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WAVE EFFECT ON RADAR TOvCRS

PART I

Wave action was one of the major problems to overcome
IN DESIGNING THE RADAR TOWERS FOR PERMANENT ANCHORING
OFF THE Atlantic Coast. (n deciding the tower's pos-
ition, CONSIDERATION WAS GIVEN TO WAVE REFRACTION AND
diffusion (due to the shoal's shape) to MINIMIZE WAVE
EFFECT.

In order to understand how calculations for WAVE effect
WERE MADE, SOME IDEA OF THE OCEAN WAVE'S CHARACTERIS-
TICS WILL BE REQUIRED.

The MOST common type of wave in the open sea is the
WAVE caused by the WIND. WiND DOES NOT BLOW AT A

constant velocity, but always in irregular gusts, and
these gusts subject the ocean surface to irregular
unequal pressures which deform it from a level surface
into one of troughs and crests. the size of ocean
waves depend upon the strength of wind, its' duration,
and the extent of open waters over which it blows.

From observation it is found that the length of waves
are increased when the length of fetch, or length of
the water TO WINDWARD, IS INCREASED. THE ENERGY OF A

WAVE . AND CONSEQUENTLY IT'S DESTRUCTIVE FORCE, DEPENDS
UPON it's length. HEIGHT AND VELOCITY.

The length of a wave is the horizontal distance from
TROUGH TO trough, OR FROM CREST TO CREST.

The he ight of a wave is the vertical distance measured
FROM the bottom OF THE TROUGH TO THE TOP OF THE CREST.

The per iod of a wave is the time interval in seconds
between the passage of two successive crests past a

fixed point.
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The veloc I ty of a wave is the rate at which it's
CRESTS MOVE FORWARD, OR THE VELOCITY EQUALS THE
LENGTH DIVIDED BY THE PERIOD. BY APPROXIMATION,
THE VELOCITY IN KNOTS NEARLY EQUALS THREE TIMES
THE PER lOD IN SECONDS.

The MAXIMUM length of a wave in THE North Atlantic
APPEARS TO BE ABOUT I , 600 FEET WHICH CORRESPONDS
TO A PERIOD OF ABOUT |6 SECONDS. LONGER WAVES MAY
HAVE BEEN REPORTED FOR THE NORTH ATLANTIC, BUT THEY
ARE EXTREMELY UNUSUAL AND THE OBSERVATIONS ARE
QUESTIONABLE .

Average size of Atlantic Waves - Waves from 5OO to
600 FEET IN LENGTH ARE SOMETIMES ENCOUNTERED IN THE
North Atlantic, but generally they are from I50 to

300 feet with periods from 6 to 8 seconds.

Extremely high waves are occasionally reported for
THE North Atlantic, these range up to 60 feet in

HEIGHT. The very HIGH WAVES ARE USUALLY LITTLE
WAVES ON TOP OF BIG WAVES, AND A3 SUCH THEY DO NOT
INVOLVE MUCH WATER IN THE PEAK REGION. |N SOME OF
THESE "very HIGH WAVES", MUCH OF THE ENERGY IS

SPENT IN UP AND DOWN MOTION RATHER THAN FORWARD
MOTION. Thus, the energy available in these over-
sized WAVES which can BE SPENT IN A HORIZONTAL
DIRECTION MAY NOT NECESSARILY BE THE SAME TYPE OF
FUNCTION OF WAVE HEIGHT AS FOR LOW OR MEDIUM WAVES.

DISTURBANCE BENEATH SURFACE

The DISTURBANCE SET UP BY THE WAVE MOTION EXTENDS
for some distance below the surface, but the size
of the orbits, through which the water particles
move, decreases rapidly with increase in depth.
At a depth equal to one wave length, it is less
than a five hundredth part of what it was at the
surface, so that water at that depth may be consid-
ered undisturbed and any motion associated with the
largest ocean waves is inappreciable at even modest
DEPTHS.

WAVE EFFECT (N SHOAL WATER

Waves from deep water are modified as they get into
shoal water. when the depth is reduced to less than
one-half the wave length the orbit of the particles

- 2 -





COMMENCE TO BECOME FLAT. ThE PERIOD REMAINS UN-
CHANGED, BUT LENGTH AND SPEED ARE >WCREASED, THE

WAVE BECOMES HIGHER AND SHORTER, THE CREST ARCHES
FORWARD AND FINDING ITSELF UNSUPPORTED BY SUFFIC-
IENT WATER ON THE FRONT, DASHES DOWNWARD, PRODUC-
ING A WAVE BROKEN INTO SURF.

SWELL

As WAVES MOVE BEYOND THE WIND-SWEPT REGION THEY
GRADUALLY LESSEN IN HEIGHT AND GIVE RISE TO GENTLE
UNDULATION KNOWN AS SWELL, OR GROUND SWELL. THE
TERM SWELL IS ALSO USED TO DENOTE THE GRADUAL DYING
DOWN OF WAVES THAT THE WINDS HAD PREVIOUSLY SET UP.

A STORM WAVE MAY BREAK AS A SPILLING BREAKER SEVERAL
TIMES, OR EVEN CONTINUOUSLY, AND THE CREST ANGLE
WILL BE ABOUT 120°. NO VERTICAL FRONT WILL APPEAR.
If A SWELL BREAKS ON A SHOAL, IT WILL LOSE MUCH
ENERGY AND NOT BREAK AGAIN AS LONG AS THE WATER DEPTH
REMAINS CONSTANT. THUS, ON THE INSIDE OF A SHOAL,
ONLY SPILLING BREAKERS WOULD BE GENERALLY EXPECTED.

NOTE: No attempt has been made in this report
TO DESCRIBE OCEAN WAVES CAUSED BY OTHER
forces OF NATURE, I.E., SUBMARINE, EARTH-
QUAKE, OR SUBMARINE VOLCANIC EXPLOSION.

- 3
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PART I I

MAXIMUM WINDS AND WAVES

A STUDY OF WEATHER MAPS FOR THE LAST TWENTY YEARS
HAS YIELDED THE RESULTS SHOWN IN TA8LE "I". THE
WAVE PREDICTIONS IN THIS TABLE ARE BASEO ON A STUDY
MADE AT New York University for the Bureau of Aero-
nautics, United States Navy, the results of which
are contained in "Practical Methods for Observing
AND Forecasting Ocean Waves", July 1953-

TABLE I

ANALYSIS OF MAX I MUM STORM WINDS AND WAVES

Analysis by Woods Hole Oce anograph i c Institution
USING Weather Bureau maps.

W I N D S

YPE Date





a statistical procedure of analysis applied to wave
spectra conforming closely to actual sea waves,
This theoretical method has been checked for sea
conditions where the maximum height of waves is

APPROXIMATELY TWENTY (20) FEET. NO CHECKS ARE YET
AVAILABLE FOR HIGHER SEA CONDITIONS, ACCORDING TO

THE STATISTICAL THEORY, MOST OF THE WAVES IN A STORM
WILL BE CONSIDERABLY LOWER IN HEIGHT THAN THE AVERAGE
OF THE 10 PER CENT HIGHEST WAVESJ BUT, THEORETICALLY,
ONE WAVE IN ONE THOUSAND DURING MAXIMUM STORM WILL
HAVE A HEIGHT I.5 TIMES THE HEIGHT OF THE AVERAGE OF

THE !0 PER CENT HIGHEST AND ONE WAVE IN TWENTY THOU-
SAND MAY BE EVEN HIGHER, |N THIS CONNECTION, IT MAY
be well to quote comments from the new york univer-
sity report as follows:

""Exceptionally high waves reported as rare
OCCURRENCES HAVE BEEN ACTUALLY OBSERVED, ThEY
ARE OFTEN REPORTED BY SEA "GOING MEN AND THERE
HAS BEEN A LOT OF SPECULATION AS TO HOW AND
why they FORM. THESE HIGH WAVES FORM BECAUSE
THEY ARE A BASIC PROPERTY OF THE RANDOMNESS OF
THE WAVES. In HEAVY SEAS, OR FULLY DEVELOPED
seas, these outsize waves are very unstable,
They may be breaking at the crests and produce
A wall OF PLUNGING WHITE WATER OUT IN THE MIDDLE
OF THE OPEN OCEAN. THESE OUTSIZE WAVES THEN ARE
DESTROYED BY THEIR VERY HEIGHT. THUS, IN A

HEAVY SEA, THEY ARE RARE."

The sc
TUT ION
OCCUR
REPORT
HOWEVE
THE OU
00 NOT
THE No
TO 90
SELF-L
CANNOT
THE EF
STRUCT

1 ENT I

AGRE
AND T

S AND
R, TH
TS I ZE
KNOW

RTH A
FEET.
IMI Tl

BE I

FECTS
URE F

STS
E TH
HERE
H I S

ERE
OR
WHA

TL AN
Wh

NG A

GNOR
OF

I XED

OF THE
AT THE
ARE N

TORY
I S SOM
G IGANT
T THIS
TIC IT

I LE SU
ND OF
ED AND
SUCH R

TO TH

Woods
OUTS I

UMEROU
F SUCH
E L I M )

I C WAV
HE I GH
IS IN

CH WAV
RARE
CONS I

POSS I

E SEA

Hole Oceanograph i c Insti-
ZE OR "gigantic" WAVES DO
S RECORDS I N MAR I T I ME

WAVES BEING OBSERVED,
TING HEIGHT BEYOND WHICH
ES will NOT OCCUR. THEY
T IS, BUT BELIEVE THAT IN

THE GENERAL ORDER OF OO
ES ARE ADMITTEDLY UNSTABLE,
CCURRENCE, THEIR EXISTENCE
DERATION MUST BE GIVEN TO

BLE G I GANT I C WAVE ON A

BOTTOM,

-5-





X





In open ocean, waves take the eorm of sea or swells.
The following is a brief summary of the character-
istics OF seas and swells taken from a New York
Un I vers I ty Report:

In a sea, the waves are irregular , chaotic,
short-crested, mountainous and UNPRED I CTA8LE .

High waves follow low waves in a completely
MIXED up way. The crests are only two or
three times as long as the distance between
crests, .. I NO f V I DUAL CRESTS CAN APPEAR TO BE
traveling in DIFFERENT DIRECTIONS VARYING
BY AS MUCH AS 20 OR 3O DEGREES FROM THE DOMINANT
DIRECTION. There are waves on top of waves, and
CRESTS WITH depressions IN THE TOP,,. THE PAT-
TERN OF THE SEA NEVER REPEATS ITSELF AND NEVER
DOPLICATCS ITSELF, No TWO AERIAL PHOTOGRAPHS
OR WAVE RECORDS OF A SEA WILL EVER BE EXACTLY
ALIKE, The PATTERN CHANGES RAPIDLY WITH TIME,
The HIGH WAVES DIE DOWN AS THEY TRAVEL ALONG
and soon disappear, new waves, which were once
very low, form and build up to take their places,
Individual wave crests can disappear completely
in thefr tracks as they travel a distance as
short as ^00 feet.
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PART Hi

TIDES AND TIDAL CURRENTS

The Woods Hole Oce anograph i c iNSTixurioN has esti-
mated THAT THE MAXIMUM ASTRONOMICAL TIDES AT
George's Bank and Nantucket Shoals will be in the
ORDER of 2 FEET ABOVE AND BELOW MAIN SEA LEVEL.
This estimate has been confirmed exactly by tide
CYCLE measurements MADE FROM THE FIXED PLATFORM
of the drill barge during boring operations at these
locations. It is possible that the astronomical
TIDE MAY BE SOMEWHAT GREATER AT CASHES LEOGE AND
SOMEWHAT LESS AT BROWN'S BaNK AND THE LOCATION OFF
New York. The charts of Georges Bank and Nantucket
Shoals show tidal currents up to velocities of 5
knots per hour varying in all directions with the
stage of the tide. Observations during the drilling
operations confirmed these tidal currents which
maintained almost constant velocity although shift-
ing IN direction over the tidal cycle. Both the
charts and observations during the drilling opera-
tions show heavy tidal rips over or near the shallow-
est portions of the shoal areas. Further, the Woods
Hole geologists who investigated the bottom condi-
tions IN THESE areas BY SKIN DIVING, REPORT THAT THE
FIVE TO TEN FEET OF WATER IMMEDIATELY ABOVE SEA
BOTTOM IS FULL OF SWIRLING SAND "RESEMBLING A DRIV-
ING SNOW storm". This swirling sand is moved and
held in suspension 'by the ttoal currents. the woods
Hole Oceanograph i c Institution has estimated that
meteorological tides may amount to as much as 6 feet
and that they are likely to coincide with severe
STORMS .
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PART IV

SAFE CONSTRUCTION PERIOD

On-site construction operations can be carried out
safely at the five proposed locations only during
THE PERIOD BETWEEN Ma Y | AND AUGUST |0 OF ANY YEAR.
The Woods Hole Oce anograph i c Institute has reported
THAT strong EASTERLY AND NORTHEASTERLY STORM OCCUR
AND CAN BE ANTICIPATED DURING THE WINTER AND SPRING
MONTHS UP TO ABOUT THE END OF APRIL AND THAT AUGUST
10 IS THE EARLIEST DATE RECORDED FOR THE PASSAGE OF

HURRICANES OFF THE NeW ENGLAND COAST. DURiNG THE

PERIOD FROM Ma Y I TO AUGUST jO, NOT MORE THAN FOUR
OR FIVE DAYS OF DEAD CALM WEATHER NORMALLY OCCUR.
At all OTHER TIMES THE WAVES VARY FROM A MINIMUM OF
APPROXIMATELY k FEET TO A MAXIMUM OF APPROXIMATELY
15 FEET. A STUDY OF THE WEATHER RECORDS BETWEEN
May I AND AUGUST 10, including 1200 observations of

WIND VELOCITY, SHOW THAT IN ONLY |0 CASES OUT OF

1200 WAS THE WIND VELOCITY GREATER THAN 28 MILES
PER HOUR AND IN ONLY ONE CASE WAS THE WIND VELOCITY
GREATER THAN ^0 MILES PER HOUR. A WIND VELOCITY OF
28 MILES PER HOUR COULD PRODUCE WAVES THE HIGHEST
OF WHICH WOULD BE APPROXIMATELY I5 FEET. ThE ONE
case of a wind velocity of over ko miles per hour
could have produced a few waves as high as 2^ feet.
Thus, over the period of about 15 years study, there were
10 OCCASIONS when MAXIMUM HEIGHTS OF WAVES COULD HAVE
BEEN ABOUT 15 FEET AND ONE CASE WHERE MAXIMUM HEIGHT
OF WAVE COULD HAVE BEEN 2^ FEET. UNDER THESE CONDI-
TIONS IT IS NOT FEASIBLE TO USE ANY SCHEME WHICH
REQUIRES ON-SITE CONSTRUCTION PROCEDURES FROM FLOAT-
ING EQUIPMENT. Such equipment can NOT OPERATE SAFELY
AND SUCCESSFULLY IN WAVES OVER k FEET IN HEIGHT.
For DESIGN OF CONSTRUCTION PROCEDURES NOT USING
FLOATING EQUIPMENT, WAVE HEIGHTS OF I5 FEET AND WIND
VELOCITY OF '^0 MILES PER HOUR SEEM TO BE SAFE FOR ALL
EXCEPT EXTREME AND UNUSUAL CONDITIONS.

WAVE HEIGHT AND CONDITION AND DESIGN STRESSES

The POSSIBILITIES of protection OF THE STRUCTURES
AGAINST MAXIMUM WAVE FORCES BY CHOICE OF LOCATION
HAS BEEN REVIEWED WITH THE WoODS HOLE OC E AN OGR A P H I

C
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TABLE I I

DESIGN CRITERIA AND ALLOWABLE STRESSES





ELEVATION OF BOTTOM OF PLATFORM

The maximum intensity of wave forcf. occurs close
to the maximum elevation of the wave crest. | f

these large intensities of wave force should be
applied to large areas such as the areas of the
platforms themselves, extremely large total forces
WOULD RESULT. ThEREFOR, SAFETY AND INTEGRITY OF
THE PLATFORMS REQUIRES THAT THE PLATFORMS THEM-
SELVES ALWAYS BE DEFINITELY ABOVE THE CRESTS OF
ANY WAVES THAT MAY PASS THEM. THIS CONCLUSION IS

CONFIRMED BY EXPERIENCE WITH OFFSHORE OIL WELL
DRILLING PLATFORMS IN THE GU L F OF MEXICO WHERE
MAJOR FAILURES AND COMPLETE LOSS OF THE PLATFORMS
HAS BEEN REPORTED IN TWO INSTANCES AS THE RESULT
OF WAVE CRESTS STRIKING THE PLATFORMS THEMSELVES.
On THIS BASIS THE EVALUATIONS OF HEIGHT REQUIRE-
MENTS SHOWN IN Table III have been prepared.





PART V

TABLE i I I

WAVE HEIGHT ABOVE MEA^4 SEA LEVEL

Wave Height Feet 6o 75 90 96
MiN. Wave Length Feet ^20 53O 63O 670
Astronomical Tide 2.0 2,0 2.0 2.0
Meteorlog ic Ai TioE 6.0 6»0 6.0 6.0
RiseinWaterSurtace 6,3 7.4 9.5 1 0.1
Half Wave Height 3O.O 37.5 ^5.0 48.0
Total Ht. Above MSL 44.3 52.9 62.5 66.1
Clearance Below E. 67. 22.7 '^'S ^»5 0*9

Preliminary evaluations indicated that a height
for the lowest elements of the platform itself
ABOVE mean sea LEVEL OF 67 FEET WAS DESIRABLE.
!N view OF ALL UNCERTAINTIES CONCERNING MAXIMUM
WAVES, A SINGLE WAVE WITH A HEIGHT OF 9^ FEET
SEEMS POSSIBLE, IF THE BOTTOM OF THE PLATFORM
IS AT ELEV. 67* A 4.5 FT. CLEARANCE FOR THE CREST
OF SUCH A WAVE IS PROVIDED, FURTHER, AS SHOWN IN

Table Ml, bottom of platform at Elev. 67, pro-
vides CLEARANCE FOR A '^6 FOOT HIGH WAVE,

The IMPORTANT CONCLUSIONS FROM THIS REPORT ARE
THAT THE WAVE FORCE IS INOEPENPENT OF THE WATER
DEPTH AND THAT THE MAXIMUM FORCE IS EXERTED BY
THE WAVE WITH THE MINIMUM STABLE WAVE LENGTH.

When the supporting legs of the Tower interfere
WITH the passage OF A WAVE, THE ENERGY ABSORBED,
OR THE FORCE ON THE LEGS, IS ALSO CONSTANT,

~ n-





PART VI

FAT {QUE. EMBRITTLEMENT AND VIBRATIONS

Any structural member subject to tensile stresses
caused by loading conditions which repeat them-
selves can fail due to fatigue. the type of
structures herein recommended for the texas towers
include a bracing system which is subjected to
such conditions. therefore, design criteria must
be established which preclude the possibility of
fatigue failure. the primary loading conditions
which cause repeated tensile stresses in the brac-
ing system are wind and wave forces. as the stress
which a structural member can endure is a function
of both the number of repetitions and the magnitude
of the stress, the approximate number of repetitions
of the larger stress magnitudes during the entire
life expectancy of the texas towers must be evalu-
ATED. For THIS PURPOSE the life expectancy can BE
assumed to be ^0 years . the number of the stress
repetitions within 5^ years can be approximated by
an examination of the daily north atlantic weather
maps of the past ten years and listing the total
duration of all storms with wind velocities over
40 miles per hour .

Assuming that all storms in the future 5^ years will
be similar to the storms of the last |0 years, each
wave height in the stairway approximation can be
associated with particular wave and wind forces on
the structure and in turn cause certain tenstonal
STRESSES IN THE BRACING SYSTEM. |N THIS WAY THE
NUMBER AND MAGNITUDES OF STRESS REPETITIONS DUE TO
WIND AND WAVE FORCES THROUGHOUT THE TOTAL EXPECTED
LIFE OF THE STRUCTURE CAN BE COMPARED WITH THE FATIGUE
STRESS CHARACTERISTICS FOR THE STRUCTURAL MATERIAL OF
WHICH THE BRACING SYSTEM IS FABRICATED,

DESIGN AND BRACING SYSTEM VARIABLES

The DESIGN OF THE BRACING SYSTEM TAKES INTO ACCOUNT
THE AFFECT OF THE FOLLOWING VARIABLES!

13
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) Stress concentrations
) Size effect and stress distribution

c ) corros i on fat i gue
[O) Notch sens i t i v i ty

|E) Surface conditions and coatings
F) Stress history
'Gi Inclusions and directional properties
H) Residual stresses
I

)

Gra in size
J) Speed effect
K) Temperature effect
L) Cold work
M) ''Cocoa" or fretting corrosion

The effects on the fatigue strength of a structural
MEMBER LISTED UNDER (A) THROUGH (F) AND (M) ARE OF
major IMPORTANCE WHEREAS THOSE LISTED UNDER (G)
THROUGH (L) are OF MINOR IMPORTANCE.

The design of the bracing system must take into con-
sideration THE possibility OF FAILURE BY BRITTLE
fracture. a brittle fracture can occur under the
influence of a combination of the following factors:

|A) Low temperature
B) Hi gh rate of stra i n

C) Stress concentration
,0} Large values of stress

Low temperatures and dynamic loading can occur simul-
taneously at THE locations OF TEXAS ToWERS. |N ORDER
TO AVOID A BRITTLE FRACTURE, SERIOUS STRESS CONCEN-
TRATION FACTORS MUST BE MINIMIZED AND PROBABILITY OF
FORMATION OF FATIGUE CRACKS OF APPRECIABLE SIZE
AVOIDED BY CAREFUL AND CONSERVATIVE DESIGN OF THE
BRACING SYSTEM.

SELF- INDUCED VIBRATIONS

During a storm the flow of air between the dome struc-
tures WILL have an increased VELOCITY DUE TO THE
"VENTURI effect" and SELF-INOUCED vibrations DUE TO
THE "Karman vortex trail" may be set UP, However, it
is believed that such self-excited vibrations WILL not

\k -





BECOME SERIOUS BECAUSE OF THE FLEXIBILITY AND LOW
MASS OF THE DOMES. KARMAN VORTICES ALSO FORM WHEN
a fluid flows around a sharp edged discontinuity
in the flow stream. such a phenomenon may occur
at the rear side of the triangular platform.
Should an analysis reveal that dynamic vibrations
could become serious, the application of "spoilers''
must be TAKEN INTO CONSIDERATION. SUCH SPOILERS
change the aerodynamic flow pattern and reduce or
eliminate dynamic vibration. however, such devices
necessarily increase the drag on the structure.
Self-induced vibrations due to repetitive wave im-

pacts ON THE legs will NOT OCCUR FOR REASONS PRE"
V I OUSLY D I SCUSSED .

ABRASION FROM WATER-BORNE SAND

The amount and maximum particle sizes of sand sus-
pended IN water close to the sea bottom are functions
of the water velocity. Velocities close to the sea
bottom are induced by wave action and by tidal cur-
rents, the first be i ng osc

i

llatory with the period of
the wave and the second being transilatory in the
direction of the current. under the conditions found
AT THE SITES AT GeORGE's BaNK AND NANTUCKET ShOALS,
EITHER TYPE OF SEA BOTTOM MOVEMENT HAS VELOCITIES
SUFFICIENT TO TRANSPORT SAND AND MAY CAUSE SERIOUS
ABRASIVE LOSSES TO SUBMERGED STRUCTURES. HENCE, ADE-
QUATE PROTECTION AGAINST SUCH ABRASION OR SAND
CUTTING MUST BE PROVIDED AT THESE TWO LOCATIONS.

- 15
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