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ABSTRACT

SHOALING CHARACTERISTICS OF
THE GULF INTRACOASTAL WATERWAY IN TEXAS

Maintenance dredging records were used to compute average shoaling
rates in 5000-foot reaches for the entire Texas Gulf Intracoastal
Waterway. Environmental data pertinent to the waterway were gathered
from published and unpublished sources. Computed shoaling rates and
selected environmental features were plotted on Composite Factors Maps.

Similar reaches were grouped and examined using analysis of variance
techniques to determine the effect of selected environmental factors on
shoaling rates. A model was also developed to predict shoaling rate in a
reach with known environmental factors.

The average shoaling rate over the entire waterway was found to be
10.5 inches per year., Shoaling in open bay areas was found to be an
average of 3 inches per year greater than in Tand-cut areas. The com-
bination of dredged material mounds, or fetch greater than 5 miles, with
water depths less than 6 feet (surrounding bay depth) increased average
shoaling rates 5 inches per year. The placement of dredged material in
mounds on the windward side of the waterway increased the average shoaling
rate of open bay areas by 7 inches per year. In bay areas with long
fetches and depths less than three feet, it was found that windward place-
ment of dredged material was actually advantageous.

Hurricanes did not appear to have a drastic impact on shoaling rates;

however, localized effects were noted in several areas.
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INTRODUCTION
Waterway Description

The Gulf Intracoastal Waterway in Texas is a shallow draft
navigation channel, which extends from Port Arthur to Brownsville.

The Texas portion of the waterway is 125 feet wide, 12 feet deep and
380 miles long.

The waterway passes through the Tow-lying areas adjacent to the
Texas Gulf Coast. It passes throﬁgh both Tand-cut and open bay areas.
Land-cut areas, normally dry at lTow tide, are typically marsh, mud
flats, or pastures. An idealized section of waterway through a land-
cut area is shown in Figure 1. The depth and general character of the
bay varies from the extremely shallow, saline water of Laguna Madre
to the fairly deep, medium salinity waters of Galveston Bay. An
ekce11ent cartographic and narrative description of the geology,
climate and general environments of the coast is presented in the

Environmental Geologic Atlas of the Texas Coastal Zone series (12).

Economic Importance of the Waterway

Phillips (22) has estimated that 75% of the total goods trans-
ported out of Texas each year are carried on inland waterways. He
has also assessed the waterway's direct economic contribution to Texas

as $1.8 billion per year. The recreational value of the waterway
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Fig. 1 Typical Land-Cut Section of the Gulf Intracoastal Waterway




alone is considerable. Simply stated, the Gulf Intracoastal Waterway

is cne of the state's most valuable resources.

Waterway Shoaling

Description. The natural forces of wind, waves, currents, and

rain continually work to fill the waterway with sediment. This sedi-
ment is termed shoal material since it reduces waterway depth (Fig. 1).
About 8 million cubic yards per year is removed from the Texas section
of the waterway (20). This represents an average accumulation of
about 10 inches per year over the 380 miles of main channel in Texas.
At $0.40 per cubic yard for maintenance dredging (4) this amounts to
an annual expenditure of over $3 million.

Consequences. Shoaling reduces the goods-carrying capacity of

the waterway. Barges operate at reduced efficiency when depth restric-
tions force them to carry less than full loads. Tug fuel consumption
is also increased as depth below the keel is reduced. Siltation of

the waterway could also 1imit its value to boats seeking protected
passage along the coast.

Before the waterway was completed there was 1ittle circulation in
Laguna Madre. The result was hypersaline water which discouraged plant
1ife and was thought to be a factor in several fish kills which occurred
there (10). Allowing the waterway to shoal could cause a gradual
return to this situation.

Control. The waterway is dredged continually to control the

shoaling described above. This dredging has created much controversy.



Studies concerning least damaging dredging techniques (21) as well as
dredged material disposal practices (6) also reflect this concern.

On the other hand, dredging is expensive. Until recently the
method of disposal of dredged material was mainly an economic decision.
Frequently, the method of disposal which is most appealing from an
environmental standpoint is the worst economic alternative. The cost
of various disposal techniques varies considerably. For example,

Cable (6) has stated that open water disposal in the Chesapeake Dela-
ware canal was 50% cheaper than the next least expensive alternative.
In many cases, the most environmentally acceptable disposal solution
would be to barge or pipe dredged materials long distances from the
dredging site. The economic factor will probably continue to be
important as Tong as the cost of dredging and disposal remain high.

Any solution of the problems associated with waterway maintenance will
be a delicate balance between economic and environmental considerations.
One obvious alternative which has been noted (4) is to reduce
maintenance dredging by reducing shoaling. This would require three

basic things: (1)} knowledge of the rate of shoaling in particular
areas, (2) knowledge of the factors which caused this shoaling, (3)
the ability and resources to control those factors.

This research addresses only the first two objectives.



OBJECTIVES OF STUDY

The objectives of this research were: (1) to determine shoaling
rates along the entire length of the Gulf Intracoastal Waterway in
Texas, and (2) to correlate these rates with several characteristics
of the local environment. The effect of wind and dredged material

mounds on observed shoaling rates was of special interest.



LITERATURE REVIEW

Few field studies have been directly concerned with shoaling of
the waterway. The studies which do address waterway shoaling have
been primarily concerned with the erosion of dredged material mounds
or the effect of dredging on the environment. A recent study (3) in
Galveston Bay noted that 63% of the material deposited on a designated
mound was gone after 22 weeks. There was also evidence that some of
this material returned to fill the waterway again.

Cronin (8) noted that material deposited in 15 feet of water in
Chesapeake Bay spread out to cover an area five times as large as the
designated spoil area to a minimum depth of one foot. He also noted
that 12% of the material originally deposited was gone after 150 days.

Saila and Pratt (26) attempted to relate movement of dredged
material to current direction and velocity at the bottom. They indi-
cated that accurate knowledge of bottom current patterns was needed
to accurately predict material movement.

Hellier and Kornicker (14) did a field study in Redfish Bay near
Aransas Pass, Texas. They used colored gravel to indicate the accumu-
lation of dredged material. The authors noted increased accumulation
of material on the Teeward side of dredged material mounds.

Boyd {4) gave an extensive review of Corps of Engineer dredged
material disposal research, and dredging practices in general. He
discussed sources of shoal material, disposal alternatives and
some of the practical problems associated with channel maintenance.

The U.S. Army Corps of Engineers Draft Environmental Statement



(10) describes the disposal areas adjacent to the waterway. It also
includes summary information about the physical and biological environ-
ment. Proposed and existing disposal sites are discussed. The report
also describes the factors involved in dredged material disposal site
selection.

Einstein and Krone (11) indicated that broad shallow bays stirred
by wind are probably prime sources of shoal material. In a study using
radioactive tracer in San Francisco Bay, they found that the direction
of sediment movement was not necessarily in the direction of wave
movement. They postulated that sediment was placed in suspension by
waves, then carried by existing currents. $imilarly, Smith (29)
noted that stirring action by the wind may be augmented by return flow
opposite to the wind direction at the bottom.

Several authors have suggested that hurricanes may be a signi-
ficant force shaping the Texas coast (5). The importance of the pre-
vailing southeast wind in transporting sand (12}, and in generating
wave-induced bottom turbulence (27} has also been noted by most authors
who deal with the Texas coast.

Herbich (22) computed shoaling rates in several broad reaches
of the Gulf Intracoastal Waterway. He points to bank erosion, hurri-
canes, and wind-blown sand as shoaling mechanisms in certain problem
areas of the Waterway.

Basco (2) has given an exhaustive review of the literature dealing
with the erosion of subaqueous disposal areas. The work also contains

a summary of the theoretical mechanisms involved in sediment transport.



A thorough discussion of math models available for the predic-
tion of the movement of suspended sediment is given by Johnson (15).
He points out that most models available today are water gquality models
which are not acceptable for predicting suspended sediment movement.

Storm {30) modified a water quality model to assess the impact of
maintenance dredging. The model was primarily designed to predict
the short-term movement of materials suspended during dredging opera-
tions.

Physical models have been used extensively to study navigation
channel shoaling. Rhodes and Boland (24) used the physical model of
Matagorda Bay to find optimum spoil mound orientation and location.
Simmons (28) used the physical model of Galveston Bay to investigate
a similar problem. In fact, a physical hydraulic model exists for
most major ports. Physical models are most useful in comparing
specific alternatives in a given area. They do not provide quanti-
tative estimates of shoal accumulation. The Gulf Intracoastal Waterway
has not been modeled. To do so would be a complex and enormously
expensive task.

The numerous and controversial theories of sediment transport
had 1ittle direct application in this study. The gualitative des-
cription of shoaling described by Ippen (16) was used in this study

to explain characteristics of observed shoaling.



HISTORICAL DREDGING RECORDS
Problems in Determination of Shoaling Rates

Accurately measuring accumulation of material in the waterway,
in even a small area, presents many technical problems (3). To con-
duct a scientific field study to find out the rate of sediment accumu-
lation in the entire waterway would be a monumental task. For this
reason, maintenance dredging records were investigated as a source
of field data.

The Corps of Engineers has maintained dredging records (20} over
the whole waterway which specify the amount of material removed during
routine maintenance dredging. These records date back to original
excavation of the waterway. Although not compiled under classical
scientific control, the records are fairly extensive and compiete.
They were edited and verified by Corps of Engineer employees familiar
with dredging policies and procedures.

The following basic approach was used to determine shoaling
rates. First, it was assumed that a given section of waterway was
dredged to the same depth each time that maintenance was performed.
Thus, the amount of material which was removed during each dredging
occurrence was the amount of sediment which had entered that section
since it was dredged last. Dividing by the time between initial
and final dredging, a rate of filling was computed. This rate

was termed the shoaling rate.
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Description of Dredging Records

Dredging may be classified according to the type of work which
is performed. New work designates dredging of areas which have not
been previously dredged. Maintenance dredging is simply re-dredging
a channel which has been fiiled by sediment. A typical maintenance
dredging segquence might be Tike this. From experience, or perhaps
the report of a local representative, the corps decides when a given
section of waterway needs to be dredged. A dredge contract is let
specifying the depth to which the channel is to be dredged. In
most cases, the channel is dredged to design depth plus an additional
two feet, which is designated advanced maintenance. In addition,
the contractor is usually allowed another foot of leeway since the
dredge cannot operate exactly at the required depth. As soon as
pfacticab?e after completion of the work, the section is surveyed
to determine the amount of material actually removed from the waterway.

The contractor is paid according to this amount.
Computation of Shoaling Rates

Sections of waterway which have been dredged are described in
the contracts, and in the dredging records, using the Corps of Engi-
neers stationing system. This system measures distances in thousands
of feet. There are four separate stationing systems used for four
geographic sections of the waterway. For example, a typical report
from the Corps of Engineers Fort Point Area Office (see Appendix II

for location) might indicate that 60,000 yd3 was dredged from station
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2374000 to station 242+000. This simply means that the waterway was
dredged from station 237,000 feet to 242,000 feet, a distance of
5,000 feet. For continuity and clarity, these station numbers were
converted to waterway miles using the equations shown in Appendix III.
This mileage system was used throughout this report. It was also
superimposed over the waterway on the Composite Factors Maps.

The 60,000 cubic yards of material taken from this reach was
distributed uniformly over the distance specified. (i.e. 60,000
yd3/5000 ft = 12 yd3/ft). Since most recent dredging contracts were
et in 5000 ~foot reaches, the entire waterway was divided accordingly.
This allowed maximum use of the accura;y in the data itself. To divide
the waterway any finer than this would be misieading, since dredging
amouﬁts were reported in 5000-foot reaches. Conversely, to express
the amounts dredged in reaches Tonger than this would unnecessarily
broaden the data base. The waterway was, therefore, divided into 402
five-thousand-foot reaches. Amounts specified by the dredging records
were placed into appropriate 5000-foot reaches. The endpoints of these
reaches were converted to waterway miles and plotted along the bottom
of the Composite Factors Maps. (i.e. reach 1 = mile 288.6 to mile
289.5).

The amount of material dredged from each reach was totaled and
divided by the total time from the end of original channel dredging
through the year the reach was last dredged. This was taken as the
shoaling rate per year for that reach. This rate in cubic yards

per year was also converted to feet accumulation of sediment per year.
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This value was computed for each reach by assuming that the channel

had a rectangular cross section 125 feet wide.

Summary of Assumptions Used to Compute Shoaling Rates

The following basic assumptions were made in computing shoaling
rates from the maintenance dredging records.

1. For a given reach, the required depth specification remained
constant from year to vear.

2. Surveying errors were normally and independently distributed
about zero.

3. The waterway had a 125-~foot-wide rectangular cross section (to the
depth of shoal accumulation).

4. The year of accomplishment of dredging was the year in which most
of the dredging was done. For example, if dredging were conducted
from October, 1948, until June, 1949, on a given contract; it was
assumed that ail dredging took place in 1949.

5. Shoaling occurred during the entire year in which original {(new)
work was completed and during the entire year that dredging was
Tast reported. These two assumptions were made to simplify com-
putations.

A short example illustrating the above explanation should clarify
the procedure used.

Example T.--Computation of Shoaling Rate in the Gulf Intracoastal

Waterway from Maintenance Dredging Records.
Given: Amount dredged from Station 20+064 to Station 25+064 in

the Corpus Christi to Mud Flats areas (Appendix 1I).
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Find: Annual Rate of Shoaling.
Year Amount Dredged (yd%l
1942 New work completed.
1945 60,000
1948 80,000
1951 40,000

Total 10 years 180,000 yd°

1. Amount of shoal per year = Total amount dredged
Number of Years

it

180,000 (yd°)
10 {yrs}

18,000 (yd>/yr)

2. Convert station numbers to waterway miles using equations from

Appendix ITI Station 20+064 = 20,064 feet.

1]

Station distance/5280 + 548.2 miles

(20,064 ft) X éT mi]e; + 548.2 miles
(5280 ft

552.0 miles

Waterway Mile

3. Repeat step 2 for end mile.

(25,064 ft) X {1 mi]e; + 548.2 mile
(5280 ft

552.9 miles

Mile

It

Thus an average of 18,000 yd3/yr accumulates between
mile 552.0 and mile 552.9.
4. Convert volume of shoal material per year into thickness of
shoal Tlayer as shown in Figure 1.
Assume: Rectangular waterway cross section 125 feet wide.
volume/yr = (length) (shoal depth) (width}
(18,000 yd/yr) X (27 ft7yd) = (5000 ft) X (h) X (125 ft)
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it

(18,000 yd°/yr) X (27 ft3/yd)
(5060 FE) X (125 Ft)

shoal depth = h

h

H

0.77 ft/yr

Shoaling rates were computed in this manner for the entire length
of the waterway using a digital computer. Length of record for parti-
cular reaches varied according to the year in which that section of
the waterway was completed. Data was complete through 1974 for most
reaches. A summary of the annual shoaling rate for each of the 402
reaches in Texas is given in Appendix IV and plotted under the appro-
priate mile on the Composite Factors Maps. Figure 2 shows the total
amounts of material which have been removed from the entire waterway

by year. Considerable variability from year to year is apparent.

Accuracy of Computed Shoaling Rates

The records used to compute shoaling rates were, in some cases,
approximate values determined by Corps personnel many years after
dredging was actually done. The accuracy of many of the earlier
entries can only be surmised. Obviously, the Tonger period of record
available, the better chance that the computed rate represents the
actual shoaling rate. Most sections of the waterway had been dredged
at least 3 times. However, a few reaches had been dredged only once
or twice. The number of times that a given reach was dredged is
plotted above the bar graph on the Composite Factors Maps, and is
included in Appendix IV.

An average error of about 1% was introduced in the annual

shoaling rate by assuming a rectangular, rather than trapezoidal
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waterway cross section. This error increases slightly in reaches
with higher than average shoaling rates. The error results in reported
shoaling rates slightly higher than true rates.

For waterway reaches having 30 or more years of record, a maxi-
mum error of almost 7% could be introduced due to the assumption

(no. 5, p. 15) concerning shoaling during beginning and ending years.
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THE PHYSICAL ENVIRONMENT

Sediment Sources

Sediment may enter the waterway from five generalized sources as
shown in Figure 3. These sources are expanded in Table 1. The Tist
is not intended to be exhaustive; however, it should show the wide

variety of mechanisms which could produce shoal material.

Sediment Distribution in the Waterway

To find out what type of sediment constitutes actual shoal
material, samples were taken from the bottom of the waterway (19)
in January, 1975. A grain size analysis using a visual accumulation
tube was performed on all sediment which was larger than .074 mm (19).
The results were plotted against waterway mileage in Figure 4. The mean
sand grain size was .173 mm, a fine sand. High clay content was found
in areas near river mouths. This was especially obvious near the
Brazos and San Bernard Rivers from mile 395 to mile 440. Most of
the material sampled was fine sand. Original data is given in

Appendix V.
Wind Data

Wind data (31) was analyzed to determine whether or not a pre-
vailing wind direction could be specified. Information in Table 2
was tabulated from the wind roses shown in Appendix VI. Since there

are eight directions represented on the diagrams, it was reasoned
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Fig. 3 Generalized Sediment Sources



TABLE 1.-- Explanation of Sediment Sources

Source

Bottom

Bank

Surface

River

Gulf

Mechanism or Cause

Wind and ship-generated waves.
Wind and wave-generated currents.
Ocean swell.

Tidal currents.
Propeller-generated currents.
Shrimp trawlers.

Dredging operations.

Spoil mound erosion.

Wind and ship-generated waves.
Wind and wave-generated currents.
Ocean swell.

Tidal currents.

Industrial or municipal outfails.

Upland runoff.

Wind-blown sand.

Spoil-mound erosion.

Suspended and bedload material.

Littoral drift.
Hurricane washovers.

19
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TABLE 2.-- Predominance of Combined North and Southeast Winds

Percent of Time Wind was From N or SE

Month Galveston Area Corpus Christi Area
Jan. 38 44
Feb. 34 40
Mar. 38 44
Apr. 43 50
May 4] 48
Jun. 38 48
Jut. 29 44
Aug. 27 35
Sept. 30 40
Oct. 31 42
Nov. 38 ' 49
Dec. 37 45
Total 424 519
Ava. 35.3 43.3

Overall Average = (35.3 + 43.3}/2 = 39%

Conclusion: The wind blows from the north or southeast a
total of 39% of the time on the Texas Coast.

Data Source: U.S. Naval Weather Service (31).
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that the wind should blow equally from all directions if in fact there
was not a dominant wind direction. In other words, the wind should
blow 12.5% of the time from each direction. Analysis and averaging

of data over the coast showed that the wind was from the southeast

27% of the time. The southeast winds were then removed from the total.
This Teft, 100%-27%=73% of the time or 266 days for the other seven
directions. \Using reasoning similar to that above, the wind should
blow 10.4% of the time from each of the remaining seven directions.

It was found that the North wind blew 11.9% of the remaining time.

Although not clearly dominant from a direction standpoint alone,
the unusually high velocities associated with north winds were con-
sidered adequate reason to include that direction as dominant also.

A procedure which took the product of wind frequency and velocity as
a criteria for determining direction was used by Fisher (12) to ob-
tain similar results.

Carrying the analysis one step further, the north and southeast
winds in the Galveston and Corpus Christi areas were combined as shown
in Table 2. The combination of north and southeast wind occurred an
average of 39% of the time.

Rusnak {27), Fisk (13), Fisher {12), and others have pointed to
the significance of the southeast wind as the primary physical force
on the Texas Coast. Brown (5) has indicated that polar fronts and
resulting north winds are also important in shaping the coast.

Summarizing, the north and southeast winds were shown to be domi-
nant. These wind directions were plotted on the Composite Factors

Maps when they crossed the waterway with fetches greater than one mile.
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Tide Data

Astronomical tides are not generally considered significant ailong
the Texas coast, except near ocean passes (12). The diurnal tidal
component is predominant, averaging one foot in height (range).

To get a better understanding of tides and tidal currents in the
waterway, several tide gauges were selected which were within or ad-
Jacent to the waterway. Average tidal heights were determined from
U.S. Geological Survey records (33) for several Tocations. Average
monthly extremes and overall extremes were also computed. A summary
of results is shown in Table 3 and Figure 5.

Computations were made to get a rough idea of the magnitude of
tidal currents possible with these tidal heights. Tides from the
Sabine area were used for the computation. A one-dimensional model was
used (16). Assuming that a tide of 1.1 foot is impressed at the mouth
of an infinitely long canal of uniform cross section, maximum velocities
of one foot per second resulted at the canal mouth. A current of four
feet per second resulted when a monthly extreme tidal height of 3.7
feet was used. It should be noted that these currents are extremely
rough estimates because of the simple model which was assumed. How-
ever, they do indicate that fairly significant currents might occur

during tides with amplitudes on the order of the monthly extremes.

Current Data

Detailed current measurements for the entire waterway are not

available. A summary of measurements taken as a result of several
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localized studies is given in Table 4. Generalized current patterns

for all major Texas bays aré summarized fn the "Report on Gqu.Cbast

Deep Water Port Facilities Texas, Louisiana, Mississippi, Alabama,

and Florida." (25) Fisher has observed that currents are more a
function of winds than astronomical tides (12). Wind, combined with

the shallow depths and the gentle slope of Texas Bays has a strong effect

on bay circulation (25).
Salinity Data

Salinity varies tremendously along the length of the waterway.
Laguna Madre is characterized by hypersaline water. Salinity varies
drastically depending on rainfall, evaporation, and tidal height.
Normal range could be from 5 ppt to 60 ppt in northern Laguna Madre.
As one moves north along the coast, salinity generally decreases in
both amount and variability. The Galveston and Matagorda Bay systems
generally have salinities from 35 ppt to 15 ppt (10). Constant mixing
of the shallow waterway by wind, and Tow fresh water inflow in most
areas has resulted in very small salinity changes with depth. This
pattern is frequently upset temporarily by heavy rains. However, the
usual profile is reestablished rapidly (12}. Exceptions to this
general rule frequently occur near rivers where a vertical salinity

gradient is usually present.
Active Shorelines

There are 1100 miles of bay shorelines on the Texas coast (12).

Much of this shoreline is undergoing various rates of erosion or



TABLE 4.-Summary of Current Velocities near the Waterway

Mileage

355-356

Galveston
Bay (all)

401-401
351-351

350-350

456-457

b) US

Source/Method

Bassi & Basco (3)
Field Study
Current drogues,
aerial photos of
dye patches

Fisher et al. (12}

TWDB (22) Report
near Brazos {esti-
m?ted from Figure
7).

Simmons (28} -
physical model of
Galveston Bay
entrance

In Houston ship
channel {entrance)
(28)

TWDB (18) near
Palacios (estimated
from Figure (9,24).
Math model.

Downstream, near surface

Upstream, near bottom

Velocity (ft/s)

Av. Dir. Max. Dir.
1.1 NE 1.1 NE
0.8 NE 0.8 NE
1.0
1.0 pse 2.3 DS
0.5 usP

1.4 Flood

1.0 Ebb
£.2 Flood 4.2 Fiood

2.5 Ebb
0.2 W 0.2 E
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deposition. Brown (5) estimates that 37% of this shoreline is eroding.
He also states that principal erosion occurs during hurricanes, polar
fronts, and tropical storms. Erosional or depositional shorelines
(12), which could indicate availability of sediment, are plotted on

the Composite Factors Maps.
Hurricanes

Henry and McCormack (15) compiled a 1ist of hurricanes and
tropical storms which have affected the Texas coast from 1871-1973.
Carr (7) and Brown (5) have also Tisted hurricanes, storm tracks and
other related data. Table 5 is a compilation of data gathered from
these references. It indicates the approximate location where each
hurriéane crossed the waterway. Hurricane landfalls are also shown
on the Composite Factors Maps. Only hurricanes which occurred after

waterway completion were plotted.

Summary of Waterway Characteristics
A summary of the physical environment described above is given

in Table 6.



TABLE 5. -~Hurricane Landfalls

Date Approximate Landfall Name Remarks
(Waterway Mileage) T

8/7/40 285

9/23/41 434

8/29/42 336

9/21/42 456

7/27/43 456

8/27/45 338

10/3/49 428

6/25/54 670

6/27/57 260 Audrey

7/25/59 377 Debra

8/11/61 473 Carla Most severe
hurricane on
record.

8/17/63 324 Cindy

9/20/67 669 Beaulah

8/3/70 536

9/10/71 570 Fern Traveled along
coast for

great distance.

29
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TABLE 6.--Summary of Environmental Data

Factor
Sediment
Wind

Currents

Tides

Salinity

Active

Shore

Hurri-
canes

Description

Fine sand except near rivers.

bominant north and southeast.

Less than 1 kt except near
ocean passes or during high
winds.

Range Tess than 1 ft except
near passes and during high
winds.

Great seasonal and geographic
variation, but fairly constant
with depth. Fluctuations with

large rainfall.

Erosional or depositional
shorelines.

Landfall. Significant in
causing erosion and shaping
of shorelines. Move large
amounts of sediment rapidly.

Plotted on Maps

No

Yes

No

No

No

Yes

Yes



SYNTHESIS OF ENVIRONMENTAL DATA WITH SHOALING RATES

Composite Factors Maps

The basic approach in combining shoaling rates with general

-~ environmental factors was to consider the entire waterway as one

body of water. A series of Composite Factors Maps was developed

to display computed shoaling rates and observed environmental factors
simultaneously. These maps allowed a large number of factors present
in a given reach to be noted and linked intuitively to the computed
shoaling rate for that area. They preserved the broad nature of the
research while allowing full use of the accuracy of data available.
Although this research was concerned with gross physical forces along
the entire waterway, the maps should also be useful as preliminary
information for studies in specific areas.

Basic geographic features on the maps were taken from the Bureau
of Economic Geology Maps (12). Environmental factors which were
thought to influence shoaling were then plotted on the maps. Shoaling
rates, computed for 5000-foot reaches, were plotted below corresponding

sections of the waterway.

Statistical Procedures

Two separate statistical procedures were followed. First, an
analysis of variance was done to determine which of the chosen

factors could be isolated as "significant" environmental factors. This

31

was done by grouping reaches according to environmental factors present.
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The variance of shoaling rate for each grouping was compared to the
variance of the shoaling rate of all other groupings using an F-test.
Second, a prediction (regression) equation was developed to
predict the shoaling rate in a reach with known environmental factors.
A linear regression model, incorporating the same factors used in the

analysis of variance was employed.

Two basic assumptions were necessary in formulating the statis-
tical models. First, the error between the predicted value of shoal
and the actual value was assumed to be distributed normally, with
mean zero. Second, the observations of the dependent variable (shoal-
ing rate per year) were assumed to be independent. In most cases
adjacent reaches were dredged sequentially and, therefore, probably
not completely independent. Similarly, adjacent reaches are more
likely to have identical environmental factors present. In other
words, the shoaling rate in one reach was somewhat related to the

rate in adjacent reaches in many cases.
Determination of Significant Physical Factors

An analysis of variance procedure (1) was followed to determine
significant factors in the shoaling process. Each 5000-foot reach of
the waterway was classified according to the environmental factors
present in that reach. Factors were chosen on the basis of 1)
intuitive insight from study o% the Composite Factors Maps, 2) possi-
ble physical explanation for observed shoaling, 3) basic assumptions
about the nature of the waterway, 4) ease of including the factor in

the model.

PR
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A basic factor which was considered was whether a reach was in
"open bay (0B)" or “land-cut {LC)" area. Open bav was defined as an
area in which the banks of the waterway were covered by bay water at
low tide. Land-cut areas were those reaches where the banks were not
normally under water at Tow tide.

In open bay areas the average depth of water within about two
miles of a reach was specified as less than three 3 feet (D3), between
3 feet and 6 feet (D36), between 6 feet and 12 feet (D612), or greater
than 12 feet. The presence of unconfined dredged disposal mounds adja-
cent to a reach in open bay was designated by "S". A fetch of 5 miles
or greater aligned with either north or southeast wind direction and
ending at the waterway, was symbolized by “F". The five-mile fetch was
chosen for two reasons: 1)some preliminary investigations had re-
vealed that initiation of sediment motion probably occurred if the
prevailing southeast wind blew over a fetch of this length, and 2)
fetches of this length or greater were common along the waterway. If
both fetch and dredged material mounds were present, another classifi-
cation was made. The Tocation of the dredged material mound either
windward (WS) or leeward of the channel was specified. The windward
factor is shown diagramatically in Figure 6. Reaches within one mile
of active shorelines, as defined by Fisher (12), were labeled "SL".
Reaches within 5 miles of a Gulf Inlet were designated "GI".

In land-cut areas, the presence of a river (R) within 5 miles of
a reach, or the presence of a small sediment source (CR) like a creek
was noted. The criteria of 5 miles from rivers was chosen because study

of Composite Factors Maps (Map 2) indicated this distance as an approxi-
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mate Timit of river effect.

These environmental factors are summarized in Table 7. The num-
ber of miles of waterway in which that factor exists is also shown.
Those factors plotted on the Composite Factors Maps were noted.

The mean shoaling rate for the entire waterway, grouped according
to these factors, is shown in Figure 7. The number of 5000-foot
reaches in which each factor was present is also specified.

An analysis of variance was then done to determine whether the
observed difference between shoaling rate with a particular factor
present, and the rate with that factor absent was a true effect or
simply a consequence of data variability.

For example, land-cut reaches containing factor "R" were com-

pared to land-cut reaches not containing "R". The ratio of the

respective estimates of variance in shoaling rates was then calculated.

This ratio would have the same distribution as an F random variable if
the two categories were equivalent. [If not equivalent the ratio would
be greater than an appropriate F value. A difference in the two cate-
gories as indicated by this test was taken as evidence that the

factor tested was significant in expiaining shoaling. Due to unequal
occurrence of environmental factors a regression within the analysis
of variance was necessary. Each environmental factor was tested at
the 0.05 level of significance. Loosely interpreted, this means that
there would be a 5% chance that a positive indication of significance
would be incorrect. A computerized solution routine (1) was used for

computations. It should be noted that just because a factor was

35



36

TABLE 7.--Explanation of Environmental Factors used in
Reach Classification

% Bay or Plotted

Symbol Explanation Miles {Land Cut) CFM
0B Open Bay Areas. 193.0 100.0 Y
D3 Depth in vicinity less

than 3 feet. 88.0 45.5 N
D36 Depth greater than or equal

3 feet and less than 6

feet. 57.8 30.0 N
D612 Depth greater than or

equal 6 feet and less

than 12 feet. 9.5 5.0 N
———— Depth greater than 12

feet. 38.0 19.5 N
S Unconfined dredged

material adjacent to

reach 152.5 79.0 Y
F Fetch of dominant N or

SE wind greater than

5 miles. 102.3 53.0 Y
SL Erosional or depositional

shoreline within 1 mile. 44.5 23.0 Y
GI Gulf entrance within 5

miles. 25.6 13.0 Y
WS Spoil mound on windward

side of waterway (Fig-

ure 6). 60.0 31.0 Y
LC Land-cut areas. 187.5  (100.0) Y
R River crosses waterway

within 5 miles. 25.6 {13.6) Y
CR Small stream crossing

waterway 72.0 (38.0} Y

a) Composite Factors Maps
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termed "not significant", does not mean that the factor doesn't
affect shoaling. It does mean that either data variability or model
deficiencies account for the difference observed with or without
the factor.

Results. Factors and interactions which were significant at
the 0.05 level were Tand cut, river, spoil plus depth of 3 feet, spoil
plus depth of 3 feet to 6 feet, fetch plus depth of 3 feet, fetch
plus depth of 3 feet to 6 feet, and windward spoil. The analysis of
variance table and associated F values are given in Table 8.

Discussion. Lland-cut areas were readily differentiated from
open bay areas in the analysis. Therefore, the shoaling difference
between land cut and open bay areas in Figure 7 is the result of a
true effect.

As was expected the factor"R" (river) had significant effect on
the observed shoaling rate. Only the presence or absence of a factor
was considered in this analysis. As stated above there appeared to
be a definite relationship between distance from the river and shoal-
ing rate (Brazos River on Map 3). An analysis of covariance would be
required to include this relationship.

Neijther "S", "F", "D3", or "D36" had a strong effect alone. How-
ever, the interaction of these factors was significant, as shown by
Table 8. The placement of dredged material or the presence of fetch
in open bay areas with depths of Tess than & feet had a significant
effect on the shoaling rate. In other words, dredged material pre-
sence or fetch in bay depths less than 6 feet were significant. These

factors were not significant in depths greater than 6 feet.



TABLE 8.--Analysis of Variance Table for Environmental Factors

Affecting Shoaling Rate

Source DF(a Sum of Squares Mean Square
Regression 19 82.853 4.361
Error 382 148.607 0.389
Corrected Total 401 231.460

Standard Deviation = 0.624
Mean = 0.869 ft/yr

Source DF Partial SS F-\J"a1ue(b
*LC 1 6.690 17.196
*R 1 3.892 10.004

S 1 0.452 1.162

F 1 0.138 0.355

SL 1 0.088 0.226

D3 1 0.4 1.056

N36 1 0.754 1.938

D612 1 0.015 0.039

GI 1 0.010 0.026

S+F 1 0.005 0.013

SL+D3 1 0.070 0.180

SL+D36 1 0.019 0.049

SL+D612 1 0.398 1.024
*$+D3 1 12.698 32.641
*S+D36 1 7.300 18.765

CR 1 0.005 0.012
*F+D3 1 9.249 23.776
*F+D36 1 8.184 21.037
*WS 1 7.384 18.982

* Exceed the critical value (3.92) for F with Tand 382 degrees
of freedom at the 0.05 Tevel of significance.

a) Degrees of Freedom

b) F = (partial SS/DF)/ (error SS/DF)
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The "windward spoil"” category was found to be significant also.
It was interesting to note that the interaction of "fetch plus spoil"
without regard to spoil location, was not significant.

None of the other factors or interactions were significant.

Prediction of Shoaling Rates

A regression technique was used to predict the amount of shoal-
ing in a reach with known environmental factors. The regression was
actually a special case of a normal regression since the independent
variables (environmental factors) did not take on a full range of
values. Instead, only presence or absence of the factor was speci-
fied. The regression model was modified further to account for special
factors “"WS", "R", and "CR" which were defined only when certain
basic factors were present. An additional variable was introduced
to adapt the model for this. The linear model and appropriate coef-
ficients are given in Table 9.

Another regression model was developed using only those 7
factors which were determined to be significant in the analysis of
variance. It was rejected due to significant Tack of fit. To pro-
vide the most accurate prediction possible, all 19 factors and inter-
actions shown in Table 8 were used in the final prediction.

Discussion. Using the final regression model, the guantitative
effect of the 7 significant factors was investigated. The predicted
effect of each factor is shown in Table 10. These values represent

the shoaling rate to be expected when the specified factor, and no
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others, are present. This was done to clarify the magnitude of effect
of each significant factor. To obtain a prediction of expected
shoaling rate in a given area, all environmental factors in that

reach must be considered.

Observations About Shoaling Characteristics

After careful consideration of environmental and statistical
data, the author proposed the following explanations for observed
shoaling rates.

Land-cut areas typically experience 3 inches per year less
shoaling than open bay areas. The absence of water to serve as a
transporting mechanism for shoal material is believed to account for
this difference. The fact that water does not completely cover the
channel and surrounding areas is believed to be a major factor in
the observed difference. This Tack of water removes a major trans-
porting agent for shoal material. Therefore, sediment sources are
limited and shoaling is diminished. Should a Tand-cut area become
temporarily flooded, an increase in shoaling rate could he expected.

Increased shoaling rates in reaches near river mouths were
expected. Flooding, tributary streams and direct deposition from the
main stream all contribute to this increase.

The placement of dredged material alongside the waterway in open
bays increases the shoaling rate more in depths befween 3 feet to 6
feet, than in depths less than 3 feet. A difference of over 5 inches
per year was predicted by the statistical model for these two cate-

gories. Spoil mounds in depths of 3 feet to 6 feet are thought to

43
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contribute more to waterway shoaling for two primary reasons. First,
the mound of material is more completely submerged than in shallower
depths. In depths less than 3 feet most of the mound is emergent:
only a small area is exposed to bay water. Thus more erodible material
is exposed in deeper water. Second, the movement of water normal to
the waterway is probably greater for the deeper bay areas than in

the shallower bay areas. Sediment transport is directly related to
circulation. In fact the mounds are thought to inhibit circulation

to a greater extent in shallower water.

The pattern noted above is accentuated even more when the
dredged material is Tocated on the windward side of the channel. In
both depth categories an additional increase of about 2 inches per
year was noted when windward spoil was present. The strongest single
effect occurs when windward spoil is placed in depths of 3 feet to 6
feet. A shoaling rate of almost 9 inches per year more than the
waterway average was predicted by the model. This indicates that
large amounts of material are continually eroded from these mounds
and transported in the direction of prevailing wind.

The effect of fetch on increasing the shoaling rate was greatest
in depths Tess than 3 feet. The prediction indicated that this factor
would result in an increase of 8 inches per year over the waterway
average. This is roughly 16,000 yd3 per year increase in a 5000-
foot reach. This increase in the effect of fetch in shallow depths
is reasonable., Shallower devnths allow waves to disturb bottom sedi-

ments. Consequently, medium velocity winds which blow most freguently,



have a greater effect here than in deeper depths.

It was especially interesting to note that "“fetch plus depth of
3 feet” experienced more shoaling than "fetch plus windward spoil plus
depth of 3 feet." Perhaps in shallow water, with long fetches, the
mound actually acts as a sediment barrier for the waterway.

Before leaving this discussion, the reader should note that 75%
of the bay areas adjacent to the waterway are less than 6 feet deep.
Almost 20% are greater than 12 feet deep. Only about 5% are between
6 and 12 feet deep. Shoaling in depths greater than 12 feet is
minimal. So it was reasonable to expect that depths less than 6 feet

were important since the bulk of shoaling occurred there.

Explanation of Shoaling in Selected Reaches

The predictive model using all 19 factors, does not accurately
predict shoaling in several areas. In these areas it is expected
that the assumptions made in formulating the model were weak. Unfor-
tunately, inmany of these areas shoaling rates are significantly
higher than expected, thus of particular interest. A brief descrip-
tion of several of the areas follows. Several possible explanations
for model inaccuracy are advanced.

A prediction of 1.0 ft/yr was made near the entrance to Galveston
Bay at mile 348. The observed rate was 2.3 ft/yr. The reach is a
semi-protected area out of the main stream of tidal flow through
Bolivar Pass. This area of low current velocity probably makes an
ideal sediment trap for material traversing the pass during tidal

exchange.
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Mile 400.4 near the Brazos River experienced a shoaling rate of
about 4 ft/yr. The predicted rate was 1.1 ft/yr. As seen from the
maps, this reach receives the brunt of sediment from the River. In
the predictive model, reaches within 5 miles of a river were assumed
to receive equal amounts of sediment from the river. A casual view
of the map for this area shows that,in fact, sediment is at a peak
at mile 400.4 and drops off quickly in both directions. The uniform
distribution of sediment near rivers assumed in the model was inaccu-
rate.

Mile 430.6 is a Tand-cut area near East Matagorda Bay which
experienced about 1.8 feet per year of shoal material. A rate of 0.7
ft/yr was predicted for this reach. Surrounding reaches also re-
ceived surprisingly large amounts of sediments for land cuts. These
areas are frequently innundated by high water. Re-working of dredged
material mounds, banks and general scour of surrounding land probably
occurs. As hypothesized above, increased shoaling can be expected
to occur in reaches covered with water.

Extremely high shoaling rates of almost five feet per year were
noted from mile 454.3 to 457.0 near the area where the waterway enters
Matagorda Bay. Predictions for these areas averaged about 2 ft/yr
less than observed values. The average currents in this area are
westward at less than 0.2 ft/sec along the bay shoreline. This net
transport is almost perpendicular to the waterway. It was also noted
from computer-generated velocity plots (32) that under certain flow

conditions currents converge in this area, resulting in consistently
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Tow velocities. Sediment carried in from the nearby Gulf Inlet, as
well as the sediment carried along the bay shoreline are probably
trapped here.

Average shoaling rates of about 2.7 ft/yr were noted in San
Antonio Bay from mile 492 through mile 500. Predictions indicated
that only 1.6 ft/yr should have accumulated. Dredged material mounds
are located on both sides of the channel. Prevailing winds from both
the north and southeast have fetches greater than 5 miles and cross
the waterway at Targe angles. This, combined with the fact that San
Antonio Bay is about 4-6 feet deep throughout . produced the perfect
situation for high shoaling rates. In the model, no allowance was
made for dredged material Tocated on both sides of the channel. If
the effect of windward spoil was doubled to account for spoil on both
sides of the channel, the prediction would have been 2.33 feet. This
bay is especially interesting since the amount of fresh water inflow
as well as exposure to tidal influence is low. The major factors
involved in shoaling are wind, spoil, depth, and fetch. A detailed
study of this area, using computed shoaling rates as field data, should
provide excellent insight into the mechanism of erosion and deposition
of bay bottom and spoil mound sediments.

The current pattern in Baffin Bay is quite complex. Both north
and southeast winds produce currents which flow out of Baffin Bay
and across the large dredged material island at the JTower end of the
bay. Currents converge on an area close to the Intraccastal Waterway

(25). It is felt this convergent area is responsible for the 1.6
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ft/yr rate near mile 580 in Baffin Bay. A rate of 0.5 ft/yr was pre-
dicted.

Mile 596 to 604 are Tand-cut areas at the southern 1imit of Baffin
Bay. These areas experienced shoaling of almost 2 ft/yr. The pre-
dicted rate was about 0.7 ft/yr. This area is subjected to innunda-
tion during high water and wind-blown sand, from large unvegetated sand
dunes in the area. These two factors could have significantly increa-
sed the shoaling rate here. Numerous channels have also been cut from
the waterway to the section of Laguna Madre known as "the hole". These
passages encourage circulation and exchange of water between "the hole"
and the waterway. During strong north winds, current velocities are
increased through these channels and innundation of much of this
area occurs. Dredged material mounds along the east side of the
channel probably erode significantly under these circumstances.

In southern Laguna Madre from mile 657 to 660 an average rate
of 2.7 ft/yr was noted. A rate of 0.4 ft/yr was predicted. Although
Tittle is known about current velocities and patterns in this area,
it has been found that currents in the waterway, which are opposite
in direction to surface currents do exist under some conditions (9).
It is hypothesized that prevailing currents from both the north and
south (depending on wind direction) cross the waterway here. The
nature of sediment (clay) taken from this reach indicates that floccu-
lation was probably a factor in deposition.

An area of no dredging was noted near the Port Isabel channel

from mile 663 to 665. The predicted rate for this area was 1.0 ft/yr.
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The area is near Brazos Santiago pass and is possibly the point where
flow departs the waterway during peak tidal flow. This increased
tidal current activity is thoughtto prevent sediment from accumula-
ting in the area.

Each of the areas listed above could be the subject of an entire
research effort. The factors considered in this research and the
intuitive explanations proposed above are intended as a first step

toward detailed research.
The Effect of Hurricanes on Shoaling

Hurricanes were considered separately from other environmental
data. Hurricanes, unlike other factors, occur as isolated incidents.
A hurricane, unlike other environmental factors which are continuous,
affects shoaling in a particular year. Since shoaling rates were com-
puted as an average over a long period of time, they could not be
used confidently to determine the effect of a hurricane in a parti-
cular year. The following procedure was devised to try and surmount
this difficulty. A1l hurricanes were assumed to be identical in all
respects and to affect areas up to 50 wiles from the eye of the hurri-
cane. Hurricanes which struck the coast between 1940 and 1973 were
considered. It was postulated that tie additional shoal material caused
by a hurricane would be reflected in increased dredged volume during
subsequent dredging. Dredging incidents were recorded only by year,
as explained earlier. It was assumed that dredging done in the same
year as a hurricane occurred after the hurricane. This assumption

was made after examining a number of specific cases. Then, dredged



material for each reach of the waterway was classified as material
which was dredged after a hurricane (hurricane material), and material
which was not dredged after a hurricane. Multiple hurricanes during
a period between dredging were treated as one hurricane. For each
reach, the amounts dredged during hurricane years were subtracted
from the amounts dredged during non-hurricane years. Example 2 illu-
strates this procedure.
Example 2.--Computation of Shoal Material Caused by MHurricanes in a
Hypothetical Reach

Refer to Figure 8.

Compute amount dredged after hurricane impact within 50 miles:

Amount (yd3) Years
20,000 6
30,000 6
40,000 8
90,000 0
Amount per year during hurricane periods = 90,000/20

[

4,500 yds/yr

Compute amount dredged during non-hurricane years:

Amount (yd3} Years
50,000 5
40,000 6
25,000 3
115,000 14
Amount per year during non-hurricane periods = 1}5,000/143
= 8,214 yd7/yr

Difference Hurricane rate-non hurr%cane rate

= 4,500-6,214 = -3,714 yd~/yr
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Differences were computed for each 5000-foot reach of the waterway.
Using a test for paired observations for the difference between means
of two normal populations (23}, the following hypothesis was tested
at the 0.05 level of significance. Hypothesis: the rate of shoaling
during hurricane years is equal to the rate during non-hurricane
years. It was found that there was insufficient evidence to reject
the hypothesis. Therefore, shoaling increase due to hurricanes could
not be proven. Calculations are shown in Appendix VII. It was also
noted that the shoaling rates after hurricanes were greater than the
non-hurricane rates in only 82 reaches. In 219 reaches the non-hurri-
cane rates were actually greater. There was insufficient data for
comparison in 101 reaches. O0f the 82 reaches affected by hurricanes,
57 were open bay and 25 were land-cut areas.

It was found that the amounts dredged from year to year in a
given reach varied greatly. In many cases the effect of a hurricane
became indistinguishable. To illustrate this point, the effect of
hurricane Carlta on four separate reaches was examined. Figure 9
shows the four reaches which were considered. The computed shoaling
rates were plotted against years. The date of impact of hurricane
Carla is indicated. The only reach which clearly indicated the effect
of Carla was at mile 425.0. A drastic increase in dredging was noted
immediately after Carla. This reach is a tand-cut area along a bay
shoreline. Other reaches, for example, mile 460 showed no apparent
effect of Carla even though the hurricane passed much closer. It

was interesting to note that another land-cut reach (mile 434.4)
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only about 10 miles from the reach where Carla had a strong effect,
showed no evidence of increased shoaling. Obviously, a major factor
here is the considerable year-to-year variation of dredging in a
particular reach. The hurricane effect was also masked in another
way due to averaging of dredged volumes. For example, assume that a
hurricane caused an additional foot of shoaling in a reach in a given
year. Then since shoaling rates were computed from one dredging inci-
dent to the next by dividing total amounts by total years elapsed, the
apparent amount of increase caused by the hurricane would be divided
by the total years elapsed. Thus for four years between dredging in-
cidents an increase in-only 0.25 feet would be seen in shoaling rate.
This small amount is easily lost when compared to the fairly large
variation of dredging amounts that normally occur from year to year.
Hurricanes undoubtedly do have an effect on some sections of the
waterway. However, the location of these particular areas could not

be determined from the data available.
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CONCLUSIONS AND RECOMMENDATIONS

Maintenance dredging records were found to be a usable source
of field data for computing shoaling rates. Records from the Gulf
Intracoastal Waterway were used to compute rates in 5000-foot reaches
for the entire length of the main channel in Texas. The average rate
for the waterway was found to be 10.5 in./yr.

On the basis of the statistical procedures performed, five
physical factors examined were found to significantly affect shoaling.
These factors were: 1) land cut, 2) river crossings, 3) dredged
material mounds in bay areas with depths less than 6 feet, 4) fetch
of 5 miles or greater aligned with prevailing wind direction, in
depths less than 6 feet, 5) windward placement of dredged material
mounds in bay areas less than 6 feet deep.

The rate in land-cut areas averaged 3 in./yr less than the rate
in open bay areas. The lack of water above bank level was concluded
to be the primary reason for this decrease.

An average increase of 4 in./yr over the waterway average was
noted for reaches within 5 miles of major river crossings. A peak
shoaling rate of almost 4 ft/yr adjacent to the crossing was observed.
This rate dropped sharply with increased distance from the river.

The interaction of open-bay dredged material mounds, or wind
fetch greater than five miles, in depths Tess than 6 feet increased
the shoaling rate significantly. The effect of dredged material
mounds was largest in depths of 3 feet to 6 feet, where shoaling rates

of 7 in./yr above the waterway average were predicted. In bay areas
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less than 3 feet deep an average increase of less than 2 in/yr over
waterway average was noted. This was thought to be a result of the
increased mound area exposed to water in the deeper areas.

In contrast, the effect of fetch was greatest in depths Tess
than 3 feet. An increase of almost 8 in./yr above the overall average
was predicted. A rate of 14.5 in./ vr, 4 in./yr over waterway averacge,
was found in depths of 3 feet to 6 feet. This result is compatible
with sediment transport theories which predict greater disturbance
of bottom sediment in shallower depths.

In depths from 3 feet to 6 feet, windward placement of dredged
material increased the shoaling rate 9 in./yr over the waterway average.
The effect was less in depths less than 3 feet, increasing the average
rate by only 4.5 in./yr. This indicates that windward placement of
dredged material was actually advantageous in bay areas with a long
fetch over very shallow water. The mounds were thought to act as a
barrier to sediment inflow from the broad, open-bay areas.

The statistical model did not fully account for shoaling rates in
several areas. These areas should be given careful attention when de-
ciding on locations for future study. To accurately explain shoaling
mechanisms, a deterministic relationship between winds, fetch and depth
must be obtained. Average wind, fetch, and depth for several areas
combined with shoaling rates computed here could be used to obtain
such a relationship. The broad, flat area of San Antonio Bay is
recommended as the ideal location for such a study. The effects of
wind, fetch, and dredged material mounds are the only apparent physi-

cal factors active there.



A hypothesis-testing technique was used to determine whether or
not hurricanes have an effect on the shoaling rate. From the data
available, no significant difference could be determined in the shoal-

ing rates before and after hurricanes.

57



58

APPENDIX I.--LITERATURE CITED

10.

Barr, A.J., and Goodnight, J.H., "Statistical Analysis System,"
North Carolina State University, Raleigh, North Carolina, Aug.,
1972.

Basco, D.R., Bouma, A.H., and Dunlap, W.A., "Assessment of the
Factors Controlling the Long-Term Fate of Dredged Material
Disposal in Unconfined Subaqueous Spoil Areas", U.S. Army
Engineer Waterways Experiment Station, Corps of Engineers,
Vicksburg, Miss., Dec., 1974.

Bassi, D.E., and Basco, D.R., "Field Study of an Unconfined
Spoil Disposal Area of the Gulf Intracoastal Waterway in
Galveston Bay, Texas", Sea Grant Report TAMU-SG-74-208, Texas
A&M University, College Station, Texas, Jan., 1974.

Boyd, M.B., et al., "Disposal of Dredge Spoil; Problem Identi-
fication and Assessment and Research Program Development,
"Technical Report H-72-8, U.S. Army Engineer Waterways
Experiment Station, Corps of Engineers, Vicksburg, Miss., Nov.,
1972 .

Brown, L.F., Jr., et a&l., "Natural Hazards of the Texas
Coastal Zone", Bureau of Economic Geology, the University of
Texas, Austin, Texas, 1974.

Cable, C.C., "Optimum Dredging and Disposai Practices in
Estuaries", Journal, Hydraulics Division, American Society of
Civil Engineers, Vol. 95, No. HYI, Jan., 1969, p. 103, 112.

Carr, J.T., Jdr., "Hurricanes Affecting the Texas Gulf Coast",
Report 49, Texas Water Development Board, Austin, Texas, June,
1967.

Cronin, L.E., "Gross Physical and Biological Effects of Overboard
Spoil Disposal in Chesapeake Bay", Special Report No. 3,
National Resources Institute, University of Maryland, July, 1970.

Denison, J.G. and Henderson, J.C., "Hydrographic Studies in
the Regions of Port Isabel and Port O'Connor, Texas"”, Project
140, Texas A&M Research Foundation, College Station, Texas,
Oct. 1, 1956.

“Draft Environmental Statement Maintenance Dredging Gulf
Intracoastal Waterway Texas Section”, Two volumes, U.S. Army
Corps of Engineers, Galveston District, Oct., 30, 1974.



1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

59

Einstein, H.A., and Krone, R.B., "Estuarial Sediment Transport
Patterns", Journal of the Hydraulics Division, ASCE, Vol. 87,
No. HYZ, Proc. Paper 2770, March, 1961, pp. 51-69.

Fisher, W. L. et al., "Environmental Geological Atlas of the
Texas Coastal Zone", Brown, L. F., Project Coordinator, Bureau
of Economic Geology, University of Texas, Austin, Texas, 1975.

Fisk, H. N., "Padre Island and the Laguna Madre Flats Coastal
South Texas", Proceedings, Second Coastal Geography Conference,
Coastal Studies Institute, Louisiana State University, Baton
Rouge, La., Apr., 1959, p. 107.

Hellier, T. R., and Kornicker, L. S., "Sedimentation from a
Hydraulic Dredge in a Bay", Publication of the Texas Institute
of Marine Science, Vol. 8, 1962, pp. 212-215.

Henry, W. K., and McCormack, J. P., "Hurricanes on the Texas
Coast--Description and Climatology"”, Sea Grant Report, TAMU-
$G-75~501, Texas A&M University, College Station, Tex., Mar.,
1975.

Ippen, A. T., Estuary and Coastline Hydrodynamics, McGraw-Hill
Book Company, New York, 1966.

Johnson, B. H., "Investigation of Mathematical Models for the
Physical Fate Prediction of Dredged Material", Dredged Material
Research Program Technical Report D-74-1, U. S. Army Engineer
Waterways Experiment Station, Corps of Engineers, Vicksburg,
Miss.., March, 1974.

Johnson, S. L., Rawson, J., Smith, R. E., "Characteristics of
the Tide-Affected Flow in the Brazos River Near Freeport, Texas,
March 29-30, 1965", Texas Water Development Board Report 69,
Dec., 1967.

Liou, Y. C., Sediment samples taken from the Gulf Intracoastal
Waterway from Jan., 13, to Jdan., 17, 1975. Unpublished data.

Maintenance Dredging Records of the Gulf Intracoastal Waterway
in Texas. Summary, U. S. Army Corps of Engineers, Galveston
District Office, Galveston, Tex., 1974, unpublished data.

Masch, F. D., and Espey, W. H., Jdr., "Shell dredging--A Factor

in Sedimentation in Galveston Bay", Technical Report HYD-06-6702,
Center for Research in Water Resources, University of Texas,
Austin, Tex., Nov., 1967.

Miloy, J., et al., “Analysis of the Role of the Gulf Intracoastal
Waterway in Texas", TAMU-SG-75-202, Texas A&M University, College
Station, Texas, Dec., 1974.



60

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ostle, B., Statistics in Research, the Iowa State University
Press, Ames, Iowa, 1963, p. 121.

Rhodes, H. J., and Boland, R. A., "Contribution of Matagorda

Bay Model to Design of Matagorda Bay Deep Draft Navigation
Project”, Proceedings of the 8th Conference on Coastal Engineer-
ing, Mexico City, Nov., 1962.

"Report on Gulf Coast Deep Water Port Facilities in Texas,
Louisiana, Mississippi, Alabama, and Florida", U. S. Army

Corps of Engineers, Lower Mississippi Valley Division, Vicksbhurg,
Miss., June, 1973.

Saila, S. B., Pratt, S. D., and Polgar, T. T., "Providence
Harbor Improvement Spoil Disposal Site Evaluation Study",
University of Rhode IsTand, Kingston, R.I., May, 1971.

Shepard, F. P., et al., Recent Sediments of the Northwest Gulf
of Mexico, The American Association of Petroleum Geologists,
Tulsa, Oklahoma, 1960, p. 167.

Simmons, H. B., and Boland, R. A., Jr., "Mode]l Study of Galveston
Bay Harbor Entrance, Texas", U. S. Army Engineer Waterways
Experiment Station, Corps of Engineers, Vicksburg, Miss.,

Feb., 1969.

Smith, B. J., "Sedimentation in San Francisco Bay System",
Proceedings of the Federal Interagency Sedimentation Conference,
U. S. Department of Agriculture Misc. Publication No. 970,

1963, p. 675, '

Storm, D., "Predictive Method for Assessing the Impact of Main-
tenance Dredging", dissertation presented to the University of
California at Davis, Ca., in 1973, in partial fulfillment of
the requirements of the degree of Doctor of Philisophy.

"Summary of Synoptic Meterological Observations--North American
Coastal Marine Areas, Vol. 6, "U. S. Naval Weather Service
Command, May, 1970.

"Supplement Studies Environmental Impact of Stage I, Paimetto
Bend Reservoir Project”, Texas Water Development Board, Aug.,
1974,

Tidal Records, U. S. Geological Survey, stations S-2, L-13, N-6,
P-7, Jan., 1975, unpublished data.



Source:

APPENDIX II-~GIWW Sections Normally

Dredged Under a Single Contract

Galveston District Office, U.S. Army
Corps of Engineers

61



AN

b L9Y

0" Ly

9 a0y

L*56€

¢ ¢8E

¢ LSE

£ 6bt

£°6LE

oL

v°L9v

0" LY

9°50F

L*G6E

¢°¢8¢

TANAL

g6kt

£°6lE

9°88¢

oa]

(®1n3e3S) SO[LW LouuRy)

62

00F+Letb

00t+995

000+261

000+69¢

0GE+€1¢

000451

glLe+e]

00+€02¢E

00+0291L

0l

007+996

000+25t

000+69¢

0sE+Ele

000+S% 1L

gLE+EL

00+£0¢2E

00+0291

00+0

oa ]

(13) 4squnN uoLle3s

Aeg oLuojuy ueg
01 Aeg epJobeley

300110 eaJy L1SL4Yy) snduog

Aeg epaobejey
01 J3ALY 0pRUO|O)

ABALY OpeU0|0)
0] saye] Jepaj

s3¥e] Jepa)
01 J0quey Ju0dasu

40GQJ4eH 340d334d
01 noAeg doudjseg

nofkeg doaiseg 03
AeMasne) uolssaley

ABM3SNE) UQ1SBALRY
03 JPBAL|Og 1404

JBALIOg 1404
03 pue[s] ybLH
801440 ALY JULOd

pueisy
UbLH 03 unyldy Juod
801440 B34y JNyRJAy

3404

1404

vaJdy



63

S{LLASUMOAG W04 GC/+/ZE UOLIRIS = LISLAYD SNAU0) WO4y 000+LLE UOLIRIS ~ UOLIBNDIwxx
000+0 UOLIEIS = G9'ph/ + LZOL UOLILIS - UOLIBNDIxy
Gb'0GE+6 UOLIRIS = GF 98 + 2GE UOLIRIS - uolienbiy

17699 0'¥19
0°¥L9 07048
0°069 L"8LS
1°819 £°26v

0l WO

(97M7815) SeiW [euuey)

000+8 xxx 9G8+86¢

968+86¢ 000+¢

000+¢ x¥»  000+998

000+998 00y+62L

ol wol

(1J) JequnN UO17e3s

[2qes] 1404
01 s1®[4 PNl
301} ©d4Y | LASUMOUY

Sield pnl
01 Aeg t1si4y) sndao)

Aeg 131si4y) snduao)d
01 Aeg sesuedy

Arg sesuedy
01 Aeg OLUOJUY ues

CERT



64

APPENDIX III-~Conversion of Corps of Engineers

Stationing System to Waterway Miles



Equation

Mile = Station number (ft)/5280 (ft)+

288.6 (miles)

Mile

Station number (ft)
-9,350 (ft}/5280 ft
+356.8 (miles)

Mile = Station number (ft}/5280 (ft)

+548.2 (miles)

Mile (starting mile) = 669.2 (mile) -
(ending) Station number (ft)/5280 (ft)

Range of Application

(Materway Miles)

288.6 - 356.5
356.6 - 548.7
548.3 - 607.1
607.2 - 669.2
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APPENDIX IV--Summary of the Shoaling Rate for

Each Reach of the Waterway



SUMMARY OF SHOALING FCR EACH MILE
FROM 288.6 TU 668.6 FROM YEAR 33 THRU T4

*
MILE REA TOT Y03 TCT/YR SHCAL NO. END NEW END
FT/YR NRED WORK MATNT
288.6 H 77917. 38%5.83 0.168 1 33 52
289.5 2 84924 . 2071.22 0.CBS 2 33 73
290.5 3 112915. 2154.03 0.119 3 33 73
291.4 4 142846. 3434.36 0.151 3 33 73
£92.4 5 1409065, 3435.80 0.148 3 33 73
293.3 o 133618. 3258.96 0.141 3 33 73
29443 7 136712. 333444 04144 3 33 75
295.2 3] 14005¢€. 3416.00 0O.148 3 33 73
29642 9 157374, 3838.39 0.166 3 33 73
297.1 31581¢0. 7702.69 0.333 3 33 73
29841 334760, 8164.88 0.353 3 33 73
299.0 343751. 85G6.11 0.367 3 33 73
30040 2827221, 6883.44 0.257 3 33 73
300.9 283515. 6914.99 (0.299 3 33 73
301.9 267984. 6536.20 0.282 3 33 73
302.8 275941. 6730.27 0.291 3 33 T3
303.7 275494, 67T19.36 0.29C 3 33 T3
304.7 2713648, 6674.34 0.288 3 33 T3
305.6 275863, 6128.37 0.291 3 33 3
306.6 278589, 6804.60 0.294 3 33 73
307.5 291986. 7121.6) 0.308 3 33 73
308.5 338584%. 8258.13 (0.357 3 A3 73
3094 337838, 83241l.16 0,356 3 33 73
310.4 321626, A576.25 0.37C 3 33 73
311.3 362266, 8835.76 0.2382 3 33 73
z12.3 362253, 8835.43 (.382 3 33 73
3i3.2 356734, 37C0.84 Ca.376 3 33 13
2i4.2 345729, B432.41 D.364 3 33 73
315.1 312325, 7610435 U.329 3 33 73
316.1 206056. Ta4e4,.79 0,322 3 33 73
217.0 280077. 6831.13 0.295 3 33 T3
318.0 280106. 6831.85 0.293 3 33 73
318.9 562823. 13400.55 0.579 9 33 T4
319.3 TT7951. 18E22.64 0.80C 38 33 T4
320.3 633027. 15C72.08 0.651 9 33 T4
321.7 540895, 13192.56 (0.570 & 33 73
322.° 5468C8. 13336.78 (.576 & 33 73
3