
PART I 

CORAL LIMESTONE AND ITS USE 

PART II 

CHEMICAL ST.AJ3ILIZATION OF CORAL SURFACES 

:BY EI11/ARD A. FLA.L"IDERS 

Submitted in Partial Fu.J.rillment of the Requirements 
for the Degree of Master of Science in Civil Engineering 

CALIFORNIA INSTITUTE" OF TECHNOLOGY 

PASADENA, CALIFORNIA 

1947 



INDEX 

PART I 

CORAL LIMESTONE AND ITS USE 

Section I: Introduction 

Section II: The Form?.tion of Coral Reefs 6 

The Environment of the Polyp 7 

The Forms of Coral Reefs 9 

Foremost Theories of Reef Origin 10 

Recapitulation of Theories of Reef Formation in Regard 
to Sources of Construction Material 21 

Natural Cementing Action 24 

Section III: Construction Use of Coral Aggrega,te 33 

Type Coral Needed for Concrete Aggregate 33 

Type Coral Needed for Asphaltic Concrete Aggregate 41 

Use of Water Bound Coral for E~ses and Wearin€ Surfaces 41 

Typical Sources of Soft Coral 43 

The Analysis of a Typical Soft Coral 46 

Grading and Compacting Ease Course 56 

The 11Setting Up 11 Phenomena 62 

Section IV: Conclusion 

References 

PART II 

CHEMICAL ST.AilILIZATION OF CORAL SURFACES 

Introduction 

:Basic Consideration and Assumption 

Precipitation by Chemical Reation 

68 

69 

70 

70 

73 



I1"1)EX - continued 

Analysis of Assumptions 

Necessary Experimental Work 

Effect of Magnesium Ca.rbonate 

Conclusion 

Chemical and Empirical Equationsand Computations 

Graph of Results 

References 

Page 

80 

81 

82 

83 

84-

91 

92 



PART I 

CORAL LIMESTONE AND n.1s USE 

AJ3STBA.OT 

Limestone of cora.l origin was abundantly used for construct­

ion of Military and Naval ba,ses in the Pacific a_urin~ World War II. 

Its use was almost always spectacularly successful and contributed 

largely to the successful opera.tions against the Ja:panese Empire. 

Nevertheless a rigid analysis of the coral used reveais it to be a 

rather poor material. This study briefly reviews the theoretical 

concepts of the origin of coral deposits and describes the nature of 

the various types of deposits. From this a guide is established to 

assist the construction engineer in finding the coral he needs, some­

times a difficult problem. 

The characteristics of coral deposits are explained and a 

method of processing the coral for desirable results is given, along 

with the reasons for the method. A logica.l expla.nation for the 

11 sett.ing up 11 phenomena is established. 

PART II 

CHEMICAL STABILIZATION OF COR.4.L SURFACES 

AJ3STRACT 

The possibility of chemical ste.bilization of the top surface 

of coral bases to prevent dust is explored. The process involved is 

analysed and an oro.er of magnitude of q_u.anti ties determined. The 

necessary experiments to prove the process and tentative field pro­

cedures a.re outlined. 
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SECTION I 

INTRODUCTION 

Limestone, one of the earth's abundant construction stones, 

is plentifully available in most tropical and semi-tropical waters 

of the world in the form of coral reefs. Throu§")lout the Indian 1>.nd 

Pacific Oceans the bulk of the l and formations are cora,l reefs. They 

occur in three general forms; fringing reefs, be,rrier re efs, and a tolls, 

and reefs originally formed in one of the above forms and later eleva,t ed 

above sea level. In the sa~e general forms coral is also nresent in 

quimti t y in the Red Sea, the Caribbean and as a comnonent of the Florida 

keys. The re is consider a.bl e evidence tha t me,ny of the present land 

limestone forma tions, far removed fr om the :present sea , originated a s 

coral reefs in the ocean. As an example, fossil coral of the Mid 

Devonian period of the Pale ozoic era have been identified in lime stone 

deuosits of Ohio. 

In spite of the extensive use of land limestone and the wide­

snrea,d deposits of coral lime stone the use of coral as construction 

stone wa s generally frowned upon prior to World War II. It was 

considered, at best, jus t a poor substitute to be used when other 

materi al was not economically available. This erroneous concept was 

so generally believed that Army and Navy Cons truction age ncies even 

discus sed the possibility of shipping accep t e,ble gr ade s of crushed 

rock for the construction of advanced bases on islands in the Pacific. 

In the Hawaiian Islands, where the se discussions took pl ace, coral 

had been used for many years for second.ary roa,ds by the Territorial 

Highway Commiss ion and there existed in good condition several concrete 
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structures built with coral, some subject to the destructive action 

of the surf. The main reason aggregate was not shipped, at least at 

first, was probably due to the critical shortage of ships. The later 

extensive and almost universal satisfactory use of coral by engineers, 

who were generally unfamiliar with its characteristics and, often as 

not, who were quite inexperienced, in construction of the many mili ta.ry 

bases in the Pacific has not only reversed this concept, but has led 

many to believe that coral is a. construction panacea. While there is 

considerable reason for the latter belief it is not entirely true. 

Coral limestone deposits occur in all varieties, from 

calcareous clay beds and baILl<s of rotten coral to dense hard formations. 

]efore discussing the source and use of the ve.rious varieties it is 

well to establish a definition of terms. 

Vaughan defines a coral reef as 11 a ridge or mound of limestone, 

the uppe r surfa.ce of which lies, or lay at the time of its forma.tion, 

near the level of the sea and is predominantly composed of calcium 

carbonate secreted by organisms, of which the most important are 

coral (polyps) 11 • The term cora,l reefs will be used in this sense. 

The word 11 cora1 11 will be used to signify a mass of limestone 

that is a part of, or originated as a coral reef. 

The organisms which are largely responsible for the formation 

of coral reefs will be referred to as coral polyps. 

Coral clay is used to signify that material, originally pro­

duced by the cora,l polyps, that has been reduced to clay :pa.rticle 

size by processes to be described. 



The terms 11 soft 11 coral and 11 hard 11 coral will become clear 

when their source and use are described. 

The term coral island is generelly used to signify an island 

whose visible mass consists of coral reef form?.tions. The character­

istics attributed to coral islands are equally applicable to the coral 

reef section of those lands whose non calcereous basement foundation 

is visible, even to the extent of forming the principle portion of 

those lands. The term islet is used to identify the la.nd mass, above 

high tide, on a,tolls. Figure 1 illustra.tes an isle t on a typica.l 

cross section of an atoll reef, also showing the other component parts 

in proper relation. 

The strand line of a land mass me.y be moved in vertical 

relations to that me,ss in two ways, either by a shift, upward or 

downward of the sea level, or a shift upward_ or downward of the la.nd 

mass itself. Eoth will be described as an elevation or subsidence, 

an elevation indicating a lowering of the sea level or a raising of 

the land mass and a subsidence . indicating the opposite. 

4. 
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SECTION II 

THE FORMATION OF CORAL BEEFS 

One of the first problems confronting the construction engineer 

is locating the required rock aggrega.tes. On a coral island this in­

volves a knowledge of the types needed and the most likely locations 

for quarries that will :produce those types economically. A knowledge 

of the theories of the formation of cora.l reefs will aid the engineer 

materially. 

The study of the geological forma.tions of coral reefs was 

commenced by Charles Darwin over one hundred years ago. Since that 

time many investiga.tors have entered the field, and scientific 

literature is full of their findings and theories. Considerable con­

troversy has existed about the various theories presented, nevertheless 

the scientific understanding of reef formation has steadily advanced. 

As Vaughan has pointed out, each investigator has contributed to the 

growing amount of knowledge, but also has delayed the development by 

presenting erroneous theories. The great difficulty is the natural 

tendency of each individual, after develoi:)ing a pla.usi ble explane.tion 

to one pa,rticular phase of the problem, based on his local observation 

(coral reefs are so extensive that it is beyond the ca.pabili ties of an 

individual to investiga.te all d.e:posi ts), to extena_ that e:x:plana.tion to 

cover the entire field. Nature in the formation of the earth's surface 

has employed. many variables in intricate combination to :proa_uce even 

two such like items as neighboring atolls. Even Darwin was delinquent 

in this ma.tter with his superb classical theory that e:x:plains everything 

so nicely. It is interesting to speculate as to how he vrnuld reform his 
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theories with present day to ols of knowledge - a s he readily acce~o ted 

the soundness of some of his contemp orary op:oonents I idea.s to local 

conditions, but was generally a,ble to prove their inadeq_ua.cy when 

applied as a universal rule. 

A thorough study of coral formation neces s ita tes an extensive 

knowledge of a v a riety of sciences - Biology, Pa.leontology, Ge ology, 

Geophysics, Chemistry, Ecology and Oceanography with their special 

reference to limestone depositing organisms and the lime s tone masses 

so formed. Nevertheless, the basic fundamentals used by the t:-1e orist 

in explaining reef formation may be relatively easily understood by 

the layman. 

The Environment of the Polyps 

Cora l is basically limestone, c 0.lcium ca,rbona te, with few 

irrmurities which are assumed to be unimp ortant for the purposes of 

this study. Its immedia te origin is the c a lcium ca.rbonate in solution 

in sea water which is dep osited as exoskeletons by unknown means of 

the life processes of certain orga nisms, principally the polyp. The 

polyp is c>.n animal, but, when present in sufficient numbers to form 

massive coral reefs is dep endent on sunshine as are p lants. Polyps 

grow in bush or plant like sha.pes because t here is insufficient oxygen 

in solution in sea water to support the dense multitude of polyps 

required. The Zooanthella,e, a low form of plant a.lgea, while parasitic 

on the polyp, provides it with not only its necessary oxyt;e n, but some 

carbohydra.te food. Polyps of massive growing reefs have been found to 

ha,ve many of these organism, while those live :polyps found on dorma.nt 



reefs have relatively few. 

Polyps feed on plankton founa_ in a,bundance in the top layers 

of the seas; but again, in order to provide sufficient food for the 

many ::oolyps of a growing reef the water passing them must be constantly 

circulating. The temperature of the water has been proven to govern 

the activities of the polyps. Any silt or clay carried by the water 

has a disastrous effect on the polyps by clogging up the passages to 

the stomach and loading down the tiny hairs (celia) that keep the water 

circulating throur,h the stomach. Exposure to the air for only a. few 

hours will kill the polyps. However nullipore, a form of algae which 

also deposit a calcareous skeleton, seems to flourish well where it is 

al terna,tely covered and uncovered by the tide, provided it be kept 

constantly moist as by the spray of surf. :Because of this char;:,.cteristic 

nullipore almost invariably c2:ps the seawa.rd edge of cora,l reefs, 

blanketing the polyp built structure into a dense calcareous mass, ce,pable 

of wi thstand_ing violent ocean storms. Vaughan has outlined the above 

characteristics of the polY:_os into a set of concli tions required for the 

development of core,l reefs as follows: 

a. Depth of water, maximum about 45 meters. 

b. :Bottom firm or rocky without silty deposits. 

c. Water circula.ting, at times strongly agitated. 

d. An abundant supply of small animal plankton. 

e. Strong light. 

f. Temperature of water, annml minimum not below 18°0 and 

mean of the coldest month not below 21°c. 

8. 



g. Salinity of we. ter between 27 and. JS uart pe r thousand. 

These cona_i tions are apparently necessAry but not all inclusive, 

as no coral reefs of consequence exist in some large areas tha,t satisfy 

all these conditions. There is little or no coral along west coast of 

North and South America in tropical water. 

The Forms of Coral Reefs 

With the environment of the polyp understood, a descri:otion of 

the form of coral reefs is needed as a background to a brief review of 

the foremost theories of reef ori gin. The fringing reef is a reef that 

boarders on existing land mass, with a flat surface generally alterna t ely 

covered and eXJJOsed or nearly eX})Osed by tides and whose seaward edge 

breaks shar ply to deep water. A barrier reef is an extended or broad 

fringing reef with a lagoon or channel between the reef flat and the 

land mass. As with the fringing reef the exterior edge ge nerally drops 

abruptly to deen water. Along the coast of a single island barrier 

reefs quite often develop from fringing reefs, and yet the lagoon formed 

in other instances ma,y be many miles broad, as is the Cflse with the 

Gre a t :Barrier reef of Australia , 200 miles from shore• The land masses 

within the lagoon of barrier reefs may have small fringing reefs about 

them. The a toll is a barrier reef without any ap:oreciable land. mass 

within the lagoon, though there may often be shallow shoals of cora.l, 

generally in the nei ghborhood of breaks in the reef line where food is 

more plentiful. On barrier reefs and atolls i slets may form that be­

come covered with pa,lms and tropical growth a,nd are often in..h.abi ted. 

The bottoms of all lagoons are q_ui te flP"t and of limited de:oth, 5 to 
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50 fathoms. Small atolls are pos sible with l agoon missing (Eaker 

Island). Ra ised or elevated reefs were originp..J.ly one of the above 

three forms tha.t were once level with the sea and. have subsequently 

emerged, either by lowering of the eleva tion of the sea , or by r a ising 

of the foundation. The ori ginal form is often difficult to reco gnize 

becau se of changes caused by tipping of the stra t a and by subari al 

ero s ion of ra,i n a,nd wind. 

Foremost Theori e s of Reef Origin 

Da.rwin 1 s cla s s ical theory , supuorted by Dana,is based on 

gr aduel subsia_ence of the foundP,tion from within 100 to 150 feet or 

hi gher of the sea level to unfa t homable den t hs a t a r a te such tha t the 

coral polY]) could grow upward an amount equal to or grea ter than t he 

subsidence. The coral first forr.is as a fringing re ef, then as the 

land subsides the interior coral is starved. off, forming the l agoon 

of the barrier reef, and finally the found.ation itself disappears en­

tirely below the surface and the a toll is formed. Darwin s t a ted that 

a level founclation is not necessary as the coral of the fringing reef 

starts on the natural slope below the sea level, and thereafter uro­

vides its own pl a tform. Accordingl y the outside dep th of coral on 

broad reefs such as the Great ]arrier must be tremendous. The lagoons 

are kept from becoming deep by vrha t coral can grow in them a.t a. slower 

rate, plus the accumula tion of detritus broken off the reef :'.)roper a.nd 

washed in, and the accumula.tion of calcareous clay, produced in the 

di gestive tracts of lower organisms, which bore into coral branches or 

gorge on the beach sands in search of sma11 bi ts of org&.nic food. 

10. 



Darwin pointed out th~.t reefs grow outward a s well a s u~o, indeed 

tha t growth seems most prominent to us as for our short period of 

observa tion all heal thy coral reefs ha.ve reached the limit of their 

upward growth. However he :oointed out the extremely slow rate of 

outward growth because of the nece ssity for it to build its own deep 

base by the accu.,"!lul::i.tion of detritus broken off from the top living 

edge. Figure 2 is i:tfter Darwin showing the three forms of reefs succeed­

ing each other as the l and subsides, (indica ted by raising the wa ter 

table for clarity ). Darwin exploded the forme r theory of atoll s being 

coral fringes on the edges of extinct volcanoes by pointing to the 

tremendous numbers of volcanoes which must all have had the same cra ter 

rim height in spite of a great variety of sizes; however, he admits 

the :possibility in local instances*. He explained the formi:i.tion of 

islets on reefs as detritus piled up by waves showing how they are 

most prevalent on the windward side, :particularly the points where the 

reefs are attacked by surf from t wo directions. Darwin noticed the 

extreme hardness of the outer reef fl a t of atolls over the inner fl a ts 

and explained it by the more massive growth of the coral with a 

plentiful suppl y of food plus the cementing action of the nullipore, 

always present growing over the coral a s the mass subsides. 

The greatest obj ection to Darwin the ory is tha t without pla t­

forms or benches for the coral to grow on, it nredicated a tremendous 

In 1883 a volcanic island named Falcon I sl and was fo r med by eru:r, tion 
off Tongo Island. Though its cone pile was built up to 250 fe e t 
above sea level it was entirely levelled by wave action to a :pl a tform 
four fa.thorns deep by 1902. In 1912 coral pol yps were observed gr owing 
on it; however the devel opment was broken in 1927 when it erup ted a­
gain building a cone pile 450 feet above sea. This further indica.tes 
the unlikeliho od of a tolls being fringes on the rims of cra ter s as in 
leveling the cone pile all evidence s of a cra ter were elimi nat ed. 

11. 



FORMATION OF THE THREE 
BASIC TYPES OF CORAL REEFS 

After DARWIN, Vert ic al scale exa ooerated 

ST AGE Ill, ATOLL 

STAGE II, BARRIER REEF 

Basement · Foundation 

Note~ This diagram is also capplicobl e t o the 

Glacial Control Theory, with sea level actually 

rising as shown during de.glaciation. 

FiQure 2 

'" 



subsidence over large area s of the world. 

Ca rl Semper in 186J fir s t proposed that l agoons could be formed 

by the di ~solving action of sea water of a pre-existing limestone ma.ss, 

the exterior coral being capable of growth at a r a te equa l or greater 

to the solution of the starved cora l on the inside. The atoll or 

barrier reef would thus grow like fairy rings. Joh n Murry in 1879 

and 1880 supported this view a.nd postulated tha t t he pre-existing lime­

stone mass was formed by coral polyps growing on a. foundetion formed 

by the accumulation of the rema.ins of pela gic orga.nisms on hi gher portions 

of the sea bottom until the zone of reef forming organisms is reached. 

He furthe r p ointed out the possibility of a platform forming from a 

volcanic i sland in the manner described in the footnote on page 11. 

H. :S. Guppy in 1890 further developed the idea of forma.tion 

of :platforms by wave action. According· to both Gupny a nd LeConte such 

platforms or ledges present the most fe.vorable condition for the reef 

growth of coral, the growth being limited on the out s ide by dee:,o water 

and on the inside by the sediment in t he wat e r caused by the waves 

tearing down more land ana_ stirring up the shallower parts of the ledge. 

Guppy believed the influence of food supnl y and currents acted sub­

sequently as a,uxiliary reasons. He :pointed out that fringing reefs are 

most prevalent where the natura,l ground slope is steep and the resulting 

wave bench would be narrow, and tha t barrier reefs are most pr evalent 

where the natural ground slo:pe is fla.t with broad wave benches resulting . 

Atolls of course would be formed where the entire l a nd mass was torn 

down b;y wave action. See Figure J. 

Admiral Sir. W. J. L. Warton determined the uniform depth of 

lJ. 



THE. WAVE CUT PL·ATFORM 
Vertical ,cal• exaggera ted 

A. FRINGED REEF,steep slopes 

sea leve.l 

I Basement 

8. Barrier Re et, flat slopes 

sea levet 

-------
Basement, 

C. AT O L L, Ion d m a s ~ I ev e I e d 

Figure 3 
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lagoons regardless of size and reasoned that the atolls must have 

been formed from a flat -olatform such as would be formed by volcanic 

island leveled off by wave action. 

A. Agasiz also favored the formation of lagoons by solution 

rather than subsidence. He contributed notable to a newer branch of 

the study by proving that older reefs were covered by newer reefs from 

the study of fossil corals found in them. 

Andrews in 1902 placed the :platform theory on firm footing, 

proving by sounclings that the Great Barrier Reef existed on a conti­

nental shelf that extended beyond the limits of the reef. 

Stanley Gardiner in contemporary writings favors both the plat­

forms and the solution theory. He cites many observations of the 

effect of solution in enlarging lagoons. As with Murry and Gu.boy, he 

discounts the effect of subsidence and extends the depth that he be­

lieves coral reefs ca,n form to 200 fathoms, 1200 feet, to account for 

deeper formations. He cites a boring on Funa Futi atoll that was drilled 

to a, depth of over 1100 feet without striking other than calcareous 

materials. He discounts this extreme depth to the atoll found.ation a,nd 

points out tha,t the hole was drilled in the edge of the formation and 

probably penetrated into the ta.lus slope formed by detritus spilling 

over the edge of the platforms. 

L. Agassiz a,dded a powerful tool to the study when. he :published 

his theorr on the Glacial Epoch. Working from this, R. A. Daly has been 

the primary :proponent of the glacial control theory of coral reef 

forma,tion. In this theory the changes of sea level as a result of 

glacial 13,ction replace the subsidence of Darwin 1 s theory and extend 



the variable elev2tions of ulatform possible for foundations. (The 

u..~likelihood of many such platforms all within a hundred feet or so 

of the same height led Darwin to discard the platform theory). 

Daly :points out that during the Glacial Epoch there were four 

glaciations and four degla.ciations, the last of which ha,s been going 

on for the last 10,000 to 50,000 yea.rs. ]etween the second and third 

glaciation the ice caps were completely melted, a.s they were prior to 

the Glacial Epoch. The Glacia.l Epoch, estimated to be 1,000,000 years 

long took pla,ce in the Pleistocene, the most recent of the modern, 

Cenozoic, era. Though glacial a.ges are believed to have existed in 

the Mesozoic era, Middle Ages, over 150,000,000 years ago the effect 

of them is obscure. Daly estims tes that on complete clegla.ciation the 

ocean level was approximately 150 feet higher tha.n at :present, while 

at the -oea.l.{: of the glacial epoch it was JOO feet lower than at present. 

Daly proposes that the platforms for :present reefs were prepared prior 

to the Pleistocene, and that the present uniform depth of lagoons, was 

cansed by the formation of reefs on the outer edge of the platforms 

during the last deglaciation, which has caused a rise of JJ-38 fathoms. 

He sup:_)orts this theory with a boring on Mi,chalmas Cay of the Great 

Barrier Reef, which ran into non calcareous material at 241 feet below 

sea, level and explains the extreme denth of the Funa Fu.ti hole as being 

drilled into the talus slope "beyond. the edge of the 1'.)latform. However, 

accurate evaluation of the Glacial control theory is difficult because 

of the possible large errors in estimating the size of both the present 

and the past ice c10rps and. because of the elastic and non elastic de­

formations of the earth surface as well as chenges in gravitational 
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effect due to the shifting of such tremendous masses of water from 

pole.r to central oce?...n regions. 

Both Daly and Gardiner show evidences of a recent lowering 

of ocean level, possibly in the last 8,000 years, amounting to 10 

feet to 15 feet. Gardiner attributes it to the formation of more 

ice in the Antartic, while Du.ly feels it is a result of the elastic 

a_eformation of the earlier shift of ice in the pola.r regions to water 

in the oceans (which would tend to lower the foundations of mid. ocean 

islands). Gardiner believes that an elevation is necessary for form­

ation of islets on atolls, which, if true, would indicate the ocean 

lowering was a result of the formation of more ice rather than as an 

elastic deformation. 

C. Hedley and T. Griffiths developed the influence of currents 

and winds on reef forma tions. They have shown how the e..toll form of 

an island c a n be developed from a linear reef perpendicular to the 

ocean currents and believe some reefs off Florida developed in this 

manner. 

T. H. Vaughan of the Smi thsonia.n Ins ti tu te has made a consider­

able study of ocea.nogra:ph - the depths, currents, comu osi tion, and 

temperature of ocerm water, and their effect on coral growth, and 

further, into the archealogical f euna. ]y fossil coral s he hc'-S 

identified many imbedded cora.l reefs as originating in eras prior to 

Pleistocene. He supports the gla.cial control theory but disca.rds the 

solution theory because of the following results of four se:para.te in­

vestiga tions by himself and others. 

a. All bays, sounds, a.nd lagoons of the Florida. ree:& ancl keys 



region are filling with sediment. 

b. Drew 1 s investigl'l.tion of dentrifying bacteria. show that 

chemical precipitation of calcium carbonP."te is taking place within 

lagoons. 

c. Chemical examina.tion by R. H. Dole of samples of sea water 

flowing into and out of the Tortuga.s la.goon, collected twice a day for 

a month show that al though both carbonate, and. bicerbone,te ions are 

present uncombined, carbon dioxide is not present and that the water 

possesses no capacity for further solution of calcium carbonate by 

virtue of its content free cci,rbon dioxide. (Though the latter sta,tement 

may be sound it hardly seems possible that there would be no c::>.rbon 

dioxide present a.nd still have the laws of equilibrium in effect). 

d. The determination of Dole of the salinity of the water 

within Tortugas La.goon, and at the southern end of l3iscagne l3ay show 

a higher sa.lini ty than tha.t in open sea water, indica.ting tha.t tidal 

action is insufficient to mix sea and lagoon we.ters and that concen­

tration by evaporation is taking place. 

Vaughan states further that his investigetions of the islands 

of the Pacific show those waters can dissolve no further calcium 

carbonate. 

He points out that if Darwin's subsidence theory is correct 

the floor of la.goons would be bowl shaped, with the central depth pro­

uortional to the size of the lagoon. As Admiral Wharton esta.olished, 

this is not so. One of Darwin's objection to the platform theory wa s 

the unlikelihood of large number of shoals at the correct depth, however 

Vaughan :i:,oints out that such shoals do exist in non tro-oical waters, 
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such as the Great New Found.land. be,n..1<, hence there should be no reason 

for them not to exist in tropical waters. 

Both Vaughan and Ga.rdiner have estima.ted the growing rate of 

coral and both have concluded that there has been sufficient time in 

the uost Glacia.l Epoch to develou the deepest existing reefs. Vaughan 

further believes there was sufficient time in each of the glacial 

forming periods and during the gla.cial peaks, at which times the sea 

was at its lowest, to tear down most coral reefs built un a.bove the 

level in a :orevious deglaciation; thereby providing fresh platforms 

for the next deglaciation. In the process the natura.l destructive 

action of the surf is made more effective by the decreased growth rate 

of new coral, due to colder waters and greater amount of silt in the 

waters from exposed beds. 

H. T. Stearns has recently adva.nced 11 the hypothesis that 

greB.t eustatic shifts of sea level occurred in Plea-Pleistocene time 

as the result of cha.nges in configuration of the ocea.n basins, and that 

many grefl,t reefs and atolls formed during the periods of rising sea, 

level on shelves and platforms of many different tY!)es before glacial 

fluctuation of sea level. He does not maintain that the living pa.rt 

of present reefs were formed by these shifts 11 • This hypothesis is 

based on extensive studies of eustatic shore lines in the Pacific and 

is the logical sten to explain the existence of the platforms needed 

by the glacis,l control theory. It also exnlains the :i:,resence of 

elevated coral reef lines with cliffs as high as 600 feet, such as 

exist on Guam. Using Daly's figure of ap:nroxima tely 250 feet for post 

glacis.l rise of the sea level, and VBughan 1 s figure of 150 feet for the 



depth reefs c an commence develo:,::,ment, the ma.:dmum deµ t h of such coral 

would be 400 fe e t. Stea rns further divides the corl"l islands into 

two great groups, Si,?.1ic (Continental) bordering Austra las is a.no. under­

la.in by folded rocks, and Sima tic (0cea.nic) I sl a nds. The boundar y line 

is roughly north south, west of the Gilbert-Marsha.11 group. The Sialic 

group generally have the basement foundation of exposed folded rock, and 

have a geological history of gene r a l elevation (it i s bel ieved that 

such elevation must have been arrested from time to time, or surpassed 

by elevation of the sea, in order to form the massive reefs, such as 

the one on Guam by subsidence). While the Sima.tic group have volcanic 

ba sement foundation th8.t h1we subsided in the manner outlined by Darwin• 

Stearns repor ts the last t o shift as downward, causing &n elevation of 

2,5 a.nd .5 fe e t. 

Following Stearn's development it is proba.ble that non calcare ous 

foundations are considera.bly deepe r than Daly :nredicts, particularly of 

Sima.tic Islands. Recent drilling for oil in the Bahamas disclosed. tha.t 

the Bahama limestone deposits are about 10,000 feet thick. It is be­

lieved tha,t ca.refully located core borings of sufficient number to be 

conclusive could not only prove or disprove the a.bove theories, but 

examina tion of the cores for fossil corals might give much valua.'ble 

evidence to the science of ocea nography a.nd geology. Considering the 

interest the v a rious subjects have it seems stra.nge there have not been 

more borings. 

The above presentation of the theories of coral reef formation 

is meant merely as an outline of the work of the p rinciple investigators. 

It does not do justice to the ma.n~r obse rva.tions they have made as basis 
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for their theories, or to the det r-dl ed development of their t heories. 

However, it is believed to be a suitable background for the construction 

engineer. 

Recapitulation of the Theories of Reef Forma tion in Ree,-a.rd to Sources 

of Construction Material. 

The :parts of the theories that are usable to the engineer in 

developing sources of construction material will be outlined without 

reference authorships. 

Coral occurs in all forms from a fine calce,rious clay to a 

dense hard calcite rock. In natural growth tha t coral subject to the 

pounding of the surf grows in the densest form, while tha t protected 

from the surf grows in fr agile form. In many cases the voids between 

the coral bra.nches of the dense coral a.re filled with calcareous deposits, 

nullinore growths, and. by a natural cementing a.ction to be discus sed 

later, making the mass even more dense. While the much larger voids of 

the protected coral are gener21ly filled with sand, shells, clay and 

other detritus of the reef, they are cemented to gether only by the 

structure of the fragile coral ( though aga.in, a na.tura.l cementing pro­

cess may tak e ulace). In snite of the constant growth of the cora.l, 

the con~tant pounding of the surf is continually tearing off fr agments 

of the coral structures, grinding some up into sand, and. depositing 

some in :oractica,lly unchanged form. As noted. above some of this material 

is deposited in voids of the basic coral structure, the remainder being 

deposited in low banks on the reef itself or falling over the edges of 

the reef to form talus slopes on both side s . All reefs, whether a toll s , 
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fringed, or barrier, or eleva ted reefs of the se three t ypes a re forme d 

in the same way. Where lagoons exist it i s , of cour se, easy to ide ntify 

the protected and non protected sides. Similarly a fringed reef i s 

almost entirely non protected. However, some atolls may be only partially 

developed, having one or more sides open to the sea, or a barrier reef 

may run f a r out to sea, and terminate opening it s inside f ace to t he sea. 

All nos s i ble va.rici,tions of conditions lead to a gradation of dep osit 

from ha.rd, dense coral to soft coral conglomerate. On the l arger r a i s ed 

reefs, such a s exist in the Hawaiian, Ma riana, Okinawan, etc. Islands, 

it is pa.rticula,rly difficult to determine which areas were :protected 

and which were not. In a raised island further va,ri ables are })resent. 

During the eleva tion the action of the surf on unprotected t alus slopes 

generally removed tha, t slone as the l and emerges, leaving a cliff or 

steep bluff. There is a possibility t hat, with slow elev2.tion, the surf 

removed the reef entirely, but in tha t case no eleva ted reef rema ins. 

However, if the r aised reef is loca.ted on a broa d found_a tion, such 

destructive forces will tend to reduce the reef to a low mound on tha t 

platform, or, if insufficient time exists to tear down the reef, the 

talus slopes may merely be -distributed on a fl a tter slope. Protected 

talus slopes will not be a.l tered to _ any grea.t extent and will exist 

at about the slope tha t they formed in under the sea . In the event 

tha t non calcareous deposits are nea,rby, and may be washed over coral 

reefs, the voids of the v arious parts of the reef ma n,y become filled 

with tha t ma. teri2.l. :Both ha rd and soft corals may be so contamina ted. 

Generally , in raised coral reefs the coral exist in a series 

of benches a nd bluffs or cliffs. T:!'le l a tte r reure s ent ex terior reef 
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lines and may be either protected or U...."l.protected. In many cases all 

such bluffs look as if they had been unprotected, however. it is 

often possible to determine. by their shape, that certain loc::,tions 

were less subject to the surf than others, generally by having a 

large r t alus slo:_oe. Occasiona lly no bluffs as such can be identified, 

,just a series of rolling hills. In this case . as well as that of 

talus slopes, the bulk of the materia l will be detritus and hence will 

probably be soft. C2.lcareous clay is present in small p ercenta,ge s in 

most detritus deposits. It is also found in considerable q_uantities 

in deep water surrounding reefs (as would be ex:oected by Stoke 1 s Law) 

a,nd occasionally in deposits in broad shallow lagoons where ti dal 

movement is insufficient to remove it. 

A further variable complicates the number of conditions coral 

can exist in, that of s olution and redeposition. All r a ised coral, to 

a variable extent, is sub,ject to solution by rain water. The amount 

depencl,s on the amount of carbon dioxide in solution in the water, the 

v olume of such water passing over or through the coral• the amount of 

calcium cP.rbonate picked u:p prior to reaching a particular mass of 

coral and the rate of evaporation of such water. As conditions cha nge 

the water ma.y become super-sa turated with ca rbonate and deposit lime 

stone; or a, l ayer of silt ma.y protect coral from r a infall and. con­

sequent leaching action. The normal result of the a,bove a,ctions is 

to soften the upper layers of coral by solution leaving the lower 

layer uncha nged. however. occasionally the r everse process is noticed, 

and sometimes vertical layers exist tha t are either softened or hard­

ened. This can be explained by water flowing through higher stra ta of 
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limestone becoming saturated, than flowing out over or through lower 

stra,ta and pe.rtially eva.porating. The result of solution and de­

position often reverses the condition one would normally expect to 

find. 

Na.tural Cementing Action 

Periodically along the littoral zone of Islets on reefs are 

strat/'l. of a cemented rock, or piles of such rock broken loose from 

the strata.. This rock is a conglomerate of shells, broken reef frag­

ments and sand cemented together. Stanley Gardiner explained the 

formation of this rock as a result of two processes. 

a. Sea wa,ter, on each high tide saturates the uncemented 

material. On each low tide part of the pore w2.ter left in the material 

evaporates, depositing salts, :prima.rily the least soluble and saturated 

ca.lcium carbonate, in the voids. On the next high tide the more soluble 

salts are washed out and the remaining v oid s::pace again filled with 

water saturated with calcium c Prbonate. As this urocess continues the 

voids are gr8.dually filled, and if the material is not disturbed, a 

cemented rock will result. In order to ~')revent disturbance by waves 

the materi a l cemented must either be below the surface where evapora tion 

is slower, or have been nartie,lly cemented before being exposed. 

b. Gardiner states the more genera.l cause may be in the 

solidific?.,tion of sand along the line where the fresh water from the 

land. and the tidal salt water from the sea meet one another. The 

former is supersaturated with limestone and this at once precipitates 

on the meeting of the salt and fresh water. The ss-,me :precipit.qte is 
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is noted in the milkiness noticed off the mouth of a river draining 

a limestone country. 

From both Gard.iner I s and others obs ervations, plus some to 

be added here, the result of the second process he gives obviously 

takes place. However, the reaction is much more complicated than he 

presents. First, the grouna_ water i s not supersa turated as it is 

constantly in contact with calciUID carbona te in the solid phase. 

Secondly, the sea water ha,s more calcium carbonate in solution (220 

parts per million) than ground water under the influence of atmos­

})heric carbon dioxide (60 - 70 P.P.M.), indicating tha t no precipita.te 

would result on adding fresh water to sea water. However the controll­

ing f actors of the solubility of calcium co,rbonate of such a mixture 

a.re the Ph a.nd the ionic strength, the latter can be expressed in terms 

of salinity. Temperature and partial pres sure of carbon dioxide, also 

controlling factors, both remain rela tively consta.nt. The sea ha s a 

higher Ph, 8.1 to 8.J, tha.n the ground water, 6.2 - 6 . .5 which would 

tend to mc1k e the c2rbona.te less soluble in the sea. The effect of the 

salinity (ionic strength) of the sea in reducing the activity of the 

ions increases the solubility to a gr eater extent than the higher Ph 

reduces it. Both the sea and the fresh water are satura.ted as both 

have been in the presence of the solid phase for sufficient time for 

equilibrium to be reached. The solubility is not a. linear function of 

either the Ph or the salinity. Therefore it is nossible that at some 

range of dilution from 100% fresh water to 100% sea water, with both 

components satura ted, the mixture will become supersatura.ted and a 

precipitate will be formed. 



Because of the porous natv~e of elevated coral there are 

generally no stream lines on coral islands, c1,ll r ainwa ter f8lling 

percolates into the coral and soon reaches the wa ter table, at/or 

sli ghtly above sea level. Though natural corai is porous the pores 

are generally small, preventing free circulation of wa t er. As a re­

sult the fresh water does not mix immedi?,tel~- with the sea water, but 

forms wha.t is known as the fresh water lens that floats on the sea 

water with a zone of mixture extending from stra.nd line to strand 

line in an a.re under the fresh water. The thickness of this zone of 

mixture is dependent on the tidal fluctuations and on the permeability 

of the coral. The thickness and apuroximate volume of the fresh water 

lens may be estimated by the water table eleva.tion. Because of the 

differences in density between fresh water and the sea water (ratio 

apJroximately 40:41) for every one unit the fresh water is above the 

sea water table it will extend 40 units below the table to balance 

hydrostatic2.lly>i:. From the above discussion it would appear that the 

zone of mixture is cup shaped with the rim at approximately the strand 

line. On hi f.,h tide there will be movement of salt wa.ter through this 

zone towards the interior, while on low tide there will be a slightly 

greater movement of the fresh water out through this zone. The 

intrusion of sait water at high tide is evidenced by the raising of 

• The relationship of course also indic 2tes the danger of drawdown 
in wells, drawing from the wa.ter lens, a,s for every unit of drawdown, 
salt water rises forty units toward the intake. To avoid this the 
Maui type well was developed which is simply a, shaft to the water­
table with a sunro at the bottom, and a series of horizontal collect­
ing galleries leading to a sump. This allows a greater volume of 
wa,ter to be skimmed off the top of the water line without appreciable 
dra.wdown. 
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the wa t er level in wel l s, and a higher salt content in wells near 

the coas t line. In addition to the converse being true visible we ep­

ing of wa t er out of the ba.nks exposed by low ti de is quite prevalent. 

The differential head tha, t causes this weeping exists over the entire 

surfa.ce of the cup shaped zone of mixture, hence, with equal perme­

ability a. nmch greater voluJne of water would percola te out below low 

tide level. From the observat ion of the volume of water weeping out 

of the bank:s this is not possible a s such a flow would lower the wa t e r 

table nearly as rapidly a s the tide went down, leaving practically no 

visible weeping. The re sulting conclus ion i s t hat the zone of mi xture 

is rela tively impervious. Such would be the r e sult of pr ecipita tion in 

the zone, the voids being filled up except in t he most perme able spot s 

where channels would develop due to the increasing velocity , as t he a,rea 

of transit was reduced, preventing the accumul a tion of precipi t~tte. The 

flow would then be confined to over the rim of the cup and to the few 

subsurface channels tha t develop . It should be noticed further tha t, 

t hough the zone of mixture is cup shaped, the exterior surface of the 

a.ense materia l extends on down vertic1:1-lly, as an envelope d surfa,ce to 

the cup a s it rose with the growing re ef from its ba,sement foundF-, tion. 

The be s t example illustra ting thi s action exi s ts on I e Shima. , 

just wes t of Okinawa . The entire north coa.s t of thi s i s l and is lined 

by rugged cora.l cliffs over t wo hundred fe e t high, with a. relatively 

narrow fringe reef at the present sea level. Flowing out of thi s cliff, 

above high tide l evel is a. l ar ge spring. At an orifice its velocity was 

e s tima,ted a.s ab out five feet -oe r sec :·;nd and its flow a t appr oxima t el y 

four million gallons per day . On the southern coast, lined by sand 



banks on a reef surfr,ce, considera.ble wee:ping c c1.n be seen P..t low 

tide. The above spring developed to be the main supi:)ly of water 

for our armed forces on the island. As it was desir0ble to have an 

al term).te supply for security reasons, the entire north coast was 
a.ddi tional 

se a rched at low tide for/ springs. None were found. 

Another indica tion of this cementing a.ction is shown by a 

group of wells drilled in the vicinity of a r a ised bluff line on 

Sai uan. The well located closest to the crest line tool-;: the longest 

time to drill. After drilling 30 feet below sea level without strik­

ing a flow of water the bottom was bla.sted heavily~ however even this 

failed to open up a. flow. The other ,-ml ls loca ted near the bluff, but 

at distances from 300 feet and u:p from both sides all developed good 

flows at slightly below sea. level. 

A third indic 2tion of this cementing action, as well as an 

illustration of the location of hard and soft corals in c1 typical atoll 

forme.tion was uncovered in Hill Top Q.ue.rry at Saipa n. This quarry was 

located in a mound of cora.l shaped like a trunca ted cone with a flat 

elliptical top about 450 feet b;;,r 600 feet, on the toD of a bluff just 

east of Cha ran Ka.noa, SP,ipan. As the cone seeme d. to be just a. pile 

of loose coral a qua rry was developed in one side. When this soon 

ran into hard coral qua.rrying activities were shifted to the ton. 

Soon a crater was developed with hard cora.l on all sides fo·rming an 

irregular bowl. As the crater beci:>.me deeper it was necessary to blast 

roads throug;h the hard shell, and also to blast the irregula r project-

ions in order to ma.inta.in floor space and :crogressive excavation •. 

After a.bout 200,000 yards of coral had been removed the quarry was 
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abandoned for one requiring less blasting. Figure 4 represents an 

East-West cross section of the cone, with the dotted line representing 

the surface after excav2tion, and also, except on the West (left) side 

where no quarrying was done, the approximate bound_p_ry between hard and 

soft coral. The outside slope represents the exterior talus slope 

while the interior was filled with fragile cora.l forms and detritus. 

The hard core represents the denser, hard coral, subject to wave action 

and possible later cementing action. 

Empirical relations for the solubilitr of calcium carbonate 

have been developed in the ionic strength range of normal hard waters, 

and of salinity in the range of sea water. In the first ra.nge the Ph 

is the controlling fa.ctor a.nd in the second the salinity. Ho ex­

psriment2.l data is available for the extensive range between these 

limits and considera.ble ex:oerimental work is necessary to establish 

complete empirical relations. It is therefore not now nossible to 

determine an order of magnitude of the precip itate and resulting 

cementing 8.ction, or to state conclusively that such a preci:pitate 

occurs. 

It is possible, on the basis of broad assumptions, to deter­

mine an order of magnitude of the cementing action of the evaporation 

process. Sea water contains 34,000 P .P .M. soluble s€,l ts; of these 

sa.l ts magnesium and ca.lcium c2rbonate, in that order, a.re the most 

insoluble. Sufficient of either , the calcium and magnesium ion are 

-present to bind all carbonate ions, the latter being at satura.tion. 

In such cases calcium c? rbon2.te will be the principle initial ::oreciui­

tate on eva.pora,tion, and, for s'implicity of ca.lcula.tion will be assumed 
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the only precipitate for limi ted eva:9ora.tion. It will further be 

assumed that the porous core,l structure ha.s a void ratio of 50% 

and that structure "becomes firmly cemented and relatively imnervious 

when the voids re,tio is reduced to 10%. To accomplish this, 222 c.c. 

of c P..lcium c a rbone.te pe r 1000 c. c. of c oral must be p recipi ta.ted 

(reducing the voids from JJJ cc to 111 cc). The c arbonate ion 

(actually !)art in form of the bicarbonate) comnri se d approxima,tely 

0.393% of the soluble salts in se a water, which in turn is eq_uivl'J.lent 

to 0.655% c a lcium c a roonate, or 222 P.P.M. Since only a. fraction of 

the water evap or8.tes each low tide, depending on the loc2.tion (depth 

below surface}, the tem!}era.ture, humid.ity, and the time of low tide, 

it ,,rill be further assumed that between 5 and 50 P. P. M. of this 

222 P. P. M. is :;irecipitated "by evanora.tion each day. The average 

volume. of the void.s per 1000 cc of cora.l, tha t i s 222 cc will . be used 

as the volume of sea water partially evai'.lorated each day (actually 

this is an incorrect assumption as the reduction of volume is not a 

straight line function, reducing each day as the volume reduces). 

222 cc of se a water then will del)osi t between 5 a nd 50 P .P .M. or 

between .00111 and .0111 grams per day. Taking the specific gravity 

of calcite as 2.9J this amounts to between .000379 a nd .00379 cc per 

d.ay ner liter. At this rate it , . ..,ould take between 1,600 years and 

160 years to cement sand rock . By comua.ring thi s to the time of form­

ation in the :9ost gh.cial period of 10,000 to 40,000 years it is clear 

tha t the cementing action is fairly rapid. A nrecini t a,tion of "between - - · 

5 and 50 P.P .M. "by the second nrocess would yield identice.l results. 
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The above development of the formation of S8nd rock has been 

included as a background to the so-called 11 setting up 11 phenomena 

that has been observed in corals, to be discussed in the next section. 
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SECTION III 

CONSTRUCTION USE OF CORAL AGGREGATE 

Cora,l ha s "been used extensively as aggrega te for "base and 

wearing surfa,ces of roads and runways and to a, lesser extent for "both 

portland and asph?,l tic cement. The type needed, the value and the 

method of use differs in ea ch case. 

Tyl'.)e Coral Needed for Concrete Aggrega,te 

One of the greatest causes for the :nre-wa,r unfavorable re­

puta,tion of coral wa,s that concrete made from it was genera.lly po or. 

Its generc11 use in concrete during the war has done little to improve 

its renutation in this regard. Floors made of it often dust badly and 

fail under the steel wheels of warehouse trucks. Com:)res ,:. ion test s were 

usually poor, ma,ny falling "below 1000 pounds per square inch and few 

exceeding 2000. The cause for these f aults was not due prima,rily to the 

coral but to the lack of irnowledge of the cha racteristics of v arious t;y7)e 

of coral and lack of proper control in the manufacturing of concrete. 

Because of lack of crushing and screening equipment, and for convenience, 

the coral aggregate used was generr-.lly soft coraJ. taken directly from 

the same qu 2.rrie s tha.t were developed p rimarily for roa d or runway bc1,se s. 

This coral quite often a:p:9eared to have a suitable gradation with the 

possible exceDtion of too high a percentage of fines. Figure 5 shows 

the grain size distribution of typical coral from two such quarries 

on Sah)an and for severa,l other qua,rries in the Pa.cific. A knowledge 

of the formation of soft coral shows the principle disa.d.vantages. The 

larger fragments consist of pa,rts of fragile coral forma tion and partia,lly 
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cemented groups of smaller fra.gments ( should the cementing be strong 

the q_ua.rry probably would reo~uire bl a.sting to operf'.te, and hence 

would not be used). Solution ma,y have we~'tkened such shells or stronger 

fragments of coral broken off stronger branches and de-oosited with the 

soft coral. The net result is the proo.uction of Mixer fines; that is 

the weak fragments of branch coral and the partially cemented groups 

of fines are broken up in the action of mixing the concrete producing 

a mix even richer in fines. The larger fragments not so broken up are 

subject to shear fa.ilure to the concrete. Shipping shortages req_uired 

minimum use of cement, and poor supervision allowed the use of excess­

ive water. Poor results were inevitable. 

With the use of crushing and screening equipment and with 

pro:per control high strength durable concrete cc1.n be nroduced. As is 

normal with such concrete, a high grade durable aggregate must be used. 

As noted above hard coral may be found on the outer reefs of atolls, 

barrier, and fringing reefs, and along bluff lines that show evidence 

of formation unprotected from the surf. In all cases blasting: is re­

q_uired, and, on tidal reefs, onerations must be sychronized with the 

tide. However, in the latter case it may be possible to uncover sand 

rock on.the edges of the islets, or to find an area where wave and 

storm action has piled up large boulders above high tide level. Figure 

6 shows the grain size distribution of two grades produced by a 150 ton 

an hour crushing and screening phi.nt q_uarried on Sa.ipa.n from a bluff 

quite near the dry well hole mentioned above. These grades were pro­

duced for an as:_phaltic cement mix whose limits are also shown. However, 

adjustment of the jaws and rolls and v2.rious screens could be made to 
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procluce almost any desired mix*. Ha rd coral conta ining non calca re ous 

imnuri ties, or remains of lowe r pl a.nt a n 2.nimal orge.nisms from tidal 

reefs may req_uire washing as well as crushing or screening. The hard 

coral discussed here is generally considere.'bly harder than calcite of 

ha.rdnes s Num'be r 3, which i s defined a,s cuta,'ble with a sha rp hard lmife. 

It is not only im:9ossi'ble to cut hard coral with a knife, it is quite 

difficult to scretch it. This increased hardness is attri'buted to the 

presence of magnesium ce.r'bonate, mixed with the ca lcium c Pr'bonate to 

form dolomite of 4 - 4. 5 hardness. Tests indica.te tha t magnesium 

carbona te is present in a:9:preciably percentages in older coral forma tions. 

No tests are known that indica te the relative magnesium content in re­

ga.ra. to the density as discussed here for hard coral. 

The 'blasting, crushing a nd screening procedure is q_uite costly 

when com-pe.red to tha t of u sing quarry run me.teri al from soft coral de­

posits. Often, with proper reconnai ssance for source and :.n roper c on­

trol of mixing , a. good grade concrete, sui t e.ble for all but the most 

exacting pur:.n ose s , c 2n be pro duced without crushing . Reconna.issance 

ma,y :i::, roduce the ideal quarry , one cont~dning a prop er gradation in 

which the large r fra gments were broken from dense hard cora l e.nd which 

have not 'been weakened by solution, or where the large r fragments are 

made u:9 of firmly cemented fines, in condition such tha t they may be 

excavated without extensive bla sting . Or more likely, two quarries 

may be found, one containinc sufficient hard. nodule s or fragments 'but 

short of fines, the other long on fines, either 'before or after mixing , 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

* It should 'be noted tha t such ad.j us tments will effect the out:9ut of 
any unit. The tonnage of the e.bove unit was restricted 'by the fines 
req_uired. 
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which can be mixed together to make good aggregate. BeE>ch sand, 

generally always available may be used to balance material from a 

coarse quarry; however, this method is not PS good as getting the 

fines from a softer q_uarry. Coral be?.ch sand, as shown in Table I, 

is alarmingly uniform, :practically all nassing through one sieve and 

being retained on the next, while the fines of a soft quarry are 

better graded (See Figu.re 5). Occasionally finger coral cim be found 

to increase the coarse aggregate of a soft coral pit. Finger coral 

defines the cor;:il often found in banks that consist of broken branches 

about the thickness of and gener;::;,lly no longer than one I s finger, from 

which all fines have been washed. It is not often usable as it usually 

he.s been subject to solution and is light and fragile. 

TABLE I 

T~ical Cor2l Sands of the Hm••aifa,n Islands 
(Figures indicated% passine a ~iven sieve size) 

Barking 
Sieve :Bellows Kahuku Ka,neohe Waiana.e Waimea Ma.1';:tia Kahwru Sands 
Sizes Beach Beach Dunes Beach Beach Beach Dune Du.ne 

200 0 0 0 0 0 0 0 

100 1 0 0 0 0 0 1 0 

50 17 0 10 1 0 1 2 5 

JO 85 32 79 38 33 55 89 8J 

16 100 93 100 92 92 95 100 100 

8 99 99 100 99 

4 100 100 100 

When none of the above combinations can nrovide a. good graded 



aggregate it is possible to onen up a quarry th2.t produces coral 

intermediate be tween soft and hard. Such a qua.rry will req_uire some 

blB.sting and heavy dozing and rooting, and the product must be screened 

by a grizzly, or run through a jaw crusher and used as crusher run. In 

this manner a good aggregcJ.te can be :produced at lesser cost than 

establishing a full scale pl1mt in ha.rd coral. 

It is obvious when using coral that more care must be deYoted 

to the selection of aggregate and to the control of the mix tha.n 

normally. However, with such c are good concrete can be ~roduced 

without expensive blasting and crushing :procedure. Table II shows 

the re sults of tests on VBrious batches of coral aggregate made by 

the Navy Ma,terial Testing Laboratory at Pearl Ha.rbor*. 

• From Aug. 9, 1945 Eng. News Record "Coral, A Good Aggregate for 
Concrete 11 by J. R. Perry. 



TAJ3LE II 

Compressive Strengths, 7 Da.y ana. 28 Day s Using 
Coral Aggre gate 

% Fines In Cement W-C Ratio Slump ?•Day 28 Da.y 
Aggrega,te Mix Sacs/yd gal/ sac Inches @ in2 #/in2 

1:3 10.43 4 3.5 3855 3937 
1:3 9.88 5 6.5 3520 3970 
1:4 8.36 4.8 2.75 2910 J44o 

81% 1:4 8.12 5.5 6. 2632 3267 
1:5 6.92 5.88 3.5 2244 2799 
1:5 6.78 6.48 6.5 2064 2533 
1:6 .5.95 6.71 3. 1724 2136 
1:6 5.77 7.81 6.25 1545 1975 

1:3 9.22 5.28 3. 4152 4250 
1:3 8.88 6.12 7.25 3833 4074 
1:4 7.45 6.12 3.2.5 374o 3955 

50% 1:4 7.13 6.96 6.5 3014 3.598 
1:5 6.19 7.31 3. 2096 3274 
1:5 6.08 7.90 6. 2576 3060 
1:6 4.91 11.39 2.25 2129 2448 
1:6 4.72 13.09 7 1455 1862 

1:3 8.97 6.12 3 3337 3935 
1:3 8.64 6.96 7 2994 3322 
1:4 7.06 7.92 J 2043 3419 

JO% 1:4 6.95 8.4o 7 2296 2580 
1: 5 5. 85 9.60 4.5 2015 2573 
1: 5 5.71 10.45 7.25 1724 2049 
1:6 4.98 11.76 3 • .5 1766 2408 
1:6 4.88 12.24 7 1300 1510 

The coral used in these te sts was selected to show the r ange 

from different type q_uarries. Most soft cor1.>ls will run over 80% fines 

after mixing. Where de:posits can be found with a high percentage of 

coarse aggrega te not subject to breaking up they are gener?.lly short of 

fines. The vEtlue of mixi ng such coral s is cleHrly evident in the T1:1.ble. 

With selected ma t erial 3000# concrete C.9.n be :oroduced with a six sac mix . 

4000# concrete can be ma.de with rich mixes up to nine sacs, however, the 
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durability of such concrete is decreased by the added volume of past. 

Reduction of the water cement ration allowed by air entrainers or 

Pozzoli th will further increase strength. 

Tvoe Coral Needed for Asuhaltic Concrete Aggregate 

In soft coral de-:)osi ts the individual coral particles are 

generally coated. with calcareous clay, not too firmly cemented. As!)hal tic 

mixes, whether road mix, :nenetration or hot central mix, merely wrap a 

layer of asphalt around such particles without :nenetrating into them. 

Larger particles may be easily removed from the compa.cted concrete with 

a pen knife, and the as:'.)ha,l t peeled from the :0article with one I s fingers. 

Such a.sphal tic concretes generally have s:pongy surfaces of poor wearing 

a.bility. This is somewha.t less true with hot mixes of materia.l selected 

in the m1:1.nner outlined for :nortland cement from soft corals. 

If a, hard grade coral is used, crushed and graded, good 

as·ohal tic concrete can be ma.de by any of the normal methods. 

Use of Water Bound Coral for Ba.se Coarses and Wearing Surfaces 

The greatest and by far most successful use of coral during the 

recent war has been for base coarses for runways and roads of the military 

bases in the Pacific. Very sim:nle rules were followed -- gener2.lly it was 

quarried at the nearest loca tion that did not require blasting, laid down 

6 inches deep for light traffic a.nd 12 inches for hea.vy, and comJ)acted 

with such water as could be distributed with the eq_ui:nment available. 

However, the reasons why such a, :procedure a.lmost always was satisfactory; 

Rlong with the conditions that made it satisfactory, and why it sometimes 

failed were not generally understood by those who did the construction. 
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Almost evs ryone who used coral noticed that at times the coral, after 

quarrying P.,nd hA.uling and s!)reading , would set up e,lmost like concrete. 

This setting up phenomena was much discussed, and ma.ny h ours of 

reconnaissance time was spent in ex:oloring for cora,l sources tha.t would 

nroduce of coral tha.t set up. 

The first req_uirement for roads and airfields is generally 

a source of adeq_uate material near at hand that ca,n nroduce the yardage 

rapidly at low cost. This condition generally nrecludes blasting and 

crushing the material, hence requiring a source in which the material 

can be broken out by use of modern heavy equipment, ~ower shovels and 

dozers. As we have s een in Section II such sites exist as the inner 

reef shelf of atolls and barrier reefs; a.s the talus slopes of bluff 

lines particularly where such slo:_oes give evidence of having been pro­

tected from the surf; as rubble mounds of reefs tha.t have been torn down 

by wave action; as elevated benches, once interior reef flats; and even 

bluff lines themselves where they were protected during formntion and 

ha.ve been sub,jected to wea.1<:ening leaching action. The discussion of the 

na,tural cementing process in Section II should. make it evident tha.t a 

qu?..rry that satisfies one of the above conditions is not always workable 

without ble,sting. Orga,nic im:puri ties with loam silt 2.nd clay may also 

nullify the va.lue of a, p1:1.rticule.r quarry; however the acceptable percent­

a.ges are consider2bly greater than with concrete aggregate, running as 

hig,h as 20% in dry weather. Nevertheless :practic:::i.lly all good quarries 

developed satisfy one of the above conditions. As exBm!)le, a few of the 

good q_ua,rries the author has =oersonal knowledge of will be cited, 
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Tyuical Sources of Soft Coral 

It was noted in Section II that calcerous clay deposits might 

be found in the interior of large shallow lagoons. Such de:i:)Osi ts are 

::_)resent in Christmas and Canton atolls. In s:pi te of the general conce})t 

that 20% clay will nullify the VD1ue of an aggregate, large volumes of 

almost pure cla,y were excavated with drag lines and c2.rr;y- all scr2:0ers 

and were successfully used, unmixed, for the a.irports on those atolls. 

Successful use of this material was probably due to the dry climate. 

These islands are in the grou:9 known as the dry islanc_s and a.re nui te 

barren. 

The lagoon reef fla.t ' in the Ellice and Gilbert I sland7 were al-

most alw~ws bare on low tide. The materia.l on those flats nearest the 

a,irport sites · was excava,ted by scra:oers, working continually except during 

high s:oring tides, and by dra.g lines. For roa,ds running along the narrow 

Islets cor::?l was quarried wherever convenient access to the roa.d made it 

desirable. The material was universally sa.tisfa.ctory. On Ma.kin atoll the 

material from the lagoon shelf ran as high as 50% sand. Though sand has 

adequa,te bearing power, it forms a loose surfc1,ce. This :oarticular material 

had sufficient calcareous clay and larger shells or coral fragments to 

ma.lee it s1:1,tisfactory a.s a wearing surface in sn i te of the large sand content. 

In the ~farshall Island the lagoon shelf was often underwater at 

such a depth to preclude excavation by tractor and scrapper. At Eniwetok 

drag lines were used; however, a,t Kawajeline drag lines were not ava,ilable. 

Soft coral was obtained by removing the sandy ton soil of the islet proper 

down to the coral base, which was found to be similar to tha.t of a lagoon 

shelf. This cora l was then excavated by scra:9ers as dee::i as the water 
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table would allow and the hole backfilled. This procedure is not 

recommended as avail8.ble SIJace on Islets is limited and such excavation 

amounts to pulling an island out from under itself. 

One quarry on Saipan has already been discussed. Other larger 

and better qua.rries were located in protected talus slopes and one l;::1.rge 

one was located in the rubble of a reef almost entirely torn down by 

wave action. Figure 7 shows a quarry of the first type from which over 

2,500,000 yards were eventually excavated. Fi6-ures 8 and 9 show the 

latter qua.rry. These quarries required_ extremely little blasting to re­

move local cemented areas that interfered ",li th uniform development. The 

shelf coral on Saipan, between -bluff lines, was usually quite hard, re­

quiring blaRting for grading operations, or bec2me quite hard after a 

few feet had been excavated, depending on the extent the shelf had l:Jeen 

protected from the onen sea in formation. In the latter case the ton 

layers of coral had ap-oarently "been softened by leaching. 

On Guam the shelves were gener;=,.lly extremely "broad, and were 

therefore less subject to surf a.ction. Roads were constructed. by open­

ing q_ua.rries where convenient along the ri ght of w:=:.y. One ma.,jor air­

field wa.s surfacecl largely with soft coral exc1wa.ted. in the grading :pro­

cess. Ho\•1ever two others had sufficient hard coral present tha.t blast­

ing was necessary. As such coral would. have to be crushed_ for use as 

base, soft coral quarries were locR.ted nearby, in one case a.long a 

,)rotected bluff line and in the other on -orotected. shelves. 

On Ie Shima the northern coa.st, as mentioned above was extremely 

h2"rd and 1)recipi tus, while the southern coast rose in a series of 

'bluffs and shelves to the central plateau. One of the best soft 
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Figure 7: M in Air B:>se '<,u,:1rry, Si=-1 1:in 

Figure 8: Au: iliPry ~uarry , SainPn 

FiP"UrP 9: A~ilir,r•, i..:.u~rry , S in:>n 
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quarries in the Pacific was develO!)ed in one of these bluffs, starting 

at the base and eventually cros s ing the entire high shelf. Also 

several good qua,rries were located on the :r;ilateau shelf itself, ,ls on 

the broad shelves of GwYJ. 

An excellent quarry for Yon tan Air-_i)ort, Okinawa was develo=oed 

in the south face of a bluff :protected on the west by a hard reef line 

and on the north and. ea st by hill~r terr2,in. The cor8.l of Yont,m :alateau 

shelf was covered with too much overburden to obtc:,in without disrupting 

the needs of the Airport for s:oace. 

Before conti!luing to an anP.lysi s of the ma teria.l typical of 

these quarries it is well to point out 2,gain that the D,bove examples are 

merely guides as to what is lD:ely to be encountered and not a.s ex~u:mles 

of what i s always encountered. Contradictory conditions will be found, 

as the bluff q_uarry at I e Shim~. which was entirely onen to the se2. fram 

the south, yet had a rounded an-oe?rance and_ a t alus sloc:e of P, soft 

quarry. 

The AnP1ysis of a Tynical Soft Coral 

It must be borne in minc1. that no two qU.."l,rries produce identical 

coral, but that most soft coral a_ua.rries are similar as the effect of leach­

ing or cementing action on the ori gin1".l mass is limited to ap:oroximntely the 

same r2J1ge by the requirement that they be c2pa,ble of excavation by modern 

hea.vy equinment without material blasting. Though each different qua.rry 

coral may have different sieve analysis, different densities and different 

o:otimum moisture content s , requiring different methods of :o rocessinB; 

them for base and wea.rine surfe.ces, these different metnoo. s are merely 
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modifications of a general methoa_, suitable to a,ll conditions, to meet 

local conditions. The primary method of processing coral, the character­

istic advantages and. disadvantages of the result, and the conditions 

necessary for successful use are basicall~r the same for all soft coral. 

This analysis of coral from the quarry on Saiuan shown in 

Figure 7, has been selected because it is q_ui te ty~oical, and beca;use it 

is the most complete analysis available. The grc1.in size distribution is 

shown in dotted lines on Figure 5. 

Com-oaction Tests 

a. Samnles of cor8,l taken directly,from the pit were com,:Jacted 

in the Proctor Mola. using the Modified Rammer (10 lb. hemmer 18 11 stroke). 

The degree of com:na.ction was varied by ch2,nging the number of lifts and 

the blows used to com-08,ct ee,ch lift. For ea,ch comnaction method the 

water content was va.ried from 5% to 15% a.nd dry density was plotted against 

water content (Fignre 10). 

b. Optimum moisture was determined as ll% a.t which a dry 

density of 122.5 lbs. ner cu. ft. was obtained. Field density test 

indicated tha,t a greater density was being rea,ched in the field and a 

curve was plotted for 7 lifts with 25 blows per lift. This curve closely 

approxima.ted' field compaction and a density of 125.5 lbs. per cu. ft. was 

reached at a moisture content of 11;&. The curves indicate that practice.lly 

no increase in density can be achieved when the moisture content is ll~-

15% or greater. It was also determined that the coral lost all st8.bili ty 

when the moisture content reached 14% - 1550. 

c. Figure 11 shows the relationshin of the three moisture density 

curves. Curve A, Figure 11 indicates what comnAction W8S antici:02.ted and 
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considered satisfactory. Curve E was later determined to more closely 

a.pproxima.te field compa,ction. Approximately 94.5% of Zero Air Voids 

Density was obta,ined in the field. 

California :Bearing Ratio - FiRUre 12 

a. All bearing ratio tests were performed on coral te.k:en 

directly from the q_uarry and comnacted at 11% water content using 5 lifts 

with 55 blows per lift with modified rammer (10# hammer 1811 stroke). 

Densities of ap:nroximately 122.5,fl=/cu.ft. were obtained. 

b. The curves conform in general to the ideal curve with 

C:BR values ranging from 86.6 to 120 depending on time allowed to cure 

before testing. Maximum bearing p ower wa,s reached the fourth or fifth 

day. Tests showed no materi2l increa,se thereafter. Curve #1 indicates 

the great decrease in CBR which occurred when coral was allowed to soak 

after compa.ction. C]R value for core,l comna.cted and soaked was ap1)rox­

ima.tely 25. 

Canillari ty Tests 

1. Coral from the :pit was compacted to approximately 117 1 b. ner 

cu. ft. at 11% m.oisture in a pipe of 3½ 11 diameter. The pi:oe was pla-ced 

with the lower end immersed in 1½ 11 of water. At the end of a 48 hour 

period the sample was removed. and moisture content determined at 311 

interva,ls sta.rting at the bottom of the pipe. From 0 11 - 311 above the 

·water level an increase of 2. 2% was noted. From 311 - 611 the incree,se 1t,as 

0. 3%. There wa.s no increase above 611 • In uncompacted coral, however, it 

was found that definite increase in moisture due to capillarity took 

Dlace to a height of 12 11 above the water level the test being performed 
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in a similar manner to tha t described above. Bulking of the coral was 

negli gible. 

The results of other tests are as follows: 

Liquid limit 

Pla.stic limit 

Pla..stic index 

27.2fo 

2J.2% 

4.0;,& 

S:oecific gravity of solids 2. 76% 

Average comp8.cted voids ratio J2.2% 

The grain size distribution is not considered to be of im, ort­

ance in soft coral for one of the same reasons that makes soft coral poor 

for concrete. The cored, loosely cemented or fragile, will crumble t:?nd 

break during compaction until a relatively dense mass of hi gh bee.ring 

power is formed regardless of origin;:,,l grain size distribution. This is 

one of the largest assets of soft coral a.s a base material; however it is 

also the cause of one of the most objectione.ble fe~tures, thct of surface 

erosion, creP.ting excessive dust on both roads and a.irfields. This, 

though objectionable as a wearing surface, does not detract from its 

value a.s a base. The only :oresent solution to date he.s ceen either to 

constantly sprinkle the surface during dry wea.ther, or to pave over the 

ba.se with an adequa.te concrete we a.ring surface. Surface oil or asph c>.l tic 

tre2.tments do not ma,teria.lly penetrate the compa,cted coral and merely 

form a crust that -oeels or wears off in a short time under traffic, allow­

ing potholes to develou. Road oil and a.sphal tic treatments have been 

successful on shoulders of runways subject to little traffic. Attempts 

to mix oil or as:oh::i.l t into the top surface to "1J revent peeling ha.ve not 

been successful, a.s this forms a spongy surface which, while eliminating 



dust, ravels badly. 

Most Californi2, Bearing Tests of coral indicate a high C:BR, 

such as the one of 120 for the above examnle. It will be noted however 

that this CBR is ta.ken p£ter compaction "but not after saturation, and 

that the saturated CBR for the exam:ole is 25. Attention is called to the 

slow absorption of water "by capillary action. In the test given it took 

the bottom J inches 48 hours to approach saturation. Had the test lasted 

longer there is little cloubt that the coral would have become saturated 

considera.bly hig,her. The slow rate of initial saturation plus the fine 

and dense sta.te of the material, producing sma,11 pores, both su::onort 

this conclusion. Unfortunately this reported canillary test is the 

only one available. 

A material with a. saturated CBR of 25 is not considered a good 

base as it is likely that a sub-bP..se will become saturated, thereby pro­

viding wa.ter to saturate the base. This is of little consequence to 

coral a.s the sub-base is almost invariably extremely porous and inca:nable 

of drmo!ing un wa,ter, or the water ta.ble is well below the depth of 

C1'13)illary action. In the vast majority of cases coral ba,ses are laid 

/ 
either on a subgrade of undistributed coral or on bl".nks of coral sand, 

both of ,,rhich are extremely porous. On Mc:·kin one shoulder of the runway 

on a sa.nd. sub-base suoject to vehicular traffic was actually flooded 

during spring high tides. However, such tides were of such short dura,tion, 

and the mean wa.ter table was sufficiently below the base that there was 

insufficient time to sa.turate the compacted coral. The only failure was 

minor surface raveling caused by vehicles traveling through the water. 

Tropical ra.in fall ha.s little effect as the comnacted coral sheds the 
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water ra:pidly. Minor imps rfections of grade causing ponding are not 

dangerous :nroviding they are not subject to traffic, as the water will 

generally evapora.te before it has had sufficient time to saturate much 

coral. However, under tra,ffic, raveling sets in rapidly, increasing the 

:ponding. For this reason a 1½56 crown slope is considered necessary to 

minimize ponding in grade imperfections. 

Other than on na.tive coral or s a,nd , cora l ba.ses are la.id on 

either tida,l marshes or on non calcareous ee.rth in the hilly hind of 

eleva,ted coral islands where the base foundation is ex:oosed. through or 

above the coral zone. In the first case extremely thick bases are 

necessary unless an adea_uately drained sand blanket is first laid down. 

The extension of :B ru.11way, Hickam Field, Oahu, was made over the Hickam 

mud fla.ts with a 48 11 base of coral ( though 60 11 was indicated by CBR 

tables) without a sand. blanket 2_11d a,p7e a rs satisfactory. In the latter 

case ade_q_uate surface drainage will nrevent f a ilure with the normal 

thickness of coral base, a.s the water table is generc,lly far below the 

:,oossible c2cpillary rise. Ponding along s ide of fills ha s c 2used f ailure 

and must 'be :prevented. Similarly caution rrrust be used in the rare ve,lleys 

with stream flow or near springs. The founda tion material the,t i s exp osed 

through the cora,l zone is norma,.,lly hilly, precluding airport construction. 

Proper road dra,inage can generally :oreclude the satura,tion of the sub-base. 

The only major ai:i:-p ort built on such material with coral, Wheeler Field, 

Oahu, had a base made u:o of crushed_, :oorous , i gneous rock in the lower 

le,yer with compacted cora.l on to:o. 

Fa.ilures have also 'been caused by le,ying coral bases on sa turated 

sub-ba se fills of non calc are ou s me.teri al. In one ce.se the dirt fills were 



comp?..cted in dr y we ?..t her, but i mperfe ctly gra.d.ed. Ra in p onded on 

them; then cora l base wa s l a icl. in t wo lifts . Fa.ul t y sup ervi s ion 

allowed the :olacing of the second left before the fir s t was a.dequa t e l l 

compacted. H::i.d. it be en compacted failure woul d likely hav e occurred 

in the p rocess. The se c ond lift wa s thoroughl y compacted, a.nd the 

surface used by light pla ne s and v ehicles for sever al week s bef ore 

failures occurred under he a,vy pla nes. Adequa te gr ading of the sub­

base p reve nted subsequent like f a ilures. 

It is t he refore, both se.fe and. proyier to desi gn cora l base 

c our ses with op timum rRthe r tha.n s p,turated C:BR1 s wherever sub-be.se 

conditi ons A.re such as to or can be ma.de to :prevent sa.tura tion. 

Under t hese conditions, ::,reva lent through out the Pacific, twelve 

inches of good cor2.l base is all th?. t is rea_uired for nre s ent day 

maximu.rn 1 o ads . 

It should be notice d, in the typical a mi l y sis above, that 

while the ontimum moisture content i s 11%, the mate1·i8.l lo s es all 

V 
stability of 15% moisture content. This i s a characteri s tic of most 

soft cora.ls, tho t is, though the ontimum moisture content me.y v ary 

from 10% to 15% an adc'ci tion from four t o five pe rcent moisture over 

op timum will c a.us e the l oo se me.teri a l to lo s e all st2bili t y . It 

should be furthe r noticed t hat a:onroxima. tel;:," 94•.5% of ze ro a ir v oids 

dens ity was obt ained in the f i eld, a nd that bulk inl? of the coral wa s 

negligible. If bulkins were a ctually zero the comp2.cted corru. could 

tak e ffO only 0. 661; add.i tional moi s t u re to be c ome l007b of ze ro a ir 

voi ds de nsity. Su.ch s a ture.tion would h a.ve little e f f ect on the be8.r­

ing strength of coral. Hov!ever, the c 2.:p illari t y te s t s inc.icate tha t 
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bulking must occur, enough to a.llo,-r :m a dcU tional 2.2% mo i sture in 

the forty-ei g,ht hour s . Thi s would bring the totsl moisture c ontent 

un to lJ. 2% and seriously effe ct the be a.ring streng t h , as was noted 

by the low CJ3R after satura tion. This moisture content is still 

short of tha t in which the cora.l lose s stability, hence it ma.y still 

be worked by modern grading equi }1ment. Knowledge of the a bove f a.ctors 

enables well trnined construction workers to nroceed only slightly less 

efficiently during rB.iny season. The porous nature of undisturbed 

cora l in the q_uarries :prevents this corF.i.l fr om having hi gher moisture 

content than 10 or 11 (in c a.se of the above example). Such corol may 

be trucke d to the :olace of dep os it in all 'but the he avi es t rainfalls 

without going un to the dangerous 15% moisture c ont ent. Hovrever, it 

must be immediately comnacted. In dense rainfrlls it i s some times 

necessar y to roll the cora l immediat e l y with a smoot h wheel roller, 

after a dozer has struck off the du.."llped p ile, in orde r to com:92.ct a 

surfa.ce crust. Though the crus t i s irregula r and will collect water, 

it :protects the cora l beneath from be coming satur2. ted. After the r 1:1.in­

fall lets up some, the crus t mus t be broken and the cora.l n roperly 

comnacted as described later. Of course in such c a ses it i s vita l to 

have a well dr ai ned sub-base. 

Gra.dine.- and Com-nactin.e- the J3a se Course 

As has be en noted above , ove r a sui tn.ble sub--b8.se 12 i nches of 

cora l i s s::,.tisfactory for a.11 3'.)resent day lo r>ds . Suc h a den th should 

oe l aid down in t wo lift s of 7 to 8 inches l oose e2ch , com:oacted to 
) 

s i x inches. Thi s a llows 4 to 5 inches c emente d 11 stones 11 to 'be :pre s ent 



without seriously impairing grading o:9er2.,tions. The q_m,rry selected 

should not produce an a:p=orecia'ble percentage of larger size than this. 

(If such R quarry is not available a grizzly c2n be constructed and 

used at some cost to efficienc:r of the quarry operation.) Oversize 

rocks gre dumped c>,long with the rest of the coral. A ciozer should 

be available to s:nread dump piles in approximately the right de:r:,th 

(unless dump s:9reading is done, a process which slows down rou....n.cl trip 

time of the truck and often increases truck maintenance). This dner 

ce._.n rake out the larger of the oversize rocks, while truc~,;:s spotters 

and gr·ade foreman can generally remove the rock from 6 to 12 inches 

in size. Compaction should commence immediate2-y by sprinkling a.lld 

rolling with sheepsfoot rollers. With coral quarried above the water 

table, and with a water source adja,cent to the construction area one 
' 

1500 gallon motorized water distributor and one tractor with four drums 

of standard sheepsfoot rollers are the maximum needed for each 1000 

yards of coral placed each day to maintain optimum moisture and maximum 

comnaction during dry weather. Rain and tide water quarries will 

naturally reduce the necessity for water distributed but not for shee:')S­

foot rollers. There has been some discussion as to the relative merits 

of the sheepsfoot roller and the rubber-tired roller for com:r;iaction. 

Up to optimum moisture the sheepsfoot is superior for two reasons. 

a. The shee:nsfoot sta,rts compacting from the bottom of the lift 

by digging down through the loose top corci,l. Yet, at or near o~otimum 

moisture content it will actually 11walk out 11 compacting all the wa,y up. 

(See Figure lJ and 14). However the rubber-tired roller tends to ~-cnead 

the ton two or three inches together without digging into loose m2.teri,~l. 
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This comclacts the top of the lift satisfactorily but not the bottom. 

b. Sharp edges of dry coral cause excessive maintenance of 

ru"boer tires. (See Figure 14 for nature of such cora.1). 

When corc1l is at optimum moisture there .is little choice be­

tween the two (See Figures 13 and 15). 

When coral is over ontimum moisture content the sheensfoot 

tend to keep the top layer stirred up, while the rubber wheeled roller, 

f;:,r s1.merior, tend to knead and force the surnlus moisture out to the 

surface where it may eva.1:iore.te or drain off (See FigL,_res 16, 17, 13). 

Norma.lly the firflt lift is just rough graded and com·oacted. with 

sheepsfo ot (or rubber-tired) roller and the second lift :placed over it. 

As the compaction of the second lift nears completion motor patrol 

grR-ders are used to distribute the top material to the final gr2.de 

after which it is rolled with smooth steel wheel rollers. Ago.in moi s­

ture content should be controlled carefully. If the material is ov ':: r 

oDtimum and left as in Figure 18 by the rubber-tired roller, rollins 

with the steel wheel roller is of no value (See Fi,gure 19). The sur­

f11,ce slush must be allowed to dry out some by eva,:oor2.tion r-ind -oe 

touched up with a grader before final rolling, or the sl"J..sh ,:1c,~r 'be gr2.d-

ed off and then final rolled. However, if the truck sl'.lotters h;we done 

their work a.ccurately this rr.2.:"Ir le2ve tha.t portion of the field one-half 

to one and one-half inches below e;rade. Figure 20 shows the result of 

final rolling of too dry material. High points a.re merely crushed. 

Figure 21 shows the firn'l.l a:rrnearance of coral rolled at optimum. 

There has been some criticism of the use of a smooth wheel 

roller a.s tendine; to form a crust on the 'base that may break loose. 
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Fi ~ re 1g: Atte~~tin~ to Smo 0th Roll Corp ~ I n 
Firore 18 

Fieure 20 : Dr;r Corril Smo oth Rolled 

FiP'1..tre 21 : Cor 1 .-, 01) til!!UM Wr,tr r Cnntent Aft ·r 
One Pn~~ · t h ~ SMo r t h H0 ler 
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Where nroper moisture and comn.?.ction h~we been maintained there is 

no such danger, and this ftnal roll does give a somewhat harder more 

durable surface. However, to maintain the dense hard surface noticed 

in the midcile of Figure 21 continual maintenance rolling is necessary, 

nlus sprinkling during dry we1?,ther. 

To bring low spots up to nro·oer final grade a thin film may ·be 

cut from neighboring high spots and moved in with a grader, or a small 

amount of coral may be sieved. to eliminate one inch size rock ancl over 

and this used for such purnoses. Genera.lly it is desirable to sc2rify 

slightly the rolled surface before add.ing more material, but no fail­

ures have been noticed when this is not done. The added material, at 

optimu,m moisture content, need merely be graded into place and rolled 

with a steel wheel roller. 

The 11 Setting Up 11 Phenomena 

The a.ction of coral sometimes 11 setting up 11 in the ma.nner of 

concrete, after placing has been much discussed by those who have 

observed the use of soft coral. Such corel is often much sec>.rched 

for, out from the observ?.tions of the a.uthor it ha.s been most pre­

valent on atolls. 

A common explanation of the ·ohenomena has been that there is 

a certain amount of q_uick lime (calcium oxide) present in the coral. 

Considering the nature of formation of coral, the :precipitation of 

calcium carbonate of the sea, throuf,h the life 1,rocesses of the polYJ?, 

plus the fact that it takes a temperature from 900 to 1000°0 to drive 

carbon dioxide from the C""rbonate leP.ving quick lime, the 1)resence of 
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free lime seems highly improbable. Further, the readiness of free 

lime to react with water and carbon dioxide, present in both fresh 

and sa.lt water exposed to the atmosphere, lee.ves little doubt thc1.t all 

quick lime, if present, would be converted into lime stone in the gener-

2..lly extremely porous coral form2..tion, cluring the 10 to 40,000 yea.rs of 

existence of the youngest cor2.l used in the P2.cific. A miLcy 2:p:,nearance 

of the water used in moistened coral is t2_%en to be milk, or sl2.,ked, 

lime, to hel!) establish the lime theory. Pr2.ctically this milkiness 

is due to cr-ilcareous clay of colloid.al size. All good_ soft core1 

conta.in some c ,dcareous cla;y which on saturation tencl1
, to cause surplus 

water to be milky. 

The explanation more prob2.bly lies in the cha.racteristics of 

losing all skbili ty at four percent over optimum moisture. Cora.l 

exc:wated fr om the inner reefs of lagoons is generally ta.ken from 

below the water table, even on l ow tide. Scra-r)ers often come un to . .. 

the field dripping miD:y water clrr:>ining from the cor2.l. Such cor;:, l 

is naturally super satura.ted with water and is q_ui te unworkable. How­

ever, after being spread on a porous sand sub-base in 2 l2yer say 6 

inches thick, in the hot tropical sun, this coral ·will set up in a few 

minutesr that is, wa.ter will drain out of it until it reaches a moisture 

content at which it rapidly re gains stnbili ty. Und.er adverse cond.i tions 

of Rn imnermee.ble sub-bas e 2.nd continued rc:iny weather the setting up 

may be delayed for sometime. On Saipan a-onroxima.tely 5,000 ye.rds of 

coral became supers2.tur2 ted, due to mishandling during a. heavy re.in 

storm. This material was dozed to one side where the n2,tur21ly porous 

sub-bases w2s cove red by i:, thin lR.;yer of relatively impervi ous ton 
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soil. The r2.iny sea.son h•.s ted another month c1.nd a h2.lf, ke 2ping 

this mas s constantly supersa turated. It was not until after two 

weeks of good weather thf"t this coral set up. Then it was picked 

u:o and reused. A most drama.tic evidence of setting up occurred on 

Makin. The natives had dug large pi ts down to the we.ter table (3 to 5 

feet) in the airfield. area to grow 11 Bob2.i 11 , a. st2-.rchy ro ot :plent which 

made un an imnortant element of their cliet. It we.s necess8ry to fill 

these pi ts and for such uurnose coral ha.uled from the nea.rby lagoon 

reef was d.ozed into the nit to a. den th of about four fe e t before com­

naction was started, (fin::-.1 grade beinf; consider8.l)ly hi gher). A 

tractor with a sheepsfoot roller attem;)ted to coin:oact the me.,ss P.no. 

became hopelessly stuck , below the level of the ton of his tracks. 

Other tractors were able to null out the shee-osfoot ro:i_ler, but merely 

broke cables in attemnting to pull out the tract or. A tractor clr2.wn 

rubber-tired crcJ,ne w2,s c c1 lled to lift the tractor out. It took a.bout 

an hour to get the cr;:i.ne and rig the s lings. By this time the coral 

in the ]ob8.i :pit, dr2- ining only out the side ;;md. tor,, had set un to 

such an extent that it not only su:onorted. the tw.o tires of the cr2.ne 

next to the stuck tractor but also the entire weig..ri.t of the tractor 

a.nd crr:me nlus the resistance to being :pulled out on those tires. 

While the above discussion exnlains adeq_u.2.tely the visible 

11 setting up 11 uhenomene there is still :possibility that some other 

setting up action :pl2ying a part. It will be notice 6. in Fie:u.re 12 

that the bearing of cor2l comua.cted at outimum density decrea sed fr om 

1000 lb./sq_.in to 860 lb./sq.in.in two da.ys curing , e.nd the reafter 

rose to 1200 1 bs ./ so_. in. in the next three days. This is a gross 
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increase of J9. 5% 2-nd a net increase of 2056 . The initial decrease 

may be attriouted to elastic readjustment following ove r c om::.:,action. 

If so, the entire F,ross incre&,se is due to sor.1e addi tiona1 })henomena,. 

There are two ~oossible CB,uses for this action: 

a,. As the cylinders dry out the moisture in the smell 

nores receed from the surface, se tting u:o the - same surfa ce tension 

forces :)resent in shrinkinp: clay . In the sBJne m<'.'.nner thr,t concrete 

test cylinc3-ers show a.n increased com:nressive strength when d.ry over 

·when wet, the core1 should shov.r a hi r..he r bearing va.lue. The addition­

al com:cressive strength of a_ry concrete cylinders over se.,ture,tecl is 

2ttriouted to the contr2,ction of the cement n2 s t? which set' u:9 tensile _,,. 

forces tha t must be overc ome by initi01 compres sion, and due to the 

develo:oment of hydros ta.tic p ressure in the sa,tura,ted cylinders. The 

first concli tion, as such, is not :)resent in corHl. However the f orces 

set UD b~r surface tension of water in the pores sets up a. simila.r 

internal tension tencling to comuress the se.nmle further. This force 

would be relieved if the sanr9le is com11letely dried of unbound wate r, 

or brought u.:o to optimum moisture a.gc1.in. In any event the effect would 

apnee.r to be les s than thD t of concrete. In concre te the increase 

va,ries from 18 to 25%*. The gross increase shown in Fi {e;ure 11 is 34.5%, 

inclic a ting t hat t he re may well be other elements to consider. 

b. In the field it has been noticed thB,t salt wa, ter 

produced better re sults than fresh wa ter when used to mc'.intain o:otimwn 

moisture. The most obvious reason for this is that the salt so de~;osited 

is deliq_u.escent and tena.s t o maintain the ::oresence of moi s ture. For 
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consistency, salt water ,·ras used in comnaction test ~ How, though 

the eo_vgntage of delio_uescence to maintain moisture content i s o'b­

vious, such maintenance of moisture would not cause increase of in 

'be2,ring strength. Sea water con t ,"'ins 2,::o:;roxim2 tel;y- J. 3% solul:•le 

salts 'by weight. The volume of such sa1 ts in solid form is o'bout 

1/2 that yiercente,ge 'because of their s:pecific gravity. On rlrying 

out of the semnle the voids ,,rould be reduced by a,p"8roxirrm,tely 1. 6%. 

lsTPtural surf<'.ce tension within the void snaces tends to concentr2,te 

moisture between the closest faces as it eva-oorates. Hence more 

salts will be denosi ted in these s:riaces, where they will h2,ve the 

most effect in cementing ,:i2.rticles. This effect "Dossi 'bly contr i 1:rc1.tes 

to the increased 'bearing values. 

It should be noticed thPot the testsshown in Figure 11 Gre 

the only tests that the e.uthor knoi:rs tha t have been "0erformed in 

effort to "0rove definitely the presence of a setting action other 

tha.n tha.t caused by a.raining of se.turated materia.l. It is his opin­

ion that other soft coral will act similarly, if the reasons given 

1:1,bove a re true, but this he'-~; not been est2blished by a.ctu2,l test. 

If such be true, and if the seconc3_ re::i son 11la.ys an an0reciable 

nart e,n interesting nossibility is ·r a ised. Granted tha t the great 

1mlk of cr;ys t2.ls filling the 1.6% of void sp ace are solu'ble ancl are 

subject to r2n id leaching; still a.n 1.,roximPtely 0.00656% is rel8.tively 

insoluble lime f',tone. Is it p ossible by chemical "Oreci:oi tation to 

grecc,tl:r increFJse the amount of lime s tone preci-•)it8.ted in the voicls, 

thereoy accelerG,ting the natural cementing :pr ocess d.i scussed in 
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Section II? Such a. l')rocess would "be highly d.esirE?,"ble if by tha,t 

mea.ns a hard, securely bona_etl crust of ca.lei te could be :produced 

on the surf::ice of a coral base, thereby eliminating its greatest 

disc1,dvFmtc1 ge, erosion ~oroduced dust, and elimina.ting the need for 

an addi tion!=!l concrete we2,ring course. 



SECTION IV 

COlJCLUSI ON 

It is seen that coral, as normally used, is a poor concrete 

ae;gregate because of its softness, and that, with low satura,ted. 

CllR 1 s, it is a poor base material. Hevertheless, with good 

control rmd ·nro:9er cono.i tions, excellent results mc1,y be obtained 

with coral both as concrete :=i.nd for bases. It is fortun?.te in­

deed that the uro:oer conditions for the use of coral exist on 

practically cill the islands of the Pacific where it is available, 

thereby providing a reliable a.ggregate for large areas of the 

world without other uossible sources. 
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PART II 

CHEMICAL STABILIZATION OF CORAL SURFACES 

Introduction 

It ha.s been noted tha t the greatest ciisadvrmtage of the use of 

coral, a.s a. surfacing material for roads and runways, is the ma.mier in 

which it erodes, cre ~ting a tremendous dust hazard unless elaborate nre­

cautions a.re taken to keel) the surf~tce moist and rolled. Furthermore, 

in a relatively short p;eologica.l time and under the ri 1g;ht chemical 

conditions loose coral 1Jarticles and porous coral formations in their 

natural state ma.y be so cemented by precip i ta.tion of calcium carbona.te 

as to form solid relatively impervious limestone rock. The manner in 

which this na.tural preci-oi t;:,,tion may be accelera ted to -provide a 
1
tight 

dust proof we.?ring s-..1rface, rec-~uiring little maintenance will be develou-

ed. 

:Sa.sic Considerations and As sumntions 

Coral limestone is almost pure c a lcium co.rbonete, the p rinciple 

impurity being magnesium carbonate. For the pur-oose of s irnnJif:;_ c · ~-i'>:.,_ 

it will be tre0tecl. as pure calcium ca.rb ona te 2nd_ the effect of the 

ma.gneshun C8rbonate on the rea.ctions involved. will be discussed later. 

S2i:9an coral again will be used a.s ty7') ic n.l. Comna c ted. at op timum moi s-

t-t-1.re it ha.s a. density of 125 ;_Jou.nets :per cubic foot. The snecific gra.vi ty 

of the solids is 2.76; theref ore solid cor3l limestone without voids, 

would wei gh 172.5 pounds per cubic foot. For convenience of calcula ti on 

wei ghts of limestone to fill the voi6.s nresent in one com1J2cted. cubic 

fovt of cor2l will 'be usecl r a ther th2.n voids r2tio. 47.5 pounds are 
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required to fill all the voids . Ini tia1 chemice.l prec i :oi t ?. tion of 

calchun carbonE-1.t e from the water in -oore space will be uniform; however, 

a.s the wci.te r evanorates surface tension will dr2.w it toward the noint 

of c ontact of the cor&.], nc1.rticles. As more w2.ter evan orates adcU tional 

ca.lcium c ::> rbona te will be -prech>i tated around the -po int of contact where 

it will be of gr eates t vrc>lue in cementing those uarticles. Considering 

the above a reasonable estimate of the amount of :oreci ;oi tated limest one 

needed to cement the cora.l :narticles is 12 pounds (reclucing the voids 

ratio from 27.5 to 20.J). Dense cemented coral lime ston~ in natural 

sta.te generally have voi ds r at ios higher than 10%, therefore as a 

ma.ximum fi gure it will 'be assumed tha.t 36 pounds of calcium c rirbonate 

(reducing the voids ratio to 6. 65 ) will guarantee cement inf; . 

Only a. thin crust of cemented coral on the surface i s needed to 

:)revent dus t, but such a crust would tend to break or 1)eel off. To 

nrevent this it will be necessa r y to cement a strata. severe.l inches 

thick , v ;;,rying from mF>ximum cementing at the ton t o none a t the bottom. 

It is estimated tha t 4 inches i s sufficient, vary ing uniformil ;r . To 

obta.in 12 nound.s and 36 nouncls ad.di tional limestone on the surface will 

therefore require 2 and_ 6 pounds of calcium carbona te res::iectively -ri e r 

square fo ot of surfa.ce area. The word re s:9ec ti vely will henceforth be 

used to denote calcula tions based on these two figures. 

The re a re severa.l ways tha t this p reci:pi t a tion ca.n be accom:olished. 

The equations involved are given on page 84. 

a. An acid rosy be adcl ed to water in conta.ct with solid base 

calcium ca rbonate (Eg_uation 1) and the resulting solution distriouted 
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during and after c om;:i11ction of the to:,, layer. On ev2:oora tion calcium 

c arbona te and the c alcium sa1 t of the acid adcled will be ureci :,c i t a ted.. 

The latter of the normal e,cids, chloride, sul~oh a, te or nitra te will be 

relatively soluble a nd_ -will leach out ra,n i d.l y with r a in, hence only 

ha,lf of the ca.lcium so applied will be effective. Further, the ~rocess 

will require large q_u:mti ties of exnensive acids. 

b. Ca lcium carbon2,te ma,y be burned in a kiln, producing quick 

lime (equation 2) which ma,y be distributed dry a s a nowder and sla.ked 

(equation 3) by di s tributing water on it, or may be sla.ked initially 

and cUstributed in solution. The former :_oroces s is undesirable be-

cause of the l a r ge bulking t hat take s :ol ace on s l 8.king , di s r unting the 

comp::.>,ction proc edure, and_ because of the p ract i c al difficulties of 

obtaining uniform decreasing distribution of the lime in the top layer 

of cora,1. Calcium hydroxicLe, r elativel y insoluble , c a n be hand.led by 

distributors by forming what is known as lime milk . If only a slight 

amount of _ water more than tha t required by equation 3 be added the 

p roduct becomes :_oasty rather than a dr y nowder. As more water is added 

the viscosity of the pa,ste is reduced, resulting in a colloidal solution 

of ca.lcium hydroxi de with only a smdl percenta.ge actually in true 

solution. A ten to twenty n 8rcent solution ca n thus be r eadily ha,ndled 

by normal wa,ter distributors. In both me thods the c ;:- rbon dioxide in 

the a ir will turn the calcium hy c'i.roxi de to limestone. (eauation 4). 

This reaction is very slow because the c arbon dioxide conte nt of the 

air is low and beca,use diffusion mus t be depended on for -oenetra tion 

to den th. 

c. A weak acid may be made by buobling carbon di oxide t h rough 
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water, forming carbonic a.cid. If this acid be used in the method 

described in (a) the exuense will be reduced and a.11 the c a.lcium in 

solution will be effective (equntion 5, 6 and 7). 

d. A comoination of method b. and c. may be used c rmsing 

chemical preci:pi t cJ tion (eq_u2.tion 8) as well as preci:pi ta.ti on by 

evaporation, and r:i,lP>o eliminating the need of eq_w:i.tion l+ in the b. 

method, a, slow reaction because of the small concentra tion of c c1rbon 

dioxide in the air. 

Prech:: i t::- tion by Chemical Reaction 

Sever2l othe r methods are nossibl e , mod.ific2ti ons of the 

ebove. It is believed that method (d) is most nrPctic2l ~mc1. it will 

be d.iscussecl in d.etail. Pro:oortion2.l weights ne ces sary for the 

nrech·,i tation of 2 a.nd 6 pounds of calcium cr-rborn~,te r es1 )ectively a.re 

shown on :1)?.fe 84 for eq_u0.tion 2a, Ja, 5a ancI 8. 

Production of sl2kecl lime and milk lime is a stc1ndard comr:ie r­

cial :nrocess tha.t involves no d.ifficul t y where lime s tone is aveil;::,ble. 

It is seen from eq_uc1.tion 2a. th8.t 1 and 3 nounds of limestone res,:iect­

ively must be burned to n rocluce sufi'ici e nt limP- for one sa_u 1-we fo 0t of 

surface. For a runw2.y 6000 fe e t 'by 200 fe e t this woulc. require 600 

and 1,800 tons rest>e ctiv9l;',l . As a com:0arison lL~,800 tons of rock would 

h2,ve to be hea.ted to a.bout one half the tem1)er r: ture for a hot mix nave­

men t, requiring a considerable larp:er kiln :r.il nnt. (:Burning limesto ne 

re<1_uires a heot of about 900°0 against 450°0 for a hot mix). One 

a-i,·,,lication of 2 20% lime weter s olution et the rate 4 go,llons :9er 

so_ue.re ya,rd will c::i:u.se the fina l ,,reci ".l itati on of 2 .06 pouncls of lime -
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stone 1)rff so_uare foot sli e:htly more th8n the 2 ;)ouna_ v.s:i..u0 needed. 

(As srnnin,o.: densit;y of s olution i s 64 l bs . -r:e r cu. ft. well unc3-er E·ctu.2,l). 

For the maximum 6 pound. value three 2.n1)lic ." tions a.re needed, e1lowing 

the surf::i.ce to dry out between a1):i-1lic2tions, unles s it ~n·oves fe2si ble 

to c.istri bute a. hi gher :oe rcenta.ge th11n 201{i. 

Product ion of the C8.lciu.':l bic8rbon2te solution need.ed a g2.in 

follows stP•nd[:lrd commercial p roces s , th2t of rec.?r·bonation of lime 

sof tenecl w9te rs; however the proces s must be carried to a point cons id­

erably further t han in the normal softeni1v: ;.,recess i n ord.er to r each 

:or2.ctical concentrP,ti cns. The :9lant, rel e tivel;r sim--ole, is described 

in most w2ter su:9 :::il y 2-.nd treatment manuals. It consists of ~n .ssing 

c r-irbon dicxic.e t hrough a. t11nk of wr:>ter conta.ininf: limestone i n the solid 

phase , thc1t lime stone going into s olution as bic,c.rbonate , (eo01-1.at ion 5). 

A ready source of c;:,.rbon dioxide i s ava.ilBble in the flue gases of the 

kiln used to burn the lime stone . By com:oaring eq_uF.1.ti ons 2e. and_ 5a it 

is seen that the exact 8mount of c c>rbon dioxide reo_uired in e <;._1}.ci tion 5a 

is --orovided in 2a. l~a.turally it i s not -pract ical or T)Oss i ole to use 

thi s exact amount, however a h i.r t:e suri:)lus will exist in t he fli.1e :o:a.ses 

due to the combustion of t he fue l used to heat the ;ciln. 

It i s now neces se.ry t o 8,"1)·"roxim8te the -oossible concentrr-ttions 

of calcium cciroo ne.te thcit c::>n be dis so lved by the e,bove methocl. , in order 

to determi ne if suffici ent amount cnn be distri outed. to be -orr-icticPl. 

This inv olves a stud~r of the carl,onn.te-"bic~roon[:lt ,, mas c', l nw eo__uPtions; 

s, suoj0ct in which there i s still cons idera bl e diver gence 7:Jetween strict 

theoretic0l anPly 8'3 S and the result s of vPrious investig8.to rs (Ref. 2). 
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On this Lan~lier (Ref. 5) states 11 A survey of .•.... li terP.ture 

has f Pilea. to reve2.l a n adeq_uate and :nr a cticcl,l formuh1. tion of the 

chernice.l mecheni sm of the c2.rbona te film theory". Considerr-iijle effort 

has been devotecl to t h i s study as it he.s a. direct beRring on the 

c orro s ive or de~ositing action of waters on p i ues. From the lite r ature 

on the subject it has been Dossi ble to de rive a me ttod of aJ):pro?,ch for 

this cementing :proolem. Within the ra,nge of the expe riment s which have 

been ~oe rforme d the method checks accurately, h01•.rever in a n effort to 

obte.in high concentra.t i ons the method ho.s been ca rried beyond the 1;re­

sently est1?olished limit s , with nossi ble :9ro e;ressively l P.r e.:e errors. 

Page 85 gives five well known mass eq_ua ti,ms and one 

stoichion12 tri c equation. From these the basic workine; eo,ua tion No.16a 

he,s been derived a.l ge'braically. Langlie r has used eq1::.2,tion 16b in 

Ph r2nges of 4.5 to 10.3, and equa.tion 16c in r anges 6.5 to 9.5. The 

Ph range of this Drobl em is 5.8 to 10.14 . I n the lowe r eno. of the 

ra.nge ea,uation 16c is still amuly accur2.te because of the higher alka­

linity*. (AL::alini ty b eing defined as t he ti tra t ebl e eq_ui VP.lent of be.se 

per liter, in thi P, ca.se i s equive.lent to the c alcium ion concentration 

under the a.s sumn tion made a.b ove. Actu2lly it will be s o:neuh2,t hi ::;h e r 

tha.n the ce.lcium ion concen trc1,tion, a conc1i tion ,,rhich i s beneficial to 

the uroces s ). In the uprle r end of the rane e slight errors are introduced 

by using 16c. The se V?.lues have the ref ·; re be cm derived by u s inf: a f" ~m""l er 

form for c2.lcula tions of equ2.tion 16a, eq_uation 17. Thi s:, ecLuation was 

*T 1 • th P' f 2uo.ng e -n o 

P (a l k ) a 1 (See 

6 beyond L8ngl i e r 1 s limit 

Pg. 89 ) while (H~) - ~;) 

for equa,t ion 16c 

= 10-6- 10-lJ.88 

10-6 

10-6 - 10-7• 88 • (An infiniti s mA.l c om-:-; pred to 1). 
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derived from eque.tion 16c ancl 12. Pe.ge 87 gives V8.ri ous em:?irica l 

forrnule.s for equilibrium constants needecL. K stands for the true 

disas soc i a tion cons tant K1 for the a:".liJa rent di sc1,ss oci2.tion constant. 

K1 i s the fir st disa ssociation constant of H2co3 and K2 is the sec ond. 

Kw ano_ KcG, a.re the disa,s c,ocie.tion cons t ants of w:=iter a nd limestone 

resuec tively. P. is the i onic strength defined as the sum of the v r,rious 

ion c oncentra.tion s of a solution times the sq_us.re of their ve.12.nce divided 

by two. Equation 22 is an em:oiricr.i.l eroression for sea wi:1.t e r. Cl re-

p resenting the chlorini ty in :oarts :,,e r thous;rnd. P indic s tes the 

nege.tive logarithm of the :oa,rticula.r ions molecula.r concentration in 

mols :oe r liter. 

Tr-e.ole 1, page 89, ev2luates the ve.rious cons t ants ne e ded for 

the r a,nge of calcium ion concentrnti on oeinF investig2.ted. Column 6 

was d.erived from eq_ue,tion 1 9 . However, thi s equa tion has "been ·0r ove n 

in2.ccura.te 2.t ionic strength greDter thc1,n 0.02. The v 2.lue of PK 1 ca for 

sea w2 t ,, r (Cl .. 1 9 Q_ ) has been estnblished as 5.57 (Ref. 2). Eam,, ti on 
00 

22 establishes ,,a = 0.7 for sea ,_,rpte r Cl = 19%. Using this v c1 lue Column 

6a WB-S determined by gr aphical int er :oolation, P2ge 91. 

Ta.ble II, ~::iage 89 cletermines the Ph corre sponding to the v nrious 

ca1cium ion concentrati ons , u s ing the va.lues of T2.ble I 2.nci. equation 16c. 

Pa.ge 90 gives a tY9ica1 solution of equ:-1.tion 17, the results of which for 

the uppe r rang ~, of Phs h11ve a l s o been :9osted on Table II. 

Both of the solutions develo~)ed in each co.se with equ2.tion 17 

are c orrect, inclic::tting that 1 2.mestone has a minimum solubility between 

Ph of 9.L~4 and 10.lL~. The a ctual minimum v 21ue c2n oe e s t r-!1)li shed -oy 

additi onal tria l s 'between PCa = J.6 2.ml PCa. = J.9, however the only 

v alue he re of this calcule.tion is to indicate the correctness. of this 



method , as t he stud;:/ is to dev e l o~) high c oncentr2.tion of c .s.lciwn at 

the lower r a nge of Ph 1 s. Actual exne riments indicate the minimum 

value i s in thi s range. 

Equ 1>..tion 2J, pg. 87 ha.s been develoned fr om equation 121/, the 

re sult s of evalua tins equ a tion 2J using v2.lue s from T;::,.bles 1 and 2 2.re 

given in Table J. 

As K = CPcoz (Eq_u2.tion 1), the -oartial pressure of CP. rbon dioxide 

necessary to develop the arb i tra ry c ~tlcium ion conc entra tion of Table 1 

c an be c alcula.ted. The r2.nge of v 2,lues for C i s given under Equation 1, 

exce-o t betweenJL.: 0 and.Al= .4 for which the value of . 3 is used. The 

error s o introduced is not i mportant as it i s in conce!:tr2.tion below 

t hose ne e ded. The -ocirtial -ore s!"ures have been rec orde d in TPble J. 

The pt=!.rts pe r million of calcium caroona te tha t c a n be dis s-,olve d 

with the v c1.ri ou s nar tial p res sures of Cc•rbon dioxide a r e a l so no sted in 

Table J. These, and the above , v a l ues have been plotted agai ns t i onic 

strength on page 91. 

Both the i naccur2.cie s of PK 1 ca. 8.nd a study of Table J indica te 

that thi s t Fible is not reli able beyond.Al: .7. However, it does 

indica t e tha,t there is a f trong p oss i oili t y of d i ssolvi ng approximately 

5000 PPM c alcium c ;:,,rbonate with a pa.rtial pre ssure of • 50 atmosnhere. 

Flue gases should run about this h i gh . Since in the normP-1 Drocess of 

recar b ona tion the flue gases a re led into the bottom of ::> . tor-ii.: under a 

head_ of five to ten feet, with a conseq_uent increase of T):?Tti nl n res s-c1r -e 

e.t the bottom of the t ank de cre c:.s ing to .50 a t the to~o , the use of 

this figure i s conse rv2tive. 
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On the basis of ,5000 P .P .M. calci UJn Cccrbona. te ( in form of bi­

carbonate) a four gallon per square yard distribution of the solution 

will cause the final precipitation of .OJ pounds per square foot. To 

achieve the estimated 2 pounds required will talce approximately 70 

applications. For the maximum amount of 6 pounds 200 applications are 

required. See Page 90 for calculations of these amounts. ]oth of 

these conditions are possible, even at the reduced rates of applications 

tha.t will be necessitated as the surface becomes less pervious. However 

it will be necessary to carry on the distribution for a considerable 

time after the surface is otherwise completed. 

Tentative Field Procedure 

A tentative procedure for carrying out this cementing; process 

is as follows. The last lift of coral laid down is generally about six 

inches. Compaction of this lift should commence as normally done, that 

is distributing water to obtain optimum moisture content and compacting 

with a sheepsfoot roller. This process should be stopped when about 

half complete, that is, when the bottom half of the lift has been fairly 

well compacted, yet the top half is still loose. Normally one 

application of water and about four passes with the sheepsfoot will be 

sufficient, but field experiments can best determine this. The surface 

should then be allowed to dry for a day or two, depending on the weather, 

to allow a maximum applic ation of milk lime by distribution. (It is 

not believed possible to accomplish the control necessary during rainy 

wea ther). If field experience indicates more than one ap:,olic2,tion is 

needed it will be necessa.ry to allow the surfa.ce to dry after each 

one, but the last. There is no way to control uniform gradation of 



lime from maximum at the top to nothing four inches down, out the 

tendency will oe in this di rec ti on as to~, layer will tend to filter 

the colloid8l lime out. After the last ap:olication co:1r)action with 

shee7sfoot rollers is continued until of no more value. Ey this time 

the surface will have dried out sufficiently for the first applic?tion 

of the bicarbonate solution. All a:p:olications should be as heavy a,s 

the surface can take without run -off. Final grading and smooth roll-

ing c:m proceed Hl ternr-ttely with ap:olicc,tions of the bicc'r'bona te 

solution. As :orecipit2,tion by chemical reaction ruid. -oartie.l eva-~,01·c1.tion 

ta.lees nle.ce the surfe,ce will "become less pervious upward until finPlly 

a tight cemented. top surfa.ce is made thP,t is practically impervious. 

The rate of distribution of the bicarbonate will necessa.rily decrea,se 

steadily to :prevent run-off of the solution. This ma~r \•1ell lmve some 

ca.lcium hyd_roxide unreacted cleeYJer down, but as it has a, cementing 

value of its own this is not disad_vc=mtages anc'c the desired resuJ_ t ha.s 

been accomplished. The results of this analytical study indicate that 

the distribution of the bicarbon2,te will continue from two mo::.1ths to 

a ?ear after the final rolling at rates :oroba.oly considerP,oly less 

than required as a dust :pallative on untreated surfaces. Fresh water 

should be used for the bicc1,rbona te solution rather tha,n sea water, 

even though sea water ini tiE>,ll;r has a considerB.bly hi gher bicarbonate 

concentration. The large q_uanti ty of soluble salts, J.J7b in sea water, 

when :9recipi tated by eva,:9orE1.tion, would occupy s-oace desired for the 

less soluble limestone. 
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Analysis of Assumntions 

Cert :cd n inaccuracies are present in this develo:.oment: 

(a) As ·oointed out above the theory of the c .?r·bonate-bic2.r­

bonate eq_uilibriiµn reacti on is s till quite indefinite. Re sult s of 

v a rious different resea.rchers agree only genera lly and. much remains 

to be solved in this line. Though thi s mey considerP.bly a.l ter the 

a.bove development, the theory is nevertheless accurate enough to 

show the gener;:,.l trend of these reactions and this trend definitely 

indicr:1.tes the nossi bili ty of acceleratins this m•.tur;:i,l geological 

process to the point where it me.y be p ractic21ly em1;loyed. 

(b) No mention h~1.s been made of the time necess2.ry for these 

equilibria reactions , and the time h2s no t been recorded in the "DUb­

lished results of the v:=irious resea.rchers, other them increased 

temnerature increases the speed. of reaction. Unfortunately, this ca n 

not be used to ao .. ventage, 2..s increased tem-oe r a ture al s o decreases t h e 

solubility of c 0 rbon dioxicLe, and hence the amount of c 1:11cium c2.rbon­

ate tha.t c 2..n be dissolved. 

(c) The q_u2.nti tive develonment of the milk lime solution was 

based on 100% pure limestone anrl 100% comnlete burning. N'ei ther will 

be achievea .. in p ractice, resulting in the necessity of distributing 

greater amounts of milk lime solution. 

(d) Uniform horizontal distribution of the two solutions can 

be res.dily a.chieved, but uniform distril)ution from maximum at the ton 

to none four inches dow!l., vertically, is impossible. The gre2.test 

danger is the development of a strc1.ta not well cemented to fl, lower one, 

but i s is believed the.t experience in following the procedure outlined 
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above will adeq_uate l;,/ solve this :noint. 

(e) The broad range of the q_ua.nti ty needed for cementing 

ca.lculated above will adea_uately coirer the amount actua.lly needed. 

It is believed that only 2 to J pounds will be req_uired. 

Necessary Exnerimental Work 

This development has been entirely analytic8.l. A large a­

mount of exoerimentation both in the l aboratory and in the field will 

be necessary not only to prove the p racticability of the urocess but 

the necessary methods of control. Some of these exueriment s are as 

follows: 

( a ) The amount of colloidal calciu..rn hydroxi de that ca n be 

handled in solution '!Ii th normal distributions, by both la.boratory 

vi scosi t ? te s ts and e:x.-_periments with a di stri out or. 

(b) Percentp,,g:e of C<'i rbon dioxide in flue gases by labora tory 

and ulant tests. 

(c) Conce ntration of c alcium bic P.rbonate tha t c a n be attained 

with tha t J)ercentage of c 2.rbon dioxide, by laoora .. tory and :9l1mt te s t s . 

(d) Time required to att a.in the above concentra tion by both 

labora tory and ~01 2- nt tests. 

(e) Time of reversal of t he bicarbonate equilibrium, when no 

longer in the p resence of carbon d.ioxide, by la.boratory and :9l a nt te st . 

(Imnortant a s the va.lue of a distributor may- soon be nullified by 

cii rrying the super saturBted bica rbonate solution in u r e sence of normal 

atmosphere. The di s tributor pipe system could. rap i cily be clogged with 

limes tone handling these hi gh concentr2.ti ons. If thi s i s serious it 
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m8.y be :parti ally nullified by pwnpin,q; flue gases in the t ank of t he 

di stributor prior to filling, thereby ma inta ining the high c a rbon 

dioxide :partial pressure during the filling and for a ree.sona.ble time 

thereaf ter, until a tmospheric air is brought in during the emp tying .) 

(f) Pe rcent2-ge of v oi c1.s to be fille 6_ to obtain a deq_ua te 

cementing, by labora tory and field test. 

(g ) Depth tha t tren tment must go to, to nrevent peeling , by 

field test. 

(h) Cont rol necesse,ry and progres s ive r a.tes of applica tions 

of solutions, by fi e l d tests. 

FJffect of Magnesium Cc1.r·bonate 

The p resence of magnesium c2,rbone,t e in small :nercenta.ges was 

mentioned above. Actually magnesium c erbonate, bica rbonate and hydroxide 

have similar properties to the same calcium comp ound_s. In the eq_uc1.tions 

presented ma.gnesium c2n repl a.c e c alcium and they will s till hold, by 

chenging the molecula r weights a nd adjusting the constants. Magnesium 

oxide and hydroxide will be produced in the s ame manne r as discussed 

a.bove and will not alter the milk lime solution materially. In the r a nge 

of Ph used magnesium c arbonate is sli e;h tly more soluble than c alcium 

c a rbone.te, hence a p rouortiomdly r,re [cter amount of it will go into 

solution in the rec;.,sbone,tion tank. Simila rly the iw e ci:p i te.te on the 

field will heve a grea t e r amount of magnes i um . An equal mixture of 

mP.gnes ium and. CFJlcium cerbona te i s C8.lled dolomite a nd has a. he.rdnes s 

number of 4 to 4.5, compared to thr.t of 3 for calcite (hardness base 

t .<J.lc 1 to cii emond 10). Hence the nresenc e of the magnesium in l Rr ge r 

percenta.ges tha n in cora l wil l tend to p roduce a harder snrf2.ce. 
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Conclus ion · 

It should be noted that a surface h8.r clness of 3 to 3. 5 is the 

best tha t c a n be ob t nined . Such a surface will re s i s t wind a nd 

wa.ter erosion well, but will still wear under heav;y traffic, a nd such 

material tha,t does wea,r off is, aga,in, a. dust hazard. For this 

re as on, if successful, the process will have gr ea test appl ic::i.t ion on 

a irf i elds Vlhere t he density of trp,,ffic is low, a nd less v alue on ro ads . 

The a;pnlic F- tion of the process should be compl e tely adequa te for all 

e xcep t the most heavily used air:oort , and of s ome value on roads, 

:pa.rticuJ.arly secondary roads. It will be considerably more e c onomic 0l 

than the normal surface paving placed on coral ba ses. It has possi·b­

ili ties of much wider application t han the coral islands of the Pa.cific, 

8 .s it may be u sed wherever limes tone, not necessarily of cor;,l ori gin 

is used, or a.vaila.ble for 02.se material. 

It is :possi ble that an artifically h 2-,rde ned surf2-c e mi ght pro­

vi de a satisfactory bond for s ome of t he les s eX})ensive t Y9es of 

-oi tuminous surf:::.ce trea,tments. Practice t o date has been unsatisfact­

ory since natural cor2-l does not "Drovide suff icient bond to n revent 

fl aking of the surf a.ce tre 2- tment ma.terial. 
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l l Gt. (03 +211+--+ Gtt-tCa. (/lctJ3)~ 

2.. Ca.. {'t)3 ~ (a. 0-+ CO2. ( c?j u, /, l, Ylt< m a f .9/0°C) 

3. CAO -t /1;.o ➔ G. (o/·t;.)J 

ff. Ca (oH)~ + (Og -7" Ca. C03 J-t llzo 

S: G {o/1)2 ~ !12.0fC/h ;:!_(a. ( !IC03)2. 

~. coA 111~0 ~ Iii @3 ~ 11~a1c4- ;;!: 211+ +co,~ 
7 Ca. COi -r/12 Cc13 ➔ Ca.(/ICOJ}2_ 

8. G (l/({)3)2. + G. (o II )2 ➔ 2 Ci.. COsJ + 2//;;_ a 
I J ff 7 "I '].. .¥ I tJtJ 21 I 9 
/.>4 0./4 ~ o.341, 

,9-. 0 ~ -h • '- /, 0 9 

3a. C-a.O +/120 -> Ca(oll)J.. 
J(f /8 74 

o . .s-~ 0.1 s o.?t;, 
/, ~ ~ 0.)4 2,4 

ja. c~ C03 1-/12~-t {Oi.. ~_,. ~ (f1CtJ1)'J.. 
/00 18 4 ~ 15"'/f 
I 0.18 0.Cf'f /.> /f 
J 0,5- 1-~r . ~~ 

2a. Ca.. C03 ~ w. 0 + COi. 
100 s~ /;If-

, OS r,, o. t;. '1' 
3 f.l, t:- /. ~ 8 



Stoic/, o mP f1'1Ca. ( /v1aSS' E311.cl1 'trr,·u.n1 Laws 

r r /I). (a:iJ: c P C07,. = 1< 

Va /~es of C ./4 ~ 0 0, II O. 0 /.2 2..0 4. () 
C:: O.0JJ O·J2<t o. i II O.]/'f 0.30 O.l. 7 

1 o. (/11)( 11co~~) = A;, 
(#,.{OJ) 

a. Ph -t- Pll{"03 = Pie'+ P ll2Co3 • 

/J (II /" /i "') - Ir k, , 
✓v. l v3 - ( /If) 

I/. ( /It)( (tJ,11 - k' 
{ll_(Oi) - ~ 

a. Pt,+PCtJ1=PkJ t-P/IC0:1 

-1-. ( (03:) =- k /(,'!()_ 
(/It-Ji 

• /2. ({a,. 1)(COJ=-] = kc~ 

a. (ca.+t)(IIC03:) -:: Ac~ 
(II+) • ~I 

~- { (a_+i) ::- kc~ (fl+)~ 
. ,f K,' ,,fj 

13. ·(111(0H-J = k:.U 

a. P~-, PO/I=: PKi 

/4-. {lllk) +(ll+J=l(Coa=J+ (Hca;·}-+(OH; 

a. (fllt) :(CAi+) ~ 2 (c~::J +(H ~03·) 



Oerelo,Pem~nt of Work/n~ Et; ua. t {ans 

If. - ( C OJJ =-/6 (NCO,~) = (/Ilk.) - ( IICO.i'J . ( ~?J· 14 a. a?Jd 11) 
(H+J ~ ) . 

ct. P/f (03 = P(ll/lr) -p ft+ !Ii-} 
-I. P/l(~r· 1{r1111r.)+(llt)-/f;-;]-1f f cti)· (€9-14 a-nd II) 

IG. Er· /2.a.· P{a tPIIC03::: Pk(~ -Pr~ -f p /-I 
1 

0.?1d E,. / S-

CI, Ph: Pk~ - Pt;,.+ PCa. -1P/j1111r./+{11+J-($}}-f [i+ fj[f--) 
Comp/ele ro.n9e of Ph 

4 .• Ph"' Pi~ -PkC«-+ Pea.-+P(llllr) -;Of+f//j 
Pt, ran9e 4.S tc /~.3 (Ref.S) 

,c. Ph =-Pk;- Pre~ tPCa+ P(ll/1<.) 

·Pl, -ran7e ~.S-ro '1,J {l?e/,f) 

17. Ft· /b a_ and /2 i (Ht):::- X _ 

x2 + i k~ rto/J- l({f/lltJ X + JG1k/,,, = 0 
( (0.-/) -~ kl ((031-,t;. 
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I 8. P kc~ =- Pkca -I-~ ). _.A,( < 0.02. 

a. Pkca. = 8.32... 
3 

IC/ Pl(; =/4,17-0./S-/7 ~ + 0 008 3~ A0°C 

~. Pl(~= p,r~ (1.o°)-0.035"" T 

?..o. Pk,'= ,.4-7 -0.188~; ~0°c 

e<. Pk,' :: Pk;' (lo')- o. oo, T 
.3 

i.I. Pk~: 10.iee-0.'1-'l-3~ -0.004,AI io0c 

a P/rl ::- Pri (2d) -Q.0/IT 

2 2 _,,4,{ = O. tJ0/4 7 f(). OJf'l l Cf +O. 0000~ 8 Cf 
2 

,I 

De1P-Ym/na. t,an o{ /(
1 

£'$. 9, /01-+ ll 

;?J. k~ (l/2 c~) = (II ro:r} (flt)=: (HV 
2
((03=) ~ (fl~ 

2 
k/a. 

t' 1r, • k !,_ ( u/1 t/ k2.' 

a. (co3 :) ::- Ir ;4 

(C" +-tj 



T.AJ3LE I 

Values of Various Constants with Assumed Values of 
Calcium Ion Concentration 

1. 2. 3. 4. .5. 6. 6a • 7. 

(Ca +--t) ~ 
l I I I I 

PK 1w PX1 PK2 PK ca PK2 - PK ca 

o. o. 13.985 6.4J 10.26 8.32 1.94 
0.00012.5 0.000.5 lJ.98 6.42 10.26 8.23 2.03 
0.00025 0.001 lJ.97 6.41 10.26 8.19 2.07 
0.000.5 0.002 13.97 6.41 10.25 8.14 2.11 
0.0007.5 0.003 13.96 6.40 10.25 8.10 2.15 
0.001 0.004 13.96 6.40 10.24 8.07 2.17 
0.0012.5 0.005 13.96 6.4o 10.24 8.04 2.20 
0.002.5 0.01 13.95 6.39 10.22 7.92 2.30 
0.0037 0.01.5 13.94 6.38 10.20 7.83 2.37 
0.005 0.02 13.94 6.38 10.18 7.76 2.42 
0.01 o.o4 13.93 6.37 10.0 2 7 • .52 7 • .5.5 2.53 
0.025 0.1 13.91 6.34 10.027 7.04 7.10 2.93 
0.1 o.4 1.3.88 6 • .30 9.906 5.80 6.1 3.8 
0.17.5 0.7 13.86 6.27 9.837 .5.06 5.57 4.26 
0.2.5 1.0 13.84 6.24 9.786 4 • .32 5.1 4.68 
0 • .5 2.0 13.81 6.19 9.670 2.68 3.8 5.87 
1.0 4.0. 13.78 6.13 9 • .522 0.32 7 1 

a. ,,,,ti : 4 
t-t-

~ (Ca ). (See definition of ionic strength.) 

b. 
I PK w, equation 19 and 19a, corrected to 2.5°0. 

I 
equation 20 and 20a, corrected to 2.5°0. c. PK 1 , 

d. 
I 

PK 2' equation 21 and 21a, corrected to 25°0,A(-:7.02 

e. Eoxed values from reference .5. 
I 

Col. 6, equation 18. f. PK ca, 

I 
Col. 6a., Graph, page 'I/ g. PK ca, 
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TABLE II 

Determination of Ph for Various Calcium Ion Concentrations 

Eq_uation 16c: 
t I 

Ph: PK 2 - PK ca (ca-r-r ) 2PCa; = 

0.000125 
0.00025 
0.0005 
0.00075 
0.001 
0.00125 
0.0025 
0.0037 
0.005 
0.01 
0.025 
0.1 
0.175 
0.25 
0.5 
1.0 

2. 
I I 

PK 2 - PK ca 

2.03 
2.07 
2.11 
2.15 
2.17 
2.26 
2.30 
2.37 
2.42 
2.53 
2.93 
3.8 
4.26 
4.68 
5.87 

3. 
2PCa 

7.8 
7.2 
6.6 
6.25 
6.o 
5.8 
5.2 
4.86 
4.6 
4.o 
3.2 
2.0 
1.52 
1.2 

.6 
0 

Col. 4, ~q_uation 16, Col. 5, Equation 17. 

* * * * * * * * * 

TABLE III 

4-. 
Ph 

9.83 
9.27 
8.71 
8.40 
8.17 
a.oo 
7.50 
7.23 
7.02 
6.53 
6.13 
5.8 
5.78 
5.88 
6.47 

(Alk:) 

ima~inery 
9.44 10.19 
8.73 10.88 

Determination of Partial Pressure of Carbon Dioxide for Various 
Calcium Ion Concentrations, and Recap of Principle Values 

PCa 3 2.6 2.3 2 1.6 l .76 
A,{ 0.004 0.01 0.02 o.o4 0.1 o.4 0.7 
Ph 8.17 7.5 7.02 6.53 6.13 5.8 5.78 
PK 5.25 3.71 2.42 2.16 1.4 0.5 0.27 

.6 
1. 
5.8 
o.24 

PpCO P.P.!L 4.75 3.71 2.94 1.70 0.92 o.o -0.22 -0.26 
Ce,co

3 100 200 500 1000 2500 10,000 17,000 25,000 

.3 
2. 
6.47 
o.48 
o.o 
.50,000 



So lu t /on v f '?Jj:"Jica l t?J u.a t, ·o ns 

1:-9(,l {J 1 1; )-/ 11. 
4. ( {1:/1

) = /() • J. I.) /re~ ~ /0- 8. /: fu. 1 

-:z/0·/tJ,;\(. /(~ ~/{)-/1~"1 {(~·):/(J·l4. f~ 

x-2+ ltJ'3·4.,t-16,l=. 10-10.2., -3., X + I o-ia i (,- IJ. q 1 I= o 
10-~s-r~ 10-11:f,~ 

'x '2.~ 10 ... 14.ff_ 10-13.e~+ 10-i.".21 -=O 

/o-4.,'t Io -"·'" 
/0 -14,f~ /()-11, 8'= -/0 -I J. 'j0 

Xi._ /()- f.Jl X -+ /0 -If.~/;= O 

x =- /t; .. ,.37! w~-,8.74_ 11)',-,r.,tt. 
~ 

-= la - f.37.:t /o - f.f'i. = 10- 9. "" /() -/(). 19 
~ ___ / __ _ 

--t. ((1/j-·10-1. 1 /rc~::/() .. 8•3~/r;_--1tJ-1"· 2' K~ ::-;a-11.fi (r11,--J =-Id-'-·~~ 
.I ) / ✓ 

X+ /O·~•/(J.l,-44~ 10·/6,2,-3.9 X+ 10-10.JC-/J.'18 ~ 6 

. /(J•'f.'t' 2 ~'" /o -9-~ 

X 'l. - /()"/(),0" X + /() -I'/. 'I J. = 0 

X == 10-16.o".:±_7/j~-2e,.o~_ /()--19.2.2. ~ a-+ A-' . 
.1.. ----

flm(}unt <>f Ca {6J Finally P,,.1:,,p✓ -t~ f"cl t, O/s1,,.,1, 11t/n'J: 

a. 10% Sol~f,(J·" IJ f Ca (ol-l)i. a f- 'Y4 tl? of 4 .Ja 1/ffJ~ t1Y,1/f'f""jtJ///l. 

Ey. 34 Te~ 0)11-" (o. CoH/2. U>,'// ('7'e-c /r~fa t< l- d Ca. (03 

ClJJu111/111 cl-r>151'/1 of 5()/1Jf uJn __ =t4 ~~ 01 8.S-f 3/J(Ll 
' " . 

)(.:, '1-llf'":/.. 8.f"f' X0,2 x_l... = ~.'O·t. N/4#2. 
.74 

--t. f,·1n//4-,,/'I S-~oO PPM 6 {~
1 

CJ5 (Qf,'{0)2-
1 
of 4 Jq 1/Jd 2 

X=',/i'lrt8.,,xo.~o5"'Ji..6- -== O.tJ3 ~1.. 
/.J..G, 
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