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- THE GEOLOGICAL DISTRIBUTION OF HIGHWAY BASE COURSE
MATERIAL AND AGGREGATE IN FLORIDA

By
Robert O, Vernonl |
INTRODUCTION
The Florida Staﬁe Road Depart.merit's philosophy of road build-
ing includes the purpose of using any rock materials in the area through
which the road passes, provided these materials will meet or can be
made to meet the specifiéations of use, This general philosophy also
inclp.des planning to have the cutsbalance the fills with hauls being made
as short as Possible.
Failure of the road bed as a result of freezing and thawing is not
a particularlydistressing problem in Florida, but, because of our heavy
rainfall over short periods of time the saturation by water and resulting
failures ‘t;y flow does present some difficulty. Soft clays and organic
muds, mucks and peats occupy shallow sinkhole depressions through the
State, and are preSent in large numbers along the coastal lowlands.
These soft sediment-filled sinks are exca.vated where they are inter-
sected by roads and are refilled by sand, which is compacted, If the

sinks are excessively deep, piling or bridging may be used.

1Director, Florida Geological Survey, Tallahassee.
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For sfat; ro.adé, , é.base course of several accepted'rﬁaterials
is placed uéon the grade and sections cut into the native sediments,
The thickness of the base course varies from 6 to 10 inches when com-
 pacted, depending upon the amount of the road traffic. Upon this base

course, pavements of concrete with silica gravel and sand, and with
stone.and sand as.aggregates can be .cons,txu.ctéd. Bituminous mixes
‘require a prime and a tack Vcoat upon fhe. base course followed by the
bituminous pavemeni:, which may consist of 1) various sand-asphalt
mixes>, both hot and cold, using silica sand, stone screening, slag
screening, or shell; 2) asphaltic .concrete binder course followed by a

surface course, using both stone or slag and the fine aggregates above.
- BASE COURSE MATERTIALS

Several mineralmaterials have been used for base-course ma-
terials in Florida., These must be porous and permeablle, uniform or
easily ma{ie so.by mixing with other sediments, and must be easily
worked intq a smoo’;h, firm surface free of pits and pockets.

Base-course material should show no téndency, to air slake or
undergo rapid chemical change when weathered. Limestone must be
uniformly graded from the largest pieces down to dust, and of a stated
chemical content, Hard, lumpy, and flinty pieces are allowed up to a
percentage Whére their presence prevents the forming of a smooth sur-

face. The presence of trash and other foreign matter is not tolerated.
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The plasticity: index,vthé vo,lume of watér in percent necessa;y to
change tl.me rock fromits plasticlimit to where the crushed rock matrix
will_deform and flow, is closely. contr‘olled and is notallowed to exceed
10 percent.

Materials' near the road right-of-wayare desirable not only for

the ease of handling, but also. because of low cost. The widespread

occurrence or soft, granular limestones in Florida (frontispiece) pro-
vide convenience pits along many roads. Centers of production near
Ocala, Williston and Miami can ship these materials at low cost to
most of the State. Only in the Panhandle area is a sand-clay base
commonly used, elsewhere limestone, marl or shell is specified.

Limestone, the primary material for road~base courses, is sold
for about a dollar per ton F.O.B. at the plant. More than 4 million
tons are used annually for this purpose. Sand-clay base course is
similar inprice, butthe depositsare limited and becomingincreasingly
hard to find.

Limestone, sand-clay mixes, shell, marl and, where the traffic
load permits, local rockbases maybe used. These are 1isted approxi-
matelyintheir order of preference. Of the limestones, the Ocala group
is the best available material. It is, as mined, more than 95 percent
carbonate and is clean, uniform, smooth working and easily handled.
Dampnes_s rarely disturbs the road bed because the Ocala has an ex~

cellent porosity and permeability. The granularity of the limestone
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a.llows the disking of the base course, and the soluble organic-calcite
forms a smooth compacted upper surface withlittle werttuing. The stone
is clean, eavsiiy dressed and paverhent materials can be easily and
firmly placed upon it.

A group of limestones of upper Eocene age called the Ocala
- group and -'i-n-c-iudi'ng the ‘Crystal River, the Williston and Inglis forma-
'tion_s, crops out along the crest of the Qcala uplift along the tier of
counties of the westernpeninsula from Suwannee southward to He rnando.
These limestones are extensively mined in the Ocala and Williston
areas and elsewhere in adjacent counties, where paved roads cross
the outcrop. These limestones also crop out in Holmes, Washington
and Jackson counties, put no attempt to utilize these as base course
has been successful. A reserve of some 3 trillion cubic yards is pre-
sent in the Ocala-Williston district and 15 billion yards in Holmes,
Washington and Jackson counties.

Younger Oliéocene and Miocene sediments, the Suwannee lime-
stone and the Tampa formation, have been utilized under the term
'""Ocala limerock, " but the plasticity index is usually too high for
these to be used except when mined and combined with the limestones
of the Ocala group. The Oligocene and Miocene limestones lie gener-
ally around the outcrop of the Ocala group in counties ﬁat adjoin the
Ocala area. A recent test ofdolomitic limestone of the Tampa forma-

tion or Suwannee limestone, exposed in Jefferson County, indicates




fhaf this rock might be utilized for base course,

M1am1 limestone as used by the State Road Department includes
all lime'stone mined below the 28th degree parallel, but for the most
part is Miami oolite of Pleistocene age. Thése' limestones are allowed
~to have a minimum of carbonate of 85 percent, a plasticity index ﬁ_ot
greater than 6 .pe,rvcent.‘and‘ aliquid 1imi.tb.e.10\x}, 35 percent. Hard pieces
offer some difficulty in obtaining a smooth upper surface. About 16
billion cubic yards of Miami limestone is present in the‘ southern pen-
insula of which only a portionis available for mining. Because of large
land developments the area available for mining is becoming increas-
ingly smaller.

Shell base- course must be clam or oyster‘ shell, but steamed
shell cannot be used. Acimixtures of other mineral materials having a
bearing weight of 30 pounds per square inch is permitted as a shell
stabilized base. Oyster shells are dredged from deposits aécumulated
in bays,‘ bars and oécasionally_ from large Indian shell mounds, One
difficulty inusing shells for base course is the re.quirement to wetheav-
ily, and more often than limestone, to secure a smooth, firm surface.

Broken and whole shells make up 80 to 90 pefcent of the beach
ridge along the Atlantic coast and to a limited degree the beach and
ridge sediments along the Manatee, Sarasota, and Charlotte County
coast. These shells. are loosely to firmly indurated and except for a

limited local use as a base course or road surface, the material is



.ex';nployed for other more valuable sﬁructurdl uses,

- Marl base mustbe either a shell marl that is uncemented or so
indurated that it can be blasted in the pit and crushed by rolling on the
:;-oa.d. The plasticity index mustnotéxceed eight percent. Marl occurs
rather commonly along the coastal ;areas' of the Peninsulaat veleva‘tions
generally below 25 feet and rather generally along the d‘eei) stream-

cuts of Holmes, Washington, Walton and Okaloosa counties,
AGGREGATE

Course aggregate is a scarce item in Florida., The State Road
Department permits the use of silica gravel, stone or furnace slag.
For use in Florida roads, silica gravel must be clean, tough, durable,
quartz. The loss in aLos Angeles abrasiontest cannotexceed 45 per-
cent and the dry-rodded weight per cl:ubic foot must exceed 95 pounds.
Stone must be clean, sound, durable rock that, when subjected to the
- Lios Angeles gbrasion test, the loss shall not exceed 40 percent. Slag
must be clean, tough, durable pieces of air-cooled, blast furnace slag,
reasonably uniformin density and quality, containing not morethan 1.5
percent of sulphur. The dry-rodded weight shall exceed 70 pounds per
cubic foot and abrasion loss shall not exceed 40 percent. Slag cannot
be used for portland cement concrete,

Fine aggregate for concrete shall be hard, strong, durable,

reasonably well-graded, uncoated grains of quartz, reasonably free of
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extraneous substances, However, natural sand, stone screenings, slag
screeninés, or combinations of these, provided they meet the abr_as‘ion
requirements and are clean, tough,-angular grains free from clay,
loam and other foreign matter, may be used 1n asphaltic concrete 01;
binder course,

Hard, dgnsg limestone is the only coarse aggregate produced
in any abun&ance in Florida. Indurated thin-bedded limestone of thvve
Miocene—Tampabformation and Oligocene-Suwannee limestone is mined
in Suwannee, Hernando and Lee counties and more than 3 millidn tons
are used annually at a cost of $1.00 to $3.25 per ton F.O.B. cars at
the plant, The harder seams and .beds of limestone mined along the
outcrop in Broward and Dade counties are screened from that sold for
base course and are used as aggregate, To a very minor percent this
separation is also made from the Ocala limerock.

Slag is shipped into Florida from the Birmingham district at a
cost of $1.75 to $1.95 per ton F, O, B. cars at the plant. The freight
rate makes Florida stone competitive. About 1.2 milliontons of silica
gravel is produced from.dredgings in the Flint River. Minor deposits
are known to occur in northern Escambia and Santa Rosa counties and
in southwestJackson County, but most of the silica gravelused in port-
land cement concrete is produced from these limited resources.

Insofar as fine aggregates are -concerned, fine to coarée quartz

sand 1s widely distributed over the State. Almost any road built in
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Florida crosses suitable quantities of clear, sharp sand. However,
because stone and slag are required as coarse aggregates it is some-
times more convenient and cheaper to use slag and stone screenings -

as vﬁne aggregate, or to combine these with locally produced quartz,




PETROLOGY OF CONCRETE AGGREGATE |
By
Bryant M‘a.ther1
It was my pleasure to p-articipate in the program of the 1956
Symposium, On that occasion I remarked that the fract that it was then
the 7th'Symposium onGeology as Applié‘d toHighway Engineering should
signify that there was no longer any need to advocate as new the use of
geological knowledge and techniques in connection with highwéy engi-
neering. Much of what I had to say in 1956 concerned aggregates for
portla{d- cement coﬁcrete and some of the things I said then will be re- |
peated here.
Formanyyears aggregates were defined as 'the inert materials
such as sand, crushed stone, and similar particles, "' which together

with cement and water compose concrete, Ifone examines the still val-

uable Treatise on Concrete, Plain and Reinforced by F. W. Taylor and

Sanford E. Thompson, which was in its third edition in 1916, or the

fifth edition of Johnson's Materials of Construction, which appeared in

1919, one finds no reference either to the concept that aggregateis,

can be, or should be other than inert, or to the suggestionthat samples

Civil Engineer (Concrete Research); Chief, Special Investigations
Branch, Concrete Division, U. S. Army Engineer Waterways Experi-
ment Station, Jackson, Mississippi.
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of ma,terial_si proposed for use as aggregate should be examined by a
geologist or petrograpﬁer. The first record that we have been able to
locate of the employmentof a petrographer indescribing and classify-
ing concrete aggregatesis areportpublishedin May 1915 inthe Bullétin
of the AIME by C. W. Tomlinson entitled "Metilod of Making Mineral-
ogical Analysis of Sand.!'" This report describes a method that he de-
| veloped under the direction of Prof, M. O, Withey and Prof. A. N.
Winchell at the University of Wisconsin. Tomlinson's procedure con-
sisted of separating a sand sample weighing about 300 g into four size
ranges by the use of sieves, separating each sieve fraction into four
specific gravity classes by the use of heavy liquids, and then examin-~
ing and counting the particles of each class in each size range using a
hand lens or microscope and computing weighted average composition.
: vWe do not have information as to what, if any, specific engvineering
utilization was made of the information developed from Tomlinson's
work,

The literature contains; Ijelatively few references prior to 1930
relating to specific geological and petrographic iniornriatibn on aggre-
gates that was used directly in ez;xgineeririg. Taylor and Thompson's
treatise cited the work by Feret published in France in 1897 on the
effect of the presence of mica in sand on the tensile and compressive
strengths of mortar., They also cite additional work by W. N. Willis

in 1907 where weighed quanﬁties of mica were added to standard Ottawa
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~sands thé.t were thenused in me.xking mortars from which tensile-strength
test spec'imens were molded. It was indicated that the tensile strength
dropped off as the mica content increased but it was also shown that
this was caused alzﬁost entirely by an increase in the amount of water -
required for mixing rather than due to any specific physical or chemical
characteristic of the mica particles as such. Thediscussion concludes
with the interesting and cryptic statement, "Black micawith adifferent
crystalline form is not injurious to mortar.'" So far as I know, this
question has not been subsequently exafnined.

In the 1920's G. F. Laughlin was called upon to participate in
an investig-ation of the £ailure of certain concrete in service that was
suspected of having resulted from the use .as aggregate of material
having constituents with undesirable properties. He found that the ag-
gregate was altered anorthosite and found that it contained considerable
quantities of the zeolite, laumontite, which éharacteristically loses
water and disintegrates when exposed to air. He was able to establish
a correlation between deterioration of concrete and the use therein of
aggregates‘containing significant quantities oflaumontite, He continued
his interest inconcrete aggregates and wrote on various aspects of the
question, This work stimulated several engineers connected with high-~
way departments and other concrete-using agencies to send to him sam-
plesof aggregates associated with unsatisfactory service from concrete

or associated with suspicious test results. His study ofthese samples,
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which consisted almostentirely of lime sfones, involved assistance from
: C. S. R.oss> of the U. S. Géological Survey in determining the nature of
the clay minerals present. All of the specimens contained clay of the
montmorillonite grdup, according to the optical criteria then in use.
Beginning in about 1940 with the discovgry by T. E. Stanton of
the California Division of Highwayé of the kind of concrete deteriora-
tionnowknown as ''alkali-aggregate reaction' there was a considerable
increase in the degree to which.the services of geologists and petrog-
raphers were employed in the study of aggregates for concrete. The
California Division of Highwasrs and other highway departments, particu-
larly in the West, obtained geological and petrographic assistance, as
did the U. S. Bureau of Reclamation, the Corps of Engineers, the
National Bu;ceau of Standards, and other agencies, In a few instances,
particularly the PCA, the NBS, and the Corps of Engineers, a petrog-
rapher was already available in the concrete résearch establishment
as a resultof a previouslyrecognized need for the employment of sﬁch
talent in the examination of portland-cement clinker by reflected light
microscopy techniques. The California experience was first directly
correlated with aggregates described aé "siliceous magnesian lime-
stones, ' The Bureau of Reclamation's experience was correlated with
aggregates consisting of rhyolites, andesites, and dacites. The initial,
and entirely logical, reaction of engineers to these correlations was to

specify that aggregates shall not consist of or include such materials.
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When it became apparent, howevér, that it Wés clearly uneconomic to
exclude fi'om use é.s aggregate limestones, volqanic rocks, and sili-
ceous gravels, research was carried on at an accelerated rate in an
effort, on the one hand, to pinpointmore precisgly the specific reactive
constituents and, on the other, to develop alternative means of dealing
with the Aproblerh._ In the course of these invést_igations, primarily in-
stigated because of concernwith alkali-‘aggregate reaction, many other
aspects of th.Levnature and properties of concrete aggregate material
have been investigated, classified, and correlated with performance
of concrete. As a result, we can no longer speal'< of aggregates as inert

material. Arecent treatise; The Technology of Cement and Concrete,

published in 1955 goesto the other extreme in stating '"Most aggregates

when bound into concrete by a cementing medium are highly reactive

rather than inert. " It is then pointed out that the activity may involve .

any one or a combination of chemical, physical, and thermal forces,
This treatise.discusses concrete aggregates in five chapters, the first
of which is an introduction and the second is entitled "Geology and Pe-
trography of Concrete Aggregates, " '

Geological activity relating to concrete aggregatesis now tech-
nologically and economically important not only with regard to labora-
tory investigations but alsovas it relates to explorationand production.
The sand and gravel industry has grown during the 20th Century from

very small proportions toits present size, in whichit exceeds all other
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non-fuel nﬁineral industries in tonnage and is among the highest invalue
'>ofproduct.- Ninety per cent ofits production enter; the constructionin-
dustry. Asomewhat comparablehistoryhas characterized the crushed-
stone industry. Many deposits of sand and gravgl and stone have been
exhausted orh_ave beenrendered unavailable due tourbandevelopment.
Similarly, the demand has Vincreased absolutély and developed in lo-
calities whére it did not previdusly exist. This has resuited in the need
for locating new sources of raw maﬁerials inplaces where their exist-
ence is not immediately apparent.r Modern production equipment and
processing plants for the aggregate industry represent large invest-
ments of capit'allwhich are justified only Qhen ample resources of raw
mateﬁal are available. Itis, therefore, increasingly necessarythat
the geological situation be thoroughly explored before a site for a sand
and gravel or crushed stone operation is brought into economic pro-
duction,

The policy of the Corps of Engineers of the U. S. Army regard-
ing aggregatés for portland-cement concrete to be used in Civil Works
construction differs from that of most concrete-using agencies in a
number of respects. In the fi“rst place, - quality is not controlled by
specifying conventional limits on the results of standard phjrsical and
chemical tlests. This deliberate change from conventional practice was
adopted because of a belief thatsuch limits are bothunreliable and im-

practical. Control of the factors that influence quality remains with
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the Contracting Officer., The Corps' policy is to determine the suit-

ability of all sources 1ocally and economically available for a given

project, in advance of advertising for bids, In the determination of

suitability, all appropriate available testing and examination proce-
dures are employed. -In the planning and design stages of a project,
- an important phase is selection of suitable aggregate sources. This
investigationis directed tobe madeby ""engineer-geologist teams work~
ing together" and should have as its objective, in the case of a large
project, the location of a source which can be owned or controlled by
the Governﬁent, or; in the case of a.vsm-al‘ll_‘:é‘r project, the location of
ail sources determined to bé ec.onomi.caliyf competitive and acceptable
from a quality standpoint. Once potential sources have been sampled
and the samples deliveredto the 1aboratory, it is directed that prelim-
inarytesting should consist of petrographic examinationand determina-
tion of elementary properties such as specific gravity and absorption,
Subsequent lraboratory studies are directed to include more complete
petrographic study, determination of additional physical properties,
and tests fér concrete making properties. At the conclusion of these
studies a report will be prepared, giving the results, and recorhmend—
ing which of the sources investigated should be listed as approved.
When several sources are approvedithey are listedin the specifications
and the contrac,;tor is given the option of supplying from anyone of them

or from another source not listed, If he elects topropose asource not

et e e b BEr e b g aes
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listed as approved, it will be sampled, thev sa.rriples tested, and ifv
satisfactory, it will be approved; if not satisfactory? it will not be
approved and he must then furnish from one of the approved sources,
The spécifications clearly specify that "Approval of a source is not to
be construed as approval of all material from that source. The right
-8 reserved toreject materials from certainlocalized areas when such
materials are unsuitable as determined by the contl"acting office." Fur-
ther it is required that '"material from an approved source shall meet
all of the grading, uniformity, ‘and particle shape requirements of the
specifications, "

I mentionthe Corps of Engineers" approach toaggregate speci-
fications because it is unique, because it involves a more routine and
larger degree of participation by geologists, and because it, to some
bextent, I believe, points to a possible solution to what is described as
'""one of the mostdifficult problems" confronting the aggregate industry,
namely, "the complexity andinflexibility of specifications for concrete
aggregate, " (USBM Mineral Facts and Problems).

As long as it was assumed as a premise that aggregate parti-
cles in concrete were inert, there was nothing that éould have been
properly discussed as ''the petrology of concrete aggregates.! Now
that it is recognized that aggregate particles are rarely, if ever, inert,
there ismuch to discuss, However, in the present state of knowledge,

I am not prepared to give final answers regarding the interrelation of
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thé ma‘ny‘préperties of aggregates with the many aspects of their en-
vironment in concrete. Any solid particle - of any size such that it
will pass through the larger and be retained on the smaller of aﬁy two
sieves that nﬁay be used in processing materials for use as aggregate
may - and usually will - become anaggregate particle. Suchaparticle
will .5e unique;no other particlein the world \&ill have exactlythe same
shape, surface texture, mineral composition, pore structure, strength,
hardness, resistance to abrasion, thermal coefficient, modulus of elas-
ticity, and so on. Also no other particle will have precisely the same
environment, temperaturehistory, loadinghistory, and the like. Hence
all evaluations must be statistical and in terms of similarities and dif-
ferences on a statistical basis. This is why it i impossible - and
dangerous - to state categorically that granite is ''good' or that shale
is '"bad" - aé aggregate.

In the alkali-aggregate reaction we now know that for delete rious
expansion and cracking to occur it is necessary that a variety of cir-
cumstances coexist: (1) The aggregate must be reactive.i (2) Alkali
must be present. (3) Moisture must be present., We also know that,
unless there is an external source 6f alkali - sodiumn or potassium or
both - from sea water, ground water, soil, or industrial contamination
of the environment of the concrete - itmustbe contributed by the cement
or the aggregate or both in an amount at least equal to 0.6 per cent by

weight of the cement expressed as sodium oxide equivalent; less than
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this is too little to cause t‘rouble in concrete in service, sd far as we
now know. With respect to the aggregate the situation is even more
complex: the reactive materials are those that are composed of or in-
clude silica that is rather readily soluble in alkali - such materials
are: opal,‘ chalcedony, acid-volcanic glass, artificial glass, tridymite,
~cri'stoba1ite.. V'I.-I‘oweve'r,'-n’o ‘deleterious expansion -will océur unless the
quantity of such material .and the ratio of surface area to mass of the
particles is within certain limits suchthat the réactionwith alkalies in
concrete will result in the production of an unlimited swelling gel as
the reaction product. So long as the reaction of a}kalies in solution in
the concrete with the soluble silica in the aggregates takes place in a

solution that is saturated with calcium hydro‘xide, the product formed

is a limited swelling calcium alkali silica gel, which does not cause -

expansive deterioration of the concrete., Onlywhen the reactibn occurs
in an environmentin which ‘the alkali solutionis not saturated with cal-
cium hydroxide does the unlimited swelling alkali silica gel form.
Therefore, if the ratio of the quantity of available alkali to the surface
area of thé reactive aggregate particles is sﬁch that all the alkali is
“used up in reactions that occur in the normal calcium-hydroxide satu-
rated solution of the concrete, no harmiful reaction product will be
formed. Such anon-harmiful situationoccurs either when (1) the quan-

tity of alkali is small, (2) the quantity of reactive aggregate is large,

or (3) the particie size of the reactive aggregate is small, Only when
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the alkali content is high, the quantity of reactive aggregate is inter-
mediate, -and the size of the aggregate particles is relatively large can
harmful alkali-aggregate reaction occur - only in this '"'pessimum' sit-
uation will there be available alkali and unfeac_ted reactive silicain the
interior of aggregate particles after the reaction with the aggregate
particle surfaces has been completed. In this specific situation, due
to the greater ionicmobility of the hydrated sodium and potassium ions,
as compared with the lower mobility of the larger hydrated calcium
ions, the sodium or potassiuin, or bbth, can, and will react with the
silica beneath the alréady formed calcium alkali silica gel and produce
the unlimited swelling alkali silica gei. This then is the petrology of
concrete aggregate in deleterious alkali-aggregate reaction. It tells
us why it is that we may prevent deterioration of concrete caused by

. 'alkali;aggregate reaction expansionby any one of a variety ofmeasures:
(1) Use of low-alkali cement, (2) use of nog—reactive aggregate, or (3)
use of an admixture of finelydivided reactive aggregate, i.e., pozzolan,

Many other aspects of the petrology of concrete aggregates could
be discussed; few, howe.ver, are as yet as well understood. The be-
havior of aggregate particles during freezing and thawing, heating and
cooling, wetting and drying, loading and unloading of the concrete de-
pend on the interrelation of the properties of the aggregate and those
of the matrix in which they are embedded and on the degree and kind -

of bond developed between the particle and the cement paste. All of
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ever, we should not cérry this appfoach too far. Engineering for 11
Decembér 1959 noted that 1.0.technicians had been indicted in Madrid
for responsibilityin connectionwith the failure of a dam in Spain. The
account did not indicate ;Jvhether or not there were any geologists among

those indicted.
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" THE AASHO ROAD TEST: A PROGRESS REPORT
By
W. N. Carey, Jr.,!and W. J. Schmidt?
>The AASHO Road Test at Ottawa, Ill‘ino_is, is a statistically
designed research project with :the major b‘bjective of determining‘
significant relationships between the performanée of highway pavé—
ments and the loads applied to them.

The project is sponsored by the Arﬁericaﬁ Association of State
Highway Officials, and administered and directed by the Highway
Research Board of the National Academy of Sciences~-National
Research Coﬁnci/l. Financial supportis provided by the States, District
pf Columbia, Puerto Rico, the Bureau of Public Roads, the Automobile
Ma.nufa.cturers Association, the American Petroleum Institute, and

- The American Institute of Steel Cpnstruction, with the cooperation and
assistance of the Department of Defense. The estimated total cost of
the project is 25 million dollars.

The test facilities are contained in six loops of highway pave-

ment laid out on an eight mile right-of-way which is the location of a

future four-lane, divided expressway in the Interstate Highway System.

1Chief engineer for research, AASHORoad Test, Highway Research
Board, Ottawa, Ill. ‘

2 Chief, public information section, AASHO Road Test, Highway
Research Board, Ottawa, Ill.
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Eachtestloophas twolongtangents, or straight-aways--one of flexible-
type pavement and one of rigid-type pavement. Each tangéntwas con-
structed as a series of short pavement sections of varied structural
design, and was divided into two traffic lanes so that each structural
section is, in effect, two test sections.

‘The six test loops were constructed in 418 structural sections,
or 836 test sections. Of these, 368 were rigid-type pavement and 468
were flexible~type pavements. In .addition, 16 short span bridges of
various designs of steel, reinforced concrete and prestressed concrete
were built at four locations in two of the test loops.

Five of the six test loops are being subjected to controlled
-traific-.consisting of commercial trucks and tractor-semitrailer com-
binations. The sixth loop is used for special tests and to evaluate the
effect of weather on the pavement.

The testvehicles represent 10 different axle loads and arrange-
ments, one for each lane ix;. the five traffic loops. All vehicles operated
in any one lane apply identical loads to the pavement. Thus, any one
test section receives repetitions of one load, and no other, and the
performance of the pavement is attributable to the effects of that load.

The pavements under test, both flexible and rigid, represent
a wide range of designs. Within each test loop there were pavernents
presumed to be underdésigned, édequately designed, and overdesigned

for the axle loads applied to them.
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f‘or exémple, one of the test loops carries vehicles with 18,000-
pound sin;gle axleloads in one lane and 32,000-pound tandem.axleb loads
in the other lane, ’fhese loads are recommended by the American
Association of State Highway Officials as legal limits, and are used as
such by a niajority of the Stateé.

In this test loop, plain' and ,re,infor_c.e_df_rigid pavement slabs
were constructed 5, 6%, 8 and 9% inches thick. A sand-gravel sub-
base material occurs in thicknesse.s of three, six and nine inches,
All possible combinations of fhese thicknesses occur in this loop. In

other words, a plain 5-inch slab was placed on all three thicknesses

. of subbase; a reinforced 5-inch slab also was placed on all three thick-

nesses; and the same is true of the 61, 8 and 93-inch slabs,

This use of all pos si_ble combinations of the variable is known
as a complete factorial experiment. It is an extremely 'strong" ex-
periment, and one which lends itself to sound analyses, In this par-
ticular case, the experimentis a 4x3x2 factorial--four slab thickne sses,
three subbase thicknesses, and two types of pavement, reinforced or
non-reinforced. Obviously, it required the construction of 4 times 3

times 2, or 24, different structural sections,

The same type of experiment design was used also in the flex- -

ible pavement tangent of each loop. In the test loop mentioned in the
previous example, bituminous concrete surfacing was constructed

three, four and five inches thick; a crushed stone base course occurs



*a -

26

in thicknesses of zero, three and six inches; and a sand-gravel subbase

in thicknesées of four, eight and twelve inches, Whenall possible com-

binations of these thicknesses of material are constructed there is a

3x3x3 factorial. necessitating 27 different strucj:ural sections.
Eachtangent of the five traffic loops contains identical or simi-
lar factorial experiments. Of course, the range of thickpesses in each
léop differs according to the loads being applied. For example, rigid
slab thicknesses are 23, 33 and 5 inches on zero, three and six inches
of subbase on the loop where vehicles have 2,000 and 6,000-pound single
axle loads. In contrast, slab thicknesses are 8, 93, 11 and 124 inches

on three, six andnine inches of subbase in the loop where vehicles have

v30,000 single and 48,000-pound tandem axle loads.

Flexible pavements cover asimilarly wide range--from a mere
surface treatment on embankment soil up toa section with sixinches of
bituminous concrete surfacing onnine inches of crushed stone base and
16 inches of sand-gravel subbase for a total thickness of 31 inches,

In addition to the factorial experiment design, twobasic princi-
ples of statistics were empioyed inlaying out the test sections., These
are randomization and replication,

Randomization is best explained by comparing it tovshufﬂing a
deck of cards. Any card has an equal chance of being anywhere in the
deck. In the test loops any structural sectioﬁ had an equal chance of

being anywhere within its loop tangent, and the loops were laid out
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aléng the right-bf-way in random order. Although randomization of
the various sections made constructionmore difficult, it was necessary
to assure that the research ivindings would be unbiased.

Replication merely means repeating. In a research project, it
results in performingthe same experiment ‘twice in order todetermine
experimental error and the reliability of the findings. A limited, but
sufficient, number of structural-séctions was replicated or repeated in
each ofl ti’lé test loop tangents.,

There are only‘seven varriables in the AASHO Road Test experi-
ment, ' Those connected with the pavements have beendescribed. They
are; pavement type (portiand cement concrete or asphaltic cloncrete )s
surfacing thickness, base thickness, subbase thickness, and reinforcing
or non-reinforcing in rigid-type pavemént. ‘I'ne remaining two varia-~
bles are connected with the traffic, They are axle load and axle ar-
rangement, In this case, the term "axle arrangement' merely means
single or tandem.

The axle loads are 2,000 - 6,000 - 12,000 - 18,000 ~ 22,400 anci
30,000 pounds on single axles, and 24,000 -~ 32,000 - 40,000 and 48,000
pouz;.tds on tandem axles. The 2,000 and 6,000 pound single axle loads
are applied By small trucks operating inseparate lanes of one test loop.
‘ In the other four loops, loads are applied by tractor-semitrailer type
vehicles with single-axle vehicles operating in the inside lane and tan-

dems in the outside lane of the loop.
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. The test trafficbegan fuli operation ’in November 1‘}58.. At that |
ﬁme, the pl;oject had a fleet of 70 vehicles--60 to operate on the loops
é.n(i 10 for stand-by servif:e. In the four main loops, carrying the
tractor-semitrailer vehicles, full operation meant six vehicles per
lane. In the light truck loop, full oéeration meant fou.l; vehicles in one
lane .and eight in the ,o.\th.er,.

Traffic was scheduled to operate about 183 hours a day, six
days a week. 'l‘wd shifts of drivers were furri<hed by a special U. S.
Army Transportation Corps unit stationed at the test site. Operations
were carried on through the winter and as much as poésible through
the spring “bréa.k-up” period.

Some difficulties were encountered inmaintaining a full comple-
ment of operational vehicles on all test loops, and an additional éight
tractor units were added to the velﬁcle fleet in the fall éf 1958, By
January 1, 1960, this fleet had amassed a record of approximately

six million miles of operation and 400,000 applications of a specific

‘axle load on all pavement sections remaining in test.

During the first part of January, 48 more vehicles were pur-
chased ;J.nd put into operation on the test loops. This has allowed an
increase on the main test loops from six to ten vehicles per traffic
lane; and, on the smaller loop, from four to six vehicles in one lane

and eight to twelve in the other. Operations are being carried out on

a seven-day-a-week schedule instead of six.
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- This increase is iﬁ accordance With the wishes of the sponsor

to obtain as many axle load applications as pdssible befo;e the sched-

uled end of test traffic next July 1. It is estimated that approximately
650,000 load applications will result, |

The effects of ‘t}ie controlled traffic on pavements and bridges

are beingmeasured and recorded by systems ofelectronic and rhe chan-

ical instruménts, some of which were developed specifically for the

project. Measurements are generally of two types: (l) transient

effects of loads such as strains, deflections and curvatures; (2} per-

manent effects suchas roughness, rutting and cfacking of the pavement

surface.
Measurements of the permanenf effects of traffic will enable

the research engineers to satisfy the primary objective of the Road

~Test, That objective asks for significantrelationshipsbetween loading

and the performance of pavements of different structural designs.
Soon after this objective was stated formally,b it became ap-
parent that there was no widely-accepted definition of performance,
and thus no satisfactory method of rating pavements in terms of per-
formance. The performance of any product is a subjective matter;
or, in other words, it is the opinion of the user as to the degree of
satisfactorv servi.ce the proauct was given. Thus, the performance
of a given piece of highway pavement is some overall appraisal of its

serviceability over a period of time.
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Therefore, some system was required whereby periodic ser-
Sriceability i'atings of .the test pavements could be made., The record
of serviceability against time, or number of load applications, would
then be the basis for evaluating the performance of the various test
sectibns.

Two que stions arise‘immediately. Who is to make the periodic

- serviceability ratings? What characteristics of the pavement are to

be considered?

The Road Test research staff based its answers to these ques-
tions on the following assumptions.

(1) The onlv valid reason for any road or highway is to serve
all highway users, and the serviceability of a highway could be ex-
pressed by the mean evaluation, or opinion, of 5.11 highway users..

(2) Since the AASHO Road Test is a study of the pavement
rather than the entire highway, only those chara.cteristics relating to
the pavement should be considered. ‘Thus, such bfea.tures as grade,
alignment, shoulder condition, etc., should be excluded.

Obviously, the Road Test pavements could not be eval.ated by
all highway users. However; an easy solution would seem to lie in the
utilization of a representative sample of all highway users, a small
group which conceivably could make periodic ratings of the test pave-
ments. This solution was ruled out for two reasons., It was not prac-

tical to assemble a highway-user rating panel on the project at the
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frequent intervals required. Also, many of the testsections were only
100 feet iong, too short toallow a satisfactorjr evaluation of their ability
to serve traffic.

The system which was finally developed by the research staff,
with the aid of an advisory panel, utilizes objective measurements of
certain characteristics of the pavement surface. Thes_e measurements
are mathematically combined to produce a serviceability index number
which satisfactorily estimates the serviceability rating of a represent-
ative group of highway users. The necessary measurements can be
made at will and, in fact, are made on each test section every two
weeks, The resulting index numbers, when plotted against time, will
be the basis for evaluating each test section in terms of performance.

The development of this system began with the selection of a
12-man Performance Rating Panel. The members of this panel were
selected to represent not only the highway-engineering field, but also

highway user groups, construction materials suppliers, and vehicle

- manufacturers., Theoretically, of course, the panel represenfs all

highway users.

After this panel had been oriented as to the task it was to per-
form and had agreed on specific definitions of the terms involved, it
began to rate 1200-foot sections of pavements in service on the high-
way system. In all, 100 sections of pavement in three midwestern

states were rated. The pavements were selected to represent a wide
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range of serviceability, from sections obviously in very good condition
to sections in very poor condition.

These field ratings were made individually; that is, the ratei's
did not disvcuss the pavement cond;tions With other raters .and did not
disclose‘the ratings they had madéi. Raters were allowed to ride over
the pavements, inspect them, and watch other vehicles travel over
them. Their ratings weremade onthe basis of '"present serviceability"
which had been defined previously as ''the ability of a specific section
of pavement to serve high-speed, high-volume, mixed (truck and auto-
mobile) traffic. " The raters were cautioned to base their judgments
strictly on the basis of present serviceability and noton their opinions
as to how the pavement might perform in the future,

All ratings Were made on a scale of zero to five marked with
adjective terms rangingfromverypoor to very g_ood. The rater merely.
placed a mark on a simple scale to indicatehis opinionof the pavement
section. He was also asked to indicate whether or not the pavement
section was, in his opinion, satisfactory for service ona primaryhigh-
way, and to note what characteristics of the pavement had most influ-
enced his opinion,

The panel was asked also torate some pavement sections twice,
with the second rating after a short period of time sufficient to allow
the raters toforget their initial rating of the section. This was neces-

sary to determine the ability of the panel to be consistent,
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‘Since the panel was intended to represent all highway users, it
was necéssary to test its ability to do so.. To a Hmited extent, the
Road Test panel was validated by having other groups of highway users
rate some of the same pavements and comparing the results.

When the pangl members had completed their individual ratings
of the selected pavement sections, the mean rating of the panel was
designated as the "present serviceability rating'' for each section.
Meanwhile, the Road Test staff had been making objective measure-
ments on these same pavement sections. Generally speaking, the
measurements involved those navement characteristics which the
raters had indicated as influencing their opinions of the various sec-
tions. They included longitudinal profile, transverse profile, and the
area of cracking and patching.

These objective measurements were then combined into a for-
mula which would reproduce the subjective ''present serviceability
rating' which the panel had given each pavément section. Mathemati-
cal analysis'ylel.ded the simplest rormula which would reproduce the
panel rating, at least within the range of the panel's ability to repeat
ratings of any section of pavement. The values obtained from this for-
mula were designated the 'present serviceability index. "

Once the mathematical formula was derived it was no longer
necessary to have a panel of raters for the pavement sections at the

Road Test. Despite the relatively short test sections, it was now
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possible to make periodic objec1.:ive measurements and combine these
to produce 'a preéent serviceabillity index for each section,

As mentioned previously, the present serviceability indexnum-
ber is obtained for each test sectionevery two weeks. When test traf-
fic began in the fall of 1958, all test sections had relatively high index
.numbers. | Under traffic, some of the underdesigned sections have de-
teriorated and somé have failed. As this has occurred, the service-.
ability indices on these sections, plotted against time, have given an
excellent ""picture' of the relative performance of each section. Thus,
the 're.search staff is enabled to satisfy the primary objective: to find

significant relationships betwe‘enloéding and performance of pavements

of various structural designs,

The pavement serviceability--pe-rformance concept is the basic
concept of the entire project. Anyoﬁe who hopes to utilize the results
of the test in an effective manner should understand the funda.me#tals
-of this 5ystem.‘ Further, such a system has a great potential fo;‘ useb
by the state highway departments in the areas of su‘fﬁc.i_ency ratings,
evaluation of design systems, and evaluation of pavfng materials and

construction techniques,
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PR'ELIMINARY SUB-SURFACE INVESTIGATION OF THE
. CHESAPEAKE BAY CROSSING

By
P. Z. Michener 1

The project consists of a bridge-tunnel crossing of the lower

 Chesapeake Bay between Chesapeake Beach, near Norfolk, Virginia,

and the southern tip of thev peninsula on the Eastern Shore of Virginia
(Ca.pé Charles) and includes approach roads to connect the structure
with the;existing road net at both ends (Fig. l). The project construc-
tion cost is estimated to be approximately $144,000,000 aﬁd approxi-
thately 3-1/2 years will be required for c0nsfruction.

The total length of the préject, including the approach roads;
is approximately 24 miles, of which approximately 18 miles is over
open water having the same characteristics as the adjacent Aflantic
Ocean.

The individual component structures included in the project are
not tne longest or the largest ever built, but the project is unique in

the number of different major structures included in one crossing.

1Project engineer, Sverdrup.and Parcel, Consulting Engineers,
St. Louis, Mo.
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- : These components consist of:

_ o Appr Qxima.fely
‘e 1. Jlow level Trestle....vvvvrnennnnan 112 mi. '
2. Thimble Shoals Tunnel & Islands..... 12 mi.
3. Baltimore Channel Tunnel & Islands.. 13 mi.
4. North Channel Bridge & Approaches.. 2 mi.
5. Fisherman Inlet Bridge & Approaches % mi.
6. TFisherman Island Causeway. ......... 12 mi.
- Total Length of Project........ - 172 mi.
7. Approach Roads (approximately) ..... 5 mi.
Total Length of Project (approximately) 22% mi.

The vertical and horizontal clearances were determined by

National Defense and local marine traffic requirements.

Vit &

L | - Figure 1

The design loading for all structures is AASHO, H20-S16.
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Figure 2 shows a portion of the low level trestle structure.

The major portion of the project length, 61,725 feet, will con-
-8ist of.‘thi-s'type'rtreﬂstle-over relatively shallow water, approximately
20 feet to 30 feet in depth, in areas where there are no »established
navigation requirements. This structure will consist of 825 precast,
presfressed concrete spans of 75 feet each and precast concrete bent
caps.supported on 54-inch diameter, hollow, precast, prestressed
cylindrical concrete piles. The structure will have a 28-foot roadway
vwith an 18-inch safety walk on each side. This construction will be
similar to that used on the Lake Pontchartrain Bridge near New
Orleans, Louisiana. The roadway surface is to be placed on a level
grade at an elevation 30 feet above mean high water to accommodate

‘'small boat traffic and to keep the superstructure above any wave
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action.b You will note that our"s is considerably heavier than Lake
Pontchartrain inbt‘hat we provide 3 pile bents with the outside piles
battered. The i)iles will be filled with éand to enable them to with-
stand better any shock éf collision by small bo;ts or ice floes, which
sometimes occur in this portion of Chesapeake Bay.

Tunnels are to be constructed under each of the two major ship
channels. The constructién details will be identical for both tunnels.
Fig. 3 shows a plan &.proﬁle of Hir:he | Thimble Shoal Tunnel. The ap-~

proaches are on a 3.5% grade.

CHESAPLAKE BAYﬁ/

BALTRAL  CHANNEL

-
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Thimble Shoal Tunnel will have a portal-to-portal length of
6,200 feét. Baltimore Channel Tunnel will be 5, 664 feet portal-to-
portal.

The tunnel structures will consist of prefabricated concrete
tubes 37 feet in diameter and 300 feet long sunk into place and joined

in a prepared trenchand covered with selected backfill material. The
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tunnels and open approaches yvilvl.‘have a roadway width of 24 feet be-
tween curbs and an overhead clearance above the roadway surface of
14 feet.

The ends of the tunnels will be founded on artificial islands.
" Each of these islands will be approximately 1,600 feet long and an av-
-erage of 230 feet wide at the top, with the general surface of the is-
‘lands at an elevation of 30 feet above mean low water. Thé islands
will provide support for the depressed open approaches to the tunnels
anda an eicvaited area for the .tunnel ventilation puiaings and garages
for emergency equip_rnent. The core of these islands wiil be built of
sand dredged from the sea bottom of adjacent waters. A solid row of
prestressed concrete sheet piling, driven around the periphery is de-
signed to prevent washing out and undermining of the sand core.
Quarry-run stone, protected by heavy derrick.-size stone énd precast
concrete shore protection units, will be used as added protection out-
side tne sheet piling. The estimated cost of protecting each artificial
island against severe wave action and high water is approximately
$4, 500, 000.

The third major structure . is the North Channel Bridge which
~will provide a single navigation opening of 300 feet horizontal clear-
ance and 75 feet vertical clearance above mean high water to accom-

modate the local fishing fleets. The approach grades are 3%. A
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28-foot r;)adway Qith; 18-inch emergendy sidewalks on each side is-.
provi-ded.

The main channel span will be a curved chord simple truss
which combines economy with esthetics. The approaches to the main
span will consist of four-span continuous fabricated steel deck plate
- ~girder units with..r\einior ced concrete ,r-.oa.dwayl slabs.

On the substructure, we propose to use what is sometimes
called a bell-bottom piér. On this type of construction the Bay bot- .
tom is excavated to the elevation of the bottom of the pier. A precast
concrete texﬁplate is placed in the excavation, and steel bearing piles
aré driven thru the template. 'I‘-}-1en the precast pier shell is placed
on top of the template and filled with tremie concrete. This method
eliminates the cost‘ of cofferdams. |

The .Fisherfnan Inlet Bridge is ovef one of the inland waterway
dredged channels, and is a very simple structure. The center portion
of this étructure will consist of a three-span, continuous steel deck
plate girder with reinforced concrete roadway sla,b. The center span
of 175feet will provide an opening of 110 feet imrizontal clearance and
40 feet vertical clearance above mean high water.

The approachesto the main span ofthis structure willbe of the
low level trestle type construction. The main superstructure spans
will be supported onreinforced concrete piers founded on steel H piles.

These will be constructed using the standard open cofferdam method.
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Between the North Channel Bridge and the Fisherman Inlet
Bridge, our roadway across Fisherman Island will be carried on an

earth-fill embankment (Fig. 4). The existence of defense installations

. riswrEaw
18LAN

e

on Fisherman Island (Defense Radar, Loran, a'nd special experimental
projects) influences the alignment of the route across the island and
the elevationof the roadway surface. To meet the requirements of the
U. S. Navy, the elevation of the roadway surface is placed at 15 feet
abo;\re mean low water. The sideslopes will be protected from wave
action and erosion where necessary by a blanket of stone riprap.
Figure 5 shows a plan and delineation of the Eastern Shore ter-

minal toll plaza and administration facilities.
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~ On this project, as on most major projects, one of our first

problems was to secure reliable foundation information.

Our proposed project is located in the Virginia Coastal Plain
which is part of what is geologically referred to as the Atlantic Coastal
Plain, extending from Massachusetts to Florida. The Virginia Coastal
Pléin, which includes all of Virginia east of the Piedmont Plateau, has
been the subject of many geological studies and field investigations,
and no doubt some of you have been instrumental in the collection,
preparation and presentation of some of the dataI refer to. With par-
ticular reference to the Virginia Coastal Plain, the publications of
Messrs. Stephenson, Cooke, Mansfield, Wentworth, Cederstrom,
Clark, Miller, Ewing, Cory, Rutherford, Sinnott, Tibbitts, Sanford,
Richards, Ryan, Hack and others were reviewed; and the generous
-assistance of the Virginia Department of Highways, the Virginia De-

partment of Conservation and Development, Division of Geology, and
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the U. S. Geologi‘cal Survey aided greatly in determizﬁng a basic c;on?
ception oI the geology ot the édjacent shorelines. The available infor-
mation éhowed that basement rock in .the area is located at depths
greater than 2000 feet and isbverlain by geologically unconsolidated
marine sediments belonging to the Lower and Upper Cretaceous, Ter-
tiary, Pleistocene and Recent Periods. Within the depth penetrated
by our preliminary béfi’ngs, to a maximum depth of 300 fevetv below
mean low water, it was determined that the Tertiary soils are of the
‘Miocene Age and probably belong to the Yorktown formation. The
Quaternary deposits, which are of primary significance in our study,
were formed during the various glacial cycles of the Pleistocene
Period. During these glacial cycles alternate depositing of materials
and scouring by the master streams of the Atlantic slope, such as the
Delaware, Susquehanna, Potomac and James Rivers, formed what is
presently referred to as drowned system of stream channels. Evi-
dence of these buried chavnnels is apparent in the logs of borings taken

during the construction of bridges over the James, York, Rappahan-

nock, Patuxent and Potomac Rivers and at the upper Chesapeake Bay -

Bridge near Annapolis. Since these boring logs showed the drowned
or buried channels to be filled with mud, silt and organic materials
whichrepresented unsatisfactoryioundation material, we were anxious

to determine if this condition existed at our proposed bridge location.
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Prior to '.o'ur preliminary borings we were able to examine
well—drilliné logs, foundation-boring logs and pile-driving records for
many installations located on the adjacent shor elines; but, except for
superficial information obtained from dredging operations, we were
never able to uncover any sub-bottom information near the centerline
of the 18-mile open water portion in which our major structures were
"to be built.” Therefore, it was apparent that we must secure borings
‘as quickly as possible. Like most projects in this initial stage, there
was neither enough time nor enbough money available to obtain com-
plete and final sub-bottom information before the proposed project fi-
nancinvg could be arranged. The problem was solved by making a
careful stuay ot the plan layout to determine the minimum number of
soil borings which would give us maximum information intermittently
across the 18-mile water portion, and by supplementing this informa-
tion with a sub-bottom sonar reflection survey. Twenty-four water
locations were selected for borings. The major portion of these were
concentrated at the two tunnel locations and the North Channel Bridge.

In order to carry out this exploratory program our first op-
eration was to establish the location of the boring holes on the pro-
posed centerline of the structure across the 18 miles of open water.
Ly 1s sometimes aone by use of optical observations using standard
surveying instruments or by the use of sextant from the deck of a

vessel or drilling barge. The use of either of these methods was
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impractical from a time standpoint because our boring operations

were to be performed during the winter months when visibility is in-

termittent and very poor, and conditions of the sea eliminated the use
of floating drill barges and required that all drilling be done from pre-
fabricated sterel towers resting on the bay bottom. Our s‘chedule re-
quired that all operations be on a 24-~hour ba;-sis, ‘and since navigation
regulations Woul’d not permit the placing of marker buoys in the sea
lanes more than two hours in advance of setting the drilling towers,
we knew that we vs.;ould be required to establish some of the boring lo-
cations at night; This problem was solved by using equipment manu-
factured by the Hastings-Raydist Co. of Hampton, Va., which is
commercially known as '""Raydist'. The DM Raydist system is a phase
comparison system based on the fundamental principle of determining
distances, or differences in distances, in terms of thé relé.tive phase
of an audio heterodyne. Basically, continuous-wave transmitters emit
continuous radio signals, which differ from one another by audio fré—
quencies. These heterodyne audiofrequencies, when transmitted from
a common location, such as a survey vessel,. are received and relayed
Ba.ck to the survey vessel from two or more shore étations, the loca-
tions of which are accurately known. By comparing the phase of the
signals as received and relayed back to the survey vessel, accurate
‘distance determinations can be made. The Raydist equipment used in

our survey consisted of two shore based stations as shown, at Oyster
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and Grandview, 'and. duplicate Raydist position indicators mounted o.n
the survey \}éssel.‘ These indicators consisted of two dialsand electro-
sensitive paper recorders which continuously indicated and recorded
automatically in terms of direct range, the distance from the survey
vessel to the two shore’ based Raydist stations. Each dial reading re-
presents a distance equal to a half wave 1enéth‘ -of the trequency on
" which the Raydist is operating. For the frequency which we were
using each dial reading represented a sensitivity of 18 inches. The
concentric circles shown indicate mtiltiples‘of the dial readings given
on the Raydist equipment and repr.esent adistance from the shore sta-
tion. The intersection of these circles, representing a given set of
dial reading, provide an accurate fix of the position of the survey ves-

{Green Station)

sel (Fig. 6).
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" During loc‘ating -opera.tions the vessel posifions were continu-
ously plofted on a USC&GS map on which concentric circles had been
supefimposed and the vessel could be steered on any predetermined
course without visual reference to landmarks. When the vessel was

steered to the exact predetermined location .of a boring hole, a buoy

- was dropped as a reference and the boring tower was set up .on this

location. Several of our boring positions were loCated at night. An
accuracy of about 1 part in 5000 can be expected under nczrmal field
conditions, but final accrracy deiﬁends to a 'gre'at extent on wind, tide,
interference from passing ships and to a larger extent on the abi.lvity

of the survey vessel pilot. When visibility permitted, the locations of '

" the boring towers were checked with sextant and by use of surveying

instruments. All locations were found to be within area limits speci-

' fied.

‘Figure 7 sirxows the motor ship "Robin'' on which the '"Raydist"
veql}ipment wasg installed. Note the two Raydist antenna.

Figure 8 shows the '"Raydist' equipment installed in the main
cabin. FT'o eliminate errors in readings, the numbers of the Raydist

dials were made ''red' and ''green'. It takes about 4 hours to install

~ the equipment, and two men are needed to read and plot the course

during navigation.
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Figure 9 shows one of the boring towers in position for drill-
ing. The é.ctual borihg work was done by Raymond Concrete Pile Co.,
Neﬁv York, and the Tidewater .Consfruction Corp., of Norfolk, Va.,
as joint venturers on a negotiated contract. | The prefabricated steel
platforms were constructed with 12-inch pipe sleeves at the four cof-

ners thru which '10-inch pipe piles 120 feet long were driven into the

Bay bottom for support.

S Spmanmeyamay

During the boring operations the temperature often dropped to

below freezing and the sea was high, often slashing the lower bracing
platform and considerable difficulty was encountered in getting the

boring crews off and on the drilling platform. Each drilrling tower
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was eguipped with two-way radio, life raft, fire extinguishers, navi-
gation lights, ‘fog horn, electric generator and housing for the protec-

tion of records and samples, and for the comfort of the men from

All the drilling work was accomplished with only

inclement weather.
minor accidents; one small fire, and one close call from being run

down by a merchant vessel which came too close, out of curiosity.

The drilling towers were stable and adequate for our operation.

To move the tower, the platform was disconnected, the piles

pulled, and the whole installation lowered onto outriggers mounted on

the front of the floating crane (Fig. 10).

Figure 10

of our borings were spaced approximately one mile

Since some
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'apart', a sonar reflection survey was made to determine the continuity

of the various soil strata identified by the actual borings. The sonar
. survey was made by Alpine Geophysical Associates, Inc., of Norwood,

~ . - New Jersey under a subcontract. The equipmentused in this work was

designeciand built by the company. It utilizes a éparkdischarge in the
water as-a broad band sound sourée and a non-directional hydrophone
to pick up the reflected sound. The spark‘source and hydrophone are
towed in a '"fish'" about 100 feet astern of the survey vessel. The in-
coming signals are amplified and recorded on a dry electro-sensitive
paper. The speed at which the sound travels thru the water and sub-
surface material indicates the density and approximate depth of the
underlying material stratas. A soft organic silty material will absorb
the. sound and give no reflection. A hard layer near the surface of the
sedimenfs will prevent deeper penetration. If either condition is en-
countered it would indicate the need for additional borings to deter-
mine the identity and classification of the material and its suitability
for foundations.

When the results of the sonar survey are correlated with the
actual borings a fair indication can be established regarding the con-
tinuance of a stratum between the known boring holes.

The sonar equipment was installed in the main cabin of the
survey vessel alongside the '""Raydist'" equipment and was intercon-

nectea so that all records were correlated on a time basis, giving the

e
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sonar reflection fox; each recordedvf'Raydist" location.