PM Lock) -
(Arr. at center wall, PM Lock)

(Clear chamber, PM Lock) -
(Entering time, PM Lock)

Tn4(a) + Tn4(b)
(Pass Gamboa) -
(Clear chamber, PM Lock)

(Arr. at center wall, G2 Lock) -
(Pass Gamboa)

(Clear last chamber, G Lock) -
(Arr. at center wall, G Lock)

(Pass breakwater at Cristobal) -
(Clear last chamber, G Lock)



iIl. Southbound:

Transit
Time Description of Sector Computational Method
Ts1 Cristobal anchorage =  (Arr. at center wall, G Lock) -
to Gatun Lock (Dep. anchorage, Cristobal)
Ts2 Gatun Lockage =  (Clear last chamber, G Lock) -
(Arr. at center wall, G Lock)
Ts3 Gatun Lake = (Pass Gamboa) -
(Clear last chamber, G Lock)
Ts4 Gaillard Cut =  (Arr. at center wall, PM Lock) -

(Pass Gamboa)

Ts5(a) Approach time, PM Lock (Entering time PM Lock) -

(Arr. at center wall, PM Lock)

Ts5(b) Chamber time, PM Lock =  (Clear chamber, PM Lock) -
(Entering time, PM Lock)

Ts5 Pedro Miguel Lockage = Ts5(a) + Ts5(b)

Ts6 Miraflores Lake =  (Arr. at center wall, MF Lock) -
(Clear last chamber, PM Lock)

Ts7 Miraflores Lockage =  (Clear last chamber, MF Lock) -
(Arr. at center wall, MF Lock)

Ts8 Miraflores Lock, =  (Pass breakwater at Balboa) -

center wall, to . (Clear last chamber, MF Lock)
end transit (pass Balboa)

The sample timing data at Pedro Miguel Lock is more detailed because daily lock-
age logs were available, whereas data for the other lock sites were taken from a
more generalized daily system transit log.

Values for Tn1, Tn8, Ts1 and Ts8 in the transit timing tables were not computed
because the time of ship departures from either end (anchorages at Cristobal and
Balboa) and the completion of transits were not available.
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The averages computed were then compared to values (referred to as "standard’)
used by the PCC Marine Bureau to develop ship transit schedules, as shown in
Table IlI-2.

OBSERVATIONS REGARDING THE DATA

1. In nearly all the categories, and in both directions, “observed* lockage times
were equal to or higher than the standard times.

2. The standard deviations are noticeably higher for transit times at the Gaillard
Cut and Gatun Lake than elsewhere in the canal.

3. In cases that involved the accompaniment of PCC tug boats along with the
vessel, lockage times were slightly higher.

ANALYSIS OF PANAMA CANAL LOCKAGE DATA
COLLECTED DURING FIELD OBSERVATIONS

Observations were made at each of the three locks on the Panama Canal. The fol-
lowing data were collected: Ship size (length, beam, and draft), direction (north-
bound and southbound), lane (east and west), and transit time (approach, entry,
chamber, and exit). Two lock operating procedures were observed: regular and
relay lockage. Relay lockage expedites ship movements through multi-chamber
locks by using two sets of locomotives and crews in guiding ships between the
different chambers. A crew and set of locomotives that starts a ship’s lockage,
relays the ship to a second crew to complete the lockage, while they return to the
starting point to pick up a second ship. The regular lockage method utilizes a sin-
gle set of locomotives and crew all the way through. These operations are de-

scribed in more detail in Chapter |lI.

Two days were spent at each lock and the number of ships observed at each lock
were as follows:

Lock Name  Number

Miraflores 23
Pedro Miguel 18
Gatun 12

The limiting dimensions for a ship transiting the Panama Canal are:

Beam: 106 feet
Length: 965 feet
Draft: 39.5 feet
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Beam and draft are the major factors affecting a ship's speed of movement
through the canal. The wider the beam and deeper the draft, the slower the ship
is able to move through the locks.

Table 1I-3 provides the observed transit time data for each lock. Relay lockage
(see page llI-3) was observed only at Miraflores Lock. Northbound and south-
bound times and east and west lane times have been combined in the table. This
time is divided into approach, entry, chamber, and exit times. When two or more
ships fall into one vessel size category, the average time is calculated for the
ships. The PCC standard time is also shown for each category of vessel size.

While this sample is small, some general observations can be made. No consis-
tent pattern of lockage time differences can be found between the observed regu-
lar lockage transit times and standard time compiled by the PCC. Four relay oper-
ation observations were made at the Miraflores Lock. In each case, the time was
higher than the standard PCC time.

Chambering time usually took the most time of the four categories (approach,
entry, chamber, and exit). This time obviously increases as the number of cham-
bers in each lane at the lock increases. Pedro Miguel has one chamber, Miraflores
has two, and Gatun has three in each lane.

ANALYSIS OF PCC SHIP DATA BANK RECORDS

The PCC provided Ship Data Bank (SDB) records for all vessel transits in calendar
year 1990. Data for 13,611 transits were provided, split into a vessel characteris-
tics file and a vessel transit file. Table I1-4, prepared by the PCC, provides informa-
tion on the variables and the record layouts for these two files. Only eight (8)
records had to be deleted due to faulty data entry, leaving 13,603 transit records
available for analysis.

The SDB records were analyzed to produce the following:
° locking times and transit times by vessel size;
° ship list for 1990;
° vessel characteristics.
All analyses were performed using the SAS statistical analysis package, on a main-

frame computer. The results were grouped according to vessel beam and draft, as
follows:
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Vessel Class Beam (ft. Draft (ft.)

1 <60 -

2 60-69 -

3 70-79 -

4 80-89 <=36
5 80-89 >36

6 90-99 <=30
7 90-99 30-36

8 90-99 >36

9 >99 <=30
10 >99 30-36

11 >99 36-38

12 >99 >38

Locking and Transit Times

The objective of this analysis was to determine the mean, standard deviation, mini-
mum, and maximum values of approach time and lockage time at each lock, by
direction (northbound or southbound) and vessel class. Approach time is defined
as the vessel's enter time minus its arrival time at the lock’s center wall, and lock-
age time is defined as clear time minus enter time. Thus, lockage time here in-
cludes the entry and exit operations, which were later separated for the model
input. Transit time parameters, defined as the difference between transit termina-
tion time and transit underway time, were also computed.

Table I-5 presents the results of the locking time analysis. As expected, both the
approach time and the lockage time increase as vessel size increases, although
the rate of increase is irregular. There is a noticeable, and usually consistent,
difference in the times for the two transit directions, so directional differences were
preserved in preparing locking time input distributions for the simulation model. It
also appears that the minimum and maximum values are unreliable, and likely
reflect data entry errors or some unusual delay conditions. Thus, in developing the
simulation model inputs, emphasis was placed on representing the central portions
of these locking time distributions, and on smoothing out the transitions from one
vessel class to the next.

Table -6 presents the transit time results. In all cases northbound transits take
longer than southbound transits, resulting, at least in part, from a greater percent-
age of southbound ships in ballast (although a few of the minimum and maximum
times don't follow the average trend). Averaged across vessel classes, transit time
was 12.5 hours northbound and 9.8 hours southbound, with a weighted average of
11.3 hours. Given the large maximum times noted, these times obviously include
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some delay time, despite attempts to screen delay data. For reference, the transit
time table used by the PCC for ship scheduling purposes is included as Table II-7.
This table indicates an average transit time of about 8 hours, and matches informa-
tion obtained during the field data collection in Panama.

Ship List for 1990

All 13,603 valid vessel transit records were used to create a time ordered list of
vessel traffic for input to the model. Each record in the list specifies the vessel
underway time, vessel class, commodity carried, net cargo tons, laden or ballast,
and travel direction. The vessel classes used are the 12 classes based on beam
and draft as defined above, with the addition of classes 13 and 14 for passenger
vessels and recreational craft, respectively. Laden or ballast condition was estimat-
ed by comparing the vessel's transit draft with its- maximum draft. All other charac-
teristics were taken directly from the SDB records.

Vessel Characteristics

The simulation model uses nominal ship dimensions and other characteristics by
class of vessels. The SDB records were analyzed to determine representative
values for the 12 vessel classes defined above for use in the WAM. These values
were estimated by inspecting distributions of appropriate ratios, such as horsepow-
er/displacement, length/beam, and beam/draft, rather than simply averaging the
dimensions independently. The results of this analysis are given in Table II-8.
These results provided a reasonable and consistent basis for preparing simulation
model inputs, with a few exceptions. For example, it is doubtful that the average
beam of class 9 ships transiting the Panama Canal is 108 feet. Also, it is noted
that the maximum drafts shown are taken from a SDB variable labeled "maximum
tropical fresh water draft”. This is a vessel characteristic, not the actual draft re-
corded for a ship transit. Hence, judgment was needed to transform these analyti-
cal results into model input data.
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TABLE 1I-3
OBSERVED VESSEL LCCKAGE TIMES

1of4

Miraflores Lock
Reqular Lockage

Vessel Size Approach Entry Chamber Exit Sum ,
(Beam in ft) time time tine time time ship
(Draft in ft) (min) (min) (min) (min) (min) Name
Up to 60 40 PCC Standard Time
60-69 S 6 29 4 44 Nikolay Karamzin
s 6 32 L] 48 American Gulf I
s 7 25 4 41 Bonita
L 6 29 4 44 Average
N 40 PCC Standard Time
70-79 13 7 30 4 54 Merchant Premier
10 8 25 6 49 Peony Islands
12 8 28 L] 52 Average
43 PCC Standard Time
80-89 S 7 25 8 43 Barbara Vaught
L] 7 26 L] 43 Lakambini
8 9 28 6 48 Hua Jin
6 8 25 6 45  Average
50 PCC Standard Time
80-89 (36’ up) 50 PCC Standard Time
90-99 11 9 29 9 58 Nippon Highway
58 PCC Standard Time
90-99 (30’=36') 7 7 29 s 51  Bing He
65 PCC Standard Time
90-99 (36’/-39.6') 11 13 33 9 68 Samuel H. Armocost
70 PCC Standard Tine
100 (Ballast) 2 12 36 ] 55 Glorious Ace
e 14 33 4 53 Tian Tan Hai
3 13 s L] sS4 Average
60 PCC Standard Time
100 (30’-36') 70 pcC Standard Time
100 (36’-38') 80 pcC Standard Time
100 (38’ & over) 85 PpCC Standard Time
100 (Deeply laden) 95 pCC Standard Time
L] 9 29 S 48 Csvo .
Tanden 4 4 29 8 45 Taiho Maru #7
L] 12 32 2 s1 Railro
s 6 32 S 48 Sierra Guadarrama
S 14 r¥j 3 49 Kenkyu Maru #18
4 6 27 6 43 Chiquita Bocas
s 9 a9 L 47 Average
S0 PCC Standard Time
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TABLE 1I-3 (cont'd)

Vessel Size
(Beam in ft)

(Draft in ft) (min)
60~69

70-79

80-89 12
80-89 (36’ up)

90-99 9
90-99 (30’-36') 8

90-99 (36’-39.6’)
100 (Ballast)
100 (30’-36’)
100 (36’-38’)

100 (Deeply laden)

Tandena

29

time
(min)

Miraflores Lock
Relay Lockaqe

Approach Entry Chamber Exit Sum
tine

time
{min)

time
(min)

time
(min)

40

40

10 29 8 58
45

50
45
50

15 32 7 83
60

40

-17

20f 4

Ship
Nane
PCC Standard Time
PCC Standard Time

Virginia :
PCC Standard Time

PCC Standard Time

Esmeraldos
PCC Standard Time

Neptune Sirius
PCC Standard Time

PCC Standard Time
PCC Standard Time
PCC Standard Time

Santa Maria
PCC Standard Time

PCC Standard Time



TABLE 1I-3 (cont'd)

Pedro Miguel Lock
Reqular Lockage

4

L X N ] (L N W

(L XV

11
10

Noweso

KW

Sum
time
(min)

30f4

Ship
Name

Inger Riis
PCC Standard Time

New Zealand Reefer
Cai Lun

American Gulf I
Average

PCC Standard Time

Peony Islands
Merchant Premier
Average

PCC Standard Time

Barbara Vaught
Lakambini

Average

PCC Standard Time

PCC Standard Tinme

Nippon Highway
PCC Standard Time

DSR Oakland

Bing He

Average

PCC Standard Tinme

Samuel H. Armacost
PCC Standard Time

Glorious Ace
American Senator
Western Future
Tian Tan Hai
Average

PCC Standard Time

PCC Standard Time
PCE Standard Tinme
PCC Qtandard Tine
pPcC Standard Time
Merkur Lake

Tumaco
Average

Vessel Size Approach Entry Chamber Exit

(Beam in ft) time tine time tinme

(Draft in ft) (min) (min) (min) (min)

Up to 60 11 5 12

60-69 7 6 16
12 8 12
11 6 13
10 7 14

70-79% 10 8 13
12 7 13
11 8 13

80~-89 7 6 13
7 9 12
7 8 13

80-89 (36’ up)

90-99 9 9 14

90-99 (30’-36’) 34 9 11
10 8 13
22 9 12

90-99 (36’-39.6') 10 10 13

100 (Ballast) 14 11 13
11 9 12
16 L 10
] | 12
12 9 12

100 (30’-36')

100 (36’~-38’)

100 (38’ & over)

100 (Deeply laden)

Tandea L] 11 11
s L) 11
L] 8 11

iI-18
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TABLE (I-3 (cont'd)

Vessel Size

Approach Entry

Gatun Lock
Regular Lockage

(Beam in ft) time time time

(Dragt in ft) (min) (min) (min)

Up to 60

60-69

70-79 7 -] 42

80-89 8 8 41

8 7 44
8 8 43

80-89 (36’ up)

90-99

90-99 (30’-36’) 14 10 46

90-99 (36’-39.6’)

100 (Ballast) 14 12 60
10 6 46
13 L] 47
13 8 Sl

100 (30’-36’) 9 r}8 S4

100 (36’'-38’) 11 13 (1]

100 (38’ & over) 42 a7 . 101
.40 11 78
13 10 69
a2 16 82

100 (Deeply ladnn)
Tandem

I-19

Chamber Exit
time
(min

(L NV N ]

10

10
11
13

Sunm
time
(min)

60
60

70

76
78

8s
92
68
72
77
70

99
108

180
107

141
120

130
70

4 of 4

PCC Standard Time
PCC Standard Time

Indian Ocean
PCC Standard Tire

Republic de Columbi
Isabel Barreto
Average

PCC Standard Time

PCC Standard Time
PCC standard Time

Jo Brevik
PCC Standard Time

PCC Standard Time

Ocean Highway
Century Highway #1
Eagle

Average

PCC Standard Tinme

Ever Garden
PCC Standard Time

OUCL Pair
PCC Standard Tinme

Bvniki
Sirena
Myrina
Average
PCC Standard Time
PCC Standard Time

PCC Standard Time



TABLE I-4 1of4
PCC SHIP DATA BANK RECORDS

Basic Ship Information File Layout (YY02000) 1

FIELD NAME LENGTH FROM IQ REMARKS
Ship Number 6 1 6

Ship Name 30 7 36

Ship Type Codec 2 37 38

Length 6 39 44 FT 9(4)V99
Beam 5 45‘ 49 FT 9(3)v99
Maximum Tropical Fresh Water Draft 8 S0 57 FIND %(8)
Panama Canal Commission Maximum

Authorized Dralt 4 58 61 FTIN 9(4)
Horscpower Type 1 62 62

Horscpower Rating 6 63 68 9(6)
Summer Dead Weight 6 69 74 LTW 9(6)
Immersion 4 75 78 TPI 9(3)V9
Nonstandard Transit Rules 1 ” ™

Preferential Transit 1 80 80

Tie-up Réstrictions 1 81 81

Daylight Transit - Regular 1 82 82

Daylight Transit - Draft 1 8 8

Full Dayligit - Regular : 1 84 84

Daylight in Cut - Regular | 1 85 8s

Daylight in Cut - Dratt ' 1 86 86

Clearcut - Regular 1 87 87

Clearcut - 170 ft. Rule 1 88 &

Clear Channel - Gatun Locks to Buoy 13 1 89 89

i1-20



TABLE -4 (cont'd) 20of 4

Basic Ship Information File Layout 02000 - cont'd

FIELD NAME LENGTH EROM IQ REMARKS
Clear Channel - Balboa Basin to

Buoy 13 1 %0 90

Clear Channel - Balboa Basin to Bridge 1 91 91

Clear Channel - Miraflores Locks to

Buoy 1 - Draft 1 92 92

Clcar Channel - Miraflores Locks to

Buoy 1 - Night 1 93 93

Maximum Speed in Canal 3 94 96 KT* 9(2)V9
UNITS

FT = Feet - FF

FIND = Feet, inches, numerator, denominator - FF' IN® NN/DD
FTIN = Feet, inches - FF IN"

LTW = Long tons weight

TPI = Tons per inch

KT* = Knots to the nearest .0 or .S

! Variables are defined in PCC Data Processing System Manual No. 16.

f1-21



TABLE 1l-4 (cont'd) 30of4
Transit Information File Layout (YY02010)

FIELD NAME LENGTH FROM IQ REMARKS
Ship Number 6 1 6

Ship Name 30 7 36

Arrival Date 6 37 42 YMD
Arrival Time 4 43 46 HM
Transit Direction 1 47 47

Dclay Code 1 48 48

Transit Restrictions 1 49 49

Ready to Transit Date 6 50 55 YMD
Ready to Transit Time 4 56 59 HM
Transit Underway Date 6 60 65 YMD
Transit Underway Time 4 66 - 69 HM
Transit Booking 1 70 70

Transit Beginning Date 6 n 76 YMD

First set of locks

Arrival Time 4 n 80 HM
Entry Time 4 81 84 HM
Clear Time 4 85 88 HM
Departure Time‘ | 4 89 92 HM
Pedro Miguel Locks |
Arrival Time 4 93 96 HM
Entry Time 4 97 lm HM
Clcar Time 4 101 104 HM
Dcparture Time 4 105 108 HM
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TABLE 114 (cont'd)

Transit Information File Layout (YY02010Q - cont'd)

FIELD NAME
Last set of locks

Arrival Time
Entry Time
Clecar Time
Departure Time
Departure Date
Gamboa Sight Time
Gamboa Passing Time
Transit Termination Date
Transit Tcrmination Time
Tropical Fresh Water Forward Draft

Tropical [resh Water After Draft

UNITS

YMD = Ycar, month, day YYMMDD
HM = Hours, minutes HH:MM
FTIN = Feet, inches - FF IN®

LENGTH FROM
4 109
4 13
4 117
4 121
6 125
4 31
4 135
6 139
4 145
4 149
4 153

I1-23

112
116
120

124

138
144
148
152
156

4 0of 4

REMARKS

HM



TABLE II-5

APPROACH AND LOCKAGE TIMES FROM SDB RECORDS

1of3

Times at Gatun Locks (minutes)

Vsl. No. Approach Lockage
Class | Dir. Vsl Avg. ! SD | Min. l Max. Avg. SD | Min. | Max
1 N 1066 | 1641 1859 100| 126| 6288 | 1020| 11.0| 162
S 1145| 874| 801 1.00 71| 6088| 930| 700| 126
2 N s67| 1567| 1607 200| 98| 6026| 766| 320 94
S s47| 1089 1052| 1.00 95| 5948| 841| 800| 94
3 N 13851 1556| 1542 100| 260| e6084| 78| s00| 156
s | per| 1o2| 1022] 10| 12| so67| 791| 100] 126
4 N s61| 1784| 1874| 100| 250| 6280|1090 | 3.00| 241
S s34 | 1290 11.42| 200 99| 6232| seo| 480 17
5 N 40| 1955] 1737 6.00 9| e650| 721| 20|
) 7| 1286 1235 6.00 w| e63m| 613| s8o| 76
6 N 29| 2053| 1888| 400| 193| e6530| 967| 100| 138
S 243| 1443| 1126 | 3.00 61| 6429| 820| 510 9
7 N | 23| 275 1777 100| 12| 6867 669| 50| 93
S 2861 1643] 1491 200 110] 6913] 823} 500| 102
8 N 134 1967 1595| 200 g2| 7515| 852| 610 103
S 143 1593 | 1341 200 90| 7654| 1466| 100 130
9 N | 46| 2300| 1747 200| 190| 7015| 960| 420} 123
) 357| 1657 1291 | 3.00 78| 7006 | 11.07| 520| 159
10 N a77| 287| 1711 200| 102| 7855| 1029 550| 132
S 381 | 1684] 1270 300| 110) 7573| 1081 10| 147
11 N 0 - - - - - - - -
) 177 17.12| 1325 5.00 73| 8a72| 1165| 20| 128
12 N 273 | 2106| 1674 | 4.00 90| 97.19| 13712] 610 197
) 661 1817| 1288 3.00 75| 10593 | 1405| 310| 179
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TABLE [I-5 (cont'd) 20f 3
Times at Pedro Miguel Locks (minutes)

Vsl. No. Approach Lockage
Class | Dir. Vsl | Avg. SD ﬁ__Min. Max. Avg. SD | Min. Max.
1 N 1066| 792 842 [ 100 1aa] 2619| 2664 [ 30| 498
S 1145 1030| 982| 100 79| 2546| 825| 100]| 126
2 N s67| 855| 652 200 68| 2410 625| 11.0| 139
S s47| o982 | 930| 300| 146 2569 892| 200| 152
3 N 138s| 882| 68| 200| 146| 2477| 6.08| 100} 132
S 1387 | 1036| 7.64| 200 63| 2611| 1151 100] 298
4 N s61| 954| 648| 3.00 96| 2643| 2012 500| 469
S s3¢| 11.23) 738 4.00 60| 2707| 945| 200]| 177
5 N. 40| 912| 338| 500 26| 2925| 4.01| 240 48
S 71 1757| 1546 | 6.00 so| 268 | 157 250 29
6 N 269 | 1200| 800}| 3.00 s7| 29.10| 1577| 200| 188
S 243| 1213 723| 5.00 44| 2852| 9.14| 300| 105
7 N 23| 18| 875| 3.00 s6| 3040| 910 20| 107
S 86| 1156 733| 500 72| 3047| 7.09| 7.00 9%
8 N 134 1218] 631] 6.00 48| 3571 | 2146] 190] 222
S 143 113} 52| 500 35| 3401 617] 260 67
9 N 446 | 1402 | 1014 | 4.00 70| 3090) 1433 170} 164
S 357| 1283 | 750| 5.00 so| 29.18| 733] so00| 11
10 N ar7| 1488| 1256| 300| 13| 3393 981} 180} 139
S 381 | 13.14| 740} 4.00 s2| 3414| 629 260| 97
11 N 0 - - - - - - -
S 177 1223| 559| 5.00 43| 3724 467| 240 52
12 N | 13.13| 867| s500| 100] 4789| 923| 310} 160
S 661 | 13.09| 730| 500 67| 4275 710] 20| 123
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TABLE 1I-5 (cont'd) 30f3

Times at Miraflores Locks (minutes)
Vsl, No. Approach Lockage
Class Er. Vsl Avg. =ﬂ) Mig.== Max. Avg. SD Min. | Max
1 N 1066| 767| 765| 100| 105| 428 992| 110 ?
S 1145 | 1014 | 1188 | 100| 114| 4040| 720| 200| 108
2 N s67| 726 3.11| 3.00 51| 4105| 6.12] 310 76
S s47| 887 819| 200 63| 4002| sa3| 290 77
3 N 1385| 887| 873| 200| 10| 41.15| 604 900| 110
S 1387 938| 836 1.00 77| 4043 | 505| 200| 88
4 N s61| 965| 7.48| 3.00 59| 4208| 537| 240| 74
S s34 | 1101 1016 | 3.00 73| 4194| 551 330| 79
5 N 40| 925| 478| 500 29| 4645| 484 410 66
S 7| 10| 602| 600| 21| 4057| so0s| 60| s
6 N 269 11.15| 886| 400| 112| 4409| 488) 350| 65
S 243| 1421 1371 400 69| 4203| 703| 340 108
7 N 233 | 1093] 525| 5.00 33| 4687| 56| 20| 72
S 286 | 1533 | 1470 | 4.00 77| 4484| 483| 370| 76
8 N 134| 1151 550| 5.00 34| s140| 627| 390| 75
S 143 13.79| 1224 | 4.00 76| 4870 722| 380[ 111
9 N 446 | 1312 659 4.00 s6| 4791| 599] 330| 89
S 357 17.32| 1430| 4.00 80| 4462| 632 310 9
10 N 477| 1356| 717| 5.00 63| s330]| 737| 380] 104
S 381 | 1531 11.50| 4.00 66| 4982 | 702| 390 118
11 N 0 - - - - - S -
S 177| 1501| 1220 3.00 75| s420| 680 420 96
12 N 73] 1a31| 6s2| soo]| so| 7098| ssof 490] 101]
S 661| 1365| 1014 4.00 71| 6366 873] 600| 125
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TABLE 1I-6
VESSEL TRANSIT TIMES FROM SDB RECORDS

Transit Time (minutes)
Vessel No.

Class Dir. | Vs.. | Av& | SD | Min. | Max.
1 N 1066 | 628 261| 354 2750
S 1145 530 155| 350| 1897
2 N 567| 744| 346| 370| 3537
S 547 | S36| 183 | 362 2795
3 N 1385 | 785| 398| 355| 4605
S 1387 547| 174| 344 | 2161
4 N s61| 773| 342| 385| 2781
S S34| S88| 235| 393| 2960
5 N a| 9a6| 356| 525| 1684
S 7| 8571| 727 442 2456
6 N 269| 795| 293| 405| 2446
S 243| 63| 197| 418] 1938
7 N 33| 80| 283| 485| 1715
S 286| 664| 228)] 456 272
8 N 134| 88| 361| 532 2684
S 143| 672 220| 482 1843
9 N 446| 778| 280| 465| 2809
S 357 633| 162| 420 2086
10 N M| 141 197 | 547 | 189
S 381| 644 15| 463| 2378
11 N 0 - - - -
S 177| 642 142| 468| 1670
12 N 273 | 798| 242| 579| 2302
S 661 | 692| 210| 511 2086

Total/ N 5451 751 = 12.5 hours

Average | g 5868 | 590 = 9.8 hours
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TABLE II-8

VESSEL CHARACTERISTICS FROM SDB RECORDS

Dimensions (ft.)

Vessel | No. Summer Max.
Class Vsl HP DWT | Length | Beam | Draft
1 _1038 5,628 5,308 343 54 22.5
2 806 9,831 10,735 452 66 28.5
3 2139 | 12,277 15,895 463 67 315
4 900 | 12,932 22,793 544 85 339
5 149 | 12,788 31,815 564 86 37.7
6 401 | 14,969 23,485 96 327
7 395 | 13,956 32,110 595 94 36.5
8 230 | 11916 38,138 600 94 39.0
9 656 | 16,173 32,104 648 108 35.5
10 722 | 23,110 42,308 696 105 394
11 0 - - - - -
12 714 | 15,495 59,451 710 106 43.1
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PANAMA CANAL OPERATIONS

The following information on existing canal operations is based on discussions
with Panama Canal pilots, operating personnel at the locks and key staff of the
Marine Transportation and Lock Divisions of the PCC: observations of TAMS and
ORNL personnel during transits of the canal and visits to the locks in August, Sep-
tember and October, 1991; and review of the 'Handbook of Lockage Procedure’,
Revised Edition, 1988 and sections of the Marine Bureau Operations Manual.

A vessel that is bound for the Atlantic from the Pacific side, picks up one or more
Panama Canal Commission (PCC) pilots at Balboa, commencing the Panama
Canal transit, and enters the Miraflores Lock. As the bow of the vessel approaches
the center wall of the locks (consisting of two lanes and two chambers in each
lane), wires are fastened to the locomotives that assist in the transit through the
locks. In cases where the vessel involved is large, the assistance of one or more
PCC tugboats is sought in addition to the locomotives. The vessel is raised to
elevation +55 feet and upon leaving the last (2nd) chamber, the vessel then travels
across Miraflores Lake to the Pedro Miguel Locks.

A similar operation passes the vessel through the single chamber, of a two lane
lockage system, raising it to +85 feet and leading to the narrowest portion of the
canal passage, the Gaillard Cut. Travel through the cut for larger ships is limited
to daylight hours, with single direction sailing for the larger vessels, while smaller
vessels are allowed to ply 24 hours a day, in either direction simultaneously.

The Cut ends at the town of Gamboa, following which the vessel travels across
Gatun Lake, where travel is unrestricted, and enters the triple chamber, two-lane
lockage system, the Gatun Locks which lowers the ship to sea level. After this final
section, the pilots are dropped off before leaving Cristobal, the port on the Atlantic
end of the canal, effectively terminating the Panama Canal transit.

Vessels transiting towards the Pacific side from the Atlantic follow similar opera-
tions, in reverse order.

OPERATIONAL CRITERIA
The principal criteria influencing Canal operations are:

° Safety: Safety of operations is first and foremost, and is the basis for
many of the key. operating rules.
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° Capacity: The capacity requirement is considered satisfied if ships’
time in canal waters do not exceed 24 hours.

° Operating Costs: |f the capacity criterion is satisfied, the Canal is
operated as economically as possible. If, however, there is impend-
ing congestion as a result of a greater than ordinary number of ship
arrivals or a lock lane out-of-service, faster but more costly operations
will be used such as 'relay’ operations (described below) at Gatun
and Miraflores Locks.

° Water Use: The availability of water for lockages is not a problem
generally and not at all during rainy seasons. During a recent dry
season, however, it was necessary to restrict vessel drafts below
normal. At such time, water conservation takes on more importance.

OPERATING PROCEDURES

First Come, First Served

The general operating procedure is “first come, first served".

This procedure is modified, however, by various constraints and conditions, such
as those that apply to the navigation of large ships (defined as those with a beam
greater than 90 feet) through the Gaillard Cut.

Large Ships

For safety reasons, large ships are not permitted to navigate through the Cut at
night and are not permitted to pass or overtake in the Cut.

Accordingly, the practice is to form convoys of the large ships that arrive overnight
at each end of the canal. At daybreak, the large ships start to move through from
each end of the canal using both lanes of the locks in the same direction (i.e.,
both lanes of the Miraflores and Pedro Miguel locks operate northbound and both
lanes of Gatun southbound). The northbound ships then proceed through the
Gaillard Cut, operated as a single lane channel and, in Gatun Lake, pass the
southbound convoy which, in the meantime, has locked through Gatun. The
southbound convoy then proceeds through the Cut in a single lane.

Relay Operations - Multi-Stage Locks

Under normal operations at the multi-stage locks, a team comprising a crew and a
set of mules (six or eight for large ships), will pick up a ship as it enters the lock
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and assist it in locking through the entire complex. A following ship cannot enter
the same lane of the lock until the ship preceding it has locked through completely
and the team returns to the starting point (10 minutes at Miraflores and 15 minutes
at Gatun for mule travel time).

Under relay operations, a second team exchanges with the first at an intermediate
point in the lockage (the upper level at Miraflores and the middle level at Gatun) to
assist the first ship through the remainder of the lockage and allow the first team to
return to pick up a following ship. In this manner the second ship may start lock-
ing through the same lane of a multi-stage lock before the first ship completes its
lockage, thereby increasing lock capacity.

Relay operations are not normally used because of the costs of the additional
crews and equipment involved. There are also practical limits on the number of
locomotives that can be maintained in service for extended periods.

Relay operations are used for one lane of a lock only and usually for one shift of
eight hours.

Other Operating Procedures

° Passage through the canal can be reserved through a booking sys-
tem for an additional fee--passage within 18 hours is guaranteed on
this basis.

° Preference transits proceed through the Canal upon arrival--e.g. Pas-
senger Ships.

° ‘During light traffic periods, such as for eight hours each night, one
lane at Pedro Miguel locks is shut down.

) Ships handling hazardous cargoes are not permitted to pass in the
Cut (these and large ships are referred to as 'clear cut vessels').

° Small ships can share a lock chamber when their combined lengths
do not exceed 800 feet; this is called 'tandem lockage'.

° If only one lane of a lock is being used, both the side wall and center
wall culverts are assigned to that lane.

° if an upbound and a downbound passage are proceeding simuita-

neously through a lock, the center wall culvert is assigned to the
upbound lane.
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A ship may tie up on either side or either end of the center wall of a
lock, if its passage is delayed.

Lock maintenance staff are also trained to serve as operations staff,

which provides considerable flexibility in staff assignments and the
ability to respond to fast developing needs.
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OPERATING INDICES AND PARAMETERS

The principal challenge in estimating the capacity of the alternative conceptual
plans for the Panama Canal is to translate knowledge of how the present canal
operates, and the design features and assumed operating characteristics of the
alternative plans, into numerical values which can be used with confidence in the
estimation process. In this study, the estimation method centers around use of a
waterway navigation computer simulation model. Thus, consideration of appropri-
ate parameters and indices of canal operation must start with knowledge of the
model’'s input data requirements and the sensitivity of the model's outputs to
changes in the inputs.

The simulation model output that will have the largest effect on judgments about
the feasibility of any conceptual plan is the average delay incurred by vessels in
transiting the canal. Thus, the importance of obtaining highly accurate data for
constructing model inputs must represent a tradeoff between the sensitivity of the
predicted average vessel delay to the input variable and the availability and cost of
obtaining source data.

For those conceptual plans which include lock facilities, the variables that have the
greatest impact on average delay are the vessel arrival rate and the average lock
service time. The vessel arrival rate is a function of the vessel traffic forecast,
which was prepared under the Commodity and Traffic Projections Study. From
these projections, lists were prepared using a Poisson distribution to generate ship
arrival times. Within this study, attention was focused on obtaining and under-
standing data on lock operations. The mean locking time has the largest impact
on average vessel delay. Queuing theory, and experience in analyzing other lock-
ing systems, indicate that the variance in locking time also influences delay, but
not as significantly. Consequently, the main emphasis of the data analysis was on
obtaining representative statistical distributions of lock processing time under dif-
ferent conditions, such as regular versus relay lockage procedure. Data sources
and analysis are described in Chapter ll, and the manner in which the model in-
puts were derived is presented in Chapter X.

Vessels also incur delay at channel sections where navigation is restricted, such as
the Gaillard Cut. Obtaining reliable data on vessel operations in the Cut was es-
sential for model calibration, but the conceptual plans do not include significant
channel restrictions. Thus, the overall modeling results are judged to be relatively
insensitive to assumptions about this source of delay.

Most of the simulated transit time in the model occurs in unrestricted navigation
channels. Model inputs that affect this output are vessel dimensions (length,

4
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beam, draft, block coefficient) and horsepower and the average depth of the chan-
nel. These variables jointly determine the model’s estimate of vessel speed. As
long as the predicted speeds are correct on a relative basis, i.e., in comparing one
class of vessels with another, the arrival pattern of the vessels at the locks and
restricted channels will be correct. There were sufficient data on vessel character-
istics within the Ship Data Bank (see Chapter Il) to estimate the required inputs
with an acceptable level of accuracy.

Operations in a sea-level canal are greatly affected by the tidal currents that might
be encountered. Consequently, hydraulic modeling was conducted to determine
the potential magnitude of such currents, and to assess the need for positive
means of control. That analysis is described in Chapter VII. It became obvious
early in the hydraulic modeling that tide gates or locks would be needed to provide
safe navigation conditions. With this type of system, the critical operating parame-
ters are the length of canal between the tide gates, the number of lanes provided,
the operating cycle, average ship spacing, and average vessel speed. The rela-
tionships among these variables are explored in Chapter VIIl. The outcome of this
analysis was to set the values that would be tested in the simulations.

An important design parameter is the maximum size of ship that will utilize any part
of the system. The conceptual plans and vessel traffic forecasts are keyed. around
a set of maximum size design ships that are anticipated to use the Panama Canal
in the future. In some cases, certain classes of vessels, such as the current
Panamax vessels, could use efficiently either the existing canal or new locks or
channels that would be available. Consequently, development of operating rules
for assigning ships to alternative routes will be an important consideration. Since
no such rules presently exist, empirical methods of generating acceptable results
for screening purposes were used in this study. The results are sensitive to the
routing rules in cases where a system is operating with significant congestion, so
additional consideration of these operating rules will be needed in Phase 2.

Key operating parameters that impact on capacity used in the analyses herein are:

[ maximum size of vessel to be accommodated, which governs the
depth and width of the channel and the size of locks;

° vessel arrival rates;

[ one-way or two-way operation and the length of canal over which
each pertains;,

L for alternatives involving locks, lock service time, such as filling and
emptying times, opening and closing times of gates and time for
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vessels entering and leaving locks for different ratios of vessel beam

to lock width;

° operating sequence for multi-step locks, i.e. whether regular or relay-
ing lockage;

° traffic management procedures governing such items as the assign-

ment of ships to alternative routes (e.g. new locks or old);

° for sea-level canal alternatives, the length of canal between tide gates
is important, as is the distance from the Pacific end of the canal to
the tide gate at the Atlantic end, which affects the maximum speed of
tidal currents;

° maximum vessel operating speed relative to land, which is governed
by the size of the vessel, its horsepower, and the ratio of the cross-
sectional area of the canal to the cross-sectional area of the vessel:

° minimum spacing between vessels, which is a function of the size of
vessel, its speed and stopping distance;

° basic operating features of tide gates, such as opening and closing
times, and points in the tide cycle when gates can be operated;

° length of operating cycles for sea-level canal alternatives: i.e., at haif-
tide intervals (6% hours), or full-tide intervals (12'2 hours).

Average vessel delay is the index of operating performance that was used in this

study to examine the relative capacities of the alternative conceptual plans. The
method of analyzing delay is outlined in Chapter XI.
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FUTURE VESSEL TRANSITS

The capacity of canal alternatives depend, among other things, upon the maximum
size of ship and the mix of ships (in terms of size and loading distribution) expect-
ed to transit in any year, as well as the physical characteristics of the alternatives.
Accordingly, several types of analysis regarding ship traffic were done before the
actual capacity analyses were undertaken.

An analysis of historical ship movements was first made (Chapter Il) and ship
movements were organized and categorized by ship type and size. Next, a review
was made of the vessel forecast prepared under the Commodity and Traffic Pro-
jections Study by the WEFA Group, and the ship type and size categories from
those forecasts were related to the Panama Canal Commission (PCC). Finally, for
each separate forecast (for different maximum ship sizes and different years), a
ship file was generated based on a Poisson distribution, indicating an arrival time
for each ship.

SHIP TYPES AND ARRIVALS

The ship types used are based on the beam and draft that are used by the PCC
for ship scheduling purposes, as in the locking time data analysis presented in
Chapter |, except that the last two classes for 100-ft. beam and over were com-
bined and classes 13 (passenger vessels) and 14 (recreational vessels) were add-
ed.

All Ship Data Bank (SDB) vessels were related to vessel types 1 through 14 (see
Table V-1) for analysis and for preparation of model inputs. In addition, vessel
types 15 through 22, corresponding to ships from 100,000 to 300,000 DWT in size
were added for analysis of the lock and sea-level plans.

TABLE V-1

SHIP TYPE AND SIZE
1 Up to 60’ beam 12 100'+ beam, >38' draft
2 61-69' beam 13 commercial passenger
3 70-79' beam 14  recreational vessels
4 80-89' beam, <36’ draft 15 100,000 DWT ship ballast
5 80-89' beam, >36' draft 16 100,000 DWT ship laden
6 90-99’ beam, <30’ draft 17 150,000 DWT ship ballast
7 90-99' beam, 30-36' draft 18 150,000 DWT ship laden
8 90-99' beam, >36' draft 19 250,000 DWT ship ballast
9 100'+ beam, <30’ draft 20 250,000 DWT ship laden
10 100’'+ beam, 30-36' draft 21 300,000 DWT ship ballast
11 100'+ beam, 36-38' draft 22 300,00Q DWT ship laden



Ship arrival times were generated randomly as a Poisson process, based on an
analysis of the arrival time distribution from the SDB records.

SHIP TRANSIT PROJECTIONS

A summary of the projections prepared by the WEFA Group of ship transits cover-
ing ship mixes with five alternative maximum vessel sizes for years 2020 and 2060
appears in Table V-2.

TABLE V-2
PROJECTED TOTAL PANAMA CANAL TRANSITS
Maximum
Ship Size No. of Annual Ship Transits
(DWT) Year 1990 Year 2020 Year 2060
65,000 11,520 18,350 24,810
100,000 - 17,620 23,970
150,000 - 18,140 24,670
250,000 - 18,220 24,740
300,000 - 18,210 24,730

Note: Totals are rounded.

Source: Commodity and Traffic Projections Study, The WEFA Group, 1992

The fewest number of transits occurs with ship mixes capped by 100,000 DWT
ships. Apparently, compared with the 65,000 DWT mix, the additional cargo sub-
ject to capture by virtue of the economies of the larger ship size is not sufficient to
balance the greater volume of cargo that can be carried on each larger ship--
hence the reduced number-of transits. As ship size increases above 100,000
DWT, greater volumes of traffic would be diverted to the canal. The biggest in-
crease in ship transits occurs between the 100,000 DWT and 150,000 DWT ship
mixes. The difference in number of transits between the 250,000 DWT and
300,000 DWT categories is not significant.

The distribution of transits between laden and ballasted ships, northbound and
southbound, is indicated in Table V-3.

V-2



TABLE V-3
DISTRIBUTION OF
TOTAL PANAMA CANAL VESSEL TRANSITS

Ballast Laden otal

Year : Case North South North  South  North  South All
1990 : 1 676 1,084 4806 4,956 5482 6,040 11,521
2020 : 1 1,043 1,790 7,684 7,833 8,727 9,623 18,350
2020 : 2 995 1,758 7,362 7,509 8,357 9,267 17,624
2020 : 3 1,075 1,757 7,353 7,958 8,428 9,715 18,143
2020 : 4 1,088 1,756 7,351 8,028 8,439 9,784 18,223
2020 : 5 1,087 1,756 7,351 8,021 8,438 9,777 18,215
2060 : 1 1,349 2,304 9,966 11,193 11,315 13,497 24,812
2060 : 2 1,282 2,253 9,689 10,741 10,971 12,994 23,965
2060 : 3 1,385 2,332 9,652 11,298 11,037 13,630 24,667
2060 : 4 1,397 2,332 9,652 11,360 11,049 13,692 24,741
2060 : 5

1,395 2,332 9,652 11,353 11,047 13,685 24,732

1. 65,000 DWT Design Ship

2: 100,000 DWT Design Ship
3: 150,000 DWT Design Ship
4: 250,000 DWT Design Ship
5: 300,000 DWT Design Ship

Source: Commodity and Traffic Projections Study, The WEFA Group, 1992
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THE WATERWAY ANALYSIS MODEL

INTRODUCTION

The Waterway Analysis Model (WAM) has been in use by the U.S. Army Corps of
Engineers for more than ten years. The purpose of WAM is to represent on a
computer the operation of a waterway system in transporting waterborne cargo.
WAM is a relatively large and detailed simulation model, providing explicit repre-
sentation of individual waterway facilities, cargo consignments, and vessels.

WAM was originally developed to simulate shallow draft barge traffic on the U.S.
inland waterways. The model has been used extensively to simulate parallel locks,
and thus is directly applicable to the multi-lane Panama Canal operations.

The existing documentation of the model refers frequently to system specific attrib-
utes such as towboats, barges, river junctions, multiple cut lockage operations,
and so on. The next section provides an overview level description of WAM, and
was extracted from the existing documentation. Hence, it continues to use some
terminology that is not appropriate for the Panama Canal. The subsequent section
discusses how WAM was used to simulate Panama Canal operations.

Documentation of the Panama Canal versions of WAM will be prepared as part of
the OCCE Study. Draft documentation of the Phase 1 model was delivered with
the Draft Final Report.

MODEL DESCRIPTION
Overview

An overview of the structure of the Waterway Analysis Model is presented in Figure
VI-1. The four major components are:

a. System Description Input Data

This is a set of input records which describes the waterway network (ports,
locks, interconnecting channels), the vessel fleet, and the commodity class-
es to be transported.

b. External Event |ngdt Data

These input records are read into the model during the simulation process
and trigger occurrence of events. There are three types of external event
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input: 1) shipment data, 2) run control data, and 3) lock downtime events.
Each shipment is specified by a shipment origin, shipment destination, net
tons, commodity class, time of availability, type of vessel and loaded versus
empty designation. The run control records cause such events as the re-
setting of accumulated statistics, the printing of intermediate output reports,
the saving of optional data, and the end of simulation. The lock downtime
records cause a specified lock chamber to go out of service, to simulate
equipment malfunctions, accidents, weather delays, and so on.

¢. Simulation Program

The simulation program is the operational heart of the model. It processes
the input data, produces playback reports, initializes the waterway system,
processes each shipment from origin to destination, records statistics for
generation of performance output reports, and creates files for post-process-
ing by other programs.

d. Qutput Reports

Playback reports are produced by the input processing routines of the simu-
lation program. These reports echo the system description input_data in a
convenient format for user data checking. The output processing routines
of the program use statistics gathered during the simulation to generate
performance reports on lock utilization and delay, vessel utilization, port
activity, detailed traffic summaries, and other optional reports specified by
the user.

Waterway System Representation

A description of the way in which the various elements of the inland navigation sys-
tem are presented in this simulation model appears in Appendix 'B’.

The way in which the input definitions were modified for the purpose of the OCCE
Study is described in the following section.

SIMULATING OPERATION OF THE PANAMA CANAL

The existing WAM was used with minor modification to simulate tha'operation of

the Panama Canal for Phase 1 of this study. Various program modifications will be
made for more accurate simulation in Phase 2.
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Waterway Network

The WAM data structure was directly usable, without change, for representing both
the existing canal and the proposed sea-level canal. The system consists of a port
at each end, locks at Gatun, Pedro Miguel, and Miraflores, a bend to represent the
Gaillard Cut, and the intervening reaches between these elements. The bend data
structure is well suited for modeling the navigation restrictions in the Cut, and can
be configured to permit only one-way traffic for the appropriate classes of vessels.
Ports were used only as locations to initiate and terminate vessel transits, so the
cargo loading and unloading data were entered so as not to interfere. with this
function. Some intermediate ports were added to represent junctions where new
channels for the third locks plans would join the present system.

The locks are represented as dual chamber facilities, where each lane is consid-
ered to be a single chamber. The level of detail available in the Ship Data Bank
for lock passage times does not support more detailed modeling of each level at
Gatun and Miraflores (which could be represented as successive locks), and the
field observations made at those locations indicate that a greater level of detail is
not needed.

Configurations with a third lane of locks can be represented directly as a branch in
the network, with the new lock located in this branch. The model requires preas-
signing vessels to use the new lock. Dynamic assignment of vessels to minimize
vessel delays will be added to the Phase 2 model.

The alternative sea-level canal configurations were also represented readily. The
tidal gates that may be needed in some systems can be modeled as locks. The
downtime event can be used to model periods when the tidal gates are closed to
vessel traffic, and the times of these events can be obtained from the runs of the
LATIS model. Tidal basins impose no particular restrictions on the sea-level
canal’'s network representation. One-way canals operated on a fixed cycle can be
modeled with the bendway feature, as for the existing Gaillard Cut.

Vessels

The key to representing the Panama Canal vessel fleet was to set up a one-to-one
correspondence between commodity class, towboat type, and barge type. The
model data structure was modified to allow a user-specified number of vessel
classes, replacing the former limit at 15 classes. Up to twenty-two different cargo
vessel types were used in Phase 1. The towboat inputs, which include horsepow-
er, were used to specify the motive power of the vessel, and the barge data to
specify its size characteristics. Together, these data are used to estimate vessel
speed and the space occupied in a lock chamber, so the data items were spe-
cified with these two uses in mind.
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The vessel classes used initially were the same as those for which average transit
times are maintained separately by the Marine Bureau of the PCC for vessel
scheduling purposes. These classes are defined in Chapter Il. Separate classes
were defined for passenger ships and recreational vessels.

Tug boats can be treated as light boats, and are already accommodated in the
WAM. Recreational craft can be handled either as a separate vessel class on the
shipment list (the method used in this study), or by invoking the lock recreational
craft generators that are built into the model.

Release of vessels from their arrival ports into the Canal is controlled by the man-
ner in which the availability time is specified on the shipment list, which is a func-
tion of the ship's arrival time at the port and the vessel class. This process occurs
externally to the model, and can be structured to observe efficient scheduling prac-
tices such as avoiding conflicts in restricted sections or establishing convoys for
sea-level canal transits. Most alternative systems simulated include removal of
current restrictions, so no special scheduling rules were needed in Phase 1. The
lock downtime feature was used to enforce convoy formation for the sea-level
canal plans.

Lockage Operations

The WAM initially provided for input of processing time distributions for fifteen
lockage types for each chamber (lane) in each direction, plus distributions related
to setover and multi-vessel lockages. The fifteen distributions are intended to
correspond to single, double, 3-cut, . . . , 15-cut lockages. For Panama Canal
locks, these input fields were used to specify times for the different vessel classes
discussed above, and the multi-vessel locking times were used to model tandem
lockages. (The setover lockage inputs are available to handle other special situa-
tions, but were not used.) In concert with this, the model logic was modified in
Phase 1 to change the way in which the lockage type is determined. The revision
consisted of specifying the lockage type as part of the towboat class record. In
Phase 2, the model code will be further revised to deal directly with ships rather
than towboats and barges, which will make the locking logic somewhat simpler.

The ultimate method of accommodating relay lockages has not yet been fully set-
tled. Relay operations reduce throughput time, and should, therefore, be included
for purposes of estimating capacity. On the other hand, it is currently infeasible to
relay on all chambers continuously, and the feasibility of relaying on new high lift
locks has not yet been fully addressed. For Phase 1, the approach was to con-
duct most model runs with continuous relaying, so as to estimate maximum capac-
ity. For Phase 2 the model can be modified to permit switching into and out of
relay operations on a scheduled or demand driven basis.
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Channel Operations

The basic channel operation is estimating the vessel's travel speed. Initial trial
runs of the model used the WAM speed function, with good results. Vessel input
data were adjusted to improve the resuits, and the channel and bend speed coef-
ficients were applied as final adjustments.

The WAM's bend (restricted channel) processing logic is fairly detailed and compli-
cated. In particular, this feature was used to enforce one-way passage of large
vessels through the Gaillard Cut for the model calibration runs. |If restricted chan-
nels become an important consideration, the model code will be modified to pro-
vide a better representation of these operations for Phase 2.

Simulation Support

The WAM input and output routines needed little modification for Phase 1. At
worst, some of the labels attached to the output are inappropriate, and will require
interpretation by the user. Labels will be modified for the Phase 2 version to refer
specifically to the Panama Canal.

The initialization or warm-up feature was used without change, since it is controlled
by input parameters. Since the system can be transited in about eight hours, and
given the cyclic nature of present scheduling practices, it was decided that no
warm-up was needed, and that the simulations could simply start with the first
day’s traffic queued at the ports and an otherwise empty system.
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vil
TIDAL HYDRAULIC STUDIES

INTRODUCTION

Specifications for Model Analysis

Studies were made to analyze the tide levels and speeds in a sea-level canal and
their variations due to changes in the tides in the two oceans (Figure Vil-1). TAMS'
Program LATIS was used to formulate a mathematical model of the canal. This
model resolves the vertically integrated equations of motion in an open channel,
the Saint Venant equations, in an explicit finite difference scheme. The model
allows the introduction of modifications without substantial changes in its overall
structure. Figure Vil-2 is a schematic flow diagram of the Program, which uses a
link-node schematization of the system. The volume of the system is represented
by increments corresponding to each of the nodes, where the program computes
water surface elevations at discrete intervals. The links are canal segments limited
by adjacent nodes, where discharges are computed using the same time interval.

The computations start with the definition of parameters followed by that of the
nodes and the links. Node volumes are introduced with tables of volumes versus
water surface elevations. Link characteristics are introduced with tables of top
widths, areas and conveyances also versus water surface elevations. The compu-
tation phase is conducted for each time interval first calculating the elevations for
all nodes and then the discharges for all links, subject to various possible bound-
ary conditions. Additional details are presented in Appendix A.

The initial runs of the model were made to ascertain its stability requirements; the
time required for the model to reach steady state after starting from arbitrary initial
conditions; and the computer operation time necessary to simulate the tides during
an adequate period of time. -

Tidal currents for various alternatives studied with the aid of this model are (Figure
VII-3):

(1)  180m-wide canal, single lane traffic, 58 km long.
(2) 425m-wide canal, two lane traffic, 58 km long.
(8) Gates at both ends of the 58 km, 180m-wide canal.

(4) Gates flanking 40 km single lane section with Pacific end at 16 km.
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(5) Gates flanking 40 km, single lane section with Pacific end at 6 km.

(6) Vergara Alternative |, with a 210 km? basin at the Pacific end. This
configuration required the addition of a quasi two-dimensional area at
the Pacific end of the model.

(7)  Vergara Alternative Il, with a 100 km? basin at the Pacific end.
The distances along the canal were measured with respect to the Pacific Ocean
end of the canal without the offshore embayment considered in the Vergara alter-
native. Station 0.0 km refers to the Pacific end and 58 km refers to the Atlantic
end.

Previous Hydraulic Analyses

The hydraulics of the sea-level canal have been studied previously by the U.S.
Army Corps of Engineers (Stratton et al. 1948, and Harleman, 1968 and 1969).

In earlier studies (Meyers and Schultz, 1948) calculations and physical models
were used to compute maximum tidal velocities. An overall Manning's 'n’ coeffi-
cient of 0.024 was adopted for the whole length of the canal. The maximum tidal
speeds computed for a 6m (20 ft) tide in the Pacific were 4.5 knots for the Atlantic
end and 3.7 knots for the Pacific end.

Harleman and collaborators (1968/9) made numerical tidal analyses for sections
excavated with conventional and nuclear explosives. For the conventional canal
they used a Manning's 'n’ of 0.025. The maximum speed calculated for a straight
250 x 22m (800 x 70 ft) canal at its Atlantic end and for extreme tidal range was

4.7 knots.
BOUNDARY TIDES

The U.S. National Oceanic and Atmospheric Administration publishes tidal predic-
tions for Balboa, at the Pacific end of the Canal and for Cristobal (Colon), at its
Atlantic end. Tides predicted for the month of January 1992 were used as bound-
ary conditions.

Figures VIl-4 and VII-5 show the highs and lows for Balboa and Cristobal, respec-
tively, in feet referred to Precise Level Datum (PLD). The Mean Tide Level (MTL)
for Balboa has been established at 0.9 ft. above PLD. The MTL for Cristobal has
been established at 0.14 ft. above PLD. The levels shown in Figures Vil-4 and
VII-5 have been adjusted to PLD as the predicted tides are referred to local datums
for navigation purposes. Both figures have been drawn to the same scale to show
the differences in predicted tides. ' ,
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To represent a neap tide period the model was run for 120 hours starting with the
Balboa low tide of January 13, at 15h 22m, or about 310 hours after the beginning
of the month. The spring tide period was represented with an operation of 140
hours starting with the Balboa low tide of January 20, at 10h 01m, or about 470
hours after the beginning of the month. Figure ViI-4 shows the Pacific neap and
spring tides predicted respectively for 310 and 470 hours. The simultaneous tides
for Balboa and Cristobal were input in the model referred to a common starting
time, for either neap or spring tides, by subtracting respectively 310 or 470 hours
from the predicted tide times.

The differences between neap and spring tides can be seen in Figure VIl-4 (Bal-
boa). Figure VII-5 shows that the tides in the Atlantic are mixed.

Only high and low water levels shown in Figures VIl-4 and VII-5 were input in the
LATIS Model, which then proceeded to obtain intermediate levels through sinusoi-
dal interpolation between consecutive pairs of input values.

LINK AND NODE DEFINITION -- ROUTE 10

The Route 10 alignment was selected for the first model configuration. The total
length of 58 km (not including the embayments proposed by Vergara) was divided
into 19 reaches (links), each about 3,000m long and defined by consecutive nodes
in a linear arrangement.

3,000 m

—— Node

Channe!l Reach

The Vergara embayment on the Pacific side was represented by a quasi two-di-
mensional arrangement of nodes, as shown in Figure VII-15.

The channel cross-section was assumed to be trapezoidal with 1:2.5 side slopes.
For the first model runs, the bottom elevation was assumed to change linearly from
-29m (-94.2 ft) PLD at the Pacific end to -26m (-84.3 ft) PLD at the Atlantic end for
the 180m-wide canal. The elevations consider the draft requirements at low tide
for the different alternatives and reflect the substantial tidal range differences at
both ends of the channel.
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The hydraulic properties of the channel were calculated with TAMS Program
PRELATIS, which processes geometric data for the channel cross-section and
produces tables of node volumes, cross-sectional areas, top widths and hydraulic
conveyances in terms of water surface elevations. A Manning coefficient of 0.025
was used to compute the conveyances, consistent with the roughness value as-
sumed in the previous studies.

The tables of properties were stored in files in the formats required by the main
program LATIS, which interpolates their values for the finite difference resolution of
the Saint Venant equations.

MODEL RUN CONDITIONS

After preliminary trial runs, a time interval of 50 seconds was selected for further
analyses of the canal without the Vergara embayments as it resulted in a very
stable model. In the latter case the selected time interval was 25 seconds.

A uniform water elevation of 0.04m (0.14 ft) PLD, equal to the mid-tide level at
Cristobal, and zero discharge were assumed as initial conditions for the channel.
For all practical purposes, model steady state was reached in about three or less
tidal cycles, after instabilities resulting from that arbitrary initial model state were
damped out. Thus the simulation times for neap and spring tides resuited in good
samples of tidal cycles for analysis.

MODEL RESULTS -- ROUTE 10 -~ TIDE LEVELS

Neap tide and spring tide simulations with tide levels were done for a 180m (600-ft)
wide channel (Case 1).

Neap Tide Simulation

Figure VII-6 shows a graph of tide levels versus time obtained from the LATIS Mod-
el output after a 120 hr. real time neap tide simulation, starting on January 13,
1992

Figure VII-6 shows the boundary tides on the Pacific and Atlantic ends of the chan-
nel and the levels for Node 13 (Mile 22.4--36 km). Tides obtained for all the nodes
of the model are stored on disk files.

Although the model computations progress at 50-second intervals, printout values

are requested at intervals of one hour. Such values are represented in Figure
Vil-6.
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Spring Tide Simulation

Figure VII-7 is a graph of water levels versus time obtained with the model for
spring tide conditions, starting, as noted previously on January 20, 1992. As be-
fore, Figure VII-7 shows the tides computed at Node 13, and for both ends of the
canal. Levels computed for the other nodes from 2 to 19 are stored in disk files.

MODEL RESULTS FOR CURRENT VELOCITIES
General

The critical flow conditions in the canal occur during spring tides. The analyses
below, therefore, were made only for spring tides.

Case 1

Figure VII-8 is a graph of tidal water speeds in knots, also for spring tide condi-
tions. Northbound velocities, that is toward the Atlantic, are presented as negative
in the graph. The minimum/maximum northbound velocity during the spring tide
was computed at about 5.2 knots.

Southbound velocities, that is, toward the Pacific, are considered positive. It may
be observed that maximum velocities toward the Atlantic tend to be about 1.2
knots faster than those toward the Pacific. As stated above, the cross-section at
the Atlantic end of the canal is shallower than at the Pacific end. In addition, the
Pacific range is considerably higher than the Atlantic range. Furthermore, the
Pacific mid-tide level is higher than the Atlantic mid-tide level.

The model demonstrated that maximum discharge lags are, in general, short.

Case 2

For this alternative the width of the canal was set at 425m (1,400 ft) for the entire
length. Figure VII-3 shows that the computed maximum velocity at the Atlantic end
is 5.5 knots. Figure VII-9 shows sequences of speeds computed in this run for
both ends of the canal and for km 36 (Mile 22.4) as well. Velocities are slightly
higher than for Case 1 because of the reduced effect of side wall friction.

Cases 3, 4 and 5

These alternatives would include gates at both ends of the canal or at intermediate
points. The gates would be closed to avoid the high speeds that would occur in a
free flowing canal.
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Case 3 would provide a 180m (600 ft)-wide canal for its entire length, with gates at
both ends. The LATIS Model was run assuming that the Atlantic gate would be
closed, to find the maximum tidal speeds with a continuous closure. Figure Vil-3
shows that the maximum speed for the Pacific end would be about 2.2 knots.
Figure VII-10 shows current speeds obtained in this run. A comparison with Case
1 shows the sharp reduction in currents that result from the introduction of tide
gates.

Case 4 would provide a central canal width of 150m (500 ft) with end reaches of
350m (1,125 ft), as shown in Figure VII-3. A continuous closure of a tidal gate
located at km 56 from the Pacific end would result in a maximum speed of 1.5
knots at the Pacific. This velocity is lower than produced under Case 3 because
not only is the length from the Pacific to the gate shorter but the cross-section at
the Pacific is larger. Figures VII-11 and VII-12 show sequences of speeds obtained
in this run.

Case 5 would provide the same widths as Case 4, 350m and 150m (1,125 ft and
500 ft) but the central portion would be located between km 6 and km 46 from the
Pacific end. Figure VII-3 shows that this alternative would result in a further reduc-
tion in computed maximum speed to 1.0 knot. Figures VII-13 and Vil-14 show se-
quences of speeds computed in this run. o

Vergara Alternatives (Cases 6 and 7)

These alternatives would include the construction of an embayment off-shore of
the Pacific end of the canal. Two different sizes of embayments: 210 sq km
(21,000 ha) and 100 sq km (10,000 ha), were analyzed.

The first of these, with an embayment approximately 16 km-long by 13 km-wide,
involved a quasi two-dimensional portion of the model with eight, 3,000m-long by
1,800m-wide, rectangular elements, as shown in Figure VII-15. This network was
assumed connected to the Pacific Ocean through a 2,950m-long link with hydraulic
characteristics equal to the first link (Pacific side) of Case 1.

Figure VII-16 shows a comparison of sequences of tidal speeds, at the breakwater
entrance connecting the embayment and the Pacific Ocean, and at km 0, 36 and
58 on the 180m-wide canal, equivalent to the canal analyzed for Case 1. The
computed maximum speeds in the canal were reduced from 5.2 knots for Case 1
to 4.3 knots, not a significant reduction. Moreover, the maximum computed speed
at the entrance between breakwater was 17 knots. Figure VII-16 shows that during
75 percent of the time the entrance speed would be higher that 6 knots. In addi-
tion to the navigation implications of such speeds, the currents would result in
serious scour problems unless protective measures were effected.
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Figure VII-17 shows the speed sequences for the case with 100 sq km embay-
ment, and other conditions equal to those of the previous case. The maximum
computed speed in the gap at the entrance to the embayment was close to 9
knots with speeds of 4 knots or more prevailing for more than 80 percent of the
time. The maximum speed computed at the Atlantic end of the canal was 4.7
knots.

Although the maximum speeds in the gap would be slower than for the case with a
210 sq km embayment, they would still be erosive without suitable bottom pro-
tection. On the other hand, the speeds in the canal would be faster and not much
different than those obtained for the comparable case without embayment (180m-
wide canal). Figure VII-3 shows the results of this analysis.

Sensitivity Analyses

The LATIS Model was run to test its response to changes in the range of Man-
ning’s coefficients assumed to represent the roughness of the canal.

This computation was made changing the value of this parameter from 0.025 to
0.035 for the Route 10 Alternative with a 180m-wide canal and no gates. The
spring tide sequences previously used were assumed for the boundary conditions
at both ends of the canal. The maximum computed speed was reduced by about
1.2 knots.

Maximum Water Speed (Knots)
(See Figure VII-3)

@ 58 km @ 0.0 km
Case 1
Manning Coefficient .025 5.2 4.0
Manning Coefficient .035 40 2.8

The roughness coefficient of 0.035 used in the sensitivity tests is higher than the
upper boundary of the admissible range for a man-made canal of the magnitude of
the Panama Canal. The computed reductions in maximum speeds, however, did
not change the result with respect to navigation feasibility.

OTHER MODEL APPLICATIONS

When the canal is operational, the LATIS Model may be adapted for the *on line"
prediction of tides and speeds in the canal. Therefore, captains could be provided
with real time information, say, hourly information on tidal levels and speeds at
each node of the model.
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The on-line predictions would be accomplished by inserting the tidal constituents
for Balboa and Cristobez. to compute the predicted tides, which would eliminate the
need to input values taken from the NOAA Tide Tables.

INFLUENCE OF TRIBUTARY DISCHARGES ON CANAL SPEEDS

The overall influence of flood discharges in the streams intercepted by Route 10 on
the maximum speeds in the canal will be very small.

All important streams from the east are intercepted by the present canal, including
the Chagres River. Streams from the west are less important. For example, the
Rio Trinidad, gaged since 1947, had a maximum peak discharge of 10,154 cfs at
Chorro on September 11, 1955, the largest of record. The Ciri Grande had a maxi-
mum gaged discharge of 9,032 cfs at Los Cariones on December 31, 1949.

On the other hand, the tidal discharges computed for all alternatives of the sea-
level canal are at least one order-of-magnitude larger than those instantaneous
peak discharges.

The alternative with closed gate at km 46.0 and open gate at km 6.0, showed a
maximum discharge from the Pacific toward the Atlantic of more than 144,000 cfs,
with maximum speed of 1.0 knots. '

Since the duration of the peak hydrologic discharges is very short, it is expected
that they will be considerably attenuated by the large capacity of the canal, thus
further increasing the large difference between the tidal velocities and the incre-
ments due to flood discharges.

It is concluded that critical navigation conditions will not be significantly influenced
by tributary discharges. Past experience where the Chagres River enters the exist-
ing canal, as reported by our navigation consultant (Appendix C) supports this
conclusion.
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RESULTS OF LATIS ANALYSIS

CASE CONFIGURATION ELEVATONOF | MAX. ‘Q’ATER )sp EED
. Knots
TESTED e:I;:nm OF CANAL :::nﬂc PAC'F'C END 8 Wm 36 o 50 rm A
S8 km 0.0 km
g'ATEOSUT som ~28.7m 52 | 42 | 40 | -
wTtHouT | *° 20
GATES 425m —287"\ 55 4.7 42 -
@ 58 0.0
s%AIEoSo /:«(T | } 180m 2 -28.7m 0.2 1.3 2.2 -
. m
@ 58 18 0.0
gAIEg :"1" E frsom 350m ~24.5m 0.4 1.0 1.5 -
@ 48 [ 0.0
%\‘LEE. :"‘:’ E:%”" 350m -24.5m 0.0 1.0 1.0 -
58 km 0.0
XE?S:RIA Tisom @—_A -28.7m 4.3 33 3. 17
58 km 0.0
VERGARA Tisom m -28.7m 7 | 39 | 34 | 9
ALTER. I ./ ' ' ’ '

All of the results refer to the spring tide situotion.
Manning's Number = 0.025, which is a measure of channel roughness.

« Mox. water speed refers to a location 56 km from the Pacific entrance.
s+ Mox. water speed refers to o location 27.0 km from the Pacific entronce.
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w o -

[ I L e I |
o 0 NOWL e NN -~ O

-10

PREDICTED TIDES FOR CRISTOBAL
JANUARY 1992

—t 11—}

- N W s O N

200 400 600
TIME IN HOURS STARTING JANUARY FIRST.

800

FIGURE VII-5



PANAMA CANAL - ROUTE 10 - TIDE LEVELS
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SPEED IN KNOTS. POSITIVE PACIFIC BOUND
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SPEED IN KNOTS. POSITIVE PACIFIC BOUND
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SPEEDS IN KNOTS. POSITIVE PACIFIC BOUND
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SPEED IN KNOTS POSITIVE PACIFIC BOUND
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SPEED IN KNOTS. POSITIVE PACIFIC BOUND.
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SPEED IN KNOTS. POSITIVE PACIFIC BOUND.
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VERGARA ALTERNATIVE
REPRESENTATION OF THE EMBAYMENT : ELEMENTS AND NODES

Entrance Width - 600m
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Vil
PRELIMINARY NAVIGATION AND
CAPACITY CONSIDERATIONS -- SEA-LEVEL CANAL

MEASURES TO COUNTERACT TIDAL INFLUENCES

The hydraulic analyses described in Chapter Vil demonstrate that in an open chan-
nel between two oceans, peak currents resulting from spring tides at the Pacific
end of the canal would be in the range of 5.2 to 5.5 knots. Most ships, but partic-
ularly ships larger than 100,000 DWT cannot navigate safely in a narrow channel
with such swift currents. Recommendations of our navigation consultant are that
maximum allowable head currents should not exceed 2 knots/hr. and maximum
allowable following currents should not exceed one 1 knot/hr. (Appendix C).

Merely limiting the hours of navigation would severely restrict the capacity of the
canal and is not practicable. Furthermore, a major safety problem would remain.
If a large vessel were to break down, it would have to be moored to resist the peak
currents without breaking loose--as would all other vessels caught behind it. If the
vessel were aground or caught crosswise in the channel this would present a dan-
gerous condition.

Therefore, various means of controlling currents have been considered.

In the preceding hydraulic analyses, the effects of tidal barriers at different loca-
tions in the sea-level canal have been investigated. In addition, the Vergara alter-
native, which would utilize a large embayment at the Pacific end of the canal to
mitigate tidal effects, has been investigated. The analysis of the Vergara alternative
indicates that currents in the canal would be reduced, but not sufficiently for safe
navigation (Figure VII-3). Moreover, a very fast current would be created at the
entrance to the embayment area. This entrance would not be navigable for much
of the tidal cycle and it would be difficult to protect against severe scour at the
ends of the breakwaters enclosing the embayment.

If only a single tide gate were used, because the gate could be operated only at
slack tide, once open, it would have to remain open at least until the following
slack tide, thereby exposing the canal to the full effect of the difference in tides
between the oceans and nothing would be gained. Therefore, a system of positive
closure involving two tide gates, or locks, is needed. One or the other of the tide
gates will always be closed, except during a brief period at half-tide on the Pacific
side, when the water level is virtually the same throughout the length of the Canal.
The tide on the Pacific side is diurnal and a full-tide cycle is 12V, hours; half-tide
occurs every 6% hours and operating cycles would be keyed to these rhythms.
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When the gate at the Atlantic end is closed, tidal fluctuations in the Pacific will
affect only the portion south of the gate and, since this portion will be a closed
embayment with limited area and length, tidal currents will be sharply reduced
(Figure VII-3). Ships in convoy located within this portion of the canal will be able
to exit to the Pacific and ships will also be able to enter from the Pacific. If the
section has only one lane, the second convoy will need to wait for the first convoy
to clear before it enters. This second convoy will proceed north and should travel
at a speed that will bring the lead vessel to within the safe clearance distance from
the gate at the Atlantic end as that gate is opened. At the same time the last ves-
sel in the convoy may just clear the gate at the Pacific end, as it begins to close.
With the gate at the Atlantic end open the convoy will proceed through the Atlantic
approach and then out of the canal, so that the next Pacific-bound convoy can
enter the canal (Figures Vlil-1 and VIII-2).

With this arrangement of tide gates, it can be seen that the distance between
gates, the length of the one-way section, vessel speed, the length of the operating
cycle, the number of ships in a convoy and, therefore, the number of ships using
the canal each day all become interdependent variables.

In order to select the most appropriate alternatives for detailed analysis using the
WAM, a preliminary analysis of various sea-level canal configurations was made
initially to test the comparative effects on capacity of different lengths of one-way
sections, spacings of tide gates, different operating cycles of tide gates and differ-
ent convoy lengths. Subsequently, the WAM was applied to the selected alterna-

tives, and, using the WEFA forecasts of alternative ship mixes, the capacities of the
most appropriate cases were computed.

The assumptions used for the preliminary analyses were:

° the average interval of ships in convoy is 22.5 minutes (in the WAM,
this interval is a function of ship size);

® half-tide cycle is 6% hours, full-tide cycle is 12%2 hours;

L clearance between entering and exiting convoys and gate operating
time is 25 minutes;

° maximum ship speed is 13 km/hour;

L a single-lane canal section would be flanked by tide gates.

Vill-2



SEA-LEVEL CANAL WITH TIDE GATES
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HALF-TIDE CYCLE (6% HOURS) OPERATIONS
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The simplified formula used in the preliminary analysis was:

L+1
t

V =

v = convoy speed with respect to land (km/hour)

t = cycle time minus convoy clearance and gate closing time
= 5.83 hours for half-tide cycle, and
= 12.08 hours for full-tide cycle

L = length of one-way canal section (km)
I = length of convoy (km) = L -5
s =  vessel spacing (km)

From the above, approximate capacity was then computed as follows:

n = _x=+1
s
C = nxc -
Where:
n = number of ships per convoy, and
¢ = number of cycles per day
C = capacity - ships per day

Full-Tide Cycle (12 hours)

A range of lengths of single-lane channels were considered from 20 km to 58 km,
with the single-lane section adjacent to the Pacific side of the canal, as indicated
below: -

At lantlic Single Lane - S8 Km PacirTic

2- lane approach ’ 40 km 2- lane approach

..................................

20 km
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Application of the equations above to three lengths of single-lane sections produc-
es the following resuits.

Length of Single Lane

20 km 40 km 58 km

v=120+18 40+37.5 58km+54km

=31 r = 6.4 km/hr ————=9.27 knvh

12.08 km/h 12.08 TZ08 hr 2 KA
s= (31x0375=12km 6.40x0.375 = 24 km 9.27 km/hr x 0.375 hrs
= 3.5km

n= |1812=15+1 37.5 . 54 .

= 16 ships/cycle T‘_zl5+1-16 ships/cycle .fs.zl5+l-16 shipycycle
C = |16 ships/cycle x 2 16 x 2 = 32 ships/day 16 x 2 = 32 ships/day

cycles

= 32 ships/day

It may be seen, with cycle time constant at 12%2 hours, that as the length of a sin-
gle-lane section (flanked by tide gates) increases, the convoy velocity can increase
accordingly, so that the number of ships per convoy, and consequently the capaci-
ty, is constant over the range of lengths considered.

40-

s

3D

C
Ships/ Day
S

10-

20 X 40 Xm 80 X
L
Length of One-Way Section

FULL TIDE CYCLE
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Inasmuch as the capacity is constant, it follows, with the full-tide cycle, that the 58
km single-lane section would be the most economical of the single-lane or partial
single-lane alternatives.

Half-Tide Cycle (6% hours)

A review similar to that above for the same range of single-lane sections of canal
was also made for half-tide cycle operations.

From 20 to 40 km of single-lane section (flanked by tide gates), as the length in-
creases, the velocity of the convoy could increase from 6.4 km/hour up to the
maximum of 13 km/hour, which would be reached at a 40 km single-lane section.
The capacity would remain constant over that range of lengths at about 32 ships
per day.

As the single lane length increases above 40 km, inasmuch as the velocity would
have peaked and would now remain constant (at 13 km/hour), the capacity would
decrease to about 18 ships per day at 58 km, as indicated in the sketch that fol-
lows.

The application of the equations above to three alternative one-lane lengths, results
in the following:

Length of Single Lane

20 km 40 km S8 km
v= 20+17.5 40+35 58 + 1
= X = 13
gy - &4 km/r sgy = 13 kmhr 58 km/hr
1 =18 km
s = |6.4 km/hr x 0.375 hrs 13x0.375 = 4.9 km 13x0.375 = 49 km
= 2.4 km
BE 1175 ag shipsiycde | 33 +1a8 shipsicycle 18 . 1 = 4 shipyiycle
4 4.9 49
C = |8 ships/cycle x 4 cycles 8 x 4 = 32 ships/day 4 x 4 = 16 ships/day
= 32 ships/day '
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With half-tide cycle operations, therefore, the optimum length of single-lane section
under the conditions specified would be 40 km.

The above preliminary evaluations produce results that are useful for comparative
purposes (rather.than as absolute values) and for selecting the alternatives to be
analyzed by means of the Waterway Analysis Model.

Based on the above preliminary analysis, it was determined that for analysis under
WAM, full single-lane cases would be based on full-tide cycle (122 hours) opera-
tions and partial single-lane cases would be based on a 40 km single lane, with
half-tide cycle (6% hours) operations.

The model's results are more definitive because, among other things, the model
programs the arrival of a variety of ships based on a random distribution pattern
and varies the minimum spacing between ships, based on ship size. .

Tidal Locks

An alternative concept involves the provision of tidal locks at the Pacific end of an
open channel the remainder of the canal. With a two lane system, the channels
and locks could be operated independently of the tide cycles. With vessel speed
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of 13 km/hour, 22.5 minute separation of ships, and 63 minute locking time, one
lock is equivalent to about one-third lane. Thus three locks would be needed to
realize the full capacity of one lane. With a closer spacing of ships more than
three locks per lane would be required.

A single-lane canal with locks, however, would require a cyclic, convoy-type opera-

tion to achieve maximum capacity. A 12%-hour cycle was selected as the basis
for the WAM analysis.
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IX
ALTERNATIVE CONCEPTUAL PLANS

The basic source for the characteristics of the alternative conceptual plans to be
evaluated under the OCCE Study was Table 4, Item 15, Attachment i, of the
OCCE Study Agreement between CAS and TAMS dated August 12, 1991, which is
reprinted herein as Table IX-1.

This Table synthesizes the many alternative plans proposed historically into three
routes (Figure 1X-1) and four basic groups:

A High-Rise Lock Canal (Figure IX-2),
B. Low-Rise Lock Canal (Figure IX-2),.
C. Sea-Level Canal (Figure (IX-3),

D. Status Quo (Figure (1X-2).

The above groups were derived from a list of study cases for prescreening devel-
oped by CAS/SINBOL (Table 1X-2).

Five alternative maximum ship sizes were considered, ranging from 65,000 DWT to
300,000 DWT. The 65,000 DWT class was considered the maximum size for only
the status quo canal. The high-rise and low-rise lock canal plans were analyzed
for alternative maximum sizes of 100,000 DWT, 150,000 DWT and 250,000 DWT.
Under the sea-level canal plans, the alternative maximum sizes considered were
150,000 DWT, 250,000 DWT and 300,000 DWT.

Because our analysis of tidal currents in a sea-level canal (Chapter VIl) demon-
strated that positive means of control such as tide gates or locks would be needed
to reduce currents to safe navigating levels, only cases providing such control
were evaluated, as specified by CAS by letter dated March 31, 1992, as follows:

° single-lane canal 58 km long flanked by tide gates operated on a
12'2-hour cycle, with two-lane approaches in the Pacific and Atlantic -
TG(a);

° two-lane canal throughout with one tide gate close to the Pacific end
and the other gate 40 km towards the Atlantic, operated on a 6Y-
hour cycle - TG(b);

° two-lane canal except for a 40 km single lane section with the south-
ern end close to the Pacific flanked by tide gates, operated on a 6Y-
hour cycle - TG(c);

[
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TABLE IX-2

STUDY CASE - FOR PRESCREENING

Study Size Rise | No.of | No. of
Case Route (000s DWT)| (EL f1.) | Litts Lanes
Lock Canal
L-1 15 + Third L. 100 90 2 2
L-2* 15 + Third L. 100 85 2 2
L-3 15 + Third L. 100 55 1 2
L-4 15 + Third L. 150 90 2 2
L-5 15 + Third L. 150 85 2 2
L-6 15 + Third L. 150 55 1 2
L-7 15 + Third L. 250 S0 2 2
L-8 15 + Third L. 250 85 2 2
L-9 15 + Third L. 250 55 1 2
L-10 15 + Gatun + Third L. 100 85 2 2
L-22 15 + Gatun + Third L. 100 55 1 2
L-12 15 + Gatun + Third L. 100 30 1 2
L-13 15 + Gatun + Third L. 150 85 2 2
L-14 | 15+ Gatun + Third L. 150 55 1 2
L-15 15 + Gatun + Third L. 150 30 1 2
L-16 15 + Gatun + Third L. 250 85 2 2
L-17 15 + Gatun + Third L. 250 55 1 2
L-18 15 + Gatun + Third L. 250 30 1 2
Sea-Level Canal
S-1 10 150 0 0 1
s-2 10 150 0 0 2
S-3 10 250 0 0 1
S-4 10 250 0 0 2
S-5 10 300 0 0 1
S-6 10 300 0 0 2
s-7 148 150 0 0 1
S-8 14S 150 0 0 2
S-9 14S 250 0 0 1
S-10 14S 250 0 0 2
S-11 14S 300 0 0 1
S-12 14S 300 0 0 2
S-13 10 150 0 0 50% - 1
50% - 2
S-14 10 250 0 0 50% - 1
50% - 2
S-18 10 300 0 0 50% - 1
) 50% - 2
S-16 148 150 0 0 50% - 1
50% - 2
S-17 148 250 0 0 50% - 1
50% -2
S-18 14S 300 0 0 50% - 1
’ 50% - 2
sQ 15 65 85 3 1or2

* Also perform a feasibility check for a single lift gate design for Case L-2.
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. a single-lane canal with parallel ship locks at the Pacific entrance -
L(A);

° a two-lane canal with parallel ship locks at the Pacific entrance - L(B);
The last two cases above were considered only for 250,000 DWT ships.
The March 31, 1992 CAS letter also suggested analysis of:

° a third set of locks with a lake elevation of 85 feet and single-lift locks
for 100,000 DWT ships.

When it became apparent that a single-lane sea-tevel canal would have insufficient
capacity for the target horizon (year 2060) a number of single-lane sea-level canal
cases in combination with the status quo canal were then evaluated (cases 21-25)
(Table Xi-1).

The adequacy of the alternative configurations was investigated for two points in

time--years 2020 and 2060. Additional information regarding the characteristics of
the alternative plans are indicated in Chapter XI. -
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SCHEMATICS OF ALTERNATIVE LOCK PLANS
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SCHEMATICS OF ALTERNATIVE SEA-LEVEL PLANS

ROUTE 10
Atlantic Approach Central Pocific Approach
Section T T
4 km 58.0 km 27 km
k 40. -
\¥.— 22 r\ﬂL _T?de_Gcit_e_ ~ —or-O—O —k-m —————— 3 ki_____//
Atlantic - T = _{— - ‘\"r - _‘% - T T 7T Pgceifie
- 1 or 2 Lanes e
Free Navig._ __ __ _2 LT"_ ~ 7 c | 2_Lcne: - Free Novig.
7 ) oo TN
7/ Tide Gote \
TIDE GATES
4 km 58 km 27 km
Cpen; Open Appr.
Atlantic Centrol ) Pociﬂcﬁ
Approoch Section Approach
N\ —//
i N T T T T T T T T T T T4 2 Lanes Min. O
Atlantic - 1 or 2 Lones 7 T (Storoge for - - = Pacific
Free Navig._ __ __ — — _ __ Waiting_ __ — — — — Free Naovig.
—e  _ _ __ _ _ _ ____ N\ Ships) e —
Up to 6 Locks

/

for Tidal Differences

LOCKS AT PACIFIC END

FIGURE 1X-3






X
SIMULATION OF CONCEPTUAL ALTERNATIVES

This chapter presents the data, methods, and assumptions used to structure the
inputs to the Waterway Analysis Model (WAM) for simulating the baseline and
alternative configurations of the Panama Canal. Model calibration is considered
first, followed by a discussion of the inputs for each of the alternative conceptual
plans presented in Chapter IX.

The inputs to the model are extensive, rendering it impractical to provide tables
with all of the data within the covers of this report. These data files are available
on DOS-compatible diskettes.

MODEL CALIBRATION

The basic WAM inputs are a network file, a downtime file, and a ship list file. The
network file contains the bulk of the information on the waterway being studied,
and is described next, followed by sections on the other inputs. The resuits of
model calibration runs for the base year of 1990 are then presented.

Network Data
(1) Network Structure

A basic node and link file describing the present layout of the Panama Canal was
prepared by the Corps of Engineers. Figure X-1 is a schematic diagram of this
basic layout. Some minor changes were made to conform to various model re-
quirements, ‘but Figure X-1 shows all of the primary features of interest. Many
model inputs must be specified according to the upstream or downstream travel
directions. To accommodate this, the Atlantic Ocean end of the system was arbi-
trarily designated as the upper end, with milepoint 0.0. Thus, in the model inputs
and outputs "Upstream" corresponds with northbound and "Downstream® with
southbound. All points are located by milepoint, and all linear distances are re-
corded and computed using statute miles as the unit of measure. Lock, channel,
and vessel dimensions use feet as the basic unit.

As shown, the network structure consists of ports, locks, channels (including
lakes), and bends, which are restricted channel segments. The network structure
is a general purpose one, so various input parameters were selected to tailor it to
the precise purposes of the Phase 1 simulation runs. For example, the bends in
Gatun Lake do not impose any appreciable restrictions on navigation, so their
geometric and operational parameters were selected to permit unimpeded pas-
sage of vessels. Likewise, port operations are not of interest in this study, so all

X-1



SCHEMATIC OF BASIC NETWORK FOR WAM
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port variables were set so as to render the model's port loading, unloading, and
dispatching logic inoperable.

The bendway representing the Gaillard Cut deserves special mention. It was input
as a single straight channel segment, with a width of 500 feet and with vessel
clearance requirements such that two vessels with combined beam exceeding 140
feet would not be allowed to pass. The basic effect for these WAM runs is that
class & vessels and larger, which have beams greater than or equal to 95 feet,
would require a clear cut. The more detailed geometry of the Cut was not repre-
sented, since it would have no added impact on vessel operations in the model.

(2) Locking Times

All of the locking time data presented in Chapter Il were utilized to estimate locking
time distributions for input to the model. Heavy reliance was placed on the Ship
Data Bank records, starting with the results displayed in Table I-5.

The WAM locking time input data comprises separate statistical distributions for
approach, entry, chambering, and exit times for each vessel class by direction,
plus a few miscellaneous time components. The data required are a bit more
detailed than what is available from the SDB. A principal difficulty is that the SDB
records combine entry, chambering, and exit time into one composite time, which
was defined in Chapter Il as "lockage time." A second difficulty is that delay time is
not separated from operational time. A third problem is that no data are kept on
the specifics of a lockage, such as which lane was used, whether relay operations
were in effect, double versus single culvert, and so on. Thus, the supplemental
data collected on site plus the judgement of staff experienced in lock simulation
were needed in order to distill a usable WAM data set from the available source
data.

The following steps were followed to estimate the input locking times:

1. Average values for entry and exit times were estimated based on the
locking times observed during data collection on-site in Panama (see
Table II-3). These were input as constants,

2. Mean chambering time was computed as (locking time - entry time -
exit time), and minimum chambering time was similarly computed.
The standard deviation of chambering time is identical to that for
locking time, since the two distributions differ only by a constant.

3. The mean, standard deviation, and minimum approach times were
used as given in Table II-5, with no changes.

X-3



4, The parameters for approach and chambering times were modified to
provide a smooth relationship and consistent progression going
across the vessel classes from the smaller ships up to the Panamax
vessels.

5. The approach and chambering times were represented as Gamma or
Weibull distributions. Parameters were estimated to approximate the
means, standard deviations, and locations (i.e., minimum values)
computed as described above, and to provide shapes that are con-
sistent with the field observations and with engineering judgement.

6. The approach times were input as the "fly/exchange” approach times
used in the model, which apply to consecutive opposite direction
lockages in the same lane. Turnback approach times, which apply to
consecutive same direction lockages in a lane, were set at about 75
percent of the fly/exchange times.

7. Based on field observations, the extra time for a tandem lockage was
set at a constant 5 minutes for all locks. Also, chamber turnback
time, which is the maximum time interval between successive same
direction lockages in one lane and which is made up primarily of
locomotive travel time, was set at 5, 10, and 15 minutes for Pedro
Miguel, Miraflores, and Gatun locks, respectively.

8. An initial calibration run for 1990 was made, and the resulting aver-
age lockage times by vessel class were compared with the PCC
schedule times for regular lockage (Table II-7). Recognizing that the
latter times include some allowance for delays and are based on
double culvert operations, the input distributions for chambering
times were altered to produce a closer match. This required reducing
the locking times for the smaller vessels and increasing it for the
larger vessels. A subsequent calibration run was judged to produce
acceptable results. Final values for the locking time input distribu-
tions are given in Tables X-1 through X-3.

9. To develop distributions for relay lockages at Gatun and Miraflores,
the turnback approach times were reduced by approximately 5 min-
utes, and the chamber turnback times were set to zero. The exact
times used are given in Table X-4.

(3) Vessel Characteristics

The ship characteristics determined from the SDB records, as listed in Table I1-8,
served as the starting point. Vessel block coefficients and minimum depths were
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selected to produce correct length-width-draft-displacement relationships. Al
resulting values were smoothed across vessel classes to produce the final WAM
input (Table X-5). The model results are not overly sensitive to the vessel charac-
teristics, so this procedure is judged to be acceptable for Phase 1. Consideration
will be given to modifying the dimensions for Phase 2, in light of the experience
gained in Phase 1.

The principal use of the vessel dimensions and horsepower is to compute vessel
speed in channels and bendways, using the WAM speed function. Based on pre-
liminary calibration run results, channel and bendway speed coefficients were
selected to produce average output speeds that are in reasonable agreement with
observed data and with the PCC vessel scheduling times. Typical coefficient val-
ues, which are applied as multipliers of the speed function result, are 0.75 for the
channels and 0.50 for the bendways. The fact that an across the board adjust-
ment could be used indicates that the speed function and vessel characteristics
are doing a good job of computing relative vessel speeds.

‘Lock Downtime Data

The Locks Delay Data Base provided by the PCC listed all random delay events
recorded in 1990, by lock, day of occurrence, type of event, and duration. The
events were not separated by lane, nor was the time of occurrence recorded.
Analysis of these data indicated that the frequency and duration of the delay
events varied by lock, but not by day of week or month. Consequently the data
were pooled for each lock for further analysis.

The downtime event data file for input to the model must specify the time of oc-
currence, lock, lane, and duration. For each lock, the downtime events for 1990
were sorted by day of year. Then, within each day each event was assigned a
random start time, and randomly assigned to one of the lanes. Also, a downtime
of eight hours duration was scheduled at lane two of Pedro Miguel locks at mid-
night of each day, to model the nightly reversion to single-lane operations. The
scheduled lane outages reported by the PCC for 1990 were added to the file.
These included two 11'% day outages of one lane for gate replacement at Gatun,
some multiple day outages at the other locks, and monthly eight-hour lane outages
for preventive maintenance. The resulting composite downtime file was modified
to remove overlapping events at a single lane, simultaneous scheduled shutdowns
of both lanes at a lock, and other inconsistencies.

Ship List
Development of the 1990 ship list from the full set of SDB records was described

in Chapter Il. The actual recorded ship underway time was used as the time that
the vessel is assumed to begin its transit, thereby incorporating any schedule
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delays imposed on the vessel but keeping the associated delay time outside of the
simulation. Computation of the difference between underway time and ready time
for the entire shipist revealed that the average such delay was 11.6 hours, with a
standard deviation of 13.0 hours and a maximum of 106.5 hours (the minimum
value was zero, as expected). It is believed that this large number is duse, in part,
to restriction in night time transit of large ships through the Gaillard Cut. With the
elimination of this restriction in the future, this delay time should be reduced sub-
stantially.

Calibration Results

The lack of a data set that separates travel time, locking time, and delay time limits
what can be done to quantitatively assess the absolute level of accuracy of the
WAM results. The best that can be done is to compare the results to the SDB data
used to derive the inputs, and to the PCC schedule times. Summaries of the WAM
resource files for the calibration runs appear in Appendix E (pages E-1 and E-2).

Table X-6 shows the WAM average locking time outputs and the PCC lockage
schedule times taken from Table il-7. The overall level of agreement is within ac-
ceptable limits for Phase 1. For the regular lockage case, the agreement is par-
ticularly good at Pedro Miguel and Miraflores, and through vessel class 9 at Gatun.
In general, simulated average locking time is lower than the schedule time for the
smaller vessel classes, and larger for classes 8 through 12. This is somewhat in
line with expectations. The schedule includes some delay allowance, so one
would expect a lower simulated lockage time, which excludes delay time. On the
other hand, the schedule for the larger vessels seems to exclude the rather long
locking times that are observed to occur for these classes.

It is apparent that the scheduled times for relay lockage assume that ships are
locking consecutively, and thus full credit for zero locomotive travel time is taken.
In the model, the turnback time is not counted as part of a vessel’s locking time.
Consequently, to obtain comparable figures, the average locking times output in
the calibration run with relay lockage were reduced by 10 and 15 minutes at Mira-
flores and Gatun, respectively. The simulated relay lockage times appear to be a
bit high as compared with the schedule times, especially for the larger vessels.
However, there is no reason to suspect that the relay lockage times should differ
from the regular times by more than the savings in locomotive travel time plus a
small savings in approach time, as assumed in preparing the model input. Also,
the schedule times for large vessels are too low to begin with, as noted above for
the regular lockages. Thus, the results for the relay lockage case are also judged

to be acceptable for Phase 1.
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Table X-7 displays the locking times output by WAM along with the values ob-
tained from the SDB records (sum of approach and lockage in Table I1-5). Rec-
ognizing that the SDB values listed are taken from the unsmoothed data and in-
clude some delay time, the agreement is reasonable. The standard deviations in
the WAM results tend to be smaller than the SDB standard deviations, indicating
that the analytical intent to use somewhat more compact distributions than those of
the raw data was achieved.

The average lock delays recorded in the calibration run (regular lockage) are as
follows:

Average Delay Lock Utilization

(hour) (percent)
Gatun 3.1 7 75
Pedro Miguel 0.3 43
Miraflores 0.2 58

The higher delay at Gatun is a reflection of both the higher service time and the
two 11'%2 day lane outages. The results appear to be reasonable. As noted earlier,
the average vessel speeds in the WAM output also agree reasonably well with
observed data.

The overall average ship transit times (hours) in this run are as follows:

North South Average
Travel 7.51 7.71 7.66
Delay 4.55 3.67 4.06
Total 12.06 11.38 11.72
SDB Data 12.5 9.8 11.1

As indicated, the match with the transit time results from analysis of the SDB re-
cords is relatively good. Combining this with the average of 11.6 hours of sched-
ule delay experienced in 1990 indicates that the simulated time in canal waters is
about 22.7 hours, which is under the PCC standard of 24 hours by only a small
margin. This matches the information obtained during the visits of the research
team to Panama.

In summary, the model calibration was deemed to be good enough to proceed
with the simulation of the alternative conceptual plans. In pfznicular, the results are
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sufficiently accurate to permit a screening level comparison of the plans. In
Phase 2 a tighter calibration will be attained, in order to permit more confidence in
the model's absolute results.

ALTERNATIVE SYSTEMS

Data and assumptions used to prepare WAM inputs for simulation of the alternative
conceptual plans are documented in this section. Development of the ship lists is
covered first, followed by information on preparation of the network and downtime
files.

It should be noted that all of the conceptual plans which include muiltiple lift locks
were simulated assuming continuous relay operations. The rationale for this is that
this type of operation determines the ultimate capacity of any system configuration.
In reality, relay operations would be scheduled on an as needed basis to provide
the needed level of service to vessel operators.

Ship Lists

The ship types used in the WEFA traffic forecasts were mapped into the 14 vessel
classes defined for the WAM runs, as shown in Table X-8. The basic criterion for
the mapping was to obtain a match on ship displacement. As long as a reason-
able match is made, the model results are not overly sensitive to this assumption;
that is, assigning a WEFA ship type to class 3 rather than class 2 will have little or
no effect on the model results. Table X-8 applies to the 65,000 DWT design ship
case for the year 2020. A few entries were modified for other cases where the
average ship displacement was expected to increase, but this matrix remained
substantially the same throughout the analysis. In addition, the WEFA ship type
was retained on the ship list as the commodity code (CB = commodity 1, F =
commodity 2, etc.), so future revisions of the ship class assignments are possible
without the necessity of regenerating the ship list.

Eight new vessel classes were defined to accommodate the larger design ship
types, as follows:

Vessel Class Description

15 100,000 DWT ship, ballast
16 100,000 DWT ship, laden
17 150,000 DWT ship, ballast
18 150,000 DWT ship, laden
19 250,000 DWT ship, ballast
20 250,000 DWT ship, laden
21 300,000 DWT ship, ballast
22 300,000 DWT ship, laden ,



Vessel characteristics were set according to the specified design ship dimensions,
and to have them fit smoothly into the family of ship classes defined previously.

Analysis of the distribution of time gaps between successive vessel ready to transit
times in the SDB records showed that these follow a negative exponential proba-
bility distribution, indicating that future vessel underway times could be generated
as a Poisson process. Accordingly, a ship list was generated for each WEFA ship
transit forecast by preparing a ship list record for each ship in the forecast, ran-
domly ordering these records, then randomly assigning the ship underway times
by drawing from a negative exponential distribution with a mean equal to 365 days
divided by the total number of ships. Scheduling the large ships to avoid night
operations in the Gaillard Cut was not necessary, since a basic assumption of the
analysis is that the Cut would be widened sufficiently to no longer be a constraint
on system operations. :

Status Quo

The status quo conceptual plan is nearly identical to the system defined for the
1990 calibration runs. The principal change is that the bendway representing the
Gaillard Cut was modified to eliminate all clear cut and night time restrictions. This
is the type of operation that will be gradually introduced by the PCC, .on an as
needed basis, after the widened Cut is available. It is assumed that transition to
full implementation would occur by the year 2020, and that the Cut would no lon-
ger be a determinant of system capacity.

The lock downtime files were modified to remove the nightly shutdown of one lane
at Pedro Miguel, in order to avoid having this become a capacity constraining
operation. In reality, the present mode of operation might well persist if it contin-
ues to provide sufficient capacity. The special maintenance outages that occurred
in 1990, such as the Gatun gate replacement, were also removed from the file.

High-Rise Locks

The network description for this plan was developed by modifying the status quo
network file to add new channels for the third locks. All existing and new channels
that would be traversed by the larger ships were modified to provide the minimum
design depth (channel width is not a factor in the WAM speed function), and new
locks with the dimensions indicated below were added in the new channels:

100,000 DWT  150.000 DWT 250,000 DWT
New Locks (ft) 1,046 x 154 1,191 x177 1,220 x 187

Min. Channel Depth (ft) 62 69 79



Again, it was assumed that the Gaillard Cut channel dimensions would be consis-
tent with those at other reaches, so that the existing night time and clear cut re-
strictions would not apply.

Locking times at the new Atlantic lock (Table X-9) were based upon the locking
times estimated for the existing Miraflores Locks for most existing ship sizes, since
the new lock would have only two lifts. The largest ships to use the new lock for
any design ship case were assigned locking cycle times ranging from 93 to 117
minutes, which agree with the Y.E.C. design analysis and also provide a smooth fit
with the Miraflores data. As the design ship became larger, the times for the ves-
sel classes between class 15 and the design ship were reduced, to account for
operations in a larger chamber and to provide a smooth progression of times
throughout the distribution. The locking times at the new Pacific lock (Table X-10)
were set 10 minutes lower, again reflecting the Y.E.C. design analysis. The exact
times used for all of these cases may be inspected in the WAM input or output files
for each case.

The downtimes for the existing Miraflores Locks were assumed to apply to the new
locks.

Single-Lift High-Rise Canal

This system was modeled with a lake level of 85 feet and a single-lift in the new
locks, for only the 100,000 DWT design ship case. The network inputs were iden-
tical to the high-rise canal system, except as follows:

1. Minimum and average channel depths were changed to reflect the
five-foot reduction in the level of Gatun Lake.

2. Locking times at the third locks were reduced by the sum of Entry
Time + Exit Time + 2 minutes, for each vessel class, to simulate

single-lift operation.
Low-Rise Canal

This system was modeled with a lake level of 55 feet, and with a single-lift at the
third locks. Accordingly, locking times at these facilities were reduced as com-
pared with the high-rise system. Channel minimum and average depths were
modified to account for the lower lake level, but to still provide the required mini-
mum depths. The new lake level is at the lower level of Pedro Miguel Locks, so
this facility was removed from the network. Similarly, the upper level at Gatun
would no longer be functional, so locking times were reduced to reflect two lift
operation. The lock downtimes for the high-rise system were assumed to apply to
this plan as well.

»
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Sea-Level Canal

The sea-level canal was modeled as a separate system, not connected to the exist-
ing canal. The Route 10 case was assumed, with a 58 km cut across the Isthmus
and double lane approaches for a total length of channel ranging from 87 to 90
km. The 58 km cut was assumed to be alternatively single-lane, dual-lane, or
partial single and partial dual lane. Positive tidal current control was assumed to
be provided by tide gates spaced at either 58 or 40 km, with one gate always at
the Pacific end, or by tidal locks at the Pacific side of the cut.

The cases modeled are described in Chapter IX.

Tide gates were simulated as locks, with all locking time components set to zero
except chambering times for ships entering the canal section, which were set at
values corresponding to the minimum safe ship separation times. Based upon the
experience in running convoys through the Suez Canal and general confirmation
by our navigation consultant, times ranging from 6 minutes for the smaller vessels
up to 27 minutes for the larger vessels were used. The WAM output for these
systems shows that the minimum ship spacing averaged over all vessel classes
was about 15 minutes. The actual average spacing is larger by a small but
unknown amount, since any time gaps between consecutive vessels caused by the
randomness in the vessel arrival pattern are not captured in the model output. In
general, systems operating in the regime near capacity will have average vessel
spacings that are very close to this 15 minute average.

The canal section was modeled as a restricted straight channel section, using the
WAM bendway feature, as was the case with the Gaillard Cut. Again, the model
results are not sensitive to the precise geometry of the canal section. Channel and
bendway speed coefficients were input so as to obtain the desired average vessel
speed. For the cases with a single-lane canal, cycle times were imposed through
the use of the lock downtime feature. A lock (simulating a tide gate) is open to
entering traffic for approximately one-half of the cycle time, and then is closed to
traffic from the same direction for one and one-half cycles while the convoy exits
and an opposite direction convoy uses the canal. For the single-lane canal with
Pacific locks, a "phantom" lock was introduced at the Atlantic end to provide a
mechanism for simulating convoy formation and minimum ship spacing.

The Pacific Locks were modeled with locking times selected to produce an aver-
age service rate of three ships per hour per canal lane (equivalent to three parallel
locks per lane). Downtimes beyond those needed for single-lane convoy opera-
tions were borrowed from the downtime files for the existing Pedro Miguel and
Miraflores locks.
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Combined Systems

Model input files combining the single-lane sea-level canal plans with the status
quo system were also prepared, to obtain capacity estimates for these combined
systems. Combined systems with tide gates were simulated using the ship lists for
the 150,000 DWT and 250,000 DWT design ship cases, while the single lane with
locks system was run in combination with the status quo system only for the
250,000 DWT case as requested by CAS. All input data and assumptions for the
individual systems were carried over directly to the input files for the combined
systems.

Simulation Run Procedures

All WAM runs were configured to simulate one entire year of operation, so as to
process all of the ships on the ship list. In view of this long simulation period and
the relatively short time required to transit the canal, no simulation warm-up period
was used. Thatis, each run started with the system empty and awaiting the transit
of the first vessel on the ship list. Examination of trial runs of different length (eg.,
5 days, 60 days, 365 days) indicated that this end effect was unimportant.

The question of which classes of ships to route through the new channels for the
third locks and combined sea-level and status quo systems was resolved in the
following manner. For the high-rise and low-rise canal plans, ship classes 1
through 11 and class 13 were routed initially through the existing locks, and all
larger vessels were routed through the new locks. Subsequently, one-quarter of
the class 12 vessels were routed through the existing locks, in order to achieve a
better balance in delay times between the new and existing locks, thus obtaining a
higher overall capacity. For the combined systems the initial routing strategy
proved to be acceptable, so all of the class 12 vessels use the sea-level canal in
these runs.

These provisions for use of relay lockage and for assigning ships to alternative
channels are temporary modeling procedures adopted for Phase 1 of the study.
The Phase 2 version of the model will permit dynamic selection of locking method
and route assignment, based upon the simulated traffic and delay conditions.

For nearly all of the cases simulated, runs were made using the year 2020 and
2060 ship lists, in order to obtain two points on the system delay curve. The ex-
ceptions to this general rule are as follows:

1. The status quo system reaches capacity well before year 2060. Con-

sequently, a run was made with 63% of 2020 traffic, in order to pro-
vide a data point on the lower arm of the delay curve.

o
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2. Sea-level canal systems with a single lane have a capacity that is very
near the 2020 traffic level. In addition, due to the fixed operating
cycle three data points are needed to estimate the delay curve (see
Appendix D). For these cases, runs were made at three traffic levels
selected from 33%, 50%, 80%, and 100% of the year 2020 traffic.

A total of 42 simulations were run.

From a theoretical perspective, many analysts would prefer to produce two delay
curves for each conceptual alternative, based on four model runs rather than only
two runs. The first curve would be for the ship mix represented in the year 2020
ship list, and would be derived from model runs made with the traffic levels fore-
cast for 2020 and 2060. The second curve would be based on the year 2060 ship
mix, again for the 2020 and 2060 traffic levels. The advantage of this approach is
that it separates the effects of changing traffic levels and changing vessel charac-
teristics. The disadvantages, besides requiring twice as many simulation runs, are
that this procedure requires the analyst to imagine the path of transition from the
first curve to the second. The simpler procedure used in this study has been
found to work well in practice, and is judged to be adequate for the prescreening
process.

Another factor not modeled in Phase 1 is the possible occurrence of delays where
vessels must cross paths or merge with other vessels at the locations where the
proposed new channels intersect the existing channels. In general, the effective
time of a vessel meeting or merging maneuver is much less than the lock service
times that serve to meter traffic into the channels, and is also less than the average
vessel interarrival times simulated. Further, at very heavy traffic levels it is likely
that at least one of the vessels subject to a crossing delay is traveling toward a
queus, and could incur some crossing delay without actually increasing its total
transit time. For these reasons, it is reasonable to ignore this possible source of
delay for the prescreening. This situation will be specifically modeled in the
Phase 2 study, to determine its effect on operations and capacity.

SIMULATION RESULTS
The output files produced by the WAM runs, including the printout file and the ship
resource file, are available on discs. The manner of analyzing these results, and

the delay curves and capacity estimates for the alternative conceptual plans are
presented in the next chapter.
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TABLE X-1

LOCKING TIME INPUT DATA; GATUN LOCKS, REGULAR LOCKAGE

Vessel | Locking Time Northbound Southbound

Class Element Type | P1 P2 | P3 | Type | P1 P2 | P3
Approach,

1 Fly/Exchange G 16.0 1.0 2.0 G 11.0] 1.0 2.0
Approach,

Tumback G 12.0 1.0 2.0 G 83| 1.0 2.0
Entry K 3.0 K 3.0
"Chambering w 20| 203 | -11.0 G 280 45| 100
Exit K 4.0 K 4.0

Approach,

2 Fly/Exchange G 160 10| 20| G 11.0] 10| 20
Approach,

Turnback G 12.0 1.0 20| G 83| 1.0 2.0
Entry K 3.0 K 3.0
Chambering w 20| 203 11.0 G 280| 45| 100
Exit K 4.0 K 4.0

Approach,

3 Fly/Exchange G 16.0 1.0 2.0 G 110| 1.0 2.0
Approach, G | 120] 10| 20| @ 83| 10| 20
Turnback
Entry K 3.0 K 3.0
Chambering w 20} 203] 110| G 280| 45| 100
Exit K 4.0 K 40
Approach,

4 Fly/Exchange G 18.0 1.0 3.0 G 130}] 1.0 3.0
Approach, c | 13s| 10| 20| @ 98| 10| 20
Tumback
Entry K 5.0 K 5.0
Chambering w 20| 203 220 G 380| 45| 200
Exit K 5.0 K 5.0
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Table X-1 (Continued)

Class Element Type | P1 P2 P3 | Type | P1 P2 | P3
Approach,

5 Fly/Exchange G 18.0 1.0 3.0 G 130 1.0 3.0
Approach,
Turnback G 13.5 1.0 20 G 98| 1.0 2.0
Entry K 5.0 K 5.0
Chambering w 20| 203 | 220 G 380 | 45| 200
Exit K 5.0 K 5.0
Approach, '

6 Fly/Exchange G 21.0 1.0 3.0 G 160 | 1.0 3.0
Approach,
Turnback G 15.8 1.0 20 G 120} 1.0 20
Entry K 6.0 K 6.0
Chambering w 20| 203 | 220 G 380| 45| 20.0
Exit K 6.0 K 6.0
Approach,

7 Fly/Exchange G 21.0 1.0 3.0 G 16.0| 1.0 3.0
Approach,
Turmback G 15.8 1.0 20 G 120} 1.0 20
Entry K 6.0 K 6.0
Chambering w 20} 203| 20| G 420| 45| 240
Exit K 6.0 K 6.0
Approach,

8 Fly/Exchange G 21.0 1.0 3.0 G 160 | 1.0 3.0
Approach,
Tumback G 15.8 1.0 20 G 1201 1.0 20
Entry K 6.0 K 6.0 _
Chambering w 20| 203 | 400| W 20248 | 370
Exit K 6.0 K 6.0
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Table X-1 (Continued)
Vessel | Locking Time Northbound Southbound
Class Element Type | P1 P2 P3 | Type | P1 P2 | P3
Approach,
9 Fly/Exchange G 23.0 1.2 40| G 170} 1.0 40
Approach,
Turnback G 17.3 1.2 30| G 128 | 1.0 3.0
Entry K 7.0 K 7.0
Chambering w 20} 203 | 190} G 370} 27| 19.0
Exit K 6.0 - K 6.0
Approach, )
10 Fly/Exchange G 23.0 1.2 4.0 G 1701 1.0 4.0
Approach,
Turnback G 17.3 1.2 3.0 G 128 | 1.0 3.0
Entry K 7.0 K 7.0 .
Chambering w 20| 226 | 400| W 20248 | 37.0
Exit K 6.0 K 6.0
Approach,
1 Fly/Exchange G 23.0 1.1 50| G 180} 1.0 5.0
Approach,
Tumback G 17.3 1.1 40| G 135| 1.0 4.0
Entry K 10.0 K 10.0
Chambering w 20| 226 610} W 20271 | 540
Bt K 7.0 K 7.0
Approach,
12 Fly/Exchange G 23.0 11 5.0 G 180 1.0 5.0
Approach,
Tumback G 17.3 1.1 40| G 135} 1.0 4.02
Entry K 10.0 K 10.0
Chambering w 20| 316 770} W 20316 86.0
Exit K 7.0 K 7.0
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Table X-1 (Continued)
Vessel | Locking Time Northbound Southbound
Class Element | Type | P1 [ P2 [ P3 |Type | P1 | P2 | Po
Approach,
13 Fly/Exchange G 18.0 1.0 30| G 13.0] 1.0 3.0
Approach
Turnback G 13.5 1.0 20 G 98| 1.0 20
Entry K 5.0 K 5.0
Chambering w 20| 203 | 220 G 380 | 45| 200
Exit K 5.0 K 5.0
Approach,
14 Fly/Exchange G 16.0 1.0 2.0 G 110} 10 2.0
Approach,
Turnback G 12.0 1.0 2.0 G 83| 1.0 2.0
Entry K 3.0 K 3.0
Chambering w 20| 203 | 150| W 20203 ] 15.0
Exit K 4.0 K 4.0
Chamber
All Tumnback K 15.0 K 15.0
Tandem Extra K 5.0 K 5.0

Type Codes: G = Gamma K = Constant W = Weibull

Pn = Parameter n (See Appendix F)

All numerical values are minutes.
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TABLE X-2
LOCKING TIME INPUT DATA; MIRAFLORES LOCKS, REGULAR LOCKAGE

Vessel | Locking Time Northbound Southbound
Class Element Type | P1 P2 P3 | Type | P1 P2 P3
Approach,

1 Fly/Exchange G 8.0 1.0 2.0 G 9.5 1.0 2.0

Approach,
Turnback G 6.0 1.0 20| G 7.1 1.0 20
Entry - K 4.0 K 4.0
[ Chambering G 18.0 1.8 100 G 17.0 20| 100
Exit K 40 K 4.0
Approach,

2 Fly/Exchange G 8.0 1.0 20| G 9.5 1.0 20
Approach,

Turnback G 6.0 1.0 20| G 7.1 1.0 2.0
Entry K 4.0 K 4.0

Chambering G 18.0 18| 100| G 17.0 20| 10.0
Exit K 4.0 K 4.0

Approach,

3 Fly/Exchange G 8.0 1.0 20| G 9.5 1.0 20
Approach, g | eo| 10| 20| a | 71| 10| 20
Turnback
Entry K 4.0 K 4.0
Chambering G 23.0 18] 150} G 220 20| 15.0
Exit K 40 K 40
Approach,

4 Fly/Exchange G 9.5 1.0 3.0 G 11.0 1.0 3.0
Approach, G | 135| 10| 20| @G 98| 10| 20
Turnback
Entry K 5.0 K 5.0
Chambering G 28.0 21| 200| G 27.0 1.6 | 200
Exit K 5.0 K 5.0
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Table X-2 (Continued)

Vessel | Locking Time Northbound Southbound

Class Element |Type | Pt [ P2 [ Ps [Typa] P1 | P2 | ra
Approach,

5 Fly/Exchange G 9.5 1.0 3.0 G 11.0 1.0 3.0
Approach,

Turnback G 7.1 1.0 2.0 G 9.8 1.0 2.0
Entry K 5.0 K 5.0

Chambering G 28.0 21| 200 G 27.0 1.6 200
Exit K 5.0 K 5.0

Approach, .

6 Fly/Exchange G 11.2 1.0 4.0 G 145 1.0 4.0
Approach,

Turmback G 8.4 1.0 3.0 G 10.9 1.0 3.0
Entry K 6.0 K 6.0

Chambering G 28.0 21| 200 G 27.0 14| 200
Exit K 5.0 K 5.0

Approach,

7 Fly/Exchange G 11.2 1.0 4.0 G 145 1.0 4.0
Approach, 10.9.

Turnback G 84 1.0 3.0 G 0 1.0 3.0
Entry K 6.0 K 6.0

Chambering w 20| 113 | 26.0 G 34.0 1.8 26.0
Exit K 5.0 K 5.0

Approach,

8 Fly/Exchange G 11.2 1.0 4.0 G 14.5 1.0 4.0
Approach, G | 84| 10| 30| a | 109] 10| 30
Tumback
Entry K 6.0 K 6.0
Chambering w 20| 147 320]| W 20| 124 | 320
Exit K 5.0 K 5.0
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Table X-2 (Continued)
Vessel | Locking Time Northbound Southbound

Class Element | Type | P1 | P2 | P3 |Type | P1 | P2 | P3
Approach,

9 Fly/Exchange G 13.3 1.8 4.0 G 16.3 1.0 40
Approach,

Tutnback G 10.0 1.8 30| G 12.2 1.0 3.0
Entry K 7.0 K 7.0

Chambering w 20| 124 | 25.0 G 33.0 18] 250
Exit K 5.0 ’ K 5.0

Approach, 16.3. '

10 Fly/Exchange G 133 1.8 4.0 G 0 1.0 4.0
Approach, '
Turnback G 10.0 1.8 3.0 G 12.2 1.0 3.0
Entry K 7.0 K 7.0 )
Chambering W 20| 170| 310} G 43.0 25| 820
Exit K 5.0 K 5.0
Approach,

11 Fly/Exchange G 143 22 40| G 16.3 1.0 4.0
Approach,

Turnback: G 10.7 2.2 3.0 G 12.2 1.0 3.0
Entry K 8.0 K 8.0

Chambering G 56.0 30| 40| G 52.0 29| 400
Exit K 6.0 K 6.0

Approach,

12 Fly/Exchange G 143 2.2 40| G 16.3 1.0 4.0
Approach, g | 107| 22| 30| & | 122 10| 30
Turnback
Entry K 8.0 K 8.0
Chambering w 20| 19.2| 52.0 w 20] 203| 440
Exit K 6.0 K 6.0
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Table X-2 (Continued)
Vessel Locking Time Northbound Southbound

Class Element Type | Pt | P2 | P3 | Type | P1 P2 | P3
Approach,

13 Fly/Exchange G 9.5 1.0 3.0 G 11.0 1.0 3.0
Approach
Tumback G 71 1.0 2.0 G 8.3 1.0 2.0
Entry K 5.0 K 5.0
Chambering G 28.0 2.1 20.0 G 27.0 16| 200
Exit K 5.0 K 5.0
Approach, '

14 Fly/Exchange G 8.0 1.0 20 G 9.5 1.0 2.0
Approach,
Turnback G 6.0 1.0 2.0 G 7.1 1.0 2.0
Entry K 4.0 K 4.0
Chambering G 210 22| 70| @ 210| 22| 70
Exit K 4.0 K 4.0
Chamber

All Tumback K 10.0 K 10.0
Tandem Extra K 5.0 K 5.0

Type Codes: G = Gamma K = Constant W = Weibull

Pn = Parameter n (See Appendix F)

All numerical values are minutes.
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LOCKING TIME INPUT DATA; PEDRO MIGUEL LOCKS, REGULAR LOCKAGE

TABLE X3

Class Element Type | P1 P2 | P3 | Type | P1 P2 | P3
Approach,

1 Fly/Exchange G 8.5 1.0 20 G 10.2 2.1 20
Approach, )

Turnback G 6.4 1.0 2.0 G 7.7 1.0 2.0
Entry K 4.0 K 4.0

. Chambering G 9.0 1.0 6.0 G 10.0 1.0 5.0
Exit K 4.0 K 4.0

Approach,

2 Fly/Exchange G 8.5 1.0 2.0 G 10.2 2.1 20
Approach,

Turnback G 6.4 1.0 2.0 G 7.7 1.0 20
Entry K 4.0 K 4.0
Chambering G 9.0 1.0 6.0 G 10.0 1.0 5.0
Exit K 5.0 K 5.0

: Approach,

3 Fly/Exchange G 85 1.0 2.0 G 10.2 2.1 20
Approach, c | 64| 10| 20| a | 77| 10| 20
Turnback
Entry K 6.0 K 6.0
Chambering G 9.0 1.0 6.0 G 10.0 1.0 5.0
Exit K 5.0 K 5.0
Approach,

4 Fly/Exchange G 9.5 1.0 3.0 G 11.2 1.0 4.0
Approach, g | 71| 10| 30| & | 84| 10| 30
Tumback
Entry K 6.0 K 6.0
Chambering G 15.0 1.0] 11.0 G 16.0 1.0 11.0
Exit K 5.0 K 5.0
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Table X-3 (Continued)
Vessel | Locking Time Northbound Southbound
Class Element Type | P1 P2 | P3 | Type | P1 P2 | P3
Approach,
5 Fly/Exchange G 9.5 1.0 3.0 G 11.2 1.0 4.0
Approach,
Turnback G 71 1.0 3.0 G 8.4 1.0 3.0
Entry K 7.0 K 7.0
Chambering G 16.0 10| 11.0 G 16.0 1.0 110
Exit K 5.0 K 5.0
6 | Approach, G | 120 15| 30| & | 16| 10| so0
Fly/Exchange ’ ‘ ' ' ‘ :
Approach,
Tumback G 90| 1.15 3.0 G 8.7 1.0 4.0
Entry K 7.0 K 70
Chambering G 16.0 10} 100| G 16.0 1.0| 100
Exit K 5.0 K 5.0
Approach,
7 Fly/Exchange G 12.0 1.5 3.0 G 11.6 1.0 5.0
Approach,
Turmback G 9.0| 1.15 3.0 G 8.7 1.0 4.0
Entry K 7.0 K 7.0
Chambering G 18.0 1.0} 120 G 18.0 1.0] 120
Exit K 6.0 K 6.0
Approach,
8 Fly/Exchange G 12.0 1.5 3.0 G 11.6 1.0 5.0
Approach, ’
Tumback G 9.0| 1.15 3.0 G 8.7 1.0 4.0
Entry K 8.0 K 8.0
Chambering G 25.0 1.0} 170 G 25.0 13] 17.0
Exit K 6.0 K 6.0
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Table X-3 (Continued)
Vessel | Locking Time Northbound Southbound
Class Element [ Type | P1 | P2 | P8 |Type [ Pt | P2 | P3
Approach,

9 Fly/Exchange G 145 1.0 4.0 G 13.0 1.0 5.0
Approach,

Turnback G 109 1.0 30| G 9.8 1.0 4.0
Entry K 7.0 K 7.0

| Chambering G 16.0 10| 100} G 16.0 1.0| 100
Exit K 6.0 o K 6.0

Approach,

10 Fly/Exchange G 145 1.0 4.0 G 13.0 1.0 5.0
Approach,

Turnback G 10.9 1.0 3.0 G 9.8 1.0 4.0
Entry K 8.0 K 8.0

Chambering G 240| 10| 170 G | 240| 10| 170
Exit K 7.0 K 7.0

Approach,

11 Fly/Exchange G 15.0 1.0 5.0 G 13.0| 1.15 5.0
Approach,

Tumback G 103 1.0 4.0 G 98| 1.18 4.0
Entry K 8.0 K 8.0

Chambering G 32.0 10| 20| G 320 20| 220
Exit K 7.0 K 7.0

Approach,

12 Fly/Exchange G 15.0 1.0 5.0 G 130} 1.15 5.0
Approach, g | 113] 10| a0| & | 98| 115| 40
Tumback
Entry K 8.0 K 8.0
Chambering G 43.0 29| 26.0 w 25| 180 | 220
Exit K 7.0 K 7.0
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Table X-3 (Continued)
Vessel | Locking Time Northbound Southbound
Class Element Type | Pt P2 P3 | Type | P1 P2 P3

Approach,

13 Fly/Exchange G 9.5 1.0 30| G 11.2 1.0 4.0
Approach
Tumback G 7.1 1.0 3.0 G 84| .10 3.0
Entry K 6.0 K 6.0
Chambering G 156.0 1.0 11.0 G 16.0 1.0 11.0
Exit K 5.0 K 5.0
Approach,

14 Fly/Exchange w 2.0 7.9 20| W 2.0 9.8 20
Approach,
Tumnback w 2.0 5.9 20| W 20 7.4 2.0
Entry K 4.0 K 4.0
Chambering G 16.0 1.7 7.0 G 16.0 1.7 7.0
Exit K 4.0 K 4.0
Chamber

All Tumback K 5.0 K 5.0
Tandem Extra K 5.0 K 5.0

Type Codes: G = Gamma
Pn = Parameter n (See Appendix F)

K = Constant W = Weibull

All numerical values are minutes.
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TABLE X4
LOCKING TIME INPUT DATA; TURNBACK APPROACH, RELAY LOCKAGE

Vessel Northbound Southbound
Class | Type | P1 P2 P3 | Type | Pt P2 P3

(a) Gatun Locks .
1 G 7.0 1.0 2.0 G 3.3 1.0 2.0
2 G 7.0 1.0 2.0 G 3.3 1.0 2.0
3 G 7.0 1.0 20 G 33 1.0 2.0
4 G 8.5 1.0 20 G 4.8 1.0 2.0
5 G 85 1.0 2.0 G 4.8 1.0 2.0
6 G 10.8 1.0 2.0 G 7.0 1.0 2.0
7 G 10.8 1.0 20 G 7.0 1.0 2.0
8 G 10.8 1.0 2.0 G 7.0 1.0 2.0
9 G 12.3 1.2 3.0 G 7.8 1.0 3.0
10 G 12.3 1.2 3.0 G 7.8 1.0 3.0
11 G 12.3 1.1 4.0 G 8.5 1.0 4.0
12 G 123 1.1 4.0 G 8.5 1.0 4.0
13 G 8.5 1.0 20 G 4.8 1.0 20 -
14 G 7.0 1.0 2.0 G 33 1.0 20

(b)Miraflores Locks
1 G 4.0 1.0 2.0 G 4.1 1.0 2.0
2 G 4.0 1.0 20 G 4.1 1.0 2.0
3 G 4.0 1.0 2.0 G 4.1 1.0 20
4 G 4.1 1.0 2.0 G 43 1.0 20
5 G 4.1 1.0 2.0 G 4.3 1.0 2.0
6 G 4.4 1.0 2.0 G 5.9 1.0 2.0
7 G 4.4 1.0 20 G 5.9 1.0 2.0
8 G 44 1.0 20 G 59 1.0 20
9 G 5.0 1.8 3.0 G 7.2 1.0 30
10 G 5.0 1.8 3.0 G 7.2 1.0 3.0
11 G 5.7 2.2 3.0 G 7.2 1.0 3.0
12 G 5.7 2.2 3.0 G 7.2 1.0 3.0
13 G 4.1 1.0 2.0 G 43 1.0 20
14 G 4.0 1.0 -] 20 G 4.1 1.0 2.0

Type Code: G = Gamma
Pn = Parameter n (See Appendix F)
All numerical values are minutes.

Note: Chamber Turnback = 0.0 minutes, both locations.
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TABLE X-5
VESSEL CHARACTERISTICS INPUT DATA

Vessel Dimensions, feet Block g:p":;f:, Horse-
Class Length | Beam Eggf? L%ar::d Coef. DWT power
1 343 | s4 11 22 085 | 12,000 |5,600
2 452 | 66 12 28 0.85 | 20000 |9,800
3 463 | 75 13 32 0.85 |35000 12,300
4 544 | es 13 34 0.85 | 40000 113,000
5 564 | 86 13 38 090 | 40000 13,000
6 600 | 95 13 30 0.85 | 51,000 14,000
7 600 | 95 14 36 090 | 52000 14,000
8 600 | 95 14 39 095 |55000 14,000

9 650 |105 13 30 090 | 58000 16,000
10 700 |10 14 36 095 | 60,000  [16,000
1 700 |10 15 38 095 | 65000 16,000
12 700 |10s 15 39 095 | 70,000 16,000
13 575 | a4 13 25 0.80 | 13000 13,000
14 55 15 6 7 0.75 1 200
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TABLE X-6

WAM CALIBRATION RESULTS COMPARED WITH PCC LOCKING TIME SCHEDULE

Average Locking Times (minutes)
Gatun Locks Pedro Miraflores Locks
Vessel Miguel
Class | Source* | Regular [ Relay | [ocks | Regular | Relay

1 PCC 60 30 30 40 30
WAM 53 32 27 a7 23

2 PCC 60 35 30 40 30
WAM 53 32 30 37 24

3 PCC 60 35 30 45 35
WAM 54 32 30 42 28

4 PCC 70 40 40 50 40
WAM 69 47 37 50 37

5 PCC 70 45 40 50 40
WAM 68 44 39 50 38

6 PCC 70 40 40 55 40
WAM 75 52 42 54 39

7 PCC 75 45 45 65 45
WAM 77 55 43 61 48

8 PCC 85 50 50 70 50
WAM 94 72 52 70 57

9 PCC 70 45 40 60 45
WAM 75 51 43 64 49

10 PCC 85 50 50 70 50
WAM 97 73 53 74 59

1 PCC 105 60 60 80 60
WAM 121 97 62 84 Al

12 PCC 125 75 65 90 60
WAM 151 128 68 95 83

Tandem PCC 70 40 40 50 40
WAM 67 43 39 50 33

*PCC = Marine Bureau Scheduling Table
WAM = Waterway Analysis Model Output, 1990 Calibration
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TABLE X-7
WAM CALIBRATION RESULTS COMPARED WITH SDB LOCKING TIMES

Northbound Locking Times (minutes)
Gatun Locks Pedro Miguel Miraflores Locks
Vessel Locks
Class | Source* | Average | SD Average SO Average SO
1 SDB 79 21 34 28 51 13
WAM 54 15 26 6.8 36 8.3
2 Sb8 76 17 33 9.7 48 8.0
WAM 55 16 28 6.7 36 8.4
3 sDB 76 18 34 9.6 50 1
WAM 54 17 29 71 41 9.0
4 i) 81 21 36 21 52 95
WAM 72 18 36 7.0 50 8.8
5 sD8 86 17 38 5.5 56 6.9
WAM 74 16 38 7.1 50 8.9
6 SO8B 86 21 41 18 55 10
WAM 77 18 42 10 54 9.8
7 SDB 91 19 42 13 58 7.8
WAM 79 20 44 9.2 60 10
8 SDB 95 18 48 22 63 9.1
WAM 96 18 52 11 69 9.3
9 SDB 93 21 45 18 61 9.1
WAM 76 19 4 10 65 9.7
10 So8 101 21 49 16 67 10
WAM 100 17 54 13 74 10
1 SDB - - - - - -
WAM 130 22 62 13 86 1
12 SDB 118 23 61 13 85 11
WAM 149 22 73 14 101 12
*SDB = Ship Data Bank Records, 1990 ’

WAM = Waterway Analysis Model Output, 1990 Calibration
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TABLE X-7 (Continued)

Southbound Locking Times (minutes)
Gatun Locks Pedro Miguel Miraflores Locks
Vessel Locks

Class Source* | Average SD | Average SO Average SO
1 SOB 70 13 36 13 51 14
WAM 51 13 29 7.4 37 9.7
2 soB 70 14 36 13 49 9.9
WAM 51 13 32 79 37 93
3 so8 7 14 36 14 50 10
WAM 51 13 32 73 42 9.3
4 so8 75 15 38 12 53 12

WAM 66 14 39 7.7 51 10
5 soB 77 14 44 16 51 9.2
WAM 67 13 39 7.6 51 H
6 SDB 79 15 a1 12 56 15
WAM 71 17 40 9.6 55 12
7 soB 86 19 42 10 60 16
WAM 75 14 43 7.8 61 14
8 SDB 92 16 45 8.7 62 15
WAM 92 17 51 10 70 13
9 sDB 87 1 42 11 62 15
WAM 72 17 42 9.5 63 13
10 sDB 93 13 47 9.9 65 14
WAM 94 19 52 1" 73 15
11 sDB 102 17 49 7.4 69 15
WAM 116 16 62 1 82 13
12 so8 124 19 56 10 77 14
WAM 152 20 66 10 93 16

*SDB = Ship Data Bank Records, 1990

WAM = Waterway Analysis Model Outp
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MAPPING OF WEFA SHIP TYPE INTO VESSEL CLASSES

TABLE X-8

Vessel DWT Range
Laden 0 10,000 | 25,000 | 40,000 | 65,000
WEFA or to to to to to
Type Ballast | 9,999 | 24,999 | 39,999 | 64,999 | 74,999 | 80,000+
cs L 1 3 5 10
B 1 3 4 9
F L 2 3 7 1
B - - - -
G L 1 3 8 "
: B 1 3 6 9
R L 2 3 5 10
B 2 3 4 9
RO L 1 3 5 10
8 - - - -
v L 2 3 7 -
B 2 3 6 9
P L 13
B 13
Cco L 2 5 1 12
B 2 4 9 9
CcT L 2 7 10
B 2 6 9
LP L 1 4 10
B 1 4 9
T L 1 7 12 12
B 1 6 9 9

Data are for 65,000 DWT Design Ship Case, Year 2020. Other cases are similar.
Table entries are WAM vessel classes.
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TABLE X-9

LOCKING TIME INPUT DATA; PROPOSED ATLANTIC LOCK, RELAY LOCKAGE

Southbound

Vessel | Locking Time Northbound

Class Element Type | P1 P2 | P3 | Type | P1 P2 | P3
Approach, '

15 Fly/Exchange G (230 1.2 4.0 G [17.0 1.0 4.0
Approach,
Turnback G (123 1.2 3.0 G 7.8 1.0 3.0
Entry K 7.0 K 7.0
Chambering w 20 |226 |[40.0 W 20 [248 |40.0
Exit K 6.0 K 6.0
Approach,

16 Fly/Exchange G |120 1.1 5.0 G |[180 1.0 5.0
Approach,
Turnback G |123 11 4.0 G 8.5 1.0 ) 4.0
Entry K 100 K |10.0
Chambering W 20 (226 |61.0 w 20 [27.1 |54.0
Exit K 7.0 K 7.0

Type Codes: G = Gamma K = Constant W = Weibull

Pn = Parameter n (See Appendix F)

All numerical values are minutes.

Note: All other times the same as for Miraflores Locks, Relay Lockage.
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TABLE X-10
LOCKING TIME INPUT DATA; CHAMBERING TIME,
PROPOSED PACIFIC LOCK, RELAY LOCKAGE

Vessel Northbound Southbound

Class | Type | P1 P2 P3 Type P1 P2 P3
11 G 46.0 3.0 32.0 G 42.0 2.9 32.0
12 w 2.0 19.2 42.0 w 20| 203 34.0
15 W 2.0 22.6 40.0 w 20| 248 40.0
16 W 2.0 22.6 51.0 w 20| 271 “44.0

Type Codes: G = Gamma K = Constant W = Weibull
Pn = Parameter n (See Appendix F)
All numerical values are minutes.

Note: All other times the same as for the proposed Atlantic Lock, Relay Lockage.
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X
TRANSIT DELAY AND CAPACITY

Operational capacity of a transportation artery is not a definitive number, but is
related to acceptable delay time. A higher capacity in an artery can be achieved at
a cost of greater congestion and longer delays.

In the canal, the level of delay time is related to the rate of ship arrivals, compared
with the rate at which ships can transit. With ships arriving in a random fashion, a
plot of delay versus the number of transits produces a hyperbolic curve, with de-
lays increasing gradually at low traffic volumes and then accelerating rapidly as
traffic continues to increase until, finally, the curve becomes asymptotic at theoreti-
cal maximum capacity! (Appendix D). The theoretical maximum level of capacity,
in practice, is not achievable, nor is it desirable to achieve, because levels of con-
gestion and delays would be excessive. As that level is approached, a slight in-
crease in the number of transits would produce a large increase in delay time.

A more thorough understanding of the relationships of delay, capacity and level of
service provided to vessel operators is gained by viewing the entire delay curve.
The traffic volume at the design capacity of the transportation system i$. obtained
by selecting the maximum tolerable level of delay, then reading the corresponding
number of annual ship transits from the curve. This point may be considered the
maximum practicable capacity. The position of this point on the curve shows the
effect of small changes in traffic on the expected average delay and, consequently,
the stability of operations in the range of the curve. A preferred design capacity is
the point of transition from the curved section to the upper, steep, portion of the
curve.

Research based on simulation analysis indicates that the delay curve may be plot-
ted from two data points (in our case--at years 2020 and 2060), with the best re-
sults achieved if one point is on the flat portion of the curve and the other on the
steep portion or the bend of the curve.? If both points fall on either the very fiat
or steep portion of the curve, the results may not produce a reliable curve or spe-
cific number, although a judgment can be formed regarding the level of capacity.

In several of the cases modeled, the delay times produced by the model increased
relatively slightly between years 2020 and 2060 and the delay in the latter year was
less than the criterion, indicating that the case has adequate capacity for year
2060, but also signaling that an actual capacity could not be derived accurately

Davidson, K.B. (1966). A Flow-Travel Time Relationship for Use in Transportation Planning.
Proceedings, Australian Road Research Board, Melbourne, v. 3, 183-194.

Bronzini, M.S. (1984). Simulation-Based Estimates of Delays at Navigation Locks.
Proceedings, Transportation Research Forum, v.25, n.1, 420-428.
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from the delay curve. In those cases (namely 2, 5, 6, 7 and 8)capacity estimates
were made by considering separately the simulation results for the existing Gatun
Locks and the proposed new Atlantic lock, and using the simulated lock utilization
and delay levels to estimate lock capacities, then adding the resultant estimates to
obtain the system capacity. These estimates were then adjusted to take into ac-
count the relationships among ship mix, weighted average lock processing time,
and lock capacity.

The capacities of cases 10 through 14, 17, 19 and 21 through 25 were estimated
by comparison with cases with similar characteristics for which capacities had
been computed from model runs and the delay curves.

In cases where capacity would be exceeded by the year 2060, it was necessary to
model cases with a fraction of the 2020 traffic in order to achieve a second data
point. The sea-level cases that are based on a cyclic rhythm of ship convoy tran-
sits, in fact, require three data points.

The Panama Canal Commission policy is that ships, on average, should be able to
transit within 24 hours of arrival. This criterion appears reasonable and is assumed
to continue to obtain in the future. Considering that unimpeded travel time is usu-
ally 8 hours or less, and to account for preparation time for canal transit, an aver-
age delay of 10 hours was assumed as one basis for capacity. Capacity was also
calculated based on 6 hours of delay, except in sea-level cases based on a 12%2
hour cycle time, where an average time of 6% hours would be spent by ships
merely waiting for convoys to form, leaving no time for in-tansit delays.

The capacities of the various conceptual alternatives, calculated as indicated
above, are presented in Table XI-1. Plots of delay curves appear in Figures XI-1
through XI-8.

Output summaries of the WAM resource files indicating average delay and transit
time for each simulation and the computed capacities appear in Appendix E.

It may be seen, with a ten-hour delay criterion, that the estimated capacities range
from a low of 11,700 ship transits for a single lane sea-level canal with three paral-
lel locks at the Pacific, to a high of about 46,000, with a two-lane sea-level canal
with six locks. The capacities of the high-rise and low-rise lock plans range from
28.900 transits to 35,200 transits. Capacities with a 6 hour delay criteria are lower.

From the results above, estimates were also made of the capacities of the remain-
ing cases, listed in Table IX-2, based on the capacities of similar cases listed in
Table XI-1, and the results are presented in Table XI-2.

The conclusions of the OCCE Study appear together with the summary at the
beginning of the report herein.
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TABLE XI-1
TRANSIT DELAYS AND ESTIMATED CAPACITY

CAS Maximum|Average Delay Per Transit (hrs)[Capacity:Annual Transits|
TAMS] Study Ship Size| Fractionof | Year | Year (No. of Ships)

No. [Case(1) Conceptual Alternative 000s DWT] 2020 Transits | 2020 | 2060 | 6 hr.Delay | 10 hr.Delay
1 | SQ [D status Quo 65 0.94 (2 968 | — 17,600 18,300
2 | L-1 | A High Rise Locks-90 #t 100 .- 1.50) 253 ] 28,100 30,100
3 | L-4 |A High Rise Locks-90 f 150 -- 1.51 354 | 27,500 | 29,500 |
4 | L-7 | A High Rise Locks-90 ft 250 .- 1.46 {3.65| 27,100 | 28,900 !
5 |L-2a|A High Riss Locks-85 -Single Lift 100 - 1.50 | 1.98 | 29,700 | 31,900
6 | L-3 |B Low Rise Locks-55 100 - 0.76 | 1.03 | 34,000 | 35,200
7 | L-6 |B Low Rise Locks-55 ft 150 -- 0.76 | 1.16 | 33,400 | 34,500
8 | L-9 |B Low Rise Locks-55 ft 250 -- 0.76 | 1.17 | 33,100 | 34,200
9 | S-1 |C SeaLevel,1 Lane,Tide Gates,TG(a) 150 |8.1648.44(3) (11.44| —- (6) 15,900 -
10 | S-3 |C SeaLevel,1 Lane,Tide Gates, TG(a) 250 - -~ | -- (6) 15,600

11 | S-5 |C Sea Level,1 Lane,Tide Gates, TG(a) 300 -- - | -- (6) 15,500 |
12 | S-2 |C Sea Level,2 Lanes,Tide Gates, TG(b) 150 -- -- | — | 33,200 36,800
13 | S-4 |C Sea Level,2 Lanes,Tide Gates,TG(b) 250 -- - | —-| 32,400 | 36,600 !

14 | S-6 |C SeaLevel,2 Lanes,Tide Gates, TG(b) 300 -- - | - 32,200 36,400
15 |S-13|C SeaLevel,1 Lane,40 km w/Tide Gates,TG(c) | 150 |4.1884.32(3)|8.46 | — 16,600 18,400
16 {S-14 |C Sealevel,1 Lane,40 km w/Tide Gates, TG(c) | 250 |4.2145.08(4)| 9.38 | — 16,200 18,300
17 |S-15|C Sea Level,1 Lane,40 km w/Tide Gates,TG(c) | 300 - -— | - 16,100 18,200
18 | == |- Sealevel,1Llane,3 Locks,L(a) 250 7.93, 8.63 — | - (6) 11,700

& 19.55 (5)

19 | -- |- Sealevel,2 Lanes,6 Locks,L(b) 250 . - 0.1110.23 | 45,400 46,000

20 | -- |- Sealevel,2 Lanes,4 Locks,L(c) 250 -- 027 {0.76 | 29,700 | 30,100 :

21 | == |- No.9+1 150 - 228 | 3.22 (6) 34,200

22 | = |- No.10+1 250 - 2.25/3.20| (6) 33,900 .

23 | -= |- No.15+1 150 -- 1.88 | 2.44 | 34,200 | 36,700 '

24 | -- [ - No.16+1 250 -- 1.86 | 243 | 33,800 36,000 |

25 | —- |- No.18+1 250 -- 2.22]3.16 (6) 30,000 |

NOTES:

(1) From Table 1X-2

(2) @ 63% of 2020 transits.

(3) @ 33% and S0% of 2020 transits.

(4) @ 33% and 809 of 2020 trasits.

(5) @ 33%, 50% and 80% of 2020 transits.

(6) For these cases, involving 12-1/2 hour cycle convoy operations, 6 hours is not an adequate allowable delay criterion,

because 6 hours would be spent on average by ships waiting for convoys to form, allowing no time for in-transit delays.
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TABLE XI-2

ESTIMATED CAPACITY
CAS Maximum | Capacity: Annual Transits
Study Ship Size (No. of Ships)
Case(1) Conceptual Alternative 0008 DWT| 6 hr.Delay | 10 hr.Delay
L-2 |A High Rise Locks - 85 ft 100 27,800 30,700
L-5 |A High Rise Locks - 85 ft 150 28,100 30,100
L-8 |A High Rise Locks - 85 ft 250 27,600 29,500
L-10 |A High Rise Locks - 85 ft 100 28,700 30,700
L-11 |B Low Rise Lock - 55 ft 100 34,000 35,200
L-12 |B Low Rise Lock - 30 ft 100 37,400 38,700
L-13 |A High Rise Lock - 85 ft 150 28,100 30,100
L-14 |{B Low Rise Lock - 55 ft 150 33,400 34,500
L-15 |B Low Rise Lock - 30 ft 150 36,700 38,000
L-16 [|A High Rise Lock - 85 ft 250 27,600 29,500
L-17 |B Low Rise Lock - 55 ft 250 33,100 34,200
L-18 {B Low Rise Lock - 30 ft 250 36,400 37,600
S-7 |C Sea Level Route 14S, 1 lane 150 - 15,900
S-8 |C Sea Level Route 14S, 2 lanes 150 33,200 36,800
S-9 |C Sea Level Route 14S, 1 lane 250 -—- 15,600
S-10 |C Sea Level Route 14S, 2 lanes 250 32,400 36,600
S-11 |C Sea Level Route 14S, 1 lane 300 - 15,500
8-12 |C Sea Level Route 14S, 2 lanes 300 32,300 36,400
S-16 |C Sea Level Route 14S, 40 km, 1 lane 150 16,600 18,400
S-17 |C Sea Level Route 14S, 40 km, 1 lane 250 16,200 18,300
S-18 |C Sea Level Route 14S, 40 km, 1 lane 300 16,100 18,200
NOTES: (1) From Table IX-2

The capacities shown were estimated from similar cases in Table XI-1.
CAS Study Cases L-1 through 1.-9 cover Route 15 + Third Lock
CAS Study Cases L-10 through L-18 cover Route 15 + Gatun + Third Lock
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APPENDIX A
MODEL "LATIS"

1. INTRODUCTION

Mathematical models are efficient tools in engineering. They enable engineers to
compare several alternatives within a short period of time and help them to arrive
at the best solution. However, several theoretical assumptions and idealizations
are made during the development of these models. The user must be aware of
these assumptions and the limitations in the use of these models. The model
"LATIS" is no exception to this rule. In the following pages we have tried to explain
the important features in the development of the model. The mathematical formu-
lation and the governing equations are explained in Section 2. The advantages
and disadvantages in using either the implicit or the explicit schemes in solving the
governing equations are then discussed. In Section 4, the stability criterion, the
Courant condition, is explained. The necessary data that has to be used and the
program PRELATIS that is used to create the data is elaborated in Section 5. The
final section, Section 6, describes the procedure used to present the results in
graphical form.

2. MATHEMATICAL PROCEDURE USED IN LATIS

The continuity equation for gradually varied, unsteady flow may be written for a
node i connected to N channels of a network (Figure A-1):

oH, M

in which Q,; = the discharges (positive when entering the node) of the channels (or
links) at the connections with the node; and A, = the surface area ascribed to the
node which is assumed constant and horizontal during time interval dt, but other-
wise a function of H, the water surface elevation with respect to a given datum.

The dynamic equation for one of the links of the network may be written:

M __1v_je@_ v @
ax g at K2 g ax

in which x = the abscissa along the link; V = the mean velocity; Q = the dis-
charge; and K = the conveyance, a function of H. ’
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FIGURE A-1 -- NODE AND LINK DEFINITIONS

Equations 1 and 2 are not linear, but do not contain terms with products of the
derivatives. Linearization and finite difference translation of Equations 1 and 2 to
render the system amenable to solution, depend on the definition of the unknowns
involved in each equation, and the time levels (t, t — At, t — 2At, t — 3At) used in
the computation.

Orlob, Shubinski, et al. (6,7) have formulated "direct explicit' models expressing all
coefficients and space derivatives in terms of values of the dependent variables
computed on the time interval just before the unknown values, i.e. at time t — At
which are considered only in the time derivatives. This results in a rectangular
computational scheme. Although a direct explicit scheme may be inherently unsta-
ble in a one-dimensional case (9), it has proven successful in networks.

The procedure used for Program LATIS (explicit) computes all variables at the
same time, t, using for the definition of the coefficients and the space derivatives
values computed for one and two previous time intervals t — Atand t - 2At. In
addition, as in Program FAT, and according to the linearization scheme of Dron-
kers (3) the friction term is computed with the product of the "new* (i.e. at time 1)
discharge and that obtained for t — 2At.

To define the time derivatives, use is made of the difference between the functional
values at times t and t - 2At.

To obtain the hydraulic variables for the internal (t) — (t — 2At) a weighed value is
obtained. ’



Ht-1) _ -2 ©)

At

Ht-1ea _ (1+a)At + H=2 = (1 L a)H®=) — gqt-2)

Referring to water surface elevation in which the constant, a, may be positive or
negative and is less than 1 in absolute value. A similar relation is obtained for Q.
In Equation 3 and in the following, the superscripts refer to the time interval corre-
sponding to the value of the variable: t = the "new" time for which the unknown is
computed; t — 1 refers to time t — At; and t — 2 refers to time t — 2At.

The computation schedule results in the following finite difference continuity and
dynamic equations for the gradually varied unsteady flow:

(4)
N
2At 1_21 [(1+a) Q" - aQl™®

(1 ea) Al aalt Ay (O -2

(5)
(1 +aH™ - arb?) - (1 +arl" —an -2

" -2
L@Y - at? i L% QY
2gat[(1+aal" - aal?  cauB((r+ak§? - ak§ )2

((+aQf™” -aaf?  [a.29a%" -a%? (.90l - aal?

2g[(1+a)Al™" - aal®) | (1. aal" aA‘t -2 1+a)Al" _ aal-2

in which At = the time interval; superscripts mean time instant; single and double
subscripts mean node and link, respectively; N = the number of links connected .at
a node; Q = the discharge through a link; A with a single subscript = the surface
area of a node (a function of its water surface elevation); and A with two sub-
scripts, represents the cross-sectional area of a link (a function of the average
water surface elevations of its adjacent nodes); H = the water surface elevation
above a datum; L = the length; and K = the conveyance of a link (a function of
the average water surface elevations of its adjacent nodes) Value CALIB is equal
to the ratio of the Manning'’s coefficient used in determining K and a revised value
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that may be required for calibration that is to adjust the solution to a known con-
dition of the system.

In Equation 5 the left-hand side member is the water surface elevation difference
between nodes i and j, assumed for the interval, 2At = () — (t — 2At); the first
term of the right-hand side member is the local inertia term due to the change in
discharge in link ij during that interval; the second term is the linearized friction;
and the third term represents the convective inertia, which is expressed as a func-
tion of the difference in velocities for links jk and li, adjacent to the link ij. The
structure of this term implies that only one link is connected at either end of link ij
and that its velocity is not modified by a constriction. Therefore, it is omitted when
more than one link are connected or when there is a constriction.

The preceding equations assume that the rate of flow, computed at mid-distance
of the nodes defining the link, is an accurate approximation of the discharge in the
link, which in fact varies between the two nodes.
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FIGURE A-2 - LATIS COMPUTATION SCHEDULE
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formed for all nodes and links allows their determination one'by one. In other

words, the coefficient matrix has only its diagonal as nonzero terms. Figure A-2 is
a graph of the computation schedule where the arrows show the variables used in
the computation of each "new" and simultaneous value of H and Q. The introduc-
tion of weighted average values using the results of two consecutive time intervals
and the introduction of the unknown discharge in the definition of the friction are
probably conducive to better stability than in the case of the direct explicit scheme
in a one-dimensional system.

Each one of these equations has only one unknown, Hm or Q‘}’, and the system

The aforementioned procedure is general and may be applied to multiple or simply
connected networks. In LATIS, the network may be one dimensional or assumed
formed by either triangular or quadrangular elements.

If a node receives an independent inflow (pump, tributary) a pseudolink is added,
having a specified discharge hydrograph. If the water surface elevation at a node
is governed by a specified time law, this is a pseudonode. Pseudolinks and nodes
are boundary conditions of the network.

When there is a constriction in a link, equations similar to those developed in previ-
ous analyses of one-dimensional flow in open channels (1) are written for the time
of Equations 4 and 5, using weighted values of the "previous" discharges and
elevations.

For the application of Equation 4 to node i, discharges are considered positive
when flowing into the node. For the application of Equation 5, discharges are
considered positive when flowing into the lower numbered node. Since the first
rule is absolute while the second depends on the arbitrary labeling of the nodes, a
bookkeeping procedure is needed to change the signs as required in case of
conflict. :

3. IMPLICIT VERSUS EXPLICIT SCHEMES

Equations 1 and 2 are not linear but do not contain terms with products of the
derivatives. To solve them they will be expressed in finite differences and linear-
ized. The quadratic term in the discharge in Equation 1 is substituted by the
product of the unknown discharge at time t and the discharge computed one (or
two) time intervals before for the same channel reach, which reduces the term to a
linear one. The other non-linear terms are similarly linearized by using previously
computed values of the variables in a recursive form.

When the space derivatives are defined in terms of the unknown values of the
variables, the resulting system of linear equations is implicit, that is, each equation
contains more than one unknown. If the space derivatives are defined in terms of
previously computed values of the unknowns, each equafion contains only one
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unknown, provided by the temporal derivative, or by the friction term, and the
system is explicit.

There are advantages and disadvanta¢c- 10 each system. Implicit systems are
unconditionally stable, independently of . . time interval. Consequen', relatively
long time intervals may be used, which reduces the number of operations and
allows for the representation of long periods of real time with reasonable computer
times. Explicit systems are subject to the Courant condition, which imposes a limit
to the integration time interval, depending on the depth and length of the channel
reach and, in general, they are more suitable for relatively short real time represen-
tations. Implicit systems are somewhat difficult to modify once the network is de-
fined and unless the matrices are tridiagonal, each solution may consume a con-
siderable amount of computer time, which tends to compensate for the savings
obtained by increasing the time interval and, therefore, decreasing the number of
solutions for a given integration.

In addition to the Courant condition, which applies to the explicit solution, there is
a limitation on the time increment which applies also to implicit solution. When
parts of the network are gradually flooded, long term intervals are conducive to
solution "blowups" if the volumes of water which flow through a link during the time
interval are large in comparison with the capacity available at the node being flood-
ed.

Instabilities may appear also when models present abrupt changes in hydraulic or
topographic characteristics, such as reach length, conveyance, cross-sectional
area, depth, flood plain width and area, etc.

4. STABILITY CRITERIA

The Mathematical Model was formulated using Program LATIS which had been
used in a number of previous network analyses, and has been continuously re-
vised to extend its range of application. LATIS is explicit, so it is subject to the
Courant condition which, for the LATIS procedure, may be written:

At( L
2 (V+ 19y )

in which: At is the time interval; L;, the reach (or link) ij length; V;, the maximum
absolute value of the velocity in the link; g, the acceleration due to gravity; Yii the
depth.
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5. INPUT DATA

The channel hydraulic characteristics are computed with an auxiliary program:
PRELATIS, which processes up to five cross-sections per link. These cross-sec-
tions are input as tables of coordinates of up to 30 points with up to 29 different
values of Mannings 'n'. The program then computes cross-sectional areas and
conveyances for each cross-section and obtains representative areas and convey-
ances for the link by averaging the values obtained for each cross-section at dis-
crete elevations. These average values are printed and punched in LATIS format.
PRELATIS also computes the steady state uniform flow corresponding to each link
using the bottom slope. This feature is useful to establish a plausible value of
water surface elevation for initial condition estimates. Finally, PRELATIS may com-
pute the volumes of the link at each elevation. This is desirable when salinity stud-
ies are coupled with a hydraulic study. In that case LATIS may use volumes in-
stead of areas in the continuity equation of each link. The volumes are then com-
puted as the sum of one-half of each of the volumes computed for each link con-
nected to the node at each elevation.

Further, Mannings 'n’, simulation time interval, the accuracy required, and other
output options are also included in the input data set. For example, in analyzing
the Vergara solution, the bay area was assumed to consist of several elements.
These were included in the node definition card in the data file. o

6. OUTPUT

When the model is run it creates two files: an output file consisting of all the data
and results and a plot file consisting of variables that can be used to create graphi-
cal outputs such as the time series of velocities in a canal at a given location. The
plot file is then imported into the LOTUS program and the velocities, or the water
surface elevations as predicted by the model can be plotted. The titles for the
graph and other enhancements for the graphical display can be made at this point.
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APPENDIX B
WATERWAY ANALYSIS MODEL

WATERWAY SYSTEM REPRESENTATION

The following paragraphs describe the way in which the various elements of the
inland navigation system are represented in the Waterway Analysis Model. Wa-
terways and waterway facilities are discussed first, followed by sections on vessel
and cargo representation.

The Waterway Network
(1) Network Structure

The waterway network is represented in the simulation model as a hierarchy
of elements:
® River Systems
» Sectors
8 Ports
8 Locks
Chambers
8 Bend Terminators
® Reaches
® Bends
In model terminology, ports, locks, and bend terminators are often referred to as
nodes because they represent points, as opposed to bends and reaches which

have length and are referred to as links. Sectors and river systems serve to orga-
nize these lower level elements into convenient units for processing and analysis.

(2) Ports
Port operations are represented only through average processing times.

Only two types of activities occur at a port, barge loading and unloading,
and barge pick-up and drop-off by towboats.



Each port in the system is described by numeric identifiers, port name, river
mile, tow stopping delay, barge pick-up/drop-off delay, and the port's load-
ing and unloading rate. The tow stopping delay simulates the time required
by a towboat to drop off or pick up barges. It represents an "overhead* time
to secure a fleet of barges to the towboat to form a tow. The barge pick-
up/drop-off delay represents the time in hours per barge to reconfigure a
group of barges when being picked up or dropped off by a towboat. The
total delay at a port for a towboat is the sum of the tow stopping delay plus
the product of the barge pick-up/drop-off delay and the number of barges
involved in the exchange. The loading/unloading rates can be port and
commodity specific, and are used to estimate the corresponding barge
processing times.

(3‘) Locks

Lock and dam facilities are generally waterway elements of direct interest to
navigation planners because of the large expenditure of public funds they
represent and because they are frequently the bottlenecks of the system.
Consequently, locks are represented at a comparatively detailed level rela-
tive to the rest of the waterway network.

Lock data are inserted into the network in order of appearance of the lock
within each sector and locks are treated as specific points in the network.
Locks are represented by name, number, and river mile location.

Recreational traffic can also be represented at a lock. Its input consists of a
recreational lockage policy and a recreational traffic rate. The lockage poli-
cy gives the maximum number of commercial lockages a recreation vessel
could wait, before having access to the lock, while the recreational traffic
rates give the average number of recreation vessels locked daily.

(4) Lock Chambers

Chamber data are input to the network immediately following the lock data.
The input consists of a chamber number, dimensions (width and length) in
feet, the normal operating policy designation, and the probability of a single
lockage being a setover.

Immediately following the chamber data records, lockage time distributions
for the chamber are input. The time required to complete the movement of
a tow through the lock is determined from this information. At an actual
lock, this time varies with a large number of factors including size and con-
figuration of the tow, maneuverability, water level, current speed, presence
of interfering traffic, weather conditions, and pilot skill. Accounting for all
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such factors explicitly in a model is clearly infeasible. A common simulation
tactic is therefore employed. A small subset of the most important factors
are selected for explicit representation, then the influence of the remaining
factors is treated as a random variation described by a probability distribu-
tion.

The factors explicitly considered by the model in calculating lockage times
are.

° the type of lockage - straight single, setover (the model
classes all single lockages requiring reconfiguration as
setovers), multiple-cut, multiple-vessel, or open pass;

° the direction of travel - upstream or downstream;

° the type of entry to and exit from the chamber - fly, turn-
back, or exchange.

Lock processing time is subdivided into four components: approach, entry,
chambering, and exit. Probability distributions for each component under
the various conditions given above are input to the model as data.. The user
may specify common analytical distributions (such as normal, gamma or
Weibull distributions), or may enter tabulated empirical frequency distribu-
tions. The process of simulating a lockage consists of selecting the appro-
priate distribution for each component, drawing a random sample from
each, and summing to get the total processing time.

The preceding discussion has been concerned with modeling the actual
passage of vessels through a lock. An equally important facet of lock oper-
ations involves the queuing of vessels which cannot be passed immediately
and the associated rules for determining the order of service, and selection
of chambers at a multichamber lock facilty. The model supports *first
come-first serve," "N up-N down," and "one-way" operating policies for each
chamber. A queue is maintained for the lock facility as a whole. Tows are
assigned chambers as they become available.

(5) Reaches

A reach, as the term is used in the simulation model, is an unrestricted
section of waterway between two ports, two locks, two bend terminators, a
port and a lock, a port and a bend terminator, or a lock and a bend termina-
tor. A reach, along with a bend, are the only network elements with a non-
zero length.



The physical characteristics of a reach which affect tow speeds include
current velocity, depth, channel width, radius of bends, and presence of ob-
stacles. The first two of these are represented explicitly in the model. Al
other influences are aggregated into a pair of coefficients called tow speed
coefficients, one for each direction of travel. These coefficients may be esti-
mated by comparing theoretical and observed tow speeds, and taking into
account the specific channel conditions described above.

The size of a tow may be limited by the dimensions of the navigation chan-
nel. In the model, a tow size limit is specified for each sector. A particularly
restricted portion of the waterway may be modeled by changing that portion
of the waterway from being a reach to a bend.

(6) Bend Terminators

A bend terminator is that point on a section of waterway where a reach
(unrestricted as far as the tow traffic is concerned) becomes a bend (re-
stricted as far as the tow traffic is concerned). Bend terminators are repre-
sented by number and river mile location.

When a tow arrives at a bend terminator entering a bend, the simulation
model makes a determination as to whether or not the tow may enter the
bend based upon other tow traffic in the bend or approaching the bend and
the characteristics of the bend. |If the tow is not allowed to immediately
enter the bend, it is queued at the bend terminator point until such a time as
the tow may enter the bend.

(7) Bends

A bend, as the term is used in the simulation model, is a restricted section
of waterway between two bend terminators. A bend does not necessarily
have a radius of curvature, since a narrow channel may also be represented
in the model by a bend.

The physical characteristics of a bend which affect tow speeds include cur-
rent velocity, depth, channel width, radius of the bend, and presence of
obstacles. The first two are modeled explicitly while all other influences are
aggregated into a pair of coefficients called tow speed coefficients, one for
each direction of travel. In addition, a flanking speed coefficient is used
when the length of a tow is such that a flanking maneuver is required in
order for the tow to transit a given bend. The channel width, radius of bend,
required clearance for two-way traffic, tow length, and tow width are all ex-
plicitly represented in the model in order to determine whether or not a tow

4
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is delayed from entering a bend or narrow channel and, once delayed,
when a tow may enter the bend or narrow channel.

Bends are modeled assuming that a tow in a bend cannot overtake and
pass another tow in the bend that is traveling in the same direction. The
model further assumes that the following tow will maintain a separation
distance of at least two tow lengths.

(8) Other Features

Other features and facilities present in the actual waterway system, such as
marinas, docks, navigation aids, etc., are substantially less significant to
inland navigation and are not explicitly represented in the model. Their
effects can often be implicitly accounted for through such parameters as
port processing times and reach speed coefficients. Indeed, it may be diffi-
cult or impossible to obtain data which exclude such effects.

Vessels

Towboats and barges are the active waterway traffic elements in the model. Tow-
boats and barges are organized into classes with all vessels of the same class
treated as being identical.

(1) Towboats

Each class of towboat represented in the model is described by its horse-
power, dimensions, towing capacity, a 20-character name, and a numeric
identifier. The first two characteristics are used in the computation of tow
speed. The towing capacity places an upper limit on the size of tow that
can be moved by the boat.

Towboat classes and all parameters describing a particular class are user
input. Therefore, it is possible to simulate many types of unique towboats.
Currently the model limits to ninety-nine (99) the total number of towboat
classes which can be represented.

(2) Barges

Barge classes are described by their size and the amounts of various class-
es of cargo they can carry. For purposes of computing towing speeds and
fitting tows into lock chambers, the barge dimensions -- length, width and
draft, are employed. The model permits the capacity of each type of barge
to be specified separately for each class of commodity. A capacity of zero
indicates a mismatch between barge and commodity class. In addition, the
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model takes the channel depth along the route of shipment into account
when simulating the loading of barges. If the barge cannot be loaded to its
full draft, its capacity is reduced proportionally.

(3) Recreational Craft

Tows share the waterways with other vessels, all of which are classified as
recreational craft in the model. The model is not concerned with these
vessels per se, but only with their influence on commercial traffic. The most
significant interaction occurs at locks and this is the only place where the
model takes notice of recreational traffic.

Recreational craft are assumed to appear randomly, at a specified average
rate, at locks where they are to be simulated. Each vessel is represented
explicitly during the time it waits for and accomplishes its lockage; then, as
far as the model is concerned, it disappears from the system. Movement of
recreational craft between locks is not represented. There is no differentia-
tion among sizes or types of recreational vessels.

The arrival rate of recreational craft is specified separately for each lock
where they are to be taken into account. Separate rates for weekends and
weekdays are provided, as well as for upstream and downstream directions
of travel. Arrivals may be limited to a specific period during the day (day-
light hours, for example) to further represent the uneven distribution of rec-
reational traffic observed in practice.

Cargo

Demands for cargo shipment provide the driving force for the simulation model, in
response to which all other activity takes place. The stream of shipment demands
is an external input to the model.

(1) Commodity Classes

The many commodities transported in the actual system are aggregated in
the model into commodity classes. Each commodity class requires input
information relative to the types of barges which may carry the class, the
density of loading of the class and whether or not the class is considered
hazardous cargo. (No tow containing hazardous cargo may be locked
through with any other vessel.) Each commodity class is assigned to a
commodity group.
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(2) Commodity Groups

Commodity classes are aggregated into commodity groups to reduce the
amount of computer storage required. Commodity groups are used to
assign loading/unloading rates for all commodity classes contained in the
group. They are specified for each group and optionally, for any commodity
group and port combination.

(8) Shipment List

The shipment list is a stream of shipment demands which is input to the
model during execution. Each demand is described by a commodity class,
tonnage, shipment origin, shipment destination, time of availability, type of
towboat, type of barge, number of loaded barges, and number of empty
barges. The origins and destinations of the shipments are the ports dis-
cussed earlier.

The form in which commodity flow data are available to the user will gener-
ally not be as a set of shipment demands as required by the model, but as
an origin-destination matrix giving the total flows (by commodity) between
pairs of ports over a period of time. A user-provided preprocessor program
is generally used to convert such a matrix to the separate shipments needed
by the model.

MODEL OPERATIONS

Representing the physical elements of a system is only one part of a simulation
model. Equally important is representing the operating rules of the system. This
section describes the operations of the WAM. The discussion is at a logical, rather
than at the program level.

Cargo and Barge Operations.
(1) Cargo Arrival

The activity of the simulated system begins when cargo arrives at a port for
shipment to another port. The simulation program’'s external event mecha-
nism invokes the corresponding processing routine automatically at the
simulated time when each shipment is due to enter the system. (Note that
the term "shipment* refers, in the model, to the cargo described by a single
shipment data record.)
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(2) Cargo Loading and Unloading

A basic assumption of the model is that the required number of barges of
the types specified is available at the origin port at the time the cargo is
available. The key computation here is the capacity of each barge. A maxi-
mum capacity for each feasible combination of barge class and commodity
type is available from the input data; however, it may be necessary to
reduce this figure because inadequate depth along the shipping route limits
the usable draft of the barges. As part of the initial processing of each ship-
ment, the minimum depth on the anticipated route is located and stored.
With this information, plus the barge attributes of empty draft, fully loaded
draft, and required bottom clearance, it is a straightforward calculation to
obtain the maximum permissible loading, assuming that draft increases
linearly with tonnage.

Loading continues with computation of the time required. The tonnage to
be loaded is divided by the applicable loading rate 10 get the loading time
for the barges. The entire group of barges being considered is assumed to
be loaded as a unit, all barges becoming available for pickup at the same
time. )

Although the process by which barges are moved to their destination has
not yet been discussed, it is appropriate at this point to consider the activity
which takes place upon their arrival. If the barges are loaded, the first task
is to unload them and record the delivery of the cargo. Unloading is similar
to loading with respect to selecting the appropriate unloading rate and com-
puting the time required.

(3) Tow Movements

The movement of shipments through the waterway network is in many ways
the heart of the model. The basic machanism involved is a simple process
of advancing a location indicator associated with each shipment from one
element (port, lock, bend terminator, bend, or reach) of the network to the
next. The type of the new network element is then determined and the
appropriate processing invoked. This processing generally involves the pas-
sage of simulated time, following which the process is repeated. The pro-
cessing at each type of network element is described in the following sec-
tions.

There is no central scheduling mechanism for towboats in the model. A
basic assumption of the model is that a towboat of the type specified is
available at the shipment segment origin port at the time the barges are
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available for shipment. Destinations are determined by the shipment de-
mand.

When a tow en route to some port reaches a junction in the network, a
means of determining which way to go is required. The method used by
the model is based on a routing table. The routing tables are computed as
part of the initialization procedure for a run. In most cases the route be-
tween a given pair of sectors is unique. This is a result of the generally tree-
like structure of the waterway network; however, there may be cases where
two or more routes exist between a pair of sectors. In the automatic com-
putation of routes, this situation is resolved by selecting the route which
yields the shortest distance between the midpoints of each pair of sectors.
Provision is made, however, for the model user to override the computed
route choices and, if necessary, to specify the routes to be selected.

Lock Operations

(1) Basic Tow Lockage

Operations at a lock facility can be divided into two relatively independent
areas: queuing, with its associated priority and chamber usage logic, and
the actual passage of vessels through the lock.

When a tow arrives at a lock the first order of business is to determine whe-
ther a chamber is idle and hence available for immediate use. At a lock
with more than one chamber, this also involves a decision as to which
chamber should be used. The chamber which permits the tow to complete
its lockage sooner is generally selected. Note that if both chambers are the
same size the chamber designated as chamber 2 is considered the auxiliary
chamber. This logic results in chamber 1 being the preferred one for tows
of all sizes.

it a suitable chamber is available, lockage begins immediately with a fly
entry. (If the last lockage in the chamber was in the same direction and
insufficient time to complete a chamber turnback has elapsed, then there
will be a delay before the chamber can be entered. However, this is treated
as part of the lockage, which still begins immediately.) If not, the tow joins
a queue of vessels waiting to use the lock. Eventually a chamber will be-
come available and the tow will be removed from the queue to start its lock-
age.

The first action is to determine the type of lockage: straight single; setover

(any single lockage requiring reconfiguration of the tow); or multiple-cut.
The determination uses a procedure which attempts Eo pack the barges and
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towboat into the available chamber space. Since the model does not explic-
itly represent the configuration of barges in a tow, a random choice based
on a user specified probability is used to distinguish setover from straight
single lockages.

The possibility of a multiple-vessel lockage is next considered if the input
option permitting them has been specified for the chamber. Multiple-tow
lockages are considered only if the principle lockage type has been deter-
mined to be a straight single. In this case, the queue of vessels awaiting
lockage is searched for tows which are going the same direction and can fit
into the chamber with the first tow. In accordance with existing safety regu-
lations, tows carrying hazardous cargo are not permitted to execute multi-
ple-vessel lockages.

All information is now available to begin computation of the lockage time.
At this point, the total time for approach, entry and chambering, plus turn-
back (if required), is calculated. The time required to reconfigure the tow for
a setover or multiple cut lockage is also included in this total. Exit time
cannot be determined until later because it depends on the type of exit,
which in turn depends on the selection of the next vessel to use the cham-
ber. This selection is deferred until the tow is ready to begin its exit, since
the queuing situation at the lock can change during the lockage. A simu-
lated time period during which the chamber is unavailable to other vessels
now takes place, representing the approach, entry and chambering process.

Processing resumes with the start of the exit for the tow or tows in the
chamber. The major task at this point is the selection of the next tow to use
the chamber. This is where the chamber operating policy input parameter
comes into play. If a first come-first served policy is in effect, the first tow in
the queue which is able to use the chamber is chosen without regard to its
direction of travel.

For a chamber operating under an N up-N down policy, the desired direc-
tion for the next lockage is first determined. The first tow in the queue trav-
eling the desired direction and able to use the chamber is selected to use
the chamber next. If no such tow can be found, then tows going the oppo-
site direction will be considered in first come-first served order. For cham-
bers operating under a "one-way" policy, the first tow in the preferred direc-
tion is selected. As with the N up-N down policy, if no such tow is found
then tows going the opposite direction will be served.

Comparing the direction of travel of the exiting tow with that of its successor

determines the exit and entry type of the corresponding tows. If both tows
are traveling the same direction, a turnback exit/entry is required; opposite
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directions produce an exchange exit/entry. If no successor is found, the
departing tow makes a fly exit. Using the exit type, the exit time for the tow
in the chamber can then be computed. Meanwhile, the next tow continues
to wait, its identity having been recorded.

At the end of the exit time the next tow begins its lockage and the cycle is
repeated. If no next tow was found earlier, a second check of the queue is
made at this time, in case another tow arrived during the exit period. If still
unsuccessful, the chamber remains idle untii a new arrival restarts the
process. The tow or tows completing lockage advance to the next network
element.

(2) Light Boats

The lockage of light boats (towboats traveling without barges) differs from
that of tows in only a few respects. A separate chamber entry/exit time
distribution replaces the approach, entry, and exit times applicable to tows.
Light boats do not have entry or exit types associated with them. When the
lockage of a tow precedes or follows one servicing only light boats the tow
is considered, for the purpose of computing lockage time, to make a turn-
back exit or entry regardless of the actual travel directions. This s reason-
able because light boats cause negligible interference with tow approaches
and exits.

(3) Recreational Traffic

The preceding discussion ignored the possibility of recreational craft at the
lock, the presence of which complicates the process somewhat. Recall that
recreational traffic is strictly local to each lock where its presence has been
specified. Arrivals of recreational vessels are generated in a self-reschedul-
ing manner for each lock; that is, the processing of each arrival includes the
determination of the time of the next recreational arrival at the lock. Arrivals
are scheduled randomly in accordance with the average arrival rates includ-
ed in the input data for the lock. “Randomly* here means specifically that
arrivals form a Poisson process or equivalently, that the time between arriv-
als is exponentially distributed. It should be noted that the primary intent of
this representation is to simulate recreational use interference at the specific
facility.

A separate queue is maintained for recreational vessels awaiting lockage.

Recreational vessels and tows compete for lockage according to the follow-
ing rules:
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Tows have priority over recreational craft except as provided below.

If a recreational vessel is forced to wait through a speci-
fied number of complete tow lockages, it is given first
priority for the next lockage. (Current Corps policy sets
this number at three, but it is an input parameter in the
model.)

Recreational vessels can lock through with non-hazard-
ous tows if space permits. This is allowed regardless of
whether multiple-tow lockages are permitted. If they are,
tows have first priority at sharing the chamber, but the
small size of recreational vessels obviously gives them a
strong advantage in ability to utilize excess chamber
space. As with multiple-tow lockages, chamber sharing
is permitted only if the main lockage is a straight single.

Recreational vessels may also obtain service in a man-
ner not open to tows -- by locking through on a cham-
ber turnback. Whenever an otherwise empty chamber
turnback is required, recreational vessels traveling the
proper direction are permitted to make their lockage
with the turnback.

Like light boats, recreational vessels do not have entry, lockage or exit types
associated with them and are assumed to cause negligible interference with
tow approaches and exits.

A second way to simulate the effect of recreational vessels is to generate a
list of arrivals exogenously and integrate them into the shipment list as a
special class of traffic (using appropriate specifications of commodity class,
tow type, etc.). This has the advantage of disabling the special recreational
craft processing rules for situations in which they are inappropriate.

(4) Open Pass

Periods of open pass or navigable pass operations may be included for any
lock by means of an input schedule which specifies the starting and ending
times of each such period. In an open pass condition a lock acts as a nar-
row channel through which vessels may pass. A navigable pass operation
occurs during periods of high water at certain locks when vessels can navi-
gate over the dam without going through the lock chamber. In both cases,
only one direction of traffic can be accommodated at a time. -Not only can
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tows pass the lock more quickly in these states, but successive tows travel-
ing in the same direction can follow each other closely, their passages over-
lapping so that the total time required is less than the summation of times of
each tow taken separately.

(5) Downtime

To simulate periods when a lock chamber goes out of service due to equip-
ment malfunctions, accidents, severe weather, scheduled maintenance, or
other reasons, a list of downtime events may be input. Each record in the
list specifies the location, time of occurrence, and duration of the event.
When one of these events is encountered in the external events input
stream, no further vessel processing occurs until after the end of the simu-
lated downtime. If a lockage is in progress at the scheduled start of the
event, the onset of the downtime is delayed until after the lockage is com-
pleted.

Bend Terminator Operations

Operations at a bend terminator can be divided into two independent areas: oper-
ations occurring when a tow arrives at a bend terminator prior to entering a bend,
and operations occurring when a tow arrives at a bend terminator after having
transited a bend.

(1) Effective Width of a Tow

Due to the geometry of curved bends and rectangular tows, a tow has an
effective width in a bend that is greater than its actual physical width. This
effective width in a bend is a function of bend radius, tow length, tow width,
and direction of travel. A narrow channel is also modeled as a bend. In
this case, however, the effective width of a tow is also the actual physical
width of the tow. Each bend or narrow channel has a required cleararce
associated with it. If there is opposing traffic in a bend, the effective width
of the upbound tow plus the effective width of the downbound tow plus the
required clearance for the bend must be less than the width of the bend.

Bends also have a flanking length or the maximum tow length for driving
through the bend. If the length of a downbound tow exceeds the flanking
length, the tow will perform a flanking maneuver in order to transit the bend.
In such a case, two-way traffic is not allowed while such a tow is transiting a
bend.
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(2) Prior to Entering a Bend

When a tow arrives at a bend terminator prior to entering a bend, a decision
is made as to whether the tow may immediately enter and transit the bend
or whether the tow must be queued and delayed.

(3) After Transiting a Bend

When a tow arrives at a bend terminator after having transited a bend, the
queues for the bend the tow just exited are checked. If there are any down-
bound tows in the queue, an attempt is made to start the queued tows
through the bend. If there are no downbound tows in the queue or all of
the queued tows are started, an attempt is made to start any upbound tows
that may be queued. ‘

Reach Operations

The transit of a network reach, between two ports and/or locks and/or bend termi-
nators, is represented in the simulation by an interval of simulated time. The only
processing associated with this is the computation of the tow speed and thereby
the time required.

The calculation begins by determining the resistance of the tow to movement
through the water. An empirical formula relating resistance to vessel dimensions
determines the resistance of each barge and the towboat. Calculation of barge
resistance is based on its draft, as determined by its current load. The total resis-
tance for the tow is obtained by adding the resistances of the separate vessels and
then multiplying by a factor based on the number of barges, recognizing that the
total resistance is less than the sum of the individual resistances.

The tow resistance and the towboat horsepower determine, through a force equi-
librium condition, the tow speed achievable in still water of unlimited depth. This
speed will be reduced by restricted inland waterways, and the only one taken into
account explicitly, is depth. A shallow water coefficient is computed from the
depth of the channel and the draft of the tow and applied to the previously com-
puted speed to produce the theoretical still water speed.

At this point an empirical factor specified for each reach and direction of travel is
applied to take into account all the local conditions not explicitly represented in the
model. Finally, the speed of the current is added or subtracted as appropriate,
and the travel time is obtained from the final speed and the length of the reach.
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Bend Operations

The transit of a network bend, between two bend terminators, is identical to that of
the transit of a reach with two exceptions. The first exception is that tows in bends
may not overtake and pass another tow traveling in the same direction. The sec-
ond exception is that the computation of tow speed incorporates a flanking coeffi-
cient instead of a speed coefficient if the length of the tow is such that a flanking
maneuver is required. Shorter tows will use the normal speed coefficient.

Simulation Support

The preceding sections describe the central flow of simulated operations in the
model; however, as with most large simulations, a significant portion of the
program is devoted to support functions. Included in this subsection are input
processing, initialization of the simulated system, and output production.

(1) Input Processing

The WAM simulator requires a rather large amount of input data and a sub-
stantial portion of the program is devoted to reading the data and checking
for errors. An input control routine reads the data records, produces an
echo listing if desired, determines the type of each record and invokes the
appropriate routine to process the data.

An important facet of input processing is checking for errors in the data.
Such problems as format errors (a non-numeric character in a numeric input
field, for example), out of range errors (such as specifying a negative value
for an inherently positive quantity), missing data and inconsistencies are
detected and diagnosed. Errors detected in the initial input phase of model
operation prevent the actual simulation from taking place; however, the
program continues to read and check data.

(2) Initialization

On completion of input processing, the waterway network representation
has been established and the fleet of towboats and barges defined.

In a simulation study, the analyst is generally interested in the steady state
behavior of the system. (Steady state means essentially that the probability
distributions of the variable describing the system, for example, the number
of tows queued at a lock, are not changing with time.) Ideally, the simulated
system would be initialized to a steady state condition before beginning the
run. In practice this is impossible since the steady state probability distribu-
tions for the system are unknown. (If they are known, there would probably
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be no need to simulate the system.) To circumvent this difficulty, the stan-
dard approach of initializing the system to some convenient state, and then
running the model for a *warm-up" period to bring the system approximately
to steady state before starting actual collection of output statistics, is adopt-
ed.

(38) Qutput Preparation

This process involves the gathering of statistical data during the run and the
subsequent production of output reports.

The statistics gathering function is distributed throughout the model and
effectively operates in parallel with the simulated activity. The data
structures representing the various components of the system include, in
addition to the various descriptive attributes input for each, a number of
statistical counters, accumulators and the like. For example, associated with
each lock chamber are counters for the tows and barges using it and accu-
mulators for totalling the chamber usage time. The program modules which
carry out the simulation of lockage operations include program statements
which correspondingly update these statistical attributes.

Preparation of reports from the accumulated statistics is a generally straight-
forward data processing task. One special consideration is that certain
statistics need to be "closed out" before they are used. For example, the
time a lock chamber is in use is normally incremented at the end of each
lockage. When a chamber is in use at the end of a run, the total time does
not include the total by including the time the chamber was in use for the
last lockage before reporting the statistic.

A second special consideration for statistical attributes is that of resetting
them, as at the end of the warm-up period. During the warm-up period no
statistics actually need be gathered. Rather than treating this period as a
special case and bypassing statistics collection, it is simpler to let the model
run normally and then reset the counters, etc., at the end of the warm-up.
Subsequent reports will reflect only the ensuing time. The mechanics of a
reset operation are straightforward, most values simply being set to zero.

REFERENCES
U. S. Army Corps of Engineers, Pittsburgh District, Waterway Analysis Model,
Vol. Il, Appendix A: User's Manual, July 1981; draft modifications by Hunting-
ton District, January 1983.

Bronzini, M. S., et al., Inland Waterway Systems Analysis, Vol. V, Waterway
Analysis, CACI, Inc., Arlington, VA, for U.S. Army Corps of Engineers, Wash-
ington, D.C., July 1976. ’
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GLOSSARY

Definitions of many of the technical terms used in this report are given in this ap-
pendix. For the most part these are terms relating to shallow draft navigation in
the U.S., and these definitions are provided mainly for the convenience of readers
who may not have encountered them previously. This information has been taken
from a previous report prepared for the Corps of Engineers.

approach

approach point

auxiliary chamber

chambering

cut

delay time

double lockage

Travel of a tow from the approach point, or from a point
on the lock guidewall clear of the lock gates in the case
of a turnback approach, to a point where the bow of the
tow is abreast of the lock gates and the tow is parallel to
the guidewall ready to enter the lock chamber.

The closest point to a lock at which one tow can safely
pass another tow traveling in the opposite direction.
Tows may not normally proceed beyond the designated
approach point of a lock without the permission of the
lockmaster.

A chamber of a multiple-chamber lock which is usually
smaller and used less than the main chamber. Auxiliary
chambers are normally used to pass small tows, light
boats, and recreational vessels, and to maintain naviga-
tion during periods when the main chamber is shut
down.

That part of a lockage cycle starting at the end of the
entry and ending when the exit gates are fully recessed,
or when the bow of the exiting vessel crosses the lock
sill, whichever is earlier. Chambering includes closing
the entry gates, filling or emptying the lock chamber, and
opening the exit gates.

A segment of a tow which is put through a lock separate-
ly from other segments of the tow

The time elapsed from the arrival of a vessel at a lock to -
the start of its approach to a lock chamber; the time
spent in queue awaiting lockage.

The type of lockage performed when a tow is passed
through a lock chamber in two segments or “cuts”.
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entry

exchange approach

exchange exit

exit

fly approach

fly exit

lockage time

mulitiple-cut lockage

'multipleovessel lockage

open pass

That part of a lockage cycle starting at the end of the ap-
proach and ending when the tow or cut is secured within
the chamber and the gates are clear, or when the clos-
ing of the gates has been initiated, whichever is earlier.

The type of approach executed when the vessel inbound
to the chamber passes a vessel outbound from the
chamber.

The type of exit executed when the vessel outbound from
the chamber passes a vessel inbound to the chamber.

That part of a lockage cycle starting at the end of cham-
bering and ending when the lock has completed serving
a vessel or cut and can be dedicated to another vessel
or cut.

The type of approach executed when the lock has been
idle and the inbound vessel proceeds directly to the
chamber.

The type of exit executed when the lock will be idle fol-
lowing the departure of the outbound vessel, that is,
when no vessels are awaiting lockage.

The time elapsed from the start of approach of the first
vessel or cut served by a lockage to the end of exit of
the last vessel or cut served by a lockage. Includes the
time required to disassemble and assemble muitiple-cut
tows and to rearrange setover tows, when such activities
prevent the use of the lock by other vessels.

The type of lockage performed when a tow must be
passed through the lock in two or more segments or
"cuts®.

A type of lockage in which more than one vessel or tow
is served in a single lockage cycle.

Passage of a vessel through a lock with no lock hard-
ware operation. This is possible only when the upper
and lower pool levels are nearly equal, and occurs most
frequently at tidal locks.

B-18



pool

setover lockage

single lockage

straight lockage

turnback

turnback approach

turnback exit

The body of water impounded by a navigation dam.

A lockage in which the towboat and one or more barges
are separated as a unit from the remaining barges and
set alongside of them in the lock chamber. The term is
usually applied only to single lockages, but it could be
used to describe any cut. The term is often used to refer
to all types of single lockages requiring rearrangement of
the tow.

The type of lockage performed when the entire tow can
fit into the lock chamber, with or without rearrangement,
and hence requiring only one lock operating cycle.

A lockage which does not require rearrangement of the
tow in order for the tow to fit into the lock chamber. The
term is usually applied only to single lockages, but it
could be used to describe any cut.

. A lockage in which no vessels are served: a reversal of

the water level in a lock chamber with no vessels in the
chamber. A turnback includes closing one set of gates,
filing or emptying the chamber, and opening the other
set of gates. Also called a "swingaround* or an "empty
lockage*.

The type of approach executed when the preceding
event at the lock was a chamber turnback.

The type of exit executed when the next event is a lock-
age in the same direction, requiring a chamber turnback.
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MARINE
SERVICES, INC.

April 30, 1992

Mr. Albert T. Rosselli
TAMS Consultants, Inc.
656 Third Avenue
New York, N. Y. 10017
Re: Alternate Panama Canal Proposals

Dear Mr. Rosselli:

In response to your FAX dated October 24, 1991 and subsequent
communications, I offer the following comments and opinions. This is an
amplification of my original letter to you dated October 31, 1991.

First of all, I would like to point out that the safety factor with one way
traffic is many times greater than with two way traffic. When ships are
meeting and passing each other in close quarters, a mechanical failure,
heavy rain, fog, or human error could cause a collision with disastrous
results. g .

My opinions as shown in the following tables are based upon a number of
assumptions.

1. That for normal speed navigation, there be leading channel
ranges visible to the pilots. Providing this facility would
require that the channels to be laid out with small course
chsnges of about gseven or eight dezreeb s ewlr‘ery tflc;m' or five
miles. ing periods of poor visibility when these ranges
would nmible, speeds would have to be reduced.

2. There should be no sharp turns and the channel should be
significantly wider at the bends.

3. The width of the channels will be three times the beam of
the largest ship for single lane traffic and seven times the
beam for two way traffic.

4. The depth of the channel will be at least 10% greater than
the allowed draft.

5. A transit requirement should be that ships displacing over
75,000 tons be required to have sterns constructed so that a
tug can be made up there on the center line tpo assist the ship
in the channels (Panama Canal “Cut” style).
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6. That, in addition to the tugs assigned to work on the stern
of transiting ships, additional tugs should be available on a
standby basis to assist on the bows of vessels should it be
necessary to slow or stop traffic due to an emergency.

7. Tugs assigned to assist vessels of 75,000 tons and over be of
at least 6,000 horse power, preferable of the “tractor type”
with approximately equal thrust in all directions.

Further, the recommendations in the following table are for ships loaded
to the stated displacements. If they are lightly ladened or in ballast, the
restrictions and requirements would be more modest.

These recommendations are on the conservative side and are suitable for
start-up operations. After experience over a period of time, it may be
possible to lessen some of these requirements, particularly the speed
limitations.

I did not make separate tables for 250,000 and 300,000 DWT vessels
because their handling characteristics are about the same.

In recent telephone conversations, you asked my opinion as to what size
vessels could be dispatched at closer intervals than fifteen minutes. This
is a judgement call and I would say that ships under 45,000 DWT could

be dispatched at ten minute intervals with a reasonable safety factor.

You also asked my opinion of the effect of cross currents from streams
entering the channel. In the present Panama Canal we have the Chagres
River flowing into the canal channel at Gamboa at approximately right
angles to the channel. In some years, late Rainy Season downpours
necessitate heavy spilling at Madden Dam, a few miles upstream from
Gamboa. At these timos, the pilots typically received warnings that a two
to three knot current could be expected in Chagres Crossing. This, of
course, was a relatively shallow current and its full effect was only felt on
light draft vessels. We were always able to cope with it. I recall no
itx}xncident in which a ship was involved in any sort of accident because of
18 current.

Very truly yours,
Zv/fﬂ./w&:..

Captain Wilbur H. Vantine
Encl: (Table)



TABLE OF RECOMMENDED TRANSIT REQUIREMENTS
A. 150,000 DWT Vessels
I. SINGLE LANE (one way traffic)
a. Maximum speed over the ground— 8 knots
b. Maximum allowed head current— 2 knots
¢. Maximum allowed following current — 1 knot
d. Tug assistance (on stern)— optional
e. Spacing behind leading ship—
I. With slack water or head current— 15 minutes
Il. With following current— 20 minutes
Il. DOUBLE LANE (two way traffic)

a. Maximum speed over the ground: when running free— 10 knots:
when meeting other large ships— 6 to 7 knots

b. Maximum allowed head current— 2 knots

c. Maximum allowed following current— 1 knot

d. Tug assistance (on stern)— mandatory

e. Spacing behind leading ship—
I. With slack water or head current— 15 minutes
il. With following current— 20 minutes

B. 250,000 and 300,000 DWT Vessels
I. SINGLE LANE (one way traffic)
a. Maximum speed over the ground— 6 to 7_ knots
b. Maximum allowed head current— 2 knots
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TABLE OF RECOMMENDED TRANSIT REQUIREMENTS
. (Contlnued)

¢. Maximum allowed following current — 1 knot
d. Tug assistance (on stern)— mandatory
e. Spacing behind leading ship—
i. With slack water or head current— 20 minutes
ii. With following current— 30 minutes
- 1. DOUBLE LANE (two way traffic)-

a. Maximum speed over the ground: when running free— 8 knots:
when meeting other large ships— 4 to 5 knots

b. Maximum allowed head current— 2 knots :

¢. Maximum allowed following current— 1 knot

d. Tug assistance (on stem)— mandatory

e. Spacing behind leading ship—
I. With slack water or head current— 20 minutes
il. With following current— 30 minutes

24/)1’Ua~t:..,

Captain Wilbur H. Vantine
April 30, 1992
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APPENDIX D
DELAY CURVES

Referring to Figure D-1:

t = transit time (average, hours)

q = traffic (ships or tons) per year

Ty = transittimeatq =0

d = averagedelay =t- T,

Q = annual traffic capacity

D = average delay at q = Q/2

T =T,+D
d--24

Q-9

t=T,+d

-

To estimate Q and D:
(9,9, (9.,d,) = two data points, 4,:<q,
d<d,

LTS
1-(di@)/(dq)

D- d,(Q-q,) . d(Q-q)
] 9

Delay Curve with Fixed Component

()

(3)

(4)

In systems operating on a fixed cycle, "delay" is not zero at @ = 0. Thus, referring to
the Figure D-1, we now must work with t;, T, and T, rather than with d, and D. The

delay curve equation for this case is:

(5)



With three parameters to estimate, we need three data points:

(Gy.1) (@) (328)) G1<Q<Gy
L<b<f

The equations for estimating the parameters are:

K= )
L. Q- &% 7 ™
7. 12(0-qz)(0-2q,)-11(0-01)(0-2¢;;) (8)
Q(q-9)
T, - A(O;;)q-im @

For example, using results from three simulation runs of a proposed sea level canal
with tide gates:

q, = 6.023 t, = 8.1 5
q, = 14.558 t, = 9.2
q, = 18.068 t, = 1144

where q is thousand ships per year and t is average delay hours per ship.

The results are

K = 0.4847

Q = 21.370 thousand ships/yr
= 8.54 hr.
= 7.90 hr.
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so the delay equation is

= 7.90.90:649 10
f 790*21.37-4; (19)

Note that with this form of the equation, t could either be average delay or average
transit time (travel plus delay).

It can be shown readily for q,=0 and t,=0 that T,=0 and equations (7) and (8)
reduce to equations (3) and (4), respectively.
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APPENDIX E

SUMMARY OUTPUTS
WAM RESOURCE FILES
AVERAGE DELAY AND TRANSIT TIMES






PANAMA CANAL SIMULATION
CALIBRATION - EXISTING SYSTEM - YEAR 1990 - SDB SHIPS

NORMAL LOCKAGE

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT

TYPE COUNT TIME TIME TIME TIME TIME TIME
1 1599 2.93880 2.07720 1.43208 2.45808 0.27792 9.18408
2 1177 2.90160 2.09040 1.43184 4.45488 0.45024 11.32896
3 2937 2.90904 2.17752 1.43640. 3.59112 0.51168 10.62576
4 1130 3.12192 2.62368 1.52448 3.91032 0.56232 11.74272
5 179 3.70128 2.62080 1.78632 4.57920 0.38640 13.07400
6 533 3.06312 2.85144 1.50i68 4.15680 0.52632 12.09936
7 561 3.58416 3.02736 1.73808 4.52016 0.52320 13.39296
8 303 3.92592 3.60048 1.88544 3.61680 0.50400 13.53264
9 874 3.18504 3.05256 1.55808 3.84192 0.61296 12.25056
10 761  3.76200 3.73728 1.81392 3.39624 0.65352 13.36296
11 303 3.89760 4.46016 1.86912 3.52488 0.62856 14.38032
12 956 3.99024 5.24352 1.91400 3.40224 0.48048 15.03048
13 144  2.82744 2.68440 1.45248 4.66584 0.52560 12.15576
14 647 3.87984 3.34488 1.85928 2.08224 0.51312 11.67936

12104  3.24199 2.83767 1.58075 3.55987 0.49562

AVERAGE TRAVEL TIME
HOURS
7.66041

AVERAGE DELAY TIME
HOURS
4.05549

TRANSIT TIME IN
HOURS
11.71590

CANAL

-1




PANAMA CANAL SIMULATION
CALIBRATION - EXISTING SYSTEM - YEAR 1990 - SDB SHIPS

RELAY LOCKAGE

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 1599 2.93880 1.88664 1.43712 1.51200 0.30888 8.08344
2 1177 2.90160 1.88952 1.43376 2.06880 0.46680 8.76048
3 2936 2.90904 1.97616 1.43952 '1.78344 0.54264 8.65080
4 1131  3.12216 2.43960 1.53000 1.98456 0.58920 9.66552
5 179 3.70128 2.43576 1.79136 2.21544 0.43608 10.57992
6 533 3.06312 2.63400 1.50408 2.29152 0.54072 10.03344
7 561 3.58416 2.84496 1.73328 2.39280 0.52680 11.08200
8 303 3.92592 3.43416 1.87776 2.11680 0.54624 11.90088
9 874 3.18504 2.81880 1.56216 2.32536 0.59184 10.48320
10 761 3.76200 3.52200 1.81464 1.95024 0.67944 11.72832
11 303 3.89760 4.24368 1.87104 2.12808 0.58224 12.72264
12 956 3.99024 5.06424 1.91232 1.71240 0.49656 13.17576
13 144 2.82744 2.46768 1.44456 2.53128 0.57720 9.84816
14 647 3.88008 3.04848 1.85856 1.64664 0.44928 10.88304
12104 3.24204 2.63361 1.58277 1.91369 0.51136

AVERAGE TRAVEL TIME
HOURS
7.45843

AVERAGE DELAY TIME
HOURS
2.42505

TRANSIT TIME IN
HOURS
9.88347

CANAL

E-2




PANAMA CANAL SIMULATION
1: SQ D - STATUS QUO - 65,000 DWT
63% OF YEAR 2020 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

1-1

TRAVEL  (HOURS) WAITING (HRS)

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT

TYPE COUNT TIME TIME TIME TIME TIME TIME
1 373 2.96808 1.83600 1.45272 0.83760 0.00000 7.09440
2 1674  2.86632 1.85880 1.42008 0.93264 0.00000 7.07784
3 3832 2.94072 1.96248 1.45680 0.92472 0.00000 7.28472
4 278 2.77104 2.42304 1.37832-.0.92448 0.00000 7.49688
5 1279 3.69360 2.44152 1.79136 1.00272 0.00000 8.92920
6 121 2.72016 2.71224 1.35360 0.96504 0.00000 7.75104
7 1232 3.59448 2.82312 1.74120 1.01112 0.00000 9.16992
8 44 3.78480 2.59152 1.83096 0.79224 0.00000 8.99952
9 298 2.82744 2.82144 1.38384 0.93984 0.00000 7.97256
10 186  3.83184 3.49680 1.85064 0.96096 0.00000 10.14024
11 1513 3.94416 4.26912 1.90080 0.91104 0.00000 11.02512
12 486 4.04760 5.05272 1.95096 0.98544 0.00000 12.03672
13 168  2.80224 2.43120 1.38768 1.01904 0.00000 7.64016

11484 3.27006 2.59907 1.60042 0.94404 0.00000

AVERAGE TRAVEL TIME

AVERAGE DELAY TIME

TRANSIT TIME IN CANAL

HOURS
7.46955

HOURS
0.94404

HOURS
8.41359




PANAMA CANAL SIMULATION
1: SQ D - STATUS QUO - 65,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME

1 624 2.96496 2.02776 1.46040 5.88072 0.00000 12.33384

2 2620 2.86608 1.91664 1.43496 9.30936 0.00000 15.52704

3 6082 2.94096 2.02248 1.46808 9.52704 0.00000 15.95856

4. 432 2.77296 2.40576 1.38696 10.27584 0.00000 16.84152

5 2043 3.69360 2.40768 1.79232 10.40952 0.00000 18.30312

6 187 2.72040 2.59200 1.37160 10.29744 0.00000 16.98144

7 1980 3.59448 2.79576 1.74192 10.24608 0.00000 18.37824

8 58 3.79152 2.49432 1.82976 8.54256 0.00000 16.65816

9 461 2.82744 2.79264 1.39704 10.65648 0.00000 17.67360

10 297 3.83232 3.46032 1.84656 9.92616 0.00000 19.06536

11 2434 3.94440 4.22496 1.90104 10.00056 0.00000 20.07096

12 765 4.04688 5.04120 1.95072 9.64344 0.00000 20.68224

13 271 2.80272 2.37864 1.39944 9.80760 0.00000 16.38840

18254 3.27235 2.61919 1.60860 9.67760 0.00000

AVERAGE TRAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
7.50014 9.67760 17.17774

E-4



PANAMA CANAL SIMULATION
2: L-1 A - HIGH RISE LOCKS (90 ft) 1 LANE - 100,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

2-1

TRAVEL  (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH LOCK  BEND  LOCK  BEND  TRANSIT
TYPE COUNT  TIME TIME  TIME TIME TIME  TIME
1 618 2.78040 1.88856 1.30776 1.47216 0.00192 7.45080
2 2618 2.63496 1.87416 1.24272 1.48752 0.00312 7.24248
3 5478 2.67840 1.96800 1.25832 1.50456 0.00504 7.41432
4 389 2.51904 2.41944 1.18512 1.64232 0.01344 7.77936
§ 1740 3.39624 2.42520 1.56312 1.67040 0.00432 9.05928 .
6 185 2.49864 2.63760 1.18224 1.67088 0.00384 7.99320
7 1842 3.33792 2.81112 1.54440 1.66200 0.00216 9.35760
8 299 3.52104 3.32880 1.63008 1.58328 0.00000 10.06320
9 314 2.67576 2.85288 1.26528 1.65816 0.00432 8.45640
10 296 3.57552 3.49680 1.65144 1.60320 0.00192 10.32888
11 1663 3.66912 4.27152 1.69056 1.53168 0.00240 11.16528
12 274 3.57336 2.90184 1.69560 0.84936 0.00432 9.02448
13 273 2.58960 2.42640 1.22496 1.78296 0.00000 8.02392
15 126 2.91120 3.09768 1.40088 0.76416 0.05400 8.22792
16 1012 3.84456 3.65328 1.82232 0.68712 0.04440 10.05168
17127  3.02362 2.52561 1.41319 1.48823 0.00661

AVERAGE TRAVEL TIME

AVERAGE DELAY TIME

TRANSIT TIME IN CANAL

HOURS
6.96242

HOURS
1.49484

HOURS
8.45726

E-5



PANAMA CANAL SIMULATION
2: L-1 A - HIGH RISE LOCKS (S0 ft) 1 LANE - 100,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

2-2

TRAVEL (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 924 2.80488 2.03400 1.32744 1.30440 0.00984 7.48056
2 1963 2.64912 1.89888 1.26408 1.79184 0.00768 7.61160
3 10088 2.69832 1.99104 1.27992 '1.69200 0.00960 7.67088
4 114 2.63856 2.36280 1.23384 1.76232 0.00312 8.00064
5 256 3.36792 2.45112 1.56000 1.96032 0.01536 9.35472
6 538 2.52096 2.61264 1.20264 1.96008 0.01656 8.31288
7 1194 3.36504 2.80944 1.56096 1.89792 0.00552 9.63888
8 2869 3.63600 3.36312 1.67904 1.83600 0.00648 10.52064
9 442 2.67552 2.78976 1.28016 1.90776 0.00360 8.65680
10 382 3.57312 3.50352 1.65192 1.90800 0.00408 10.64064
11 127 3.66384 4.23960 1.69080 1.92288 0.00336 11.52048
12 2594 3.59760 2.87880 1.70712 6.07488 0.00264 14.26104
13 348 2.58888 2.39808 1.24512 2.07000 0.01512 8.31720
15 255 2.91096 3.05256 1.41120 5.57448 0.06816 13.01736
16 1550 3.88968 3.59616 1.84392 5.69376 0.05568 15.07920
23644 3.04511 2.48531 1.43710 2.52174 0.01179

AVERAGE TRAVEL TIME
HOURS
6.96752

AVERAGE DELAY TIME
HOURS
2.53353

TRANSIT TIME IN CANAL
HOURS

9.50106




PANAMA CANAL SIMULATION
3: L-4 A - HIGH RISE LOCKS (90 ft) 1 LANE - 150,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

3-1

TRAVEL  (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 2.74656 1.89720 1.28304 1.39320 0.00000 7.32000
2 2626 2.58504 1.87344 1.20864 1.47600 0.00000 7.14312
3 6073 2.63064 1.97496 1.22352.1.49856 0.00000 7.32768
4 390 2.48352 2.41800 1.15920 1.67568 0.00000 7.73640
5 1783  3.33600 2.42928 1.51968 1.68072 0.00000 8.96568
6 188 2.46696 2.60352 1.15248 1.48248 0.00000 7.70544
7 1850 3.28776 2.79672 1.50768 1.73496 0.00000 9.32712
8 58 3.58632 3.41712 1.63920 1.57560 0.00000 10.21824
9 313 2.64624 2.83584 1.24536 1.91904 0.00000 8.64648
10 296  3.52536 3.54504 1.61856 1.52712 0.00000 10.21608
11 1671 3.61464 4.26696 1.65192 1.65336 0.00000 11.18688
12 276  3.49656 2.89632 1.65576 1.04856 0.00000 9.09720
13 274  2.54688 2.41728 1.19448 1.61568 0.00000 7.77432
15 119 2.86008 2.87400 1.38552 1.10616 0.00000 8.22576
16 972 3.73512 3.38328 1.76616 0.92256 0.00000 9.80712
17 84 2.87400 3.17952 1.39536 1.25856 0.00000 8.70744
18 481 3.66720 3.57096 1.73664 0.94104 0.00000 9.91584
18074 2.97050 2.51023 1.37823 1.50519 0.00000

AVERAGE TRAVEL TIME
HOURS
6.858906

AVERAGE DELAY TIME
HOURS
1.50519

TRANSIT TIME IN CANAL
HOURS

8.36415




PANAMA CANAL SIMULATION
3: L-4 A - HIGH RISE LOCKS (90 ft) 1 LANE - 150,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

3-2

TRAVEL  (HOURS) WAITING (HRS)
TOTAL
__VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 923 2.77272 2.06976 1.30392 2.16168 0.00000 8.30808
2 2008 2.59824 1.90416 1.22640 2.97360 0.00000 8.70240
3 10123 2.64384 2.00760 1.24368 2.96520 0.00000 8.86032
4 113 2.59728 2.37792 1.21728 3.44880 0.00000 9.64128
5 257 3.31080 2.43288 1.51536 3.63384 0.00000 10.89288
6 518 2.46696 2.58576 1.17288 3.53568 0.00000 9.76128
7 1230 3.31200 2.79192 1.52112 3.26112 0.00000 10.88616
8 2888 3.58464 3.34680 1.64256 3.17640 0.00000 11.75040
9 440 2.64624 2.79456 1.26144 3.76872 0.00000 10.47096
10 385 3.52368 3.46512 1.61712 3.33264 0.00000 11.93856
11 128 3.60984 4.22664 1.65096 3.62928 0.00000 13.11672
12 2589 3.55320 3.43344 1.66680 5.27016 0.00000 13.92360
13 348 2.54592 2.37864 1.21392 3.18456 0.00000 9.32304
15 251 2.86008 2.68632 1.38888 6.29928 0.00000 13.23456
16 1387 3.77832 3.31032 1.78608 5.55600 0.00000 14.43072
17 190 2.87400 3.03768 1.39392 5.01024 0.00000 12.31584
18 711  3.69072 3.51264 1.74672 5.42880 0.00000 14.37888
24489 3.00483 2.55428 1.40735 3.53548 0.00000

AVERAGE TRAVEL TIME

AVERAGE DELAY TIME

TRANSIT TIME IN CANAL

HOURS
6.96646

HOURS
3.53548

HOURS
10.50194

E-8



4: L-7 A - HIGH RISE LOCKS (90 ft) 1 LANE - 250,000 DWT

PANAMA CANAL SIMULATION

YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

4-1

TOTAL

—YESSEL REACH LOCK BEND LOCK BEND TRANSIT

TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 2.73792 1.88016 1.25496 1.35960 0.00408 7.23672
2 2624  2.56944 1.87560 1.17696 1.45632 0.00384 7.08216
3 6071 2.60424 1.97736 1.18248 1.45992 0.00408 7.22808
4 389 2.47224 2.42664 1.12992 1.74360 0.01080 7.78320
5 1780 3.30672 2.43192 1.47624 1.61784 0.00312 8.83584
6 188 2.45880 2.61288 1.13424 1.82328 0.00432 8.03352
7 1847 3.26688 2.80464 1.47072 1.68096 0.00264 9.22584
8 58 3.56760 3.37584 1.60800 1.67640 0.00000 10.22784
9 314 2.64048 2.83536 1.22376 1.52976 0.00576 8.23512
10 296 3.50688 3.47160 1.57800 1.43880 0.00288 9.99816
11 1669 3.59208 4.26096 1.61088 1.56000 0.00096 11.02488
12 276 3.43944 2.87712 1.61568 1.11216 0.00000 9.04440
13 274  2.52672 2.38032 1.16016 1.67496 0.00072 7.74288
15 119 2.82768 2.91192 1.35024 0.97464 0.00672 8.07120
16 971 3.64056 3.38040 1.70784 0.87144 0.03120 9.63144
17 81 2.82888 3.10320 1.34952 1.45392 0.00000 8.73552
18 466 3.55776 3.40368 1.66992 0.83856 0.00624 9.47616
19 16 2.84616 3.06816 1.35288 0.79488 0.09984 8.16192
20 82 3.44712 3.54936 1.62192 0.87336 0.05136 9.54312

18141 2.94314 2.50890 1.33952 1.45863 0.00535
AVERAGE TRAVEL TIME ‘|| AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
6.79157 1.46398 8.25555

E-9



PANAMA CANAL SIMULATION
4: L-7 A - HIGH RISE LOCKS (90 ft) 1 LANE - 250,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING  (HRS)

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 925 2.76336 2.10792 1.27296 2.14584 0.00120 8.29128
2 . 2006 2.58168 1.90296 1.19448 3.08184 0.00096 8.76192
3 10118 2.61720 2.00688 1.20384 3.00840 0.00288 8.83920
4 113 2.58240 2.44320 1.20312 3.65520 0.00216 9.88608
5 257 3.28296 2.38944 1.46928 3.53568 0.00408 10.68144
6 517 2.45880 2.59128 1.14720 3.58032 0.00120 9.77880
7 1229 3.29016 2.79792 1.48392 3.37704 0.00048 10.94952
8 2887 3.56616 3.35328 1.60512 3.26112 0.00072 11.78640
9 443 2.64048 2.77992 1.23720 3.55848 0.00288 10.21896
10 385 3.50472 3.49752 1.58040 3.37224 0.00000 11.95488
11 128 3.58800 4.20744 1.61208 3.69480 0.00000 13.10232
12 2600 3.50256 3.43152 1.62456 5.46744 0.00072 14.02680
13 348 2.52576 2.40408 1.17024 3.25992 0.00000 9.36000
15 249 2.82768 2.74128 1.35648 6.13440 0.00600 13.06584
16 1390 3.67752 3.28680 1.72440 5.89056 0.00336 14.58264
17 191 2.82888 2.89272 1.36176 6.68520 0.00048 13.76904
18 711 3.57864 3.35016 1.67976 5.93928 0.00984 14.55768
19 12 2.84616 3.13800 1.34616 7.53480 0.09072 14.95584
20 60 3.47040 3.49272 1.63152 5.93160 0.04512 14.57136
24569 2.97401 2.55323 1.36821 3.65106 0.00232

AVERAGE TRAVEL TIME
HOURS
6.89545

AVERAGE DELAY TIME
HOURS
3.65338

TRANSIT TIME IN
HOURS
10.54883

CANAL

E-10



PANAMA CANAL SIMULATION
5: L-2a A - HIGH RISE (85 ft) SINGLE LIFT 1 LANE - 100,000 OWT
YEAR 2020 TRANSITS

AVERAGE TIME IN AVERAGE TIME
TRAVEL (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 622  2.80992 1.88256 1.30824 1.49712 0.00000 7.49784
2 2629 2.66592 1.88328 1.24392 1.49664 0.00000 7.28976
3. 5505 2.71128 1.97592 1.25880 1.52112 0.00000 7.46712
4 389 2.54856 2.40432 1.18296 1.71360 0.00000 7.84944
5 1746  3.43608 2.43600 1.56240 1.67184 0.00000 9.10632
6 187 2.52720 2.58960 1.18896 1.71840 0.00000 8.02416
7 1851 3.37560 2.79696 1.54416 1.74192 0.00000 9.45864
8 300 3.55920 3.31800 1.63440 1.58328 0.00000 10.09488
9 314 2.70360 2.81808 1.26816 1.66992 0.00000 8.45976
10 297 3.61560 3.51048 1.65072 1.70088 0.00000 10.47768
11 1673  3.71064 4.26168 1.68936 1.53960 0.00000 11.20128
12 274 3.60840 2.59056 1.69536 0.61104 0.00000 8.50536
13 274 2.61960 2.42952 1.22016 1.77144 0.00000 8.04072
15 126 2.93880 2.79216 1.39848 0.48504 0.00000 7.61448
16 1019 3.87888 3.07296 1.81968 0.54168 0.00000 9.31320
17206 3.05832 2.48523 1.41327 1.49466 0.00000

AVERAGE TRAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
6.95682 1.49466 8.45148

E-11




PANAMA CANAL SIMULATION
5: L-2a A - HIGH RISE (85 ft) SINGLE LIFT 1 LANE - 100,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 925 2.83536 2.02968 1.32648 1.27968 0.00000 7.47120
2. 1975 2.68056 1.88256 1.26240 1.78416 0.00000 7.60968
3 10131 2.73144 1.99008 1.28088 1.68648 0.00000 7.68888
4 114 2.66952 2.37864 1.24416 1.79928 0.00000 8.09160
5 258 3.40752 2.41968 1.55568 1.91232 0.00000 9.29520
6 539 2.54976 2.62128 1.21056 1.95984 0.00000 8.34144
7 1205 3.40344 2.81304 1.56000 1.91184 0.00000 9.68832
8 2884 3.67632 3.36264 1.67880 1.80840 0.00000 10.52616
9 443  2.70360 2.82048 1.27872 1.86168 0.00000 8.66448
10 384 3.61296 3.49992 1.65576 1.79736 0.00000 10.56600
11 128 3.70512 4.17120 1.68840 1.84128 0.00000 11.40600
12 2602 3.63288 2.56416 1.70688 3.13056 0.00000 11.03448
13 349 2.61888 2.42328 1.23384 1.99680 0.00000 8.27280
15 257 2.93856 2.66016 1.40352 3.09720 0.00000 10.09944
16 1556  3.92424 3.04920 1.84104 2.92608 0.00000 11.74056
23750 3.07949 2.40952 1.43704 1.97934 0.00000

AVERAGE TRAVEL TIME
HOURS
6.92605

AVERAGE DELAY TIME
HOURS
1.97934

TRANSIT TIME IN
HOURS
8.90539

CANAL

E-12



PANAMA CANAL SIMULATION
6: L-3 B - LOW RISE LOCKS (55 ft) 1 LANE - 100,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT

TYPE COUNT TIME TIME TIME TIME TIME TIME
1 618 2.77176 1.24872 1.30776 0.78288 0.00000 6.11112
2 2619  2.62608 1.21368 1.24464 0.72960 0.00456 5.81856
3 5478  2.66880 1.30248 1.25784 0.73344 0.00576 5.96832
4 389  2.50416 1.57920 1.18824 - 0.86088 0.00168 6.13416
5 1740  3.38400 1.59936 1.56240 0.85656 0.00528 7.40760
6 185 2.48616 1.75104 1.18368 0.87816 0.00000 6.29904
7 1842 3.32736 1.86792 1.54584 0.89712 0.00312 7.64136
8 299  3.51144 2.18952 1.63152 0.75216 0.00192 8.08656
9 314  2.66928 1.90296 1.27776 0.83112 0.00504 6.68616
10 296  3.56496 2.27832 1.65048 0.78528 0.00264 8.28168
11 1663  3.65760 2.80584 1.69056 0.76680 0.00672 8.92752
12 274  3.58656 2.11320 1.69584 0.43656 0.00312 7.83528
13 273  2.58096 1.58520 1.23192 0.80304 0.00648 6.20760
15 126 2.91984 2.25192 1.40208 0.40848 0.04344 7.02576
16 1012 3.86304 2.60928 1.82280 0.41064 0.04392 8.74968

17128  3.01565 1.68005 1.41388 0.75035 0.00734

AVERAGE - TRAVEL TIME
HOURS
6.10958

AVERAGE DELAY TIME
HOURS
0.75770

TRANSIT TIME IN
HOURS
6.86728

CANAL

E-13



PANAMA CANAL SIMULATION
6: L-3 B - LOW RISE LOCKS (55 ft) 1 LANE - 100,000 OWT
YEAR 2060 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

6-2

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT

TYPE COUNT TIME TIME TIME TIME TIME TIME
1 926 2.79672 1.29720 1.32864 0.72768 0.00792 6.15816
2 1976 2.64000 1.22424 1.26024 0.90024 0.01032 6.03504
3 10136 2.68848 1.30320 1.27872 -0.85848 0.01008 6.13896
4 114 2.62536 1.59264 1.25208 0.79248 0.01416 6.27672
5 258 3.35640 1.59888 1.55712 1.03392 0.01560 7.56192
6 539 2.50848 1.71768 1.21560 1.02048 0.00384 6.46608
7 1207 3.35424 1.84944 1.56120 1.00224 0.01104 7.77816
8 2885 3.62520 2.20800 1.67856 0.99840 0.00744 8.51760
9 443 2.66904 1.92048 1.28112 0.96528 0.01008 6.84600
10 384 3.56280 2.26824 1.65216 1.01304 0.00792 8.50416
11 128 3.65232 2.85048 1.69056 1.01496 0.00000 9.20832
12 2603 3.61104 2.06544 1.70712 1.55352 0.00696 8.94408
13 349 2.58024 1.55760 1.23672 1.02288 0.01344 6.41088
15 257 2.91960 2.22408 1.41504 1.47048 0.06216 8.09136
16 1556 3.90864 2.54448 1.84440 1.49520 0.05736 9.85008

23761 3.03992 1.66193 1.43662 1.01861 0.01296

AVERAGE TRAVEL TIME
HOURS
6.13848

AVERAGE DELAY TIME
HOURS
1.03187

TRANSIT TIME IN CANAL
HOURS
7.1700%

E-14



PANAMA CANAL SIMULATION
7: L-6 B - LOW RISE LOCKS (55 ft) 1 LANE - 150,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

7-1

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 2.77464 1.24200 1.28208 0.69456 0.00000 5.99328
2 2627 2.61336 1.21776 1.20696 0.72288 0.00000 5.76096
3 6075 2.66040 1.29960 1.22040 0.73992 0.00000 5.92032
4 390 2.51088 1.61544 1.15440  0.83328 0.00000 6.11400
5 1784  3.37248 1.59552 1.51968 0.89712 0.00000 7.38480.
6 188  2.49336 1.70592 1.14480 0.78720 0.00000 6.13128
7 1850 3.32280 1.87320 1.50840 0.88512 0.00000 7.58952
8 58 3.62376 2.23176 1.64112 0.89160 0.00000 8.38824
9 313 2.67264 1.93392 1.24776 0.88608 0.00000 6.74040
10 296  3.56232 2.31024 1.61592 0.75840 0.00000 8.24688
11 1673  3.65304 2.79576 1.65048 0.85680 0.00000 8.95608
12 276  3.52872 2.07456 1.65624 0.60432 0.00000 7.86384
13 275 2.57424 1.61592 1.19640 0.79224 0.00000 6.17880
15 119  2.88552 2.25264 1.37808 0.59232 0.00000 7.10856
16 972 3.76584 2.56968 1.76400 0.45624 0.00000 8.55576
17 84 2.90256 2.32032 1.39104 0.70800 0.00000 7.32192
18 481 3.70512 2.52120 1.73784 0.55608 0.00000 8.52024
18081 3.00224 1.68204 1.37655 0.76036 0.00000

AVERAGE TRAVEL TIME
HOURS
6.06083

AVERAGE DELAY TIME
HOURS
0.76036

TRANSIT TIME IN
HOURS
6.82119

CANAL




PANAMA CANAL SIMULATION
7: L-6 B - LOW RISE LOCKS (55 ft) 1 LANE - 150,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

7-2

TOTAL
__VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 926 2.80080 1.29480 1.30680 0.74064 0.00000 6.14304
2 2008 2.62656 1.22856 1.22304 0.87360 0.00000 5.95176
3 10133 2.67384 1.30488 1.24008 0.85416 0.00000 6.07296
4 113 2.62584 1.58064 1.21152 0.90600 0.00000 6.32400
5 257 3.34680 1.56072 1.51416 1.05720 0.00000 7.47888
6 518 2.49336 1.70160 1.16976 0.96264 0.00000 6.32736
7 1232 3.34752 1.86024 1.52376 1.00776 0.00000 7.73928
8 2890 3.62232 2.18664 1.64256 0.97560 0.00000 8.42712
9 440 2.67264 1.91760 1.26192 1.02552 0.00000 6.87768
10 386 3.56064 2.30424 1.61856 1.00128 0.00000 8.48472
11 128 3.64824 2.76240 1.64952 0.98976 0.00000 9.04992
12 2591 3.55032 2.05008 1.66584 2.26776 0.00000 9.53400
13 348 2.57352 1.56912 1.21080 0.94440 0.00000 6.29784
15 251 2.88552 2.18016 1.38552 2.34312 0.00000 8.79432
16 1391 3.80856 2.50416 1.78368 2.05944 0.00000 10.15584
17 190 2.90256 2.19072 1.39272 2.12976 0.00000 8.61576
18 711 3.72888 2.47848 1.74768 1.96560 0.00000 9.92064
24513 3.03265 1.67724 1.40549 1.16072 0.00000

AVERAGE TRAVEL TIME
HOURS
6.11537

AVERAGE DELAY TIME
HOURS
1.16072

TRANSIT TIME IN
HOURS
7.27610

CANAL
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PANAMA CANAL SIMULATION
8: L-9 B - LOW RISE LOCKS (55 ft) 1 LANE - 250,000 OWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

8-1

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 2.73456 1.23240 1.25496 0.72912 0.00000 5.95104
2 2625  2.56536 1.21848 1.17360 0.72480 0.00000 5.68224
3 6071  2.59944 1.29816 1.18368 0.74280 0.00000 5.82408
4 389  2.46864 1.57248 1.12920- 0.90528 0.00000 6.07560
5 1781  3.30072 1.59312 1.47696 0.86208 0.00000 7.23288
6 188 2.45544 1.72488 1.13640 0.84120 0.00000 6.15792
7 1847  3.26208 1.86744 1.47240 0.87528 0.00000 7.47720
8 58  3.56232 2.15640 1.60368 0.81072 0.00000 8.13312
9 314  2.63760 1.90752 1.23216 0.81888 0.00000 6.59616
10 296  3.50184 2.35272 1.57848 0.79488 0.00000 8.22792
11 1670  3.58656 2.80488 ~'1.61064 0.86400 0.00000 8.86608
12 276  3.43944 2.06784 1.61544 0.62664 0.00000 7.74936
13 274  2.52240 1.57176 1.16352 0.86952 0.00000 6.12720
15 119 2.82768 2.21136 1.34280 0.55272 0.00000 6.93456
16 971  3.64056 2.54520 1.70760 0.45744 0.00000 8.35080
17 81 2.82912 2.30568 1.34472 0.80304 0.00000 7.28256
18 466 3.55776 2.47824 1.66992 0.47064 0.00000 8.17656
19 16 3.02832 2.22480 1.43040 0.35520 0.00000 7.03872
20 82 3.44712 2.52552 1.62216 0.49608 0.00000 8.09088
18144  2.93911 1.68050 1.33985 0.75842 0.00000
AVERAGE TRAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
5.95947 0.75842 6.71788
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PANAMA CANAL SIMULATION
8: L-9 B - LOW RISE LOCKS (55 ft) 1 LANE - 250,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

TRAVEL (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH  LOCK  BEND  LOCK  BEND  TRANSIT
TYPE COUNT  TIME TIME  TIME  TIME  TIME  TIME
1 925 2.76000 1.28688 1.27776 0.74232 0.00000 6.06696
2 2007 2.57760 1.21920 1.19592 0.89088 0.00000 5.88360
3 10129 2.61216 1.30032 1.20096 -0.86352 0.00000 5.97696
4 113 2.57832 1.58928 1.19328 1.00872 0.00000 6.36960
§ 257 3.27720 1.58448 1.47216 0.98640 0.00000 7.32024 ~
6 517 2.45544 1.71816 1.14960 1.05432 0.00000 6.37752
7 1231 3.28488 1.85856 1.48440 1.00128 0.00000 7.62912
8 2888 3.56112 2.20680 1.60536 0.98088 0.00000 8.35416
9 443 2.63760 1.92720 1.23528 1.04232 0.00000 6.84240
10 386 3.50016 2.29752 1.57968 0.98808 0.00000 8.36544
11 128 3.58272 2.73192 1.61064 1.12800 0.00000 9.05328
12 2601 3.45840 2.07288 1.62408 2.21688 0.00000 9.37224
13 348 2.52144 1.57272 1.17504 0.97176 0.00000 6.24096
15 249 2.82768 2.16888 1.34616 2.14176 0.00000 8.48448
16 1390 3.67752 2.48712 1.72464 2.03184 0.00000 9.92112
17 191 2.82888 2.18952 1.35336 2.57592 0.00000 8.94768
18 711 3.57864 2.42784 1.67952 2.09256 0.00000 9.77856
19 12 3.02808 2.30448 1.43448 2.60976 0.00000 9.37680
20 60 3.47040 2.40960 1.63104 2.19288 0.00000 9.70392
24586  2.96559 1.67930 1.36721 1.17104 0.00000

AVERAGE TRAVEL TIME

HOURS
6.01211

AVERAGE DELAY TIME
HOURS
1.17104

TRANSIT TIME IN CANAL
HOURS

7.18315
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PANAMA CANAL SIMULATION
9: S-1 C - SEA LEVEL 1 LANE TIDE GATES TG(a) - 150,000 DWT
33% OF YEAR 2020 TRANSITS

AVERAGE TIME IN AVERAGE TIME
TRAVEL (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 217 1.51824 0.10008 5.78880 8.57232 0.01032 15.98976
2 864 1.40568 0.10008 5.63976 8.19744 0.01848 15.36144
3 2078  1.42200 0.16680 5.66568 8.06760 0.02304 15.34512
4 119 1.34040 0.16680 5.59128-. 9.17208 0.05400 16.32456
5 603 1.81224 0.16680 6.26496 8.10000 0.00744 16.35]144
6 60 1.34112 0.16680 5.64792 8.06496 0.00000 15.22080
7 635 1.79664 0.16680 6.14928 7.28592 0.02040 15.41904
8 17 1.96512 0.16680 6.54888 8.17728 0.00000 16.85808
9 107 1.46112 0.16680 5.69016 7.53648 0.00120 14.85576
10 95 1.93128 0.25008 6.48576 8.07936 0.00936 16.75584
11 533  1.97664 0.25008 6.58584 8.37720 0.01464 17.20440
12 84 1.98504 0.25008 6.42072 8.27352 0.00000 16.92936
13 90 1.38816 0.10008 5.67168 8.64624 0.02304 15.82920
15 38 1.62384 0.41688 5.93328 8.16528 0.00000 16.13928
16 323 2.11848 0.41688 6.97224 8.71896 0.01584 18.24240
17 20 1.63368 0.41688 6.01392 8.97096 0.00000 17.03544
18 140 2.08464 0.41688 6.55896 8.99568 0.00528 18.06144
6023 1.62070 0.18531 5.97732 8.13713 0.01772

AVERAGE TRAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
7.78332 8.15485 15.93817
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PANAMA CANAL SIMULATION
9: S-1 C - SEA LEVEL 1 LANE TIDE GATES TG(a) - 150,000 OWT
50% OF YEAR 2020 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

9-2

TRAVEL (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH  LOCK  BEND  LOCK  BEND  TRANSIT
TYPE COUNT  TIME TIME  TIME  TIME  TIME  TIME
1 320 1.51296 0.10008 5.89104 8.90712 0.01824 16.42944
2 1303 1.40208 0.10008 5.84280 8.35080 0.01632 15.71208
3 3128 1.42272 0.16680 5.85024 8.34312 0.02328 15.80616
4 188 1.34376 0.16680 5.88744 8.90280 0.04464 16.34544
5 916 1.81224 0.16680 6.31248 8.50080 0.01080 16.80312
6 98 1.34112 0.16680 5.85408 8.47920 0.01824 15.85944
7 919 1.79664 0.16680 6.18288 7.71048 0.01944 15.87624
8 28 1.96512 0.16680 6.59640 8.48760 0.04416 17.26008
9 166 1.46112 0.16680 5.92368 7.96032 0.00528 15.51720
10 147 1.93176 0.25008 6.46008 8.80968 0.00576 17.45736
11 827 1.97664 0.25008 6.53616 8.64936 0.00840 17.48064
12 136 1.98504 0.25008 6.45264 8.79792 0.00000 17.48568
13 143 1.38792 0.10008 5.79936 8.46984 0.02904 15.78624
15 55 1.62384 0.41688 6.05040 8.59296 0.00000 16.68408
16 501 2.11800 0.41688 6.95232 9.12384 0.00720 18.61824
17 32 1.63344 0.41688 6.17544 8.94096 0.00000 17.16672
18 220 2.08464 0.41688 6.55896 8.86128 0.01992 17.94168
9127 1.62183 0.18616 6.10044 8.42556 0.01752

AVERAGE TRAVEL TIME
HOURS
7.90843

AVERAGE DELAY TIME
HOURS
8.44308

TRANSIT TIME IN

HOURS
16.35151

CANAL
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PANAMA CANAL SIMULATION
9: S-1 C - SEA LEVEL 1 LANE TIDE GATES TG(a) - 150,000 OwWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

9-3

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 1.50864 0.10008 6.11256 11.26632 0.01608 19.00368
2 2625  1.40400 0.10008 6.13224 10.91568 0.02688 18.57888
3 6071  1.42248 0.16680 6.09024 11.15976 0.02400 18.86328
4 390 1.34184 0.16680 6.1574410.89720 0.02112 18.58440
5 1783  1.81224 0.16680 6.35400 11.09304 0.01296 19.43904
6 188  1.34112 0.16680 6.05808 10.18368 0.02208 17.77176
7 1849  1.79664 0.16680 6.21240 11.41920 0.01704 19.61208
8 58 1.96512 0.16680 6.57816 12.59256 0.00000 21.30264
9 312 1.46112 0.16680 6.19320 10.51344 0.00720 18.34176
10 296  1.93176 0.25008 6.43200 11.38488 0.02064 20.01936
11 1671  1.97640 0.25008 6.60288 11.88552 0.01248 20.72736
12 276 1.98504 0.25008 6.46200 12.80520 0.00864 21.51096
13 274 1.38768 0.10008 6.07536 11.34192 0.03048 18.93552
15 119 1.62384 0.41688 6.03168 10.36416 0.00000 18.43656
16 972 2.11848 0.41688 6.94896 13.56864 0.00816 23.06112
17 84 1.63344 0.41688 6.23976 10.06704 0.00000 18.35712
18 480 2.08464 0.41688 6.57336 14.03808 0.00768 23.12064
18068 1.62430 0.18705 6.25790 11.41998 0.01908

AVERAGE TRAVEL TIME
HOURS
8.06926

AVERAGE DELAY TIME
HOURS
11.43906

TRANSIT TIME IN
HOURS
19.50832

CANAL
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PANAMA CANAL SIMULATION
15: S-13 C - SEA LEVEL 40 KM 1 LANE TIDE GATES TG(c) - 150,000 OWT
33% OF YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

15-1

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 217  2.44992 0.10008 2.73672 3.92016 0.00000 9.20688
2 865 2.26776 0.10008 2.65248 4.09056 0.00072 9.11160
37 2079 2.29416 0.16680 2.64504  4.04064 0.00024 9.14688
4 119 2.16312 0.16680 2.58504 3.98616 0.00000 8.90112
5 604 2.92464 0.16680 3.04344 4.02600 0.00024 10.16112
6 60 2.16384 0.16680 2.58144 4.41048 0.00000 9.32256
7 635 2.89944 0.16680 2.99112 4.29672 0.00144 10.35552
8 17 3.17040 0.16680 3.23496 4.06104 0.00000 10.63320
9 107 2.35752 0.16680 2.70096 4.13160 0.00000 9.35688
10 95 3.11568 0.25008 3.18552 3.91128 0.00000 10.46256
11 533 3.18912 0.25008 3.25032 4.64448 0.00048 11.33448
12 84 3.20280 0.25008 3.19848 4.21824 0.00000 10.86960
13 90 2.23944 0.10008 2.63616 4.36200 0.00000 9.33768
15 38 2.62008 0.41688 2.79336 5.29512 0.00000 11.12544
16 323 3.41856 0.41688 3.45816 4.60464 0.00096 11.89920
17 20 2.63592 0.41688 2.84208 3.28560 0.00000 9.18048
18 140 3.36360 0.41688 3.29592 4.60248 0.00384 11.68272
6026 2.61493 0.18529 2.85658 4.18060 0.00055

AVERAGE TRAVEL TIME
HOURS
5.65680

AVERAGE DELAY TIME
HOURS
4.18114

TRANSIT TIME IN
HOURS
9.83795

CANAL
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PANAMA CANAL SIMULATION
15: §-13 C - SEA LEVEL 40 KM 1 LANE TIDE GATES TG(c) - 150,000 DWT
50% OF YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

15-2

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 320 2.44128 0.10008 2.79240 3.84360 0.00000 9.17736
2 1305  2.26200 0.10008 2.74656 4.21488 0.00048 9.32400
3 3129 2.29536 0.16680 2.71320 4.19352 0.00072 9.36960
4 188  2.16864 0.16680 2.71128 -4.26288 0.00000 9.30960
5 917  2.92488 0.16680 3.05352 4.23912 0.00072 10.38504
6 98 2.16384 0.16680 2.68704 3.99984 0.00000 9.01752
7 919  2.89944 0.16680 2.99544 4.48560 0.00168 10.54896
8 28 3.17040 0.16680 3.25416 4.52736 0.00000 11.11872
9 166  2.35752 0.16680 2.78136 4.32072 0.00816 9.63456
10 147 3.11616 0.25008 3.17496 4.01808 0.00000 10.55928
11 827 3.18912 0.25008 3.25296 4.73952 0.00048 11.43216
12 136  3.20280 0.25008 3.20664 4.30944 0.00000 10.96896
13 143 2.23920 0.10008 2.67432 4.31784 0.00000 9.33144
15 S5 2.61984 0.41688 2.83008 5.21472 0.00000 11.08152
16 501 3.41784 0.41688 3.45048 4.74864 0.00000 12.03384
17 32 2.63568 0.41688 2.87928 3.48648 0.00000 9.41832
18 220 3.36360 0.41688 3.29568 4.96152 0.00480 12.04248
9131 2.61679 0.18613 2.90474 4.32391 0.00086

AVERAGE TRAVEL TIME
HOURS
5.70766

AVERAGE DELAY TIME
HOURS
4.32477

HOURS

TRANSIT TIME IN CANAL
10.03244
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PANAMA CANAL SIMULATION
15: S-13 C - SEA LEVEL 40 KM 1 LANE TIDE GATES TG(c) - 150,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

15-3

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 2.43456 0.10008 2.87208 8.10480 0.00528 13.51680
2 2627 2.26512 0.10008 2.84496 7.74000 0.00432 12.95448
3 6073 2.29512 0.16680 2.80800 8.07984 0.00192 13.35168
4 390 2.16504 0.16680 2.81832 8.13048 0.00264 13.28328
5 1784 2.92488 0.16680 3.06384 7.99584 0.00216 14.15352
6 188 2.16384 0.16680 2.78448 6.41232 0.00096 11.52840
7 1850 2.89944 0.16680 3.00024 8.88744 0.00192 14.95584
8 58 3.17040 0.16680 3.24192 9.25776 0.00000 15.83688
9 313  2.35752 0.16680 2.85552 7.09920 0.00576 12.48480
10 296 3.11640 0.25008 3.16656 8.90160 0.00216 15.43680
11 1672 3.18864 0.25008 3.25464 9.07536 0.00072 15.76944
12 276 3.20280 0.25008 3.20760 10.59864 0.00000 17.25912
13 274 2.23872 0.10008 2.82408 8.51856 0.00360 13.68504
15 119 2.62008 0.41688 2.80656 6.32352 0.00000 12.16704
16 972 3.41856 0.41688 3.44952 10.75008 0.00024 18.03528
17 84 2.63544 0.41688 2.87664 5.07600 0.00000 11.00496
18 481 3.36384 0.41688 3.30048 12.47952 0.00048 19.56120
12.62092 0.18705 2.96412 8.46199 0.00221

18077

AVERAGE TRAVEL TIME
HOURS
5.77209

AVERAGE DELAY TIME
HOURS
8.46420

TRANSIT TIME IN
HOURS
14.23629

CANAL
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16: S-14 C - SEA LEVEL 40 KM 1 LANE TIDE GATES

PANAMA CANAL SIMULATION

33% OF YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

16-1

TG(c) - 250,000 DWT

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 209  2.43816 0.10008 2.63568 4.24224 0.00000 9.41616
2 880 2.27064 0.10008 2.56152 4.30200 0.00096 9.23520
3. 2038 2.28600 0.16680 2.55240 = 4.08072 0.00024 9.08616
4 121 2.18136 0.16680 2.40432 4.37472 0.00000 9.12720
5 600 2.93208 0.16680 2.95560 4.02408 0.00024 10.07880 -
6 67 2.19648 0.16680 2.38848 3.73008 0.00000 8.48184
7 608 2.87976 0.16680 2.89176 4.05864 0.00024 9.99720
8 16  3.14016 0.16680 3.10008 4.94280 0.00000 11.34984
9 123 2.42232 0.16680 2.63640 4.28952 0.00000 9.51504
10 98  3.11472 0.25008 3.08952 4.40712 0.00000 10.86]144
11 558  3.19560 0.25008 3.17112 4.29024 0.00048 10.90752
12 99 3.16752 0.25008 3.12768 4.42440 0.00000 10.96968
13 90 2.21928 0.10008 2.52168 4.60776 0.00000 9.44880
15 36 2.69424 0.41688 2.74080 3.77640 0.00000 9.62832
16 310 3.36504 0.41688 3.32208 4.68552 0.00000 11.78952
17 19 2.72616 0.41688 2.79600 3.96048 0.00000 9.89952
18 150 3.22152 0.41688 3.15864 4.75656 0.00000 11.55360
19 4 2.74008 0.45000 2.76528 4.64616 0.00000 10.60152
20 23 3.12576 0.45000 3.06648 4.39704 0.00000 11.03928
6049 2.61131 0.18675 2.76228 4.20440 0.00031
AVERAGE TRAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
5.56033 4.20471 9.76505
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PANAMA CANAL SIMULATION
16: S-14 C - SEA __VEL 40 KM 1 LANE TIDE GATES TG(c) - 250,000 OWT
80% OF YEAR 2020 TRANSITS

16-2

AVERAGE TIME IN AVERAGE TIME
TRAVEL (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 503 2.44896 0.10008 2.75904 5.11128 0.00000 10.41936
2 . 2114 2.27100 0.10008 2.72568 4.94328 0.00120 10.04424
3 4883 2 "2 0.16680 2.68872 4.88184 0.00024 10.02432
4 318 2. .32 0.16680 2.63448 5.03592 0.00000 10.01352
S 1431 2.92800 0.16680 2.96280 4.88232 0.00072 10.94064
6 152 2.20104 0.16680 2.62416 4.55856 0.00000 9.55056
7 1488 2.88288 0.16680 2.91312 5.03040 0.00048 10.99368
8 49 3.18336 0.16680 3.15888 5.40648 0.00000 11.91552
9 266 2.41392 0.16680 2.75160 4.83624 0.00000 10.16856
10 248 3.11088 0.25008 3.08448 5.49984 0.00096 11.94624
11 1337 3.19512 0.25008 3.17064 5.44392 0.00024 12.06000
12 235 3.16608 0.25008 3.12576 5.39136 0.00072 11.93400
13 220 2.22456 0.10008 2.66304 5.45856 0.00120 10.44744
15 102 2.68272 0.41688 2.74248 3.95136 0.00000 9.79344
16 774 3.37200 0.41688 3.33144 5.88264 0.00000 13.00296
17 66 2.72352 0.41688 2.79408 4.71336 0.00000 10.64784
18 358 3.22176 0.41688 3.15864 6.32208 0.00000 13.11936
19 12 2.74008 0.45024 2.77080 4.89456 0.00000 10.85568
20 62 3.12912 0.45024 3.07632 5.66616 0.00000 12.32184
14618 2.61526 0.18789 2.85256 §5.07782 0.00044

AVERAGE TRAVEL TIME
HOURS
5.65572

AVERAGE DELAY TIME
' HOURS
5.07826

TRANSIT TIME IN
HOURS
10.73398

CANAL

E-26



PANAMA CANAL SIMULATION
16: S-14 C - SEA LEVEL 40 KM 1 LANE TIDE GATES TG(c) - 250,000 OWT

YEAR 2020 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

16-3

TRAVEL  (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620  2.44560 0.10008 2.77440 9.38160 0.00264 14.70432
2 2624  2.27736 0.10008 2.75112 8.71896 0.00216 13.84968
3. 6071 2.28792 0.16680 2.71056 9.03888 0.00072 14.20488
4 389 2.17656 0.16680 2.69928 8.11896 0.00120 13.16280
5 1779 2.92824 0.16680 2.96376 8.58120 0.00072 14.64072
6 188  2.20080 0.16680 2.68272 7.21056 0.00000 12.26088
7 1847  2.88264 0.16680 2.91456 9.83400 0.00072 15.79872
8 58 3.18264 0.16680 3.16080 9.90912 0.00000 16.41936
9 314  2.41200 0.16680 2.76000 7.23024 0.00072 12.56976
10 296  3.11208 0.25008 3.08592 10.25928 0.00000 16.70736
11 1669  3.19368 0.25008 3.16848 9.87888 0.00048 16.49160
12 276  3.16296 0.25008 3.12144 11.68704 0.00000 18.22152
13 274  2.22720 0.10008 2.74704 9.74280 0.00000 14.81712
1§ 119  2.68488 0.41688 2.74800 6.99192 0.00000 12.84168
16 972 3.37080 0.41688 3.33000 11.72544 0.00000 18.84312
17 81 2.72400 0.41688 2.80152 5.34240 0.00000 11.28480
18 466  3.22200 0.41688 3.15912 14.27328 0.00000 21.07128
19 16 2.72976 0.45024 2.80488 5.17224 0.00000 11.15712
20 82 3.12792 0.45024 3.07344 12.19896 0.00000 18.85056
18141  2.61677 0.18826 2.86812 9.38066 0.00087

AVERAGE TRAVEL TIME
HOURS
5.67315

AVERAGE DELAY TIME
HOURS
9.38153

TRANSIT TIME IN
HOURS
15.05467

CANAL

E-27



18: C - SEA LEVEL 1 LANE 3 LOCKS L(A) - 250,000 DWT

PANAMA CANAL SIMULATION

33% OF YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

18-1

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 209 1.62408 0.52728 3.89664 8.06376 0.00000 14.11176
2 880 1.49928 0.55344 3.82176 7.92408 0.00000 13.79856
3 2038 1.51176 0.61080 3.80928 8.02920 0.00000 13.96104
4 121 1.44816 0.74400 3.74280 8.17560 0.00000 14.11056 .
5 601 1.93104 0.73008 4.30248 7.74792 0.00000 14.71152
6 67 1.44192 0.75024 3.71904 6.80424 0.00000 12.71544
7 608 1.92408 0.83880 4.22904 8.02104 0.00000 15.01296
8 16 2.10840 0.94896 4.49952 5.23536 0.00000 12.79224
9 123 1.57704 0.71304 3.88008 8.36616 0.00000 14.53632
10 98 2.07240 0.85080 4.48872 7.31184 0.00000 14.72376
11 559 2.11656 0.99528 4.60584 7.86072 0.00000 15.57840
12 99 2.12544 1.04640 4.54368 7.85760 0.00000 15.57312
13 90 1.48440 0.72192 3.78000 8.97984 0.00000 14.96616
15 36 1.74768 0.75936 4.04592 7.10904 0.00000 13.66200
16 310 2.24784 1.00656 4.82280 7.81632 0.00000 15.89352
17 19 1.74768 0.73056 4.13664 9.07728 0.00000 15.69216
18 149 2.19600 1.30872 4.58448 7.68960 0.00000 15.77880
19 4 1.75680 0.99480 4.26552 8.72064 0.00000 15.73776
20 23 2.13288 1.54752 4.45104 7.14336 0.00000 15.27480
6050 1.73161 0.73225 4.07862 7.93495 0.00000

AVERAGE TRAVEL TIME
HOURS
6.54247

AVERAGE DELAY TIME
HOURS
7.93495

TRANSIT TIME IN
HOURS

14.47742

CANAL

E-28



PANAMA CANAL SIMULATION
18: C - SEA LEVEL 1 LANE 3 LOCKS L(A) - 250,000 DWT
50% OF YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

18-2

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 309 1.62384 0.54744 3.96960 8.53824 0.00000 14.67912
2 1360  1.50216 0.56472 3.92880 8.58648 0.00000 14.58216
3. 3064 1.51248 0.61752 3.90552 8.61336 0.00000 14.64888
4 192 1.45032 0.75552 3.81792 ~8.38632 0.00000 14.41008
5 905 1.93104 0.73344 4.30704 8.42736 0.00000 15.39888
6 99 1.44192 0.74184 3.80256 8.13720 0.00000 14.12352
7 912 1.92408 0.84768 4.23432 8.86584 0.00000 15.87192
8 22 2.10840 0.99648 4.53768 7.51200 0.00000 15.15456
9 181 1.57704 0.74904 3.88872 8.93064 0.00000 15.14544
10 153 2.07216 0.90336 4.47192 8.74248 0.00000 16.18992
11 828 2.11632 1.00056 4.60800 8.76096 0.00000 16.48584
12 154  2.12544 1.03968 4.54848 8.70744 0.00000 16.42104
13 139 1.48296 0.69192 3.85560 9.64392 0.00000 15.67440
15 59 1.74768 0.79296 4.05048 8.54520 0.00000 15.13632
16 480 2.24784 0.99816 4.82856 8.47032 0.00000 16.54488
17 42 1.74744 0.73416 4.15608 9.45696 0.00000 16.09464
18 218 2.19600 1.29504 4.58280 8.40696 0.00000 16.48080
19 7 1.75656 1.05888 4.09872 7.38024 0.00000 14.29440
20 40 2.12880 1.53192 4.45224 8.40144 0.00000 16.51440
9164 1.73164 0.73907 4.13380 8.62918 0.00000

AVERAGE TRAVEL TIME
HOURS
6.60451

AVERAGE DELAY TIME
HOURS
8.62918

TRANSIT TIME IN
HOURS
15.23369

CANAL

E-29



18: C - SEA LEVEL 1 LANE 3 LOCKS L(A) - 250,000 DWT

PANAMA CANAL SIMULATION

80% OF YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

18-3

TOTAL
__VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 503 1.62768 0.55008 4.05960 19.11840 0.00000 25.35576
2 2114 1.50144 0.56904 4.00968 20.11152 0.00000 26.19168
3- 4881 1.51176 0.62160 3.99048 .20.22312 0.00000 26.34696
4 317 1.44072 0.73896 3.91752 21.68400 0.00000 27.78120
5 1431 1.93128 0.74136 4.31376 20.71872 0.00000 27.70512
6 152 1.44192 0.76848 3.91176 25.53432 0.00000 31.65648
7 1488 1.92408 0.84912 4.25592 17.90136 0.00000 24.93048
8 49 2.10840 0.97536 4.58784 20.47800 0.00000 28.14960
9 266 1.57704 0.72552 3.98016 23.60664 0.00000 29.88936
10 248 2.07216 0.89808 4.48368 19.14048 0.00000 26.59440
11 1338 2.11656 1.01640 4.60536 18.82872 0.00000 26.56704
12 235 2.12544 1.04376 4.53864 14.91048 0.00000 22.61832
13 220 1.48152 0.71424 4.00800 18.21864 0.00000 24.42240
15 102 1.74768 0.79944 4.07184 27.80688 0.00000 34.42584
16 774 2.24784 1.00320 4.83552 17.85264 0.00000 25.93920
17 66 1.74744 0.73824 4.21368 25.78488 0.00000 32.48424
18 357 2.19624 1.31088 4.58472 10.48152 0.00000 18.57336
19 12 1.75656 0.98784 4.27992 27.57960 0.00000 34.60392
20 62 2.12424 1.53192 4.46544 11.80656 0.00000 19.92816
14615 1.73374 0.74557 4.19056 19.55371 0.00000
AVERAGE TRAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS - HOURS HOURS
6.66987 19.55371 26.22359

E-30




PANAMA CANAL SIMULATION
19: C - SEA LEVEL 2 LANES 6 LOCKS L(b) - 250,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

19-1

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 1.62552 0.51816 3.76368 0.13440 0.00000 6.04176
2 2625 1.50264 0.54216 3.63216 0.13992 0.00000 5.81688
3 6071 1.51200 0.59256 3.62112 0.13968 0.00000 5.86536
4 389  1.43952 0.70992 3.49920 - 0.15072 0.00000 5.79936
5 1781 1.93128 0.71424 4.26768 0.07056 0.00000 6.98376
6 188 1.44192 0.72456 3.56376 0.11712 0.00000 5.84736
7 1847 1.92408 0.82872 4.18824 0.08352 0.00000 7.02456
8 58 2.10840 0.90096 4.58664 0.08400 0.00000 7.68000
9 314 1.57680 0.72720 3.73176 0.09480 0.00000 6.13056
10 296 2.07216 0.88296 4.47720 0.04152 0.00000 7.47384
11 1670 2.11656 0.98112 4.60008 0.05808 0.00000 7.75584
12 276 2.12544 1.05144 4.53072 0.05760 0.00000 7.76520
13 274 1.48152 0.70392 3.57096 0.15384 0.00000 5.91024
15 119 1.74768 0.74112 3.96816 0.04848 0.00000 6.50544
16 974 2.24808 0.97560 4.83312 0.03960 0.00000 8.09640
17 82 1.74744 0.73296 4.08216 0.01632 0.00000 6.57888
18 467 2.19624 1.27416 4.58520 0.04104 0.00000 8.09664
19 16 1.75656 1.09776 4.18344 0.05376 0.00000 7.09152
20 82 2.12616 1.54272 4.46088 0.11664 0.00000 8.24640
18149 1.73470 0.71949 3.96616 0.10670 0.00000

AVERAGE TRAVEL TIME
HOURS
6.42035

AVERAGE DELAY TIME
HOURS
0.10670

TRANSIT TIME IN
HOURS
6.52705

CANAL

E-31



PANAMA CANAL SIMULATION
19: C - SEA LEVEL 2 LANES 6 LOCKS L(b) - 250,000 OWT
YEAR 2060 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

19-2

TOTAL

VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 925 1.64160 0.52632 3.90096 0.29424 0.00000 6.36312
2 2007 1.50864 0.55776 3.77520 0.29664 0.00000 6.13824
3 10129 1.51872 0.60408 3.76704 *0.29352 0.00000 6.18336
4 113 1.50648 0.71160 3.73752 0.29928 0.00000 6.25488
5 257 1.92000 0.75192 4.24128 0.20760 0.00000 7.12080
6 517 1.44192 0.75360 3.67080 0.24984 0.00000 6.11616
7 1231 1.93488 0.82512 4.26216 0.19632 0.00000 7.21848
8 2889 2.10792 0.95544 4.58016 0.14832 0.00000 7.79184
9 443 1.57704 0.74136 3.83208 0.21960 0.00000 6.37008
10 386 2.07120 0.86904 4.49736 0.15336 0.00000 7.59096
11 128 2.11464 1.04160 4.50312 0.17496 0.00000 7.83432
12 2601 2.13672 0.99672 4.63704 0.11712 0.00000 7.88760
13 348 1.48080 0.69384 3.76608 0.34008 0.00000 6.28080
15 250 1.74792 0.83568 4.00248 0.16728 0.00000 6.75336
16 1392 2.27040 0.99984 4.86672 0.08424 0.00000 8.22120
17 192 1.74792 0.93048 4.01256 0.15816 0.00000 6.84912
18 711 2.20848 1.25808 4.63728 0.09672 0.00000 8.20056
19 12 1.75656 0.96072 4.16688 0.00000 0.00000 6.88416
20 60 2.14008 1.57248 4.46640 0.14088 0.00000 8.31984
24591 1.76099 0.75536 4.09795 0.22755 0.00000
AVERAGE TKAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
6.61430 0.22755 6.84185

E-32



PANAMA CANAL SIMULATION
20: C - SEA LEVEL 2 LANES 4 LOCKS L(c) - 250,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

20-1

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620  1.62552 0.63312 3.77640 0.32496 0.00000 6.36000
2 2625 1.50264 0.61920 3.63864 0.32472 0.00000 6.08520
3- 6071 1.51200 0.73920 3.61752. 0.33864 0.00000 6.20736
4 389  1.43952 0.87144 3.52152 0.34776 0.00000 6.18024
5 1781 1.93128 0.86784 4.26744 0.21336 0.00000 7.27992
6 188  1.44192 0.91512 3.57552 0.30792 0.00000 6.24048
7 1847  1.92408 1.08240 4.18680 0.24672 0.00000 7.44000
8 58 2.10840 1.21824 4.58328 0.27456 0.00000 8.18448
9 314 1.57704 1.06848 3.72240 0.25968 0.00000 6.62760
10 296 2.07216 1.33680 4.47816 0.13488 0.00000 8.02200
11 1670  2.11656 1.50336 4.59936 0.17664 0.00000 8.39592
12 276  2.12544 1.74744 4.53072 0.15960 0.00000 8.56320
13 274 1.48152 0.83232 3.56544 0.35952 0.00000 6.23880
15 119 1.74768 1.53120 4.00200 0.17208 0.00000 7.45296
16 974 2.24808 2.05416 4.83312 0.11664 0.00000 9.25200
17 82 1.74744 1.45704 4.03080 0.07272 0.00000 7.30800
18 467 2.19624 2.22816 4.58520 0.13776 0.00000 9.14736
19 16 1.75656 1.59672 4.19880 0.10872 0.00000 7.66080
20 82 2.12616 2.21808 4.46088 0.30048 0.00000 9.10560
18149  1.73470 0.99921 3.96645 0.27243 0.00000

AVERAGE TRAVEL TIME
HOURS
6.70037

AVERAGE DELAY TIME
HOURS
0.27243

TRANSIT TIME IN
HOURS
6.97280

CANAL

£-33



PANAMA CANAL SIMULATION
20: C - SEA LEVEL 2 LANES 4 LOCKS L(c) - 250,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

20-2

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 925 1.64160 0.63384 3.89064 0.94008 0.00000 7.10616
2 2007 1.50864 0.62592 3.79248 0.86208 0.00000 6.78912
3 10129 1.51872 0.74328 3.77232 0.87408 0.00000 6.90840
4 113 1.50648 0.88056 3.75816 0.85104 0.00000 6.99624
5 257 1.92000 0.87360 4.25304 0.76584 0.00000 7.81248
6 517 1.44192 0.88848 3.68928 0.80136 0.00000 6.82104
7 1231 1.93488 1.04520 4.26216 0.73920 0.00000 7.98144
8 2889 2.10792 1.20456 4.57992 0.63336 0.00000 8.52576
9 443 1.57704 1.06200 3.81168 0.69216 0.00000 7.14288
10 386 2.07120 1.30200 4.49592 0.61656 0.00000 8.48568
11 128 2.11464 1.55256 4.49976 0.79704 0.00000 8.96400
12 2601 2.13672 1.67904 4.63680 0.52152 0.00000 8.97408
13 348 1.48080 0.84744 3.74520 0.97440 0.00000 7.04784
15 250 1.74792 1.59672 3.98472 0.62136 0.00000 7.95072
16 1392 2.27040 2.03424 4.86672 0.47808 0.00000 9.64944
17 192 1.74792 1.60608 3.99888 0.58728 0.00000 7.94016
18 711 2.20848 2.18064 4.63728 0.63480 0.00000 9.66120
19 12 1.75656 1.46904 4.04016 0.34608 0.00000 7.61184
20 60 2.14008 2.29512 4.46640 0.69120 0.00000 9.59280
24591 1.76099 1.05730 4.10065 0.75935 0.00000

AVERAGE TRAVEL TIME
HOURS
6.91894

AVERAGE DELAY TIME
HOURS
0.75935

TRANSIT TIME IN
HOURS
7.67828

CANAL
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PANAMA CANAL SIMULATION
21: SEA LEVEL TG(A) + STAT QUO - 150,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

21-1

TRAVEL  (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 2.99016 1.88232 1.45632 1.38792 0.00000 7.71672
2 2626  2.89008 1.88184 1.42392 1.46280 0.00000 7.65864
3 6071  2.96784 1.97832 1.45944 1.51704 0.00000 7.92264
4 390 2.80272 2.40120 1.37520 . 1.61544 0.00000 8.19456
5 1783  3.72384 2.42616 1.79040 1.66800 0.00000 9.60840
6 188  2.74248 2.63808 1.34928 1.53552 0.00000 8.26536 -
7 1850 3.62400 2.80536 1.74024 1.74264 0.00000 9.91224
8 58 3.92880 3.37944 1.87608 1.45200 0.00000 10.63632
9 313  2.85072 2.86992 1.38696 1.90800 0.00000 9.01560
10 296  3.86424 3.52392 1.84704 1.53696 0.00000 10.77216
11 1671  3.97992 4.26408 1.90224 1.62048 0.00000 11.76672
12 276 1.71936 0.25008 6.04632 8.13696 0.00000 16.15272
13 274 2.82624 2.41512 1.39080 1.57584 0.00000 8.20800
15 119 1.40664 0.41688 5.49360 8.86560 0.00000 16.18272
16 972 1.83528 0.41688 6.44832 8.38776 0.00240 17.09064
17 84 1.41504 0.41688 5.80128 8.02704 0.00000 15.66024
18 480 1.80576 0.41688 6.11640 7.64784 0.01128 15.99816
18071  3.07199 2.19969 2.06779 2.27455 0.00043

AVERAGE TRAVEL TIME
HOURS
7.33947

AVERAGE DELAY TIME
HOURS
2.27497

TRANSIT TIME IN CANAL
HOURS
9.61444

E-35



PANAMA CANAL SIMULATION
21: SEA LEVEL TG(A) + STAT QUO - 150,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

21-2

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 924 3.01464 1.98552 1.46712 1.51728 0.00000 7.98456
2 2008 2.90784 1.88688 1.43184 1.81272 0.00000 8.03928
3. 10122 2.98416 1.99248 1.46832 1.77192 0.00000 8.21688
4 113 2.91624 2.45520 1.43016 2.02536 0.00000 8.82696
5 257 3.68856 2.43600 1.77432 1.96968 0.00000 9.86856
6 518 2.74248 2.58720 1.35648 2.12760 0.00000 8.81376
7 1230 3.65832 2.79336 1.75656 1.97472 0.00000 10.18296
8 2888 3.92688 3.35280 1.87512 1.93080 0.00000 11.08560
9 440 2.85072 2.84064 1.39128 2.09568 0.00000 9.17832
10 385 3.86136 3.45624 1.84512 1.93176 0.00000 11.09448
11 128 3.97320 4.20024 1.89888 2.14176 0.00000 12.21408
12 2591 1.73016 0.25008 6.21480 8.25336 0.00576 16.45416
13 348 2.82576 2.40672 1.39440 1.98984 0.00000 8.61672
15 251 1.40664 0.41688 5.81352 8.36640 0.00264 16.00608
16 1391 1.85592 0.41688 6.49728 8.86440 0.00384 17.63832
17 191 1.41504 0.41688 5.72232 7.15848 0.01152 14.72424
18 711 1.81752 0.41688 6.19176 8.74464 0.00264 17.17344
24496 2.88136 1.91125 2.53653 3.21895 0.00102
AVERAGE TRAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
7.32914 3.21997 10.54911

E-36



PANAMA CANAL SIMULATION
22: SEA LEVEL TG(a) + STATUS QUO - 250,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL  (HOURS)

AVERAGE TIME
WAITING (HRS)

22-1

TOTAL

VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 2.99016 1.86960 1.45344 1.39824 0.00000 7.71144
2 2624  2.89008 1.89144 1.42320 1.45656 0.00000 7.66128
3. 6071 2.96784 1.97784 1.45944 1.49808 0.00000 7.90320
4 388 2.80320 2.39616 1.38504 "1.83408 0.00000 8.41848
5 1780  3.72384 2.43504 1.79016 1.63248 0.00000 9.58152
6 188  2.74248 2.56296 1.36224 1.90176 0.00000 8.56944
7 1847  3.62400 2.80656 1.74000 1.70352 0.00000 9.87408
8 58 3.92880 3.41424 1.87680 1.69320 0.00000 10.91304
9 314 2.85096 2.81664 1.38768 1.60368 0.00000 8.65896
10 296 3.86424 3.54864 1.84728 1.50024 0.00000 10.76040
11 1669  3.97992 4.26192 1.90224 1.57032 0.00000 11.71440
12 276 1.67232 0.25008 5.84952 7.89384 0.00792 15.67368
13 274  2.82624 2.37624 1.39056 1.70352 0.00000 8.29656
15 119 1.37568 0.41688 5.38704 7.86864 0.00120 15.04944
16 972 1.76928 0.41688 6.22536 7.97736 0.00264 16.39152
17 82 1.37592 0.41688 5.54664 7.68072 0.00000 15.02016
18 465 1.72848 0.41688 5.85288 7.68072 0.00336 15.68232
19 16 1.38288 0.45000 5.37360 8.17800 0.00000 15.38448
20 82 1.67304 0.45000 5.70648 6.78168 0.00000 14.61120
18141 3.05855 2.19130 2.06018 2.24883 0.00036

AVERAGE TRAVEL TIME
HOURS
7.31003

AVERAGE DELAY TIME
HOURS
2.24918

TRANSIT TIME IN
HOURS
9.55921

CANAL
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PANAMA CANAL SIMULATION
22: SEA LEVEL TG(a) + STATUS QUO - 250,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

22-2

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 925 3.01440 2.02080 1.46496 1.48824 0.00096 7.98936
2 2006 2.90784 1.89864 1.43232 1.85472 0.00000 8.09352
3 10124 2.98416 1.99488 1.46832 -1.78008 0.00240 8.22984
4 113 2.91600 2.36976 1.43952 2.24808 0.00000 8.97336
5 257 3.68856 2.44560 1.77408 1.87608 0.00000 9.78432 °
6 517 2.74248 2.61456 1.35408 2.00808 0.00000 8.71920
7 1231 3.65832 2.78016 1.75656 1.94832 0.00120 10.14456
8 2888 3.92688 3.36864 1.87536 1.89720 0.00048 11.06856
9 443 2.85072 2.79168 1.38744 2.06400 0.01368 9.10752
10 385 3.86136 3.48744 1.84512 1.95408 0.00600 11.15400
11 128 3.97320 4.23816 1.89888 2.06568 0.02568 12.20160
12 2601 1.68192 0.25008 6.01800 8.26992 0.00312 16.22304
13 348 2.82576 2.41272 1.39272 1.93968 0.00360 8.57448
15 250 1.37592 0.41688 5.58192 7.40616 0.00000 14.78088
16 1390 1.78728 0.41688 6.26352 8.71728 0.00312 17.18808
17 192 1.37592 0.41688 5.57928 7.92864 0.00000 15.30072
18 711 1.73784 0.41688 5.92968 7.97616 0.00144 16.06200
19 12 1.38288 0.45000 5.84568 4.77264 0.00000 12.45120
20 60 1.68408 0.45024 5.69880 7.14480 0.00000 14.97792
24581 2.86540 1.91113 2.50182 3.19493 0.00221

AVERAGE TRAVEL TIME
HOURS
7.27836

AVERAGE DELAY TIME
HOURS
3.1971%

TRANSIT TIME IN
HOURS
10.47550

CANAL
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PANAMA CANAL SIMULATION
23: SEA LEVEL TG(c) + STATUS QUO - 150,000 DWT
YEAR 2020 TRANSITS

23-1

AVERAGE TIME IN AVERAGE TIME
TRAVEL (HOURS) WAITING (HRS)
TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
) 620 2.99016 1.88232 1.45632 1.38792 0.00000 7.71672
2 2626 2.89008 1.88184 1.42392 1.46280 0.00000 7.65864
3 6071 2.96784 1.97832 1.45944 . 1.51704 0.00000 7.92264
4 390 2.80272 2.40120 1.37520 1.61544 0.00000 8.19456
S 1783 3.72384 2.42616 1.79040 1.66800 0.00000 9.60840
6 188 2.74248 2.63808 1.34928 1.53552 0.00000 8.26536
7 1850 3.62400 2.80536 1.74024 1.74264 0.00000 9.91224
8 58 3.92880 3.37944 1.87608 1.45200 0.00000 10.63632
9 313 2.85072 2.86992 1.38696 1.90800 0.00000 9.01560
10 296 3.86424 3.52392 1.84704 1.53696 0.00000 10.77216
11 1671 3.97992 4.26408 1.90224 1.62048 0.00000 11.76672
12 276  2.77536 0.25008 3.21000 4.41192 0.00192 10.64928
13 274 2.82624 2.41512 1.39080 1.57584 0.00000 8.20800
15 119 2.27016 0.41688 2.83008 4.36704 0.00000 9.88416
16 972 2.96208 0.41688 3.44952 4.56768 0.00024 11.39640
17 84 2.28360 0.41688 2.92512 3.36624 0.00000 8.99184
18 481 2.91456 0.41688 3.30048 4.55928 0.00096 11.19216
18072 3.18789 2.19960 1.75755 1.87900 0.00007

AVERAGE TRAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
7.14503 1.87907 9.02410
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23-2

PANAMA CANAL SIMULATION
23: SEA LEVEL TG(c) + STATUS QUO - 150,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
l 924 3.01464 1.98552 1.46712 1.51728 0.00000 7.98456
2 2008 2.90784 1.88688 1.431°* 1.81272 0.00000 8.03928
3 10122 2.98416 1.99248 1.468 1.77192 0.00000 8.21688
4 113 2.91624 2.45520 1.43C 2.02536 0.00000 8.82696
5 257 3.68856 2.43600 1.774.. 1.96968 0.00000 9.86856
6 518 2.74248 2.58720 1.35648 2.12760 0.00000 8.81376
7 1230 3.65832 2.79336 1.75656 1.97472 0.00000 10.18296
8 2888 3.92688 3.35280 1.87512 1.93080 0.00000 11.08560
9 440 2.85072 2.84064 1.39128 2.09568 0.00000 9.17832
10 385 3.86136 3.45624 1.84512 1.93176 0.00000 11.09448
11 128 3.97320 4.20024 1.89888 2.14176 0.00000 12.21408
12 2591 2.79288 0.25008 3.28800 4.62456 0.00288 10.95840
13 348 2.82576 2.40672 1.39440 1.98984 0.00000 8.61672
15 251 2.26992 0.41688 2.88720 4.17264 0.00048 9.74712
16 1393 2.99592 0.41688 3.47832 4.95648 0.00048 11.84808
17 191 2.28360 0.41688 2.90736 4.25160 0.00192 9.86136
18 711 2.93304 0.41688 3.33624 4.93656 0.00216 11.62488
24498 3.10648 1.91113 1.92084 2.43725 0.00041

AVERAGE TRAVEL TIME
HOURS
6.93845

AVERAGE DELAY TIME
HOURS
2.43767

TRANSIT TIME IN CANAL
HOURS
9.37612
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PANAMA CANAL SIMULATION
24: SEA LEVEL TG(c) + STATUS QUO - 250,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

24-1

TOTAL
—VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 2.99016 1.86960 1.45344 1.39824 0.00000 7.71144
2 2624  2.89008 1.89144 1.42320 1.45656 0.00000 7.66128
3 6071 2.96784 1.97784 1.45944 1.49808 0.00000 7.90320
4 388 2.80320 2.39616 1.38504 -1.83408 0.00000 8.41848
5 1780  3.72384 2.43504 1.79016 1.63248 0.00000 9.58152
6 188 2.74248 2.56296 1.36224 1.90176 0.00000 8.56944
7 1847 3.62400 2.80656 1.74000 1.70352 0.00000 9.87408
8 58 3.92880 3.41424 1.87680 1.69320 0.00000 10.91304
9 314 2.85096 2.81664 1.38768 1.60368 0.00000 8.65896
10 296 3.86424 3.54864 1.84728 1.50024 0.00000 10.76040
11 1669  3.97992 4.26192 1.90224 1.57032 0.00000 11.71440
12 276  2.69952 0.25008 3.12144 4.29624 0.00000 10.36728
13 274  2.82624 2.37624 1.39056 1.70352 0.00000 8.29656
15 119 2.22072 0.41688 2.76912 2.98416 0.00000 8.39088
16 973 2.85576 0.41688 3.32976 4.48128 0.00120 11.08488
17 81 2.22072 0.41688 2.81496 3.97440 0.00000 9.42696
18 467 2.78952 0.41688 3.15912 4.48032 0.00096 10.84680
19 16 2.23224 0.45000 2.81304 3.36672 0.00000 8.86200
20 82 2.70000 0.45000 3.07416 4.61352 0.00000 10.83768
18143  3.17433 2.19111 1.75099 1.86222 0.00009
AVERAGE TRAVEL TIME AVERAGE DELAY TIME TRANSIT TIME IN CANAL
HOURS HOURS HOURS
7.11643 1.86230 8.97873
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PANAMA CANAL SIMULATION
24: SEA LEVEL TG(c) + STATUS QUO - 250,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

24-2

TRAVEL (HOURS) WAITING (HRS)
- TOTAL
VESS REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 925 3.01440 2.02080 1.46496 1.48824 0.00096 7.98936
2 2006 2.90784 1.89864 1.43232 1.85472 0.00000 8.09352
3 10124 2.98416 1.99488 1.46832 '1.78008 0.00240 8.22984
4 113 2.91600 2.36976 1.43952 2.24808 0.00000 8.97336
5 257 3.68856 2.44560 1.77408 1.87608 0.00000 9.78432
6 517 2.74248 2.61456 1.35408 2.00808 0.00000 8.71920
7 1231 3.65832 2.78016 1.75656 1.94832 0.00120 10.14456
8 2888 3.92688 3.36864 1.87536 1.89720 0.00048 11.06856
9 443 2.85072 2.79168 1.38744 2.06400 0.01368 9.10752
10 385 3.86136 3.48744 1.84512 1.95408 0.00600 11.15400
11 128 3.97320 4.23816 1.89888 2.06568 0.02568 12.20160
12 2601 2.71416 0.25008 3.19368 4.51080 0.00096 10.66968
13 348 2.82576 2.41272 1.39272 1.93968 0.00360 8.57448
15 249 2.22072 0.41688 2.80920 4.25640 0.00000 9.70320
16 1392 2.88408 0.41688 3.35328 4.96704 0.00000 11.62128
17 192  2.22072 0.41688 2.80872 4.67952 0.00000 10.12584
18 711 2.80512 0.41688 3.19512 4.83960 0.00072 11.25744
19 12 2.23224 0.45000 2.90088 4.34208 0.00000 9.92520
20 60 2.71800 0.45024 3.07728 4.86840 0.00000 11.11392
24582 3.08567 1.91107 1.90171 2.43133 0.00179

AVERAGE TRAVEL TIME

HOURS
6.89845

AVERAGE DELAY TIME
HOURS
2.43311

TRANSIT TIME IN
HOURS

9.33157

CANAL
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PANAMA CANAL SIMULATION
25: SEA LEVEL L(A) + STATUS QUO - 250,000 DWT
YEAR 2020 TRANSITS

AVERAGE TIME IN
TRAVEL (HOURS)

AVERAGE TIME
WAITING (HRS)

25-1

TOTAL
VESSEL REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 620 2.99016 1.86936 1.45464 1.36992 0.00000 7.68408
2 2624 2.89008 1.86792 1.42128 1.47552 0.00000 7.65480
3. 6070 2.96784 1.96488 1.46064 1.48344 0.00000 7.87680
4 388 2.80320 2.39664 1.38264 -1.82760 0.00000 8.41008
5 1780 3.72384 2.43864 1.79040 1.68144 0.00000 9.63432
6 188 2.74248 2.62680 1.35936 1.80672 0.00000 8.53536
7 1847  3.62400 2.82576 1.74000 1.70976 0.00000 9.89952
8 58 3.92904 3.37440 1.87608 1.69872 0.00000 10.87824
9 314 2.85096 2.83704 1.37976 1.62768 0.00000 8.69544
10 296 3.86424 3.46368 1.84728 1.54488 0.00000 10.72008
11 1669  3.97992 4.25376 1.90248 1.56864 0.00000 11.70480
12 276 1.84152 1.05264 4.54488 7.90152 0.00000 15.34056
13 274  2.82624 2.43576 1.39008 1.71120 0.00000 8.36328
15 119 1.51464 0.78816 4.12704 7.56048 0.00000 13.99032
16 972 1.94808 0.98592 4.83408 7.38528 0.00000 15.15336
17 82 1.51464 0.74328 4.25496 7.57632 0.00000 14.08920
18 465 1.90320 1.29888 4.58520 7.71528 0.00000 15.50256
19 16 1.52232 1.00632 4.29192 9.01440 0.00000 15.83496
20 82 1.84200 1.55400 4.46304 6.82344 0.00000 14.68248
18140 3.07761 2.26024 1.91262 2.21889 0.00000

AVERAGE TRAVEL TIME
HOURS
7.25047

AVERAGE DELAY TIME
HOURS
2.21889

TRANSIT TIME IN
HOURS
9.46937

CANAL
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PANAMA CANAL SIMULATION

25: SEA LEVEL L(A) + STATUS QUO - 250,000 DWT
YEAR 2060 TRANSITS

AVERAGE TIME IN

AVERAGE TIME

25-2

TRAVEL (HOURS) WAITING (HRS)
TOTAL
VESS REACH LOCK BEND LOCK BEND TRANSIT
TYPE COUNT TIME TIME TIME TIME TIME TIME
1 925 3.01440 1.98240 1.46472 1.45032 0.00000 7.91184
2 2006 2.90784 1.89672 1.43064 1.82472 0.00024 8.06016
3 10125 2.98416 1.99440 1.46784 '1.74432 0.00240 8.19312
4 113 2.91624 2.38536 1.43688 2.05200 0.00000 8.79048
5 267 3.68856 2.40024 1.77360 1.89912 0.00264 9.76416
6 517 2.74248 2.60328 1.35720 2.03712 0.00240 8.74248
7 1231 3.65832 2.80296 1.75632 1.94376 0.00000 10.16136
8 2888 3.92688 3.36648 1.87536 1.86816 0.00096 11.03784
9 443 2.85072 2.79600 1.38792 2.02368 0.01032 9.06864
10 385 3.86136 3.48528 1.84560 1.84704 0.01344 11.05272
11 128 3.97320 4.12680 1.89864 2.08704 0.00648 12.09216
12 2601 1.85136 1.00704 4.65024 8.30280 0.00000 15.81144
13 348 2.82576 2.39352 1.40304 1.96320 0.00000 8.58552
15 250 1.51488 0.86520 4.23312 7.46280 0.00000 14.07600
16 1390 1.96752 1.01640 4.86744 8.32128 0.00000 16.17264
17 192 1.51488 0.91728 4.26312 8.15064 0.00000 14.84592
18 711 1.91376 1.26192 4.63752 8.17320 0.00000 15.98640
19 12 1.52232 1.02768 4.46208 4.81512 0.00000 11.82720
20 60 1.85424 1.56696 4.46640 7.44408 0.00000 15.33168
24582 2.90160 2.05869 2.21291 3.16047 0.00163

AVERAGE TRAVEL TIME
HOURS
7.17320

AVERAGE DELAY TIME

HOURS

3.16210

TRANSIT TIME IN CANAL
HOURS
10.33530
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APPENDIX F
LOCKING TIME PROBABILITY DISTRIBUTIONS
Locking time data are input to the Waterway Analysis Model in the form of probability
distributions, specified with a type code and one or more parameters. For this study,
all input distributions were either constant, Gamma, or Weibull distributions. The

following sections define the parameters used to specify the distributions, and express
the mean and variance of each distribution in terms of the parameters.

Type K - Constant

Parametér Pl =y Location and constant value
Density f(x) = 1 X=p

=0 otherwise
Mean B

Variance 0

Type G - Gamma

Parameters P1 Mean

il
2

P2 =a Shape parameter

P3=y Location parameter
Density
(x - %)% exp[-(x - y)/B]
f(x) = X>y
p* I'(a)
=0 otherwise

where 8 is a scale parameter defined by the variance (see below)



Mean

Variance

Type W - Weibull

Parameters

Density -

Mean

Variance

b=y +af

o = af?

Pt =a Shape parameter
P2=p8 Scale parameter
P3 =y Location parameter

fx) = a B2 (x - )" exp{-[(x - IBI°} x>y
=0 otherwise
B =y + Bu, where u, = I['(1 + K/a)

o? = fu, - ud)
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APPENDIX G

REFERENCE DATA AND REPORTS

List of Alternatives to the Panama Canal - SINBOL

Contains tabulations of the salient characteristics of the present land Canal
and each of the various alternatives.

Data for Future Transportation Systems - SINBOL

Contains some useful tables relating to what is there now. Tables cover
vessel sizes, world port characteristics, near-term outlook on new vessels,
shipbuilding price trends, operating cost trends, charter rates & relationship
between tonnage & L/B/D.

Historical Trade Analysis - SINBOL

Contains historical world ocean trade information and trade routes in rela-
tion to the Panamanian Isthmus. Also, recent economic activities of major
countries and world, origins and destinations of commodities and recent _
events affecting the world and regional economy.

Attachment |l to the Operating Characteristics
and Capacity Evaluation Component Contract

Job Specific Information and Data Pertinent to the Contract. A duplicate of
Appendix |il of the Inception Report for the Engineering/Cost Component,
which is included as information directly applicable to the OCCES compo-
nent or for reference purposes. It contains the following items:

item Description

1 List of Study Cases for Pre-screening

2 Approximate Plans and Profiles

3 Description of Topo Quad Sheets used for Alternative Align-
ment



Item Description

4 Approximate Alignment of Canal Alternatives on 1/50,000 topo

maps to be purchased

5 Tables of Coordinates of Approximate Alignments of Canal
Alternatives

6 Dimensions of Design Ships and Dimensions of Lock Cham-
bers

7 Typical Canal Sections

8 Geology and Slope Stability’

9 Conceptual Plan of Sea Level Canal

10 Major Feasibility Check ltems

11 Cost and Estimate Schedule Format

12 Capacity of Complimentary Systems

13 Center Port Concept - Executive Summary

14 Design Standards

Data on the Operation of the Panama Canal - D. F. Bastian
Compendiurh of information on how the Panama Canal is operated at pres-
ent time, total TICW, water use and modes of operation.

The Transisthmian Alternatives for Increasing

the Throughout Across Panama - D. F. Bastian.

A brief description of the various alternatives to be tested.
Panama - A New Set of Locks - D.F. Bastian

A paper presented at the 2nd International Symposium on Coastal Space
Utilization, 19¢° . that discusses double lift and single lift locks.
1[4
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A New Sea Level Canal Concept - D. F. Bastian

An unpublished paper discussing a sea level canal with currents controlled
by locks at the Pacific end.

Annex V - Report of the Interoceanic Canal Study
Commission Study of Engineering Feasibility

Contains detailed descriptions of the alternative routes and a comparison of
the most promising alternatives - as of 1970.

The Panama Canal Pilot - Capt. George A. Markham

This is a training manual for new pilots, as well as refreshing old pilots.

El Canal A Nivel (Feasibility Study of Vergara Sea
Level Canal Proposal) - Por: Ing. D. Vergara Stanziola

Contains information comparing the Vergara Plan with the IOCS 1970 plans
and the Lopez-Moreno Plan. Also contains some limited information on
construction methodology, ecology and project costs, Pub.: 1982.

El Canal a Nivel (Segundo Tomo) - Por: Ing Vergara Stanziola

Basically a proposal on financing the Vergara Sea Level Canal Project and
how the cost may be distributed among the interested parties. Also com-
pares the Vergara Plan with the IOCS plan of 1970 and shows why his plan
is more cost affective. Published April 1990.

Handbook of lockage Procedure Locks Division

Panama Canal Commission, Marine Bureau: is issued as a reference and
guide for those concerned with the passage of vessels through the locks of
the Panama Canal. It outline lockage procedures compiled from existing
rules, regulations, orders, established practice and operating experience.



Marine Bureau Operations Manual Section 2. January 1, 1991

Table | - Ship Requirements and Restrictions
Table Il - Precautionary Measures due to Cargo

Memorandum, U.S. Government; May 31, 1991

Subject: Information for lockage delays data storage.
A memo explaining how the information collected daily by the three lock
control houses is stored, classified and used (five sheets).

Transit Communications Network

A set of seven sheets containing information on how to access the MTCS
system.

Miscellaneous sheets

1. a Ship Data bank - Transit Card,
2. a Ship Due Card,
3. and a CANAL TRANSIT TIME Sheet

Tables of Coordinates for the Panama Canal

Different Alternatives

1. Routes 10 and Vergara

2. Third lock, Terminal and variation. Deep Draft, Panamanian Plan
3. Route 14S

The Study of Alternatives to the Panama Canal

Phase I: Preliminary Engineering and cost estimates;

Draft Final Report; November 1991, Yachito Engineering Co,, Ltd.
under contract with Japan International Corporation Agency.

This summary Report is a summary of the Interim Report Phase | of the
Panama Canal Alternative Study and presents the study results for some of
the 36-study cases which have been considered in the first half of Phase I.

The Draft Final Report consists of Part 1-Engineering for Prescreening and
Part 2-Cost Estimation for Prescreening.
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Draft Final Report; April 1992
Commodity and Traffic Projections Study
The WEFA Group

Contains commodity and traffic projections to years 2020 and 2060.

Information provided by the P.C.C. regarding the "Operational Characteristics and
Capacity Analysis' component of the CAS effort. (Received November 12, 1991)

ATTACHMENT A - Contains all ship data bank information for the

Calendar Year 1990. Data has been recorded onto a 20 mb Bernoulli
cartridge. It includes the data record layout of the file and photocop-
ies of the Data Processing System Manual sections containing the
definitions of the data items.

ATTACHMENT B - Contains the Locks Delay Database for Calendar Year

1990 on a 32 inch disc along with the data record layout and defini-
tions. Also included are actual locks lanes outages for Calendar Year
1990 and 1991 and proposal lane and culvert outages for Fiscal Year
1992.

ATTACHMENT C - Contains the record of water usage for existing Canal
Locks for 1990.

ATTACHMENT D - Contains hydrological information and Data of the Pana-
ma Canal Watershed. It comprises seven attachments:

D1.  Information on Chagres River discharge rates at different eleva-
tions at the gauging station. The table includes information on
Chagres, Pequeni, and Boquerdn Rivers.

D2. Paper prepared by the Commission's Meteorological and hy-
drographic Branch on Cafio Quebrado River weir site.

D3. Information copied from the Interoceanic Canal Studies of 1970
on the following rivers: '

Agua Salud Frijoles
Mandinga ‘Chagres
Cuimito Arrieros
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Ds.

Dé.

D7.

Contains unit hydrographic values for several streams includ-
ing Chagres and Cario Quebrado. The information was taken
from the "Development of Probable Maximum Flood and Re-
view of Flood Routing Procedure* done by the Corps of Engi-
neers in 1979.

Brief summary of major floods in the Chagres River basin since
1879.

Most recent published river data on Chagres, Pequeni,
Boquerdén, Gatun, Trinidad and Ciri Grande Rivers (1973 -
1978).

Most recent published river data on Chagres, Pequeni,
Boquerdn, Gatun, Trinidad and Ciri Grande Rivers (1979 -
1983).

ATTACHMENT E - A copy of the summary of the final report from CAORF on
their studies of the Panama Canal.
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