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SYNOPSIS 

The engineering behaviour of carbonates di ff er substantially from quartz 

based soils. A review of the literature was undertaken in an attempt to 

identify relevant parameters which could provide the basis for an improved 

engineering classification. Carbonate content, cementation, crushability, 

particle size distribution and Atterberg limits were found to be relevant to 

engineering behaviour of carbonates, and should be included. 

The maximt..Un obtainable void ratio (e ) , which is related to the particle max 

shape distribution, has been proposed as an additional index for carbonate 

sands. Results from direct shear tests showed that this parameter 

correlates well with crushability and compressibility • It is recommended 

that this parameter (e ) 
max 

as detennined in the test devised by 

Kolbuszewski (1948), should be adopted as an index property for classifying 

carbonate sands. 
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1-1 

1. INTHODUCTION 

Soils composed of quartz grains have been shown to behave substantially 

differently from soils in which the particles are composed of calcium 

carbonate. Because the planned production platform near Mossel Bay will be 

founded on carbonate soils, an understanding of the behaviour of carbonates 

is of particular relevance at the present time. Knowledge of the anomalous 

behaviour of carbonate soils has been gained mainly as a result of 

construction experience of piled foundations, and to a lesser extent, 

shallow foundations, so that the discussion that follows is from this 

perspective. 

The developnent of an engineering classification system for carbonates is 

important because : 

Material properties of carbonate soils can show a large variability 

within short distances. 

Carbonate soils are particularly prone to sampling disturbance. 

There is limited data for correlating results of conventional site 

investigation techniques (e.g. SPI', "Dutch cone", etc.) with standard 

methods of design. 

Cost and time constraints associated with offshore site investigations 

often restrict the number of in situ tests that can be perfonned. 

Due to the susceptibility of carbonate materials to sampling 

disturbance, laboratory samples are often unrepresentative of the in 

situ condition. 

The unique material properties of some carbonates can give rise to mis­

leading results (e.g. consolidation) or to large variability in results 

(e.g. Atterberg Limits). 
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The relation between the behaviour of the material in lalx>ratory 

strength and index tests, and the likely field behaviour (e.g. low pile 

capacities) is still not clearly understood. 

Chapters 1 to 8 contain a review of the literature on carlx>nate soils with 

particular reference to lalx>ratory study of their properties, in situ 

testing and associated design considerations. Emphasis is placed on the 

following aspe6ts : 

- Identification of soil properties which cause anomaloua engineering 

behaviour. 

The possibility of improving the existing classification systems 

through measurement of these properties (lalx>ratory and in situ). 

Sources of error and variability in testing techniques as a result of 

the unique material characteristics of carlx>nates. 

The applicability of parameters such as re la ti ve density, that might 

provide a basis for improved classification. 

A new class1fication parameter related to particle shape has been proposed. 

, Direct shear tests have been undertaken (Chapters 9 to 11) with the 

objective of evaluating the relevance of this parameter to the engineering 

behaviour of carlx>nate soils. 
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2-1 

Carbonate or calcareous soils can be gena-al.ly regarded as those sediments 

which contain an appreciable amount ( > 30%) of c.aco • • 'Ibe various types of 

sediment can be further differentiated on the be.sis of their origin and mode 

of formation. '!bus, a rough distinction can be made between carbonate 

deposits formed in the marine environment and those formed in arid or 

semi-arid regions : 

DBrine enviranent formed. by the settlement of calciun carbonate 

rich skeletons of marine organisms; direct inorganic precipitation 

occurs on a limited scale 

formed mainly by the inorganic precipitation of eaco •. 

'Ibe carbonates can derive either from wea:theri.ng of the parent 

material, influx of carbonate rich eolian dust or frcm carbonates 

dissolved in rain water. 

'Ibe anomalous engineering properties displayed by these sediments can be 

ascribed to factors related to their mode of formation and both }ilysical and 

chemical compositions. 

(a) Mode of deoosition 

Carbonate sediments are generally formed within the basin of deposition, so 

that carbonate contents can range fI'Olll virtually 0 to 100 percent with the 

non-carbonate canponent usually consisting of quartz particles and clay 

minerals. 
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2-2 

(b) J?hysical composition 

The carbonate component contains organic and chemically precipitated 

components in varying proportions. Grains of biological origin, the major 

component of marine sediments, can display a wide variety in size, shape and 

11eanetry. 

(c) Diagenesis 

Carbonate sediments are susceptible to post-depositional die.genesis (Section 

2. 3) at ambient pressures and temperatures. Sediments can be cemented to 

various degrees to form deposits ranging from loose calcareous sands to 

finnly cemented limestone rock. 

(d) Chemistry and mineralogy 

The sediments contain ea.co. in the form of aragonite, high Mg-calcite and 

low Mg-calcite. 

2.1 l.OCATION AND DISTRIBl1I'ION 

It is estimated (Lee, 1982) that approximately 48 percent of the world's 

seabed is covered by calcareous ooze (containing more than 30% Ca.CO• ) • 

Since calcareous materials are predominantly produced by living organisms, 

primary deposition can occur only in locations where "Water conditions favour 

calcium producing marine organisms. These conditions are determined ma.inly 

by salinity and temperature. 

Present-day deposition occurs predominantly in waters that are warmer than 

18°C throughout the year. As shown in Fig. 2.1, this zone generally lies 

between 30°N and 30°S latitude. 'Ibis zone can however not be considered to 

be-a precise detenninant for the occurrence of carbonate soils, because : 
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2-3 

fluctuations in climatic and environmental conditions have occurred.; 

warm water currents extend beyord the zone mentioned.; 

precipitation of carbonate material is also controlled by factors such 

as water depth, pressure and solubility of carbonna.te materials. 

Fig. 2.2 shows the distribution of surficial deposits offshore the Republic 

of South Africa, and the location of the proposed oil and gas FA platform, 

approximately 90km offshore Mossel Bay, in a water depth of 106m. Surficial 

deposits at the site are unusual in their. high calcium carbonate content 

( 7 to 90% by dry weight) • It is believed that the .warm Agul.has current 

creates the favourable environmental conditions for carbonate deposition. 

2.2 ORIGIN AND r-DDE OF DEroSITIOO 

The biogenic fraction in carbonate sediments is composed primarily of the 

skeletons of marine organisms living in the upper waters of the ocean. 

These organisms utilize dissolved calciun carbonate to construct portions of 

their bodies, usually in the form of low-magnesium calcite or aragoni te. 

Their remains settle to the seafloor, and if the rate of sedimentation is 

greater than the rate of dissolution, a bed of calcareous sediment forms. 

The rate of sedimentation of calcite is greater than the rate of dissolution 

down to a level termed the calcite compensation depth (CXID). This generally 

occurs at water depths of between 3.5 and 5.0km. in the world's oceans. At 

depths greater than the CXID calcite does not precipitate. Aragonite is DK>re 

soluble than calcite, so that the aragonite compensation depth is less. 

Marine carbonate sediments di ff er from terrigeneous sediments in that the 

·constituent materials are formed mostly at or near the site of deposition. 
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The grain size and shape of the carbonate particles that reach the bottom 

are controlled. by biological productivity and dissolution factors and not by 

distance from shore. Proximity to shore however detennines the distribution 

and nature of sand and other terrigeneous sediments that enter the marine 

envirorunent. Ca.lcitm1. carbonate rich sediments consisting of two sets of 

particles are therefore found; one whose grain size and shape depend on· 

biological productivity (carbonate component) and the other whose nature 

depends on distance from shore o.r large rivers ( terrigeneous component) . 

Such bimodal material can exhibit significantly different engineering 

behaviour, depending on which of the basic constituents dominate. 

2. 3 DIAGENESIS 

Dia.genesis.can be defined as "the changes which occur in the character and 

composition of sediments, beginning from the moment of deposition and 

lasting until the resulting materials (rocks) are either moved into the 

realm of metamorphism or become exposed to the effects of atroospheric 

weathering" (Larsen and Chillingar, 1979). The diagenetic processes of 

geotechnical significance are outlined. below. 

(a) Consolidation 

As particles settle, the weight of accumulating sediment reduces the pore 

space and the contained. water. When clay particles are subjected. to 

consolidation loading they tend to cohere. 

Carbonate sediments generally do not consolidate to as low a void ratio as 

non-carbonate sediments during deposition. Void ratios are often larger 

than would be expected. for a given overburden pressure. This appears to be 

due to early cementation. 
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2-5 

Evidence for the mechanism of the poor consolidation of carbonates is 

suggested by the deformation characteristics of . some types of fossils in 

sediments. Grapolite fossils preserved. in shale are cc:mnonly compressed. and 

flattened, whereas in limestones they are generally not deformed (Dunbar and 

Rodgers, 1957). 

(b) Cementation and dissolution 

Cementation is the process by which crystals grow into pore spaces from 

particle surfaces. The pore spaces may be primary (result of depositional 

process) or secondary (produced by dissolution or fracturing). 

Cementation of carbonate sediments can vary from a light bonding (which is 

easily broken) of the individual particles, to an almost total 

solidification. Fig. 2.3 illustrates a range of carbonate sediments 

cemented to various degrees. Discontinuous layers and lenses of cement are 

ccmnonly ellCOlDltered. (Angemeer and ~Nielan, 1982). 

The cementing crystals are formed by precipitation of calcit111 carbonate from 

solution. The mineralogy of the carbonate cements depend on the composition 

of the fluid from which the crystal grows. In seawater it generally 

consists of aragoni te and high-magnesh.nn calcite, while in freshwater, only 

calcite crystals fonn. 

The precipitation of Ca.C0 1 is controlled by the following reaction (Leeder, 

1982) : 
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+ CO a 

carbon 
dioxide 

2-6 

CaC03 

calcium 
carbonate 

dissolution 

ea.+2 
calcium 

ion 

+ 

t~ precipitation 

+ 2 H co; 
bicarbonate 

ion 

The precipitation of CaC03 is therefore favoured by processes which decrease 

the amotmt of C0 2 available to the solution, such as increase in temperature 

and photosy"nthesis. The reverse process of dissolution is favoured by 

factors increasing the C02 content, such as decay of organic matter. 

Dissolution of CaC03 increases the void ratio of the sediment and weakens it 

by destruction of cementation bonds. 

(c) Recrygtalization 

After burial, less stable (thermodynamically) mineral. particles terrl to 

change to a more stable form. Shells originally made from more soluble 

ara.gonite may be changed to calcite or may simply be slowly dissolved. 

Dissolved material may then be reprecipitated on fragments of calcite to 

build out their crystal form, or deposited between pores, solidifying the 

sediment. Minute needles of ara.goni te are especially susceptible to such 

alteration. 

2.4 PARTICLE TYPES IN CARBONATE SEDIMENTS 

Most marine carbonate rocks and soft sediments consist of calcium carbonate 

particles graded from sand to fine clays. Since the nature of the particles 

have a significant influence on the engineering properties, they are briefly 
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discussed below. Particle properties and environments in which they occur 

are listed in Table 2.1 for some typical marine carbonate materials. 

( i) Carbonate sand and silt 

(a) Skeletal particles 

·Carbonate sand particles can be derived fran the calcareous hard parts of 

invertebrates and calcareous algae. The type of grain and its mineralogy 

depend on the organisms present in the environment and. the age of the 

sediment. 

The ease of identification of the hard parts of the sediment depends upon 

the degree of physical and chemical breakdown. The smaller the particle the 

less precisely one can place it in a zoological classification. Mechanical 

breakdown of particles can result from several processes : 

Transport by waves and currents · may break skeletons into smaller 

grains. 

Invertebrates such as crabs may crush shelled organisms. 

Organisms that consune sediment for organic content can cause inte:rnal 

disintegration. 

Boring sponges and algae may penetrate larger particles, weakening them 

for further disintegration by other burrowing organisms. 

These mechanisms can result in grain size differences of up to a 

thousandfold in carbonate sediments. 

Where sediment is lithified or has beccne rock, thin-section analysis 

techniques must be used for identification. In this situation many 

particles may be di ff icul t to identify because under 'thin secti(Sl' they 
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show many different shapes. In addition, diagenetic dissolution of minerals 

may degrade the original shell structure. 

Some of the COlllDOilest carbonate secreting organisms corrtribrting to the 

sediments are described in references such as Blatt et al. ( 1980) ard. 

Kennett (1982) 

Foraminefera : These are mainly benthonic or planktonic fol"llS, in which 

there is a considerable morphological variation. They are sub-divided 

·into three groups based on the character of the skeleton or 'test' , 

which may be of porcellaneous calcite, clear calcite or arenaceous 

material with a cement which is partly calcite. 

Foram skeletons are hollow particles with B}ilerical to glob.tlar shapes. 

The shell walls are often porous and sieve-like (Fig. 2.4). Typical 

diameters are in the order of 100 to 300J.lll , with wall thiclmesses of 4 

to lOJ.111 • These particles are the primary constituent of sediments 

termed "calcareous ooze" • 

Calcareous pl!!!!lrtqrtc alee : These single-celled algae secrete tiny 

calcitic di8cs, known as coocoliths, which are oval to circular in 

shape. The coccoli th plates are typically 2 - 20µm in d.i.alM!ter. 

Because the particles are so small, they are also called nenofossils. 

1-bllusca : These shells may be either external tmi.val.ve, extenial 

bivalve or internal. The shells may comprise ccmplex alterations of 

aragonite and calcite layers arranged. in various geometrical ways with 

several characteristic microstructural types. 

Echinodermata : Tests are caoposed of calcareous plates or 'spicules' • 

The skeleton differs from that found in all other invertebrates in that 

it is secreted by the middle rather than the outer body layer so that 

the test is enveloped in soft body tissue. Bach plate is a single 

crystal of calcite. 
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(after Kennett, 1982) 
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Pelletoid refers to similar appearing particles formed by the 

micri tization (reduced to IDi.cro-crystalline form) of other particles 

such as skeletal grains or ex>li tbs. In advanced. stages of 

micritization, the original particle may be converted into a uni.fora 

homogeneous mass of mic:rocrystalline carbonate and be indistinguishable 

from a faecal pellet. 

( d) Intraclasts 

These particles are fragments of partially lithified carbonate serHment that 

was eroded from the sea bottan or adjacent tidal flats. 'nle prefix "intra" 

indicates that they formed as particles within the general area of 

deposition of the host sediment. 'nley originate from sources such as : 

Fine carbonate sediments which develop mud. cracks and curls when they 

are exposed to air by a drop in sea level. 

Carbonate sands on beaches within the intertidal zone which are 

cemented into beach rock by fibrous aragonite. Eroded fragments of 

such material produces intraclasts. 

(ii) Carbonate lllUds 

Micri te or mic:rocrystalline carbonate is a CCJUilkJll constituent of carbonate 

rocks. Individual crystals in ancient rocks are usually less than 518 in 

diameter and usually have been converted to calcite. In modern carbonate 

sediments, most. carbonate mud is composed. of individual crystals averaging 

approximately 3JAD in length and less than 0.5,_ in width. These needlelike 

crystals are predani.nantly aragonite. 

The origin of clay size carbonate mud. is a controversial topic, as the 

abundance of aragoni te crystals appears to be disproportionate to 
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origination from one source. 'lbree general sources are th~t possible 

(Leeder, 1982) : 

Mechanical or biological abrasion of larger particles to yield fine 
DBterial 

Large carbonate particles can be mechanically or biologically abraded 

to carbonate mud size fractions. (With the possible exception of the 

fibrous aragoni te layers _of some shells, mechanical or biological 

abrasion will not produce needle shaped aragonite crystals.) 

Direct inorganic precipitation of aragonite fraa semeter 

'lbere appears to be no evidence fran. normal or near-noI'llBl seawater for 

inorganic precipitation of individual aragonite needles on a scale 

compatible with the. abundance of this type of particle as OCC\ll"S in 

carbonate sediments. 

Production of ar&goni.te needles within the tissues of ca1careoua 
algae 

Organic tissue of sane living calcareous algae contains ahmdant 

needles of araaonite that are similar to those fourrl in bottca 

sediment. When the plant dies and the organic tissue decays 1 the 

needles are freed and added to the bottom sediment. 

2.5 MINERAUXJY AND CHmf!STRY 

2.5.1 MineralgCY 

'lbe amotmt of carbonate material found in marine sediment can range from 0 

to nearly 100 percent by dry weight. flk>st carbonates contain one major 

cation (C~+) , two minor cations (~, Sr++) and a m:.nber of trace cations 
-a 

'lbe major anion is co. , while significant amounts 

of SO~-, PO~-, OH- and Cl- may also be present (Chaney et al., 1982). 
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Minerals formed by the major cation, minor cation (Mg++) and major anion 

are: 

Aragonite 

Calcite 

Dolanite 

Magnesite 

eaco, 

Mg ) co. x 

Ca Mg (C09 ) 2 

MgCO. 

Specific gravities and other properties of these crystals are listed in 

Appendix A. l. 

As indicated in the previotm section, the predaninant minerals in modeni 

marine carbonate sediments are aragoni te and calcite containing a small 

percentage of magJ'lesitm. Both organic and inorganic calcite can have 

magJ'lesitDD. substituting for calcium, but the amount of substitution possible 

is much greater for organic calcites. Little substitution takes place in 

either organic or inorganic aragonite. A distinction can therefore be made 

between low-magnesiun ca.lei te (containing less than 4 percent MgC09 ) , 

high-ma.gnesiun ca.lei te, and aragoni te. Calcite (high and low Mg) is 

thermodynamically more stable than aragoni te, while high-magnesillD calcite 

has a higher stability than aragonite, which in turn has a higher solubility 

than low-magnesiun ca.lei te (Brownlow, 1979) • In DK>St d.iagenetic 

environments, aragonite will therefore be eliminated with ti.me. 

Fig. 2.5 illustrates the distribution of mineral species according to }ilylllD 

for the conmon carbonate contributing species. 

Lowenstam ( 1964) paid particular attention to the temperatm-e-dependence of 

the aragonite/calcite ratio. He found that temperature is one of the 

factors influencing skeletal mineralogy, but that there are D.UDerOU3 
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exceptions. 

types : 

He divided organisms secreting calcareous shells into four 

(i) arders composed of fonns that secrete skeletons entirely of 

aragonite, but in which the number of species is markedly greater 

in the warmer than in the colder water; 

( ii) classes or subclasses in which all speeies of a given order 

secrete either all calcite or all aragoni te, but in which the 

orders with aragoni te depositing . species are confined to the 

warmer waters; 

(iii) 

(iv) 

a transitory type of (ii) which secretes trace amotmts of calcite 

in the colder climates; 

genera with species in which skeletons are composed of mixtures of 

both aragonite and calcite, with the aragonite content increasing 

with higher temperatures and the calcite with lower temperatures, 

the temperature effect depending on the species. 

In addition to temperature, the mineralogy of skeletons is influenced by 

salinity and environmental factors. The relationship between these 

variables is complex. Unfortunately, it appears that there is no simple 

relationship between mineralogy and organism type which can be linked to the 

likely engineering behaviour and properties of a sediment. 'Ihe mineralogy 

of carbonate sediments could nevertheless have geotechnical significance 

because : 

it is affected by post-depositional diagenesis, in particular its 

susceptibility to dissolution as a result of sampling and changes in 

pore water conditions; 
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it could serve as a site-specific indicator of variability in sample 

composition (relevant to SPr sampling where disturbed samples only are 

available) , and aid in the dating of strata; 

the ratio of magnesium to calcitun at a specific site could be related 

to geotechnical properties (see Section 2.5.3). 

Identification of Minerals in a Sediment 

The nature of the carbonate minerals in a sediment can be identified by 

x-ray analysis, differential thermal analysis, microprobe examination, 

staining, acetate peels and insoluble residues. Staining techniques are 

among the fastest, simplest and cheapest methods for getting reliable 

chemical data on carbonate phases. Since it does not require sophisticated 

and expensive equipnent, it can be perfonned in any laboratory and is 

suitable for geotechnical purposes. 

Staining as a diagnostic technique has developed mainly from the pioneering 

work of Friedman ( 1959) , Dickson ( 1966) and others, For details of the 

exact applications, these references should be consulted. Fig. 2.6 outlines 

a staining scheme which can be used for the identification of a.ragoni te, 

calcite, dolomite, (Mg) calcite and (Fe) calcite. 

2.5.3 Relative Abundance of Calci\ID and Mrytrw!il.lll in Carbonate Sediments 

After calcium, magnesium is the element most C0111110nly found in combination 

with the carbonate ion. To assess the relative abundance of magnesium in 

carbonate sediments, it is useful to examine the chemistry of : 
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Figure 2.5 

foraminifera 

__ .............. echinoids 

------+----,...- ophioroids/ 
asteroids 

-~---+---1 pelmatozoa 

.. llllllllllll~t-... •C·+·A·.,C •. ~A bryozoans 
C A A ...... lllli••-+•lliill·~ corals 

c brachiopods •-+--lllllllli-+---1 (articulata) 

trilobites 

stromatoporoids 

500 400 JOO 200 lfXI 0 

Palaeozoic Mesozoic Cainozoic 

Distribution and relative i•portance of calcareous 
animal and plant phyla through geological time. Width 
of bars represent the relative importance as sediment 
contributors. C - calcite; HMC - high Mg-calcite; 
A - aragonite (after Leeder, 1982) 

Alizarine Red S 

F eigl's S::>lution Alizarine Red S 

Aragonite 

Alizarine Red S .t>.lizarine Red S 

/ 

Calcite High Mg Calcite Dolomite Magnesite or Gypsum 

Figure 2.6: Recommended staining procedure (after Friedman, 1959). 
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carbonate rocks which represent lithified ancient carbcnlte sediment; 

(because these sediments are subject to post-depositional diagenesis, 

the original chemical composition may have been altered) ; 

recent carbonate deposits. 

Table 2.2 contains an analysis of the chemical <XW1pOBition of three typical 

limestones which illustrate the large variability in particle type and 

texture. These materials were f onned from carbonate n.rl, cemented. fossil 

fragments and ooli ths respectively. Despite these variations, the chemical 

composition of the three types are remarkably similar. Expressed. as oxide, 

CaO end C02 are the only major components, while the Mg content is less than 

3% in each case. 

Chaney et al., (1982) state that the maximn ammmt of~. and FeCO. found 

in nature is 3% by dry weight. 'llie validity of this assw1ption 1&1Bt be 

evaluated. in the light of the following possible exceptions : 

The occurrence of magnesium in the mineral dolomite and t.he rook 

composed of this mineral. 

Some calcite-secreting organisms contain quantities of magnesiun in 

their shells far in excess of the theoretical maxi.nun of 4% for 

inorganic calcite. Table 2. 3 lists the chemical and mineralogical 

canposi ti on of modern marine invertebrates, from which it can be seen 

that some organisms contain up to 29% MgCO.. X-ray analysis has shown 

that the ~e present is calcite, and not doloalite or magnesite 

(Chave, 1952). It is therefore theoretically possible to find modern 

sediments with MgCO• content in excess of 3% if these are predominantly 

composed of high-Mg calcite. 
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Al though high magnesium contents are associated with specific types of 

organisms, for reasons given below, magnesium content cannot serve as an 

indicator of the type of organism present in the sediment : 

High-Mg calcite is the least stable carbonate mineral am will tend to 

change to low-Mg calcite. The magnesium content will therefore also 

depend on factors such as the dis.genetic environment, the rate of 

deposition and the age of the sediment. 

The magnesium content of shells of a given invertebrate group is not 

constant, but depends on water temperature (typically higher in warmer 

temperatures) and salinity. 

Parker ( 1972) determined the calcium and magnesium content of high carbonate 

content ( > 85%) sediment cores from the Bahama platfonn. For these 

sediments, he found that the shear strength and void ratio were closely 

correlated to the carbonate content and variations in mineralogy, expressed 

as the magnesium/calcium ratio. It is therefore possible that Mg/Ca ratio 

could potentially be linked to engineering properties of sediments at 

specific sites. 
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3. CLASSIFICATION FOR CARBONATE sons 

3.1 NEED FOR ENGINEERING CLASSIFICATIONS 

From an engineering viewpoint, it is desirable that classification of soils 

should be based on index properties which discriminate on engineering 

behaviour. Index properties of non-carbonate soils are usually based upon 

field identification and relatively inexpensive laboratory tests. The index 

properties used in classification of such soils can be divided into two 

categories 

~~!!_~!~-E~~E~!~~ : these deal with the individual grain's size, 

geometry, mineralogy and crystal structure; 

~~!!_~~~~!~~-E~~E~!~~ dealing with the assemblage of particles 

and the microstructure. 

Classification systems developed for non-carbonate soils, for example the 

Unified Classification System (UCS), are not applicable to carbonate soils 

since they do not take account of their unique properties. Similarly, 

terminology and classification systems developed by geologists are of 

limited use to the geotechnical engineer since they appear to give little 

indication of the engineering behaviour of the soils. 

3.2 PROPOSED SYSTEMS 

Fookes and Higgenbotham (1975) first proposed an engineering classification 

system for carbonate soils. This was later extended by Clark and Walker 

(1977) and further modified by Beringen et al. (1982). These classification 
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systems are shown in Figures 3. 1 to 3. 3. 

classification are 

The main criteria for their 

(a) Carbonate content 

The system shown in Fig. 3. 3 applies to soils containing 90 to 100 percent 

calcium carbonate. For lesser carbonate contents, Beringen et al. proposed 

that the prefix should be altered as follows : 

carbonate content % 

90 to 100 

50 to 90 

10 to 50 

0 to 10 

pref ix 

carbonate 

siliceous carbonate 

calcareous silica 

silica 

(b) Degree of cementation or induration 

Induration is the process of hardening of sediments through cementation, 

pressure, heat or other causes. In general, the tenn cementation refers to 

sands or silts and induration applies for clays where interparticle 

cementation for carbonate soils cannot be distinguished from natural 

cohesion. 

unconfined 

The degree of cementation 

compressive strength (Clark 

resistance (Beringen system). 

(c) Particle size 

is quantified 

and Walker 

on the basis of 

system) and cone 

The words "clay", "silt", "sand" and "gravel" are indicative of particle 

size, as for non-carbonate soils. 

(d) Geological origin of carbonate component 

This parameter is subdivided into the most frequently occurring categories : 

elastic grains of inorganic origin, transported and deposited as 

grains 
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bioclastic - grains of organic origin, transported and deposited as 

grains, fossils, and fossil fragments 

oolitic 

pellitic 

reef oidal 

spherical grains coated with precipitated calcium carbonate 

elliptical grains coated with precipitated calcium carbonate 

grains consisting of old reef fragments. 

other parameters of minor importance which are also described in the three 

classification systems are : 

bedding and lamination 

colour 

composition of non-carbonate material. 

3.3 LIMITATIONS OF THE EXISTING SYSTEMS 

The schemes proposed by Clark and Walker, Fookes and Higgenbotham and 

Beringen et al. provide for the entire spectrum of carbonate soils and 

rocks, but have been severely criticised by Datta et al. (1982) because in 

covering the "width", they seem to lack the "depth" necessary for serving as 

an indicator of engineering behaviour. In this respect, the fallowing 

points have been raised : 

the utility of carbonate content as an index property is limited, since 

it is not only the amount of carbonate material present that controls 

the engineering behaviour, the nature of the carbonate material often 

plays a significant, if not dominant, role; 

the schemes fail to differentiate soils on the basis of crushing 

susceptibility. Two sands can both be classified as "bioclastic 

carbonate sands" and yet· have significantly different engineering 
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behaviours on account of their different susceptibilities to particle 

crushing; 

tenns such as "clayey carbonate silt/mud" and "calcareous silt/clay" 

fail to indicate that the f onner soil is uncemented and behaves like a 

nonnally consolidated soil whereas the latter is cemented and exhibits 

apparent overconsolidation; 

in these classification systems the proposers have neither specifically 

stated the relevance of nor attempted to incorporate the usual 

classification parameters like gradation and plasticity (e.g. Atterberg 

Limits as in UCS). 

The development of an effective engineering classification system is 

complicated by the following factors 

there is as yet no method for readily identifying and quantitatively 

expressing the degree or uniformity of cementation; 

there appears to be no simple method for quantitatively assessing the 

susceptibility to crushing of carbonate particles; 

visual or microscopic studies provide only a qualitative indication of 

crushability; 

at this stage, a clear understanding of how different non-carbonate 

components of soils are influenced by the presence of carbonate 

material is lacking. 

Datta et al . ( 1982) believe that in view of these restrictions, it is at 

. present only possible to f onnulate a system of description for carbonate 

soils. They have suggested that a system of description should include the 

following : 
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cementa ti on 

grain size distribution and plasticity 

nature of carbonate component 

nature of non-carbonate component. 

Table 3.1 gives detailed observations ~hat can purposefully be recorded for 

each of the above aspects, together with some relevant procedures and 

inf onnation. 

3.4 IDENTIFICATION AND MEASUREMENT OF RELEVANT INDEX PROPERTIES 

In the following section, the effect of soil "aggregate" properties, 

particularly in respect of its influence on shear strength behaviour, 

consolidation and settlement and piling behaviour will be examined. For 

each of these "aggregate" properties an attempt will be made to identify 

those soil grain properties which have an influence, and which should thus 

be incorporated in an engineering classification/description scheme for 

carbonate soils. Methods for measuring and quantifying these properties 

will be investigated. 
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Table 3.1 Proposed system of description (Datta et al., 1982) 

Description of 

1. Cementation 
(a) No cementatioo 
(b) Weak oementation 
(c) Strong oementation 

(i) \a'liform 

( ii) partial 

2. Grain Size Distribution 
(GSD) and Plasticity 

(a) Grain size distribution 

(bl Plasticity 

3. Nature of CarbonBte 
Canponent 

(a) Carbonate content 

(b) Particle size of 
carbonate material 

(c) Particle characteristics 
and origin 

(d) Mineralogy 
(e) Geologic name 

4. Nature of NCD-carbonate 
Canponent 

(a) Particle size 

(b) Particle characteristics 
(cl Mineralogy 

the soil has a soft rock-like appearance. Uncxnfined 
ocapressive strength should be indicated 
the soil contains cemented aggregates - this should be noted 

for strongly cemented soils, GSD is not very relevant; for 
\.Dliform cementation, size of constituent particles should be 
indicated; for partial cementation, GSD of soil after removing 
aggregates should be indicated and size and proportion of 
aggregates noted separately 
for fine-grained soils in 'Which intrap!.I"ticle voids cause 
error in GSD and Atterberg Limits, field classification i:ro­
cedures -y be used for providing the relevant information in 
a qualitative sense 

soils having more than 30% carbonate content should be termed 
carbonate soils 
the carbonate content in the sand and in the silt-<:l.ay 
fractions should be deterained separately and indicated. 
Microscopic stOOies mentioned below will also give infolWl-
tion about particle size · 
microscopic stuii.es - optical microecope for sands and 
scanning electron microscope for fine-grained soils - should 
be conducted. Presence of thin-walled material and intra­
particle voids should be highlighted 
X-ray diffraction analysis should be performed 
if possible to identify, the &eologic name llBY be indicated 

information an nop-au-bonate -1:.erial is detenrined by dis-
110lvi.ng the carbonate -terial in 1£1, aeparetinl( the reaai.n­
i.ng soil, and conducting the following tests on it 
grain size distribution analysis 
as for carbonate soils 
microscopic stOOies 
X-ray diffraction analysis 
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4. RELEVANT INDEX PROPERTIES AND THEIR MEASUREMENT 

4 • 1 CARBONATE CONTENT 

4.1.l The Effect of Carbonate Content on the Engineering Properties 

The engineering properties of a soil mixture consisting of a carbonate and 

non-carbonate component could be influenced by the following variables : 

(a) For a given carbonate fraction and composition, the nature and 

composition of the non-carbonate component (e.g. clay or sand, 

sensitivity of clay fraction, etc.). 

(b) For a given non-carbonate fraction and composition, the nature and 

composition of the carbonate component (e.g. particle size, skeletal or 

non-skeletal particles, etc.). 

(c) For a given carbonate and non-carbonate· composition, the relative 

proportions of each in the soil. 

(dl Whether or not the carbonate fraction has a cementing effect either on 

the carbonate component, the non-carbonate component or both. 

The environment, regional location and sedimentary and geological history of 

the soil to a large extent determines its nature, composition and state of 

cementation. Thus, a marine clay could be expected to be affected 

differently by carbonate content than a terrestrial clay. 

It has been reported that carbonate content has a definite beneficial effect 

on shear strength in the case of calcareous clays (Agarwal et al., 1977), 

while the deleterious effect of crushable carbonate particles in some sands 

are discussed in Section 4. 3. McKown and Ladd ( 1982) reported that 
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carbonate content (beyorrl a minute threshold level) has little effect on 

cementation of a terrestrial shale, while Kelly et al. ( 197 4) f ourrl 

indications of an increase in cementation with carbonate content for a 

marine clay. 

These examples illustrate the difficulty of generalizing about the effect of 

carbonate content without reference to the nature and composition of the 

material. Notwithstanding these difficulties, it is recognised that for a 

given soil, carbonate content could have a decisive influence on the 

strength and stress-strain behaviour. For design purposes, it is useful to 

delineate the carbonate contents, i.e. where it ceases to have a 

beneficial/deleterious effect on the engineering strength properties. 

Little systematic research on the effect of carbonate content (for example 

through artificially constituted laboratory samples) have · been conducted, 

especially for calcareous clays. Much of the available information is based 

on site-specific data and cannot be assumed to be l.miversally applicable. 

( i) Shear strength 

Good correlation between bulk density and carbonate contents has been 

reported for some types of carbonate sediments (Curry and Lohman, 1986; 

Kominz et al., 1977). lee (1982) investigated the relationship between bulk 

density, carbonate content and shear strength of several deep-sea calcareous 

sediments. The shear strength of the sediments depended mainly on whether 

the non-carbonate matrix or a carbonate framework dominated, and on the 

physical nature of the non-carbonate matrix. A model based on relations 

between bulk density and carbonate content was developed. to delineate three 

types of behaviour : matrix-dominant, transition and carbonate framework 

dominant. The model was quantitatively evaluated using vane shear, triaxial 
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shear strength, density and carbonate content data from four studies of 

deep-sea calcareous sediments. The following important trends emerged : 

Division between the three behaviour types were determined primarily by 

the character of the non-carbonate matrix. 

In the matrix dominant zone, vane shear strength was independent of 

carbonate content. 

In the transition and carbonate framework dominant zone, vane shear 

strength increased with increasing carbonate content. The cause of the 

increase (granular nature of carbonate particles or cementation) could 

not be ascertained. 

Demars et al. ( 1976) performed consolidated undrained triaxial tests on 

natural calcareous clays with carbonate contents ranging from 10 to 90 

percent. A sunnnary of the results is given in Table 4.1. The criterion for 

failure was chosen as the strain at which maximum porewater pressure 

parameter-A occurred, typically between 3 and 4 percent strain. With an 

increase in carbonate content, an increase in the effective friction angles 

was observed, with a corresponding decrease in porewater pressure 

parameter-A at failure. The trend was from a cohesive behaviour to a 

granular behaviour with increasing carbonate content. Demars et al. suggest 

that the data shows the importance of particle shape and packing on strength 

behaviour. 

Agarwal et al. (1977) investigated the effect of carbonate content on the 

direct shear behaviour of calcareous sands, clays and silts obtained at 

three sites offshore of India. It was found that the carbonate content had 

a significant influence on the stress-strain behaviour of the sands, 

particularly at higher normal stress and carbonate centents in excess of 45 
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percent. For sands with high carbonate contents, the behaviour and pattern 

of stress-strain curve appeared to signify the effect of cementation and the 

possible breakage of aggregated composition. The effect of quartz sand was 

prominent only for carbonate contents below 30 percent. Above 45 percent, 
-

carbonate content had a detrimental effect on the strength of the soil. An 

increase in the carbonate content of clay samples appeared to have a 

beneficial effect on the strength properties. This was confirmed by Demars 

et al. (1976). 

{ ii) Compressibility 

Bryant et al. (1974) performed more than 120 consolidation tests on samples 

with varying carbonate contents, obtained from the Gulf of Mexico. The 

results indicated that the compression index (C ) generally decreased with 
c 

increasing carbonate content. The variation of C with carbonate content 
c 

for normally consolidated and stiff overconsolidated samples are shown in 

Fig. 4.1 .. Bryant et al. ( 1974) concluded that the results of oedometer 

tests on carbonate soils were similar to those for non-carbonate silty 

clays, with the exception that the carbonate sediments did not compress to 

such low final void ratios. Such decreasing compressibility with increasing 

carbonate content appears to be applicable only 'to some fine grained 

carbonate-clay mixtures, since it is known that carbonate sands are 

generally more compressible than silica sands (e.g. McCarel and Beard, 

1984). 

(iii) Piling and skin friction 

McCarel and Beard (1984) investigated the effect of carbonate content on the 

pile driving resistance of model piles. For dense soil samples, the 

carbonate content appeared to control the amount of resistance (decrease 

with increasing carbonate content) that the soil mobilized during pile 
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Table 4.1 Consolidated Urdrained Triaxial Test Results 
(after Demars et ol. (1976)) 

1-0 
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x a.a 
~ 
'O c 
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·;n 
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ao4 
E 
0 u 

0-2 
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Ca003(%) c(PSI) ;; (degrees ) A f 

0 - 26 0 27.7 0.7 

25 - 40 0 29.4 0.55 

40 - 60 0.1 31.0 0.40 

> 60 0.1 31.3 0.25 

Failure strain, •r , taken at BBXi.Jm.ln pore-

pressure parameter-A, Af - typically 

0 

0 

• 

20 40 

Ef : 3 to 4% 

• Soft Normally Consol1datczd 
Samplcz from Shallow D<2pths 

(< 10m) 

• • 
v. Stiff Samplczs from Dczpths 
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a-' =100 8.1000kPa 

Figure 4.1 Variation of C with carbonate content c 
(after Bryant et al, 1974) 
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driving. For loose soil samples, the amo\.Dlt of carbonate sand did not 

affect the amolDlt of resistance mobilized by the soil. 

Apart from the above stl.dy, there appears to be no ?Jblished. data on the 

effect of carbonate content on piling behaviour. On the be.sis of direct 

shear tests, Agarwal et al. (1977) reconmended that sands with less than 45% 

carbonates be treated as conventional sands. other authors, for example 

Datta et al. ( 1982) suggested. that the nature of the carbonate particles 

play a more important role, but there seems to be widespread agreement that 

sands with very high carbonate contents ( > 80%) clearly act .as calcareous 

and have the potential for abnonnally low pile capacities (Murff, 1987). 

4.1.2 Determination of Calcit111 Carbonate Content 

( i) Appropriate technique for geotechnical engineering 

A number of laboratory procedures for the measurement of calci\.111 carbonate 

content have been developed. These can be divided into two classes : 

techniques that determine the calci\Jm ion (Ca++) concentration and 

techniques that determine the carbonate ion concentration (co;-). 

Chaney et al. (1982) evaluated the suitability of methods based on these 

techniques for geotechnical engineering ?Jrposes. They concltrled that the 

pressure ca.lcimeter method or "Karbonat-Bombe" is the most suitable. 

Selection of this method was based on the following factors 

~~l-~!?~!~!?!~ : The stated error varies typically from 2% to 

5%, with errors approximating 1% for high carbonate contents. 

Suggestions and precautions for achieving improved accuracies with this 

method are discussed by Dunn ( 1979) • 
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4-6 

Minimal skill is required for this methcxi. 

Initial equipnent cost is low compared to 

~!r!:!~!-~~: The high analytical speed minimizes tmit costs. ·Up 

to 50 specimens can be analysed daily. 

These favourable characteristics makes the methcxi ideal for shipboard 

determinations of carbonate content and has led to its adoption for the Deep 

. Sea Drilling Project. A comparison of the "Karbonat-Bombe" with other 

methods, based on the above criteria, is presented in Table 4.2. 

(ii) Limitations of the "Karbonat-Bombe" 

The basic asstnnption of the methcxi is that all carbonate ions (CO;-) are 

combined as calcitnn carbonate. If the relative abtmdance of ma.gnesitun in 

carbonate sediments is less than 3 percent by dry weight (Section 2. 5. 3) , 

the error should remain within the stated range. 

The methcxi cannot be used to identify the nature of the carbonate minerals 

in the sediment, and staining schemes should be used for this purpose. 

Where detailed understanding of the trace element chemistry of the sediment 

is needed, x-ray fluorescence, microprobe, atomic absorption, or 

cathodoltnninescence techniques may be used. 

The accuracy of the "Karbonat-Bombe" technique decreases with decreasing 

carbonate content. Carbonate contents of as little as 2% can sometimes 

affect the engineering behaviour of some clays (McKown and Ladd, 1982). In 

such cases alternative techniques with high accuracy at low carbonate 

contents, such as atomic absorption spectrophotometry must be used. 
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4.2 CEMENTATION 

4.2.1 The Effect of Cementation on the Engineering Properties 

Carbonate sediments can be cemented to various degrees, forming lightly 

cemented deposits at the one end of the spectrum and highly indurated 

limestone rock at the other. The degree of cementation can vary over the 

entire stratigraphic interval of a particular fonnation, and on a smaller 

scale, variability can be high even within the dimensions of the average 

laboratory sized specimen. Variability of cementation results in materials 

with a wide range of properties, so that it is difficult to generalise about 

its effect on engineering behaviour. The difficulty in obtaining 

undisturbed samples, especially in the marine environment, further hampers 

research. The effect of cementation can be either detrimental (preventing 

development of adequate lateral pressure) or beneficial (additional 

strength) , depending on the nature of the cemented material, degree and 

uniformity of cementation and the type of structure founded on the cemented 

material. 

(i) Apparent overconsolidation 

The most significant effect of cementation on carbona:te clay in terms of 

one-dimensional consolidation tests is an apparent overconsolidation 

behaviour when normal reasons for overconsolidation are absent. That 

overconsolidation behaviour can be attributed to physico-chemical bonding 

between particles, rather than preloading, has been shown by the leaching 

experiments of Moore et al. ( 1977). Removal of organic compounds (non-

carbonate) caused clays which had shown overconsolidation characteristics 

prior to treatment to behave as normally consolidated sediments. 
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McKown and Ladd (1982) investigated the effect of calcite cementation on the 

compressibility of Pierre Shale. Relatively small amounts of calcium 

carbonate, above a threshold value of two percent by weight, appeared to 

cement the structure of the shale, causing measured cr values (apparent 
vm 

maximum pa.st pressure) several times larger than the maximum past overburden 

stress inferred from geological history. For calcium carbonate contents in 

excess of this threshold value (even up to fifty percent or more) little 

further increase in cr was observed. 
vm 

Kelly et al. (1974) performed oedometer tests on cemented marine sediments 

and found that the overconsolidation ratio increased with carbonate content, 

possibly as a result of increased cementation. They believe that there is 

some evidence to suggest that the cemented structure of the soil is a 

transient phenomena which is destroyed with burial, after which the 

sediments behave as normally consolidated soils. Thus, cementation of 

near-surface ocean sediments has particular significance for the design of 

shallow foundations. If contact pressures are small and the cemented 

structure is not destroyed, settlements will be limited. If the cementation 

strength is exceeded the large defonnations associated with soft, normally· 

consolidated sediments can be expected. 

Frydman ( 1982) discusses a similar phenomenon with reference to the thick 

calcareous deposits over lying the Mediterranean coastal plain of Israel. 

Considerble breakdown of cementing bonds occur under conditions of high 

stress, with the result that the material behaves as an essentially 

cohesionless material, sometimes having an extremely high compressibility. 

Fig. 4.2 shows curves of compressibility vs. confining pressure for cemented 

samples as determined from triaxial consolidation tests. For a given 

confining pressure, the five cemented samples had higher compressibilities 
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than the uncemented non-carbonate reference sand. With increasing confining 

pressures, the compressibility of the cemented samples decreased, until at a 

certain confining pressure ( ± 220 kN/m2 and 500-600 k:N/m2
) , a s\.dden 

increase was again noted, This s\.dden increase in compressibility is 

believed to be due to breakdown of cementation bords, Frydman has also 
I 

shown that such increased compressibility as a result of breakdown of the 

cemented skeleton can lead to increased susceptibility to liquefaction 

during cyclic loading, 

~n ad.di tion to settlement, the apparent overconsolidation behaviour of 

cemented deposits have important practical implications regarding an 

estimation of the in situ K , which in . turn affects the design of 
0 

underground structures and selection of safety factors for slope stability. 

(ii) Shear strength 

'Ihe strength behaviour of a soil is detennined by the three components of 

shearing resistance; cohesion, dilatancy and friction. The cohesion 

component inch.des any natural or artificial cementation or interparticle 

bonds. The friction and dilatancy components are hard to separate, but are 

both a direct function of the force acting normal to the shear surface. 

Saxena and Lastrico (1978) investigated the strength behaviour of a lightly 

calcite cemented non-calcareous sand. At low strain levels· ( < 1%), the 

cohesion portion of the shearing resistance was predominant. Beyond a 

certain strain level (± 1%), a gradual breakdown of cementation started, and 

the frictional resistance became predominant, At very high strains, there 

was a complete breakdown in structural cementation and the shearing 

resistance was entirely frictional in nature. In the majority of samples 

tested, the value of the pore pressure parameter A reached a peak within one 
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percent strain and then continued to decrease with increasing strain. This 

behaviour is typical of dilating or dense material. 

FrydmB.n ( 1982) performed drained triaxial tests on undisturbed calcareous 

soils cemented to various degrees. Despite large variations in the internal 

structure of the weakly cemented samples, a COlllOOn strength line with 

strength parameters of c = 13 kN/m2 and • = 37 deg, could be used to 

represent all points of this group. Moderately cemented specimens 

approximated to the same line. Two well-cemented specimens were tested, 
I 

yielding strength parameters of c = 190 kN/m2 and fl = 37 deg. It 

therefore appears as if the cementation primarily affects the cohesion value 

and has little effect on the angle of internal friction of this soil. 

Failure stress values were taken from the peaks of the stress strain curves 

obtained in the test, occurring at axial strains of between two and five 

percent. The peak cohesion however, was developed at much lower values of 

axial strain, between one and half a percent (see Fig. 4.3), 

Kelly et al . ( 197 4) performed consolidated \ll'ld.rained triaxial tests on 

lightly cemented marine carbonate sediments. At small strains ( ± 0. 5%) , 

virtually no pore water pressure was developed. As the strain increased, 

cementation broke down, with the pore water parameter-A reaching a maximum 

value of 1.2 at axial strains of approximately five percent. A similar 

change in pore water pressure response was noted in consolidated drained 

tests. 

The available data appears to indicate that cementation contributes to the 

strength only at relatively low levels of strain. Destruction of 

cementation occurs when the apparent overconsolidation pressure is exceeded 

or when certain levels of . axial strain are exceeded • 
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This aspect has important design implications, the ava.ilabili ty of 

additional strength due to cementation being highly strain dependent. 

(iii) Piling and skin friction 

Driven piles offer significantly lower support capacity in calcareous soils 

than predicted by conventional soil mechanics theory. Skin friction 

capacities can be as low as one tenth of the value expected for similar 

piles in quartz based sands (King et al., 1980). This is thought to be a 

result of a combination of factors due to particle crushing and the presence 

of weak cementation preventing developnent of significant lateral pressure. 

There is evidence to suggest that both the nature and degree of cementation 

have an important effect on the magnitude of skin friction development 

(McClelland, 1980). In the Arabian Gulf, where cementation is strong and 

uniform, difficulty has been experienced in driving piles to a predetermined 

depth. In the Bass Strait of Australia, where cementation is weak and 

variable, little driving resistance has been experienced to depths of up to 

several hundred feet. Variable cementa ti on results in variable driving 

resistance. In the case of prestresssed concrete piles, this can lead to 

pile damage. 

Ertec Western Inc. ( 1983) conducted laboratory studies on the effect of 

cementation on pile driving and skin friction. The following trends were 

noted : 

the amount of crushing during driving increased with increasing 

cementation; 

at each prescribed cement content, pile driving resistance was at the 

same order of magnitude for higher density silica and calcareous soils; 
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for lower density carbonate sands, increase in cement content did not 

significantly increase driving resistance; 

in silica sand, there was a general tendency for skin friction 

resistance to increase with increasing cement C<Xltent; 

for calcareous sands, there was no definite patteni; it is believed 

that the effect of cementation on pile pullout resistance was either 

partially or overly compensated by effects of increasing crushability 

during driving. 

Where cementation is strong and uniform, it could have a p:>sitive effect on 

the end bearing capeci ty of the pile. Conventional design theory probably 

overestimates the contribution of skin friction for driven piles in 

calcareous sands, while it tmderestimates the available end bearing capeci ty 

(Datta et al., 1980). 

4.2.2 Quantification of Cementation 

At present there is no laboratory procedure or test to quantitatively 

express the degree or uniformity of cementation. For uniformly, well 

cemented samples, the unconfined compressive strength. has been used in sOIE 

.. classification systems, but for weakly or non-uniformly cemented samples no 

laboratory tests have been suggested. 'lbe qualitative system of description 

prop:>sed by Datta et al • ( 1982) appears to be the limit of refinement 

achievable at this stage, i.e. : 

no cementation; 

weakly cemented; 

strongly cemented; 

uniform : determine the unconfined canpressive strength and 

indicate size of constituent particles; 

partial : note the size and proportion of the aggregates. 
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It has been noted by several authors that the presence of weak cementation 

in particular appears to contribute to low pile capacities in carbonate 

soils. It would seem that a refinement in the identification and 

description of especially weakly cemented samples would have practical 

significance. An investigation into artificially cemented samples in the 

laboratory, simulating the natural cements, could aid in this regard. 

4.2.3 Artificial Cementation 

The difficulty of obtaining \IDdisturbed cemented samples and the non­

lIDiformity of cementation in naturally cemented deposits necessitates the 

use of artificially cemented samples for controlled laboratory 

investigations into the effect of cementation on various engineering 

properties. A process for inducing artificial _cementation should ideally 

satisfy the following conditions : 

(a) the artificial cement should simulate the natural cement as far as 

possible; 

(b) the method should be practical in that sufficient cementation is 

produced within a reasonable time span; 

( c) the method should be practical in that prohibitively complex and 

expensive equipment and procedures are not required. 

A survey of the literature appears to indicate that the processes used in 

the engineering research field generally satisfies conditions (b) and (c) 

above at the expense of condition (a). This approach is dictated by the 

volume of cemented sample required for such research and practical 

difficulties associated with satisfying conditions (a) and (b) 

simultaneously. 
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Ertec Western Inc. ( 1'983) produced cemented samples of shell fragment by 

adding Portland cement Type I (between 0.5 and 2 percent by weight) to the 

dry sand, mixing thoroughly and adding water. Poulos et al. (1982) 

attempted to produce cementation of Bass Strait sands using four different 

procedures : 

Samples of uncemented carbonate sands were left standing in an 

oedometer under a stress of 248 kPa, for a period of 10 weeks, in the 

presence of a supersaturated solution of calcium carbonate. 

Two of the above samples were subjected to an increase in stress to 310 

kPa, and left standing for a further 6 to 8 weeks. 

Some samples were left standing in a lime rich solution under the same 

stress conditions as above. 

Some samples were mixed with 6 percent Portland cement. 

Only the samples to which cement was added showed any visible signs of 

cementation. These experiments indicate that cementation does not appear to 

be redeveloped in a static calcium carbonate solution in a laboratory 

environment. However, experiments by McKown and Ladd (1982) indicate that 

even circulatory pore water conditions is in itself not sufficient to ensure 

precipitation of large quantities of calcium carbonate. Specimens of 

natural clays were leached for about four months with a saturated calcium' 

carbonate solution, using hydraulic gradients up to 9600. A total of about 

35 void volumes of fluid was passed through the specimens. Chemical, x-ray 

diffraction analysis and index properties examination before and after the 

tests indicated that no significant , changes had occurred. 

experiments, the following important observations can be made : 

From these 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

4-15 

(a) Significant precipitation and hence cementation is unlikely to be 

induced by merely "treating" a sample with a supersaturated solution of 

calcium carbonate. 

(b) Precipitation of calcium carbonate resulting from changes in pore water 

conditions due to sampling is unlikely to affect the engineering 

properties of the sediment significantly. 

( c) Artificially cemented samples used in studies of their engineering 

properties are not satisfactory in terms of simulating natural 

cementation. 

Artificial cementation has been studied more systematically in the field of 

sedimentology, mainly as a means of deducing the physical environment and 

chemical conditions prevailing at the time of cement fonnation. It is 

believed that methods developed by researchers in this field can provide 

useful guidelines for preparation of artificially cemented samples to be 

used in engineering/geotechnical investigations. 

Various attempts to simulate natural cementation processes under laboratory 

conditions are mentioned by Badiozamani et al. (1977) : 

Experiments conducted at low temperatures have been hindered by lack of 

precipitation of significant amounts of cements in reasonable periods 

of time (e.g. Rezak, 1971). 

To overcome this difficulty, Thorstenson et al. ( 1972) designed an 

experimental setup based on C02 -degassing of calcium carbonate waters 

initially saturated at one atmosphere C02 , to produce significant 

cementation of ·carbonate skeletal sands in a reasonably short time 

span. 
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Based on the above method, Badiozamani et al. (1977) successfully produced 

carbonate cementation llllder various conditions of temperature, solution 

composition and piysical environment. Cements analogous to their natural 

counterparts reported in the literature resulted. 'lbree different 

experimental designs were used to simulate 1) vadose cementation, 2) 

phreatic cementation by 002 evasion, ai1d 3) cementation due to evaporation. 

Duration 'Of experiments ranged from 6 days for high temperature freshwater 

experiments to more than 2 months for seawater experiments. 'lbe procedures 

and experimental setup required do not appear to be unduly complicated and 

expensive, and the time span to produce sufficient cementation is 

reasonable. 

4.3 CRUSHABILITY 

4.3.1 'lbe Bngineering Sisnif icance of Particle CrushiJ.ll 

'lbe susceptibility of the individual grains of sane carbonate soils to crush 

under relatively low stresses has a nt.lllber of important effects on their 

engineering behaviour. 'lbus unSa.f e designs for structures founded in these 

soils 08ll. result if parameters and theories developed for conventional soils 

are applied. 

(i) Compressibility and Settlement 

Calcareous soils are significantly more compressible than silica soils, 

their compressibility resulting from grain crushing and the collapse of 

grain structure, so that volune changes are usually permanent (r-t::earel and 

Beard, 1984). Similarly, shallow foundations on crushable material lll1dergo 

more settlement (Poulos et al. 1984), and embedded anchors and heavily 

loaded footings founded on coarse grained calcareous oozes can induce 
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stresses sufficient to cause large displacements or even failure of the 

anchors and footings (Valent, 1974). 

(ii) Shear strength and bearing capacity 

It has been established. by various researchers that the friction angle of 

crushable soils in general (Feda, 1971; Lee, 1967) and calcareous soils in 

particular (Datta et al., 1982; Poulos, 1982) decreases with an increase in 

confining pressure ( triaxial test) or normal stress (plane strain) • 'l'bis 

reduction has been linked to grain crushing. It would appear that increased. 

grain crushing induces decreasing shearing resistance lmtil a limiti~ value 

of shearing resistance is reached. It might therefore be expected that 

crushing of sand grains under the tip of a pile causes a reduction in II and 

hence a reduction in end-bearing resistance (Datta et al., 1980). In 

general therefore, the highly compressible nature of sane calcareous sands 

results in substantially lower bearing capeci ties than for quartz sands 

(Poulos and Chua, 1985). Because shearing can cause grain crushing, large 

volumetric reductions can be associated with shearing stresses (~l and 

Beard, 1984). 

(iii) Piling and skin friction 

The results of pile load tests conducted in the Bass Strait (Angemeer et 

al . , 1973) revealed. that side friction of steel piles in calcareous soils 

can be very low and that the tmi t em bearing measured was substantially 

less than would be expected. for piles bearing on quartz sands. Similarly, 

driven piles have encountered. low driving resistance and have shown a low 

static load capacity when compared. to corresponding piles in quartz sand 

(Poulos, 1982). 
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It has been suggested that as a pile is driven into a carl:xmate stratum, 

crushing of the particles, and hence a volume reduction, occurs due to 

crushed fines moving into the voids. As a consequence of the crushing, the 

lateral stress between the pile and soil is poorly developed. This results 

in low skin friction. 

Investigations by King et al. ( 1980) and Poulos ( 1984) revealed that 

further significant degradation of pile skin friction can be expected under 

cyclic loading conditions, possibly as a result of an increase in the amount 

of crushing. 

4.3.2 Factors Influencins Crushability 

In examining the factors influencing crushability, information gained from 

research into crushing of other types of material can provide insight into 

relevant factors affecting calcareous materials. It should nevertheless be 

recognised that some calcareous soils have unique properties which are not 

simulated by the crushing behaviour of other material types. 

On the basis of material type, research into crushability of granular media 

can be divided into three categories : 

the crushing of rockfill grains; 

crushing of alluvial sands and gravels at high stresses; 

crushing of sands with weak grains. 

For each of these cases a different set of factors will influence the extent 

of crushing. Nevertheless, factors causing crushing can be related, 

quantitatively at least, for each of these material types. Thus, weak 
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grained sands have been used to model the behaviour of rockf ill material 

(Feda, 1971). 

The crushing susceptibility of a soil will depend on both the inherent 

material properties, such as the hardness of the individual soil particles, 

and externally imposed factors, such as type and intensity of loedi.ng. 

(i)' Inherent material properties affecting crushing 

(a) Particle hardness 

Carbonate soil particles are composed of the minerals calcite and aragonite, 

which are relatively soft COIDJ8red to quartz-based sands (3 to 4 Mohs scale 

of hardness, 7 for quartz-be.sed. sands). 

(b) Particle shape and textures 

Particles of carbonate soils are composed of a wide variety of shapea and 

textures, especially where these are of biological origin. Datta et al. 

( 1982) performed triaxial experiments on carbonate soils of various shapea 

and textures and fot.md that crushability increases with an increase in : 

the amount of thin walled shell fragments 

angularity of grains 

coarseness of grains 

amen.mt of particles having large intraparticle voids. 

Thus a calcareous soil composed of rounded non-skeletal particles (ooliths) 

may display crushing comparable with quartz sand. 'Ihey therefore proposed 

that more emphasis be placed on the nature of the soil particles, rather 

than the calchn carbonate content alone, in assessing the crushing 

potential. 
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(c) Cementation 

Both the amotmt of cementing 11&terial Sid its hardness have an influence on · 

the amot.mt of crushing. Due to practical difficulties asSCXJiated. with 

simulation of cemented. conditions in artificially composed. laboratory 

samples (Section 4. 2. 2) Sid particle size analysis of both natural Sid 

artificially cemented. samples, data on the effect of cementation on crushing 

is limited and highly qualitative. 

Ertec Western Inc. ( 1983), in a model laboratory stu:ly of piling in 

artificially cemented. carbonate soils, found that crushability increased. 

with an increase in "cement" content, for both higher density calcareous 

sand and quartz sand. The degree of cementation had little effect on 

crushing in low density smds of both types. 

(d) Particle size 

The potential for breakage of a soil particle increases with its size. This 

results from the fact that the normal contact forces in a soil element 

increase with particle size, Sid the fact that the probability of a defect 

in a given particle increases with its size. Large particles will break 

under moderate stresses, while high stresses are required to break silt size 

particles. 

(e) Particle size distribution 

The potential for particle breakage increases with the tmiformity of 

gradation. This seems to have a particularly important effect in the case 

of some calcareous soils composed. of hollow or plate-like particles. 
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Valent ( 197 4) performed consolidation tests on material containing 

coarse-sized hollow foraminefera shells, and found no significant crushing 

under consolidation stresses of up to 1530 kPa. Removal of the finer 

material resulted in significant crushing at stresses as low as 50 to 200 

kPa. It is believed that the fine-size fraction acts to distribute the load 

on the coarse-size shell surfaces. 

( f) Void ratio 

Carbonate sediments often have high void ratios, typically between 1 and 2, 

with void ratios as large as 3. 7 occurring in some natural sediments. In 

a.ddi ti on to containing large spaces between particles as a result of the 

complexity of particle shapes and early cementation, hollow and porous 

particles containing large intraperticle voids are often present. Such 

hollow particles will be more susceptible to crushing. 

'Ille complex shapes of the particles will allow greater inter looking when 

these particles are in a dense state of packing. It could be hypothesized 

that crushing of the soft particles will be greater as the B1DOW1t of 

interlocking increases, so that more crushing would be expected for a larger 

relative density. 'Ibis hypothesis appears to be supported by experimental 

results obtained by Ertec Western Inc. ( 1983) , who found that the amount of 

grain crushing increases as the void ratio decreases for piles driven into 

uncemented calcareous sand. 

(ii) External factors 

(a) Effective stress path 

Particle fragmentation is known to have a JJBjor effect on the stress-strain 

behaviour of rockfill material (Marsal, 1967), alluvial smds tested tmder 
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high pressures (Vesic and Clough, 1967) and sand with weak grains (Datta et 

al., 1982; Poulos, 1982). 

Different types of loading will produce different stress-strain behaviour· 

during isotropic, triaxial and confined compression upon identical soil 

specimens which initially had the same void ratio and carried the same 

vertical stress (Lambe and Whitman, 1979). Figure 4. 4 illustrates the 

relative effect that different modes of confinement have on the 

stress-strain behaviour of a typical terrigeneous soil. Given the 

interdependence of particle fragmentation and the stress path followed 

during loading of a soil (e.g. Hardin, 1986), it is to be expected that a 

given soil will show different extents of crushing under different types of 

loading. 

Feda ( 1971) fotmd that for non-calcareous weak-grained soils, isotropic 

consolidation of samples, even at compe.ratively high cell pressures, results 

only in slight grain crushing. For the calcareous soils and quartz sand 

evaluated by Datta et al . , ( 1982) , crushing during shear was significantly 

more than crushing during isotropic compression. 

The stresses induced by dynamic impact of driven piles result in different 

degrees ·Of crushing compared to that irxluced by application of consolidaticm 

or shear stresses. Consolidation stresses applied through isotropic 

(triaxial) and confined. (K ) conditions do not follow the same stress path, 
0 

similarly shear stresses applied through plane strain and triaxial 

conditions (Lambe and Whitman, 1979). 

(b) Stress level and strain energy 

The ammmt of crushing experienced. by a given soil increases with the level 

of effective stress applied to the soil under all stress .path conditions. 
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compression. (after Lambe and Whitman, 1979) 
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For many crushable soils, a threshold effective stress at which significant 

crushing C0111Dences can be identified. This threshold value however appears 

to be stress path dependent, i.e. significant particle crushing for a given 

soil will not coomence at the same effective stress under K
0 

canpression 

(e.g. oedometer) loading and triaxial compression. As particle crushing 

increases, the particle size distribution of the material changes, the total 

contact area increases, the contact stresses between particles decree.sea and 

crushing slows down and eventually reaches a limit for a given level of 

effective stress., 

Under triaxial and plane strain conditions, for a particular confining 

stress or applied normal pressure, Feda ( 1971) found that the amotmt of 

crushing is highly dependent on the amo\lllt of strain energy supplied to the 

sample in the course of its loading. Intensive grain crushing occurred. only 

after the amo\lllt of strain corresponding to the peak strength of the sample 

had been applied. 

(c) Laboratocy/scale effects 

The different stress paths in the case of direct shear and triaxial 

compression may not be sufficient to result in a significant difference in 

crushing. However, the size of the shear zone affected by crushing relative 

to the total sample size will have an important influence on the evaluation 

of crushability by particle size analysis. A similar effect could result in 

using the same stress path (e.g. direct shear), with different size samples. 

(d) Presence or absence of water 

Because of the ease of forming and testing dry samples as oaope.red to moist 

and saturated samples, laboratory strength tests are often performed on air 
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dry soil (Lee et al., 1967). This approach is appropriate only for soils 

falling into the category of clean sands, i.e. soils which will flow freely 

when dry and whose strength is defined by an angle ·of internal friction 

only. The practice is justified on the assumption that moisture content 

does not significantly affect the effective strength characteristics of 

soils, an assumption supported by considerable evidence for many soils. 

There does not appear to be any published literature discussing the effect 

of moisture on the strength or crushability of calcareous soils. For some 

granular materials however, moisture can have a significant effect on the 

strength properties. Bishop and Eldin (1953) performed triaxial tests on a 

fine clean sand and found a decrease in the angle of friction of up to 5 ° 

for sand tested in the saturated condition. Sowers et al. (1965) studied 

the compressibility of rockfill material and found that moisture has a 

significant effect on the amount of crushing. They concluded that this is 

possibly due to water entering the microfissures in highly stressed contact 

points, causing a local increase in stress and additional failure. The 

moisture sensitive strength behaviour of Ottawa river sand was ascribed to 

the same phenomena by Lee et al. (1967); 

"It would appear moisture sensitivity is likely to be greatest 
in granular soils whose particles either contain cracks or are 
susceptible to the formation of fine cracks during loading." 

Considering the structure and composition of calcareous soil particles, it 

is clear that many carbonate soils could potentially display such moisture 

sensitive strength behaviour. The complex shapes and porous surfaces could 

act as natural stress concentrators. For particles with complex shapes, 
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small contact areas can give rise to high contact stresses with fonnation of 

minute cracks at contact points.· Furthermore, the solubility of carbonate 

minerals in water could further promote weakening mechanisms. 

4.3.3 Measures of Particle Breakage 

The amount of particle breakage during loading of a soil sample is defined 

by the particle size distribution curves measured before and after loading. 

For correlation of crushing with material behaviour lIDder a given loading 

condition, it is most convenient to express the amount of breakage as a 

single number. 

In current practice, the degree of crushabili ty of calcareous sands is 

usually quantified by a crushability index ~ , defined by Datta et al. 

(1979) as : 

percentage of particles of the sand after 
being subjected to stress finer than D10 

of the original sand 

percentage of particles of the original 
sand finer than D10 of the original sand 

where : 

D10 = particle diameter at which 10 percent of the soil by weight is 

finer. 

The denominator of Ck is therefore by definition equal to 10. 

The measure Ck as defined by Datta et al. ( 1979), together with other 

measures of particle breakage which have been proposed are shown in Fig. 

4.5. 
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Leslie ( 1963) used the percent passing the sieve on which the original 

material was 100% retained, and later (1975) used the increase in percent 

passing the sieve on which 90% of the original f¥UDPle was retained, which is 

the same as the Datta definition. 

Marsal ( 1965) proposed a break.age measure be.sed on the increase in percent 

passing a single sieve size. The increase in percent passing is calculated 

for the sieve diameter suffering 1Jl.e greatest increase. 

Lee and Fahroomand ( 1967) proposed a break.age measure which is related to 

the particle size scale instead of the percent finer scale. The parameter 

was defi11ed as the ratio of n15i/DlSa , where : 

n15i = diameter for which 15% of original sample is finer 

n15 = diameter for which 15% of original sample is finer 
a after crushing. 

· This ratio is determined by the horizontal distance between particle size 

distribution curves at 15% finer (Fig. 4.5). 

In addition, the area between the grading curves for a sand before and after 

it has been subjected to shear have been used to quantit.8.tively express the 

degree of crushing. The advantage of this definition is that it integrates 

the breakage occurring in the various size fractions of the material. 

Beringen et al. (1982) investigated a large variety of crushing coefficients 

based on changes in particle size distribution. They f01..md that the 

coefficient defined by Datta et al • ( 1979) produced the largest numerical 

increase for the majority of test data, and it would thus appear to be the 

most sensitive indicator of crushing. The sensitivity of crushing 
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coefficient however appears to be a function of the particle size 

distribution before and after the test, and the Datta coefficient has 'been 

found to be an inappropriate measure by some investigators. 

Datta et al. (1979) obtained values of~ up to three and higher for coarse 

sands containing little fines. For calcareous sands with a high fines 

content, a coefficient based either on n
60 

or n80 appears to give more 

sensitive results. Ertec Western Inc. (1983) used a "fines content", 

defined as the percent of soil by weight finer than the 200 mesh sieve, 

~ince n10 for the soil tested was finer than the 200 mesh sieve, so that its 

determination would have required hydrometer analysis. 

The quantitative measure of particle breakage is clearly dependent on the 

definition of the crushing coefficient, so that if this parameter is to be 

used as an "index" for the soil, attention should be given to appropriate 

and standardized expressions for the amotmt of crushing. 

4.3.4 Correlation of Crushing with Engineering Behaviour 

The tendency of the ind.i vidual particles of carbonate soils to crush under 

relatively low stresses can significantly influence their engineering 

behaviour (Section 4 • 3 • 1 ) • Al though particle crushing has an important 

effect on engineering properties, its usefulness as an index property 

remains limited due to the difficulty of quantifying this effect in a 

consistent and rational manner. 

Angemeer and McNeilann (1982) suggested that crushing-could be quantified by 

an index test based on the change in particle size distribution after the 

sample has been reworked by some standard mechanical energy input. This is 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

4-28 

a useful suggestion, which recognises the necessarily arbitrary nature of 

any such index test, leaving to consideration only the type of energy inp.at 

to which the sample should be subjected. 

The effect of crushing on carbonate soils is of interest primarily in cases 

where the soil is subjected to compressive loeding, cyclic and sheer 

stresses and impact loads created by pile driving. The extent of crushing 

that can be expected under ea.ch of these loading conditions vary 

considerably. It would therefore be more useful to relate the aDD.mt of 

particle crushing to the effect that it has on the engineering property of 

interest. 

It has been established by a m.Bllber of researchers (Poulos et al., 1982; 

Datta et al . , 1982) that one of the 110st significant nmrifestations of 

crushing in terms of strength behaviour is the decrease of the angle of 

internal friction of the material with increasing confining pressure, i.e. a 

curved l'-bhr failure envelope results. Poulos et al. (1982) found that 

• 
variation of fiJ with a for Bass Strait sands awroximated well to a c 

relationship of the type : 

rtJ = a - b log (a ) c 

where 

a = confining pressure in kPa. c 

a,b = constants, depending on the soil type. 

Datta et al . ( 1979, 1982) performed triaxial tests on calcareous soils 

(coarse grained) and found a relationship between his cruShing coefficient, 

<\ , and the relative curvature of the Mohr envelope at different confining 

pressures. The advantage of this method is that curvature effects due to 
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crushing alone ( c. f. curvature due to sample size effects) is .. isolated by 

the independent measurement of the mnrnmt of particle breakage. A more 

detailed accolmt of the procedure followed and results obtained by Datta et 

al. (1979, 1982) are given below. 

• tihterial and testing apparatus 

• 
• • 

The physical characteristics of the sands (4 calcareous, 1 quartz) are shown 

in Table 4. 3 and particle size distributions shown in Fig. 4. 6. · All tests 

were performed at the maximum relative density, using the triaxial testing 

apparatus, and confining pressures ranging from 98 to 6280 kPa. 

Procedure 

(i) The crushing coefficients at different confining pressures \.D'lder 

consolidation only, and 

consolidation followed by shear 

were determined for each sand (Figs. 4. 7 and 4. 8) • From Fig. 4. 7 

it can be seen that crushing during shear was substantially more 

than crushing during consolidation. 

(ii) The stress-strain and volume change behaviour for each sand were 

(iii) 

recorded and Mohr failure envelopes were drawn using the peak 

stresses at failure (Figs. 4.9 and 4.10). 

To isolate the effect of crushing on the maximum principal 

effective stress ratio (a1/a3 )max , St was plotted against k/k1 

(Fig. 4.11) 

I 

k1 = f?Jmax or (a1/a3 )max corresix:mding to ac at which little 

or no crushing occurred (98 kPa in this case) 

k/k1 = normalised principal effective stress ratio. 
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(iv) The relationship Ck vs k/k1 has been plotted on a log-log scale 

(Fig. 4.12), reducing it to a linear form which could be expressed 

mathematically as : 

k/kl = (Ck)-0.6 

( v) Defining Sc as Ck at the maximum confining pressure ( 6280 kPa) , 
I I 

Datta et al. (1982) plotted S against 6 0 , where 6 0 is the 
c 

difference in the secant angle at the lowest and highest confining 

pressure (Table 4 . 4 ) • This relationship for the five sands is 

shown in Fig. 4 .13, which illustrates the tendency of the Mohr 

envelope to curve with increasing susceptibility to crushing. 

4.4 PARTICLE SIZE DISTRIBUTION 

4.4.1 Engineering Significance of Particle Size Distribution 

Particle size distribution of carbonate soils can be used for two purposes 

Index test : As for conventional soils, the engineering properties 

and behaviour of carbonate soils will to a large extent be influenced 

by the distribution of particle sizes present (e.g. void ratio, 

crushability, shear strength and compressibility). 

The amount of crushing under stress can 

be estimated from the change in particle size distribution before and 

after application of the stress. Correlation between crushing and 

engineering behaviour requires the accurate determination of the amount 

of particle breakage which occurred under the loading condition of 

interest. 
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Table 4.3 Physical properties of the sands tested by Datta et a.l. 

carbonate 
Sard content Particle characteristics Particle size 

per cent 

A 92.2 Plate-like shell fI'1181D8Dts, e.naular t.o subrounded particles 
with larile intraparticle voids Coarse 

-
< 

B 93.7 Plate-like shell fraoieots, subarWUlar to •ubrounded particles 
with lllllllll intraparticle voids Coarse to mediun 

c 91.3 Salle aa Sand B Medi1.m to coarse 

D 95.0 Subrounded. coralline debris particles with -ll intra-
particle voida Medil.8 to fine 

B - ~. rounded particles Medim to ooarse 

F 90.1 Rounded and oval nonakeletal particles Medhn to fine 
-

* coefficient of unifcl111i.ty 

-
0'3c 

Table 4.4 : Decrease in secant angle of shearing resistance, 
•s I With increase in confining Stress (Datta et aJ, (1979)) 

• (deg) s 

# 
(kg/cm2) Sand A Sand B Sand D Sand F Sand E 

1 51.0 49.8 50.6 43.0 40.5 

4 42.6 44.5 47.3 - 39.5 

8 38.5 42.0 45.0 39.0 -
16 33.0 38.7 40.4 - 38.7 

64 30.3 31.6 33.9 34.9 33.5 

a. s * 20.7 18.2 16.7 8.1 7.0 

* a.s = (fs at a3c = 1 kg/cm 2
) - (fs at a3c = 64 kg/cm 2

) 

# 1 kg/cm2 = 98 kPa 

c * u 

1.50 

2.11 

2.12 

1.53 

1.33 

1.90 
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Figure 4.6 : Grain size distribution curves of the sands lesled 

(after Dalla et al, 1979) 
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Because carbonate particles are soft and often have complex and fragile 

shapes, they are more sensitive to errors and difficulties of interpretation 

arising from the use of sieves and pipette/hydrometer techniques for 

detennination of size distributions. The nature and sources of potential 

errors and variability for these techniques as applied to carbonate soils 

are discussed in the following section. 

4.4.2 Sieve AnalY§is 

Standard methods of sieve analysis as described in AS'IM, BSS, TMH, etc., are 

normally used for carbonate soils. For these soils, the potential for error 

and variability is due to material properties, the principle of sieving and 

the procedure. 

(i) Principle of sieving 

Sieves sort grains not only according to size but also according to shape 

(e.g. Komar and Cui, 1984), as can be deduced from the response of spherical 

and elongated grains 

the largest sphere that can pass through a sieve has a diameter equal 

to the mesh, whereas a lathe of any length, theoretically, can pass 

through the sieve provided that its two smaller dimensions are less 

than the maximtmt dimension of the mesh; 

if size ·is defined in tenns of some average diameter, sieves do not 

make a sharp distinction, because for non-spherical shapes the ma.xinn.un 

length has no direct bearing on passage through the sieve. 

Ludwick and Henderson ( 1968) studied the effect of shape variation on 

results obtained by sieving. They concluded that if the screen opening is 
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equated with particle size, the intermediate diameter of particles in each 

sieved fraction is frequently underestimated by 10 to 20%. Few natural 

soils are composed of perfectly spherical particles, so that the grading of 

most soils is therefore affected by particle shape. Carbonate soils however 

are often composed of particles with a wide range of unusual shapes not 

found in conventional soils. Different shape particles will be affected. by 

sieving to a different extent, so that a size analysis can result in sorting 

according to mean diameter and "average particle size" in an unknown ratio. 

The effect that particle shape could have on sieving results has been fomd 

to be so severe that some researchers have suggested that special sieving 

techniques can be used to deduce the shape distrihltion of particles 

(Section 4.5). This aspect could have important implications, both for the 

assessment of crushing potential from the grading curve and the measurement 

of the amount of crushing, since: 

flat, elongated particles (these COlllllOl'lly occur in carbonate soils in 

the form of shell fragments) could be more prone to crushing than 

implied by the sieve size on which they are retained; 

measurement of the amount of breakage of such particles will be 

affected by the relative sizes of the resulting fragments (i.e. 

fragments of particles with "lengths" greater than the "diameters" of 

the uncrushed particles will be retained on the same sieves as the 

uncrushed particles). 

Quantification of the ammmt of crushing from the results of a sieve 

analysis (Section 4. 3. 3) could therefore be affected by the particle size 

and shape distribution before and ~fter stressing. 
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Lowrison ( 197 4) suggested that the amotm.t of crushing can be estimated. by 

evaluating the increase in surface area. of the particles after crushing. 

'!he most widely used technique is the BET method which involves adsorption 

of an inert gas such as nitrogen on the carbonate surface. 'Ihe dis-

advantage of this method is that it is a complicated., expensive and 

difficult procedure compared to sieving, and therefore not suitable for use 

on a routine basis. It could nevertheless be used to study the importance 

of the effects outlined earlier on crushing estimation of carbonate soils. 

( ii) Experimental procedure 

(a) Reproducibility and errors 

'!he factors affecting reprod.\x}ibility are the make and precision of 

calibration of the screens used for the sieves, the size of the sample, the 

type of mechanism used to shake the sieves, and the length of time of 

shaking (Blatt et al., 1980). 

Walker (1941) investigated the reprod.\x}ibility of sieving sand. Repeated 

analysis of the same sample in the same and in different laboratories gave 

significant variations in results. Folk (1955) and Rogers (1965) showed 

that sieving is capable of yielding results of high precision, provided that 

standard techniques and equipnent are used. ('Ibey used U.S. Standard or 

Tyler sieves, a sample size of about 30g and shaking time of 10 to 15 

minutes on the Ro-Tap shaker). 

Carbonate soils are more sensitive to variations in testing techniques than 

conventional soils (e.g. Netterberg, 1982), so that for standardisation of 

crushing measurements, the following aspects should be considered 
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Stardard . :t • 
---------~~ - . standard sieves with different size openings 

(e.g. U.S. and British) could result in different n\.IDE!rical values of 

crushing coefficients for the same sample. 

the size of sample, shaking ti.JE and method of 

shaking. 

(b) Shakipg ti.me and method 

Standard recamnended shald.ng ti.me, normally between 10 and 20 minutes, is 

arrived at as a compromise aimed at avoiding wear of sieve mesh and 

pu-ticles, which tends to take place beyond 20 minutes, and caopleteness of 

separation, which follows a law of diminishing returns (Griffith, 1967). 

For carbonate particles, being re la ti vely soft and more J>ra1e to abrasion 

due to their fragile shapes, wear of particles could be significant at 

lesser shaking times than those for quartz based sards. <Al the other band, 

completeness of separation for complex shaped particles will probably 

require increased shaking ti.mes. Hand shaking versus autal&tic (Ro-Tap) 

could be an additional source of variation. 

4.4.3. Particle Size t\nabsis for Cemented. Material 

Where cementation is present, grain size distribution is believed to be an 

unreliable indicator of the soil caoposition (Agarwal et al., 1977). 'ftte 

problem in the case of calcareous soils arises from the difficulty of 

removing the cementing agent without damaging the actual particles. In the 

case of quartz based sands, the cementing agent can be removed by 

dissolution with hydrochloric acid. 'fttis technique is not sUi. table for 

calcareous soils since the soil particles themselves are susceptible to 

dissolution in acid. 
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A method used by Ertec Western Inc. (1983) consists of carefully rubbing off 

the cementing agent by hand, taking extreme care to prevent crushing of the 

individual grains. After separation of the grains, specimens were soaked in 

distilled water for 24 hours to remove cement fines on the surfaces. The 

method is time consuming and unsatisfactory in respect of grain crushing. 

However, it does provide qualitative indication of crushing. 

4.4.4 Particle Size AnalY8iB for Silts 

'lbe standard methods of particle size analysis for silts (pipette~ter 

methods) uses the settling velocities of the particles (as determined for 

example by Stoke's law) to d.echEe the "size" of the particles. 'lbe "size" 

of the particle is taken as the diameter of a solid spiere having the same 

settling rate as the irregular sediment grain. Many carbonate particles in 

the silt to clay size range (e.g. foraminefera tests) are hollow and porous 

in addition to being non-spherical. 'lbese particles often float in the 

settling tube (Valent, 1974). 

'nle fall velocities of the particles in the tube decrease with increasing 

irregularity in shape, for which Valent ( 197 4) suggested that a correction 

procedure might be developed. Such a procedure would however be coq>licated 

if the soil particles contain a wide variety of shapes. In addition, 

further errors may be introduced if the specific gravities of different size 

particles vary appreciably (e.g. aragoni te vs kaolinite) • Kanar and Cui 

(1984) found that the presence of heavy minerals can have a significant 

effect on the size distribution obtained with settling tube techniques. 

An alternative method which might be used is the Coulter CO\.Ulter. This 

relies on the principle of electronically co\lllting particles which flow 
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through an aperture. 'lhe frequency distribution of the particles are 

determined in several size classes, with the size registered being 

proportional to the volume of the particles, rather than the shape and 

specific gravity, as for pipette techniques. '!his feature lllBkes the method 

ideal for plrticle size and crushing analysis of carbonate silts. 

In general, higher stresses are required to cause crushing as the particle 

size decreases. However, for silt sized hollow and porous particles, 

crushing may have a significant effect even at relatively low stresses. 

Measurement of the degree of crushing for these materials has been 

difficult. Microscopic techniques can be used for a qualitative assessment, 

but particles are liable to be crushed during sampling preparation. It 

appears that the Coulter cotmter, with sizing effects dependent on grain 

vohune, may off er an improved · technique for the stt.dy of crushing in the 

silt size range. 

4.5 A'ITERBEOO LIMITS 

4.5.1 Engineering Significance of Atterberg Lilli.ts 

'lhe engineering classification sye.tems which have been proposed (Section 

3.2) do not include the determination of Atterberg Limits. It is therefore 

of some interest to examine the significance of these indices for the 

classification/description of carbonate soils. For example, Atterberg 

Limits could possibly be used to provide an indication of the carbonate 

contents beyond which it ceases to have a beneficial effect (e.g. 

compressibility, shear strength) on calcareous clays, an aspect about which 

considerable uncertainty remains. 
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Calcrete, a carbonate material formed by chemical precipitation of eaco. , 

is widely used as a road construction material in Southern Africa, and 

considerable data on its Atterberg Limits are available. A plot of such 

data on the LL-PI chart, as determined by Netterberg (1982) is shown in Fig. 

4. 14. 'Ihe calcretes tend to fall on either side of the "A-line" and they 

generally have higher liquid limits compared to their plasticity indices 

than other soils of South Africa; i.e. there is a greater tendency to lie 

closer or below the A-line. Unfortunately, the CaCO• contents of materials 

shown in Fig. 4.14 were not given, so that it is not possible to examine the 

correlation between ea.co. content and position with respect to the A-line. 

However, Netterberg states that this behaviour (low PI compared to LL) can 

probably be attributed to particle porosity and the presence of silt size 

particles and diatoms, effects which tend to reduce plasticity. 

Demars et al • ( 1976) determined the Atterberg Limits for calcareous clay& 

(eaco. from 10 to 90%) fran offshore Britain and East Africa. Results 

plotted on the LL-PI charts are shown in Fi.gs. 4. 15 and 4 .16. 

results are scattered on both sides of the A-line, with most specimens with 

ea.co. content > 40% falling below the A-line. Demars et al. therefore used 

40% carbonate content to distinguish between "high" and "low" carbonate 

contents (i.e. granular vs. cohesive behaviour). 

Additional Atterberg Limit data for carbonate soils fraa both the ma.rine 

environment and arid regions, together with eaco. contents, are presented in 

Table 4.5 and plotted in Fig. 4.17. 

'Ihe data presented in Table 4.5 and shown in Fi.gs. 4.14 to 4.17 appear to 

indicate the following : 
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Sediments with eaco. contents in excess of 20% generally plot close to 

or below the A-line, irrespective of their origin (arid or marine). 

'Ille re la ti ve positions on the LL-PI charts do not appear to be 

controlled by eaco. content alone, but rather by a canbi.nation of the 

nature and composition of both the carbonate and non-carbonate 

components. 

A laboratory controlled study of the effect of carbonate content on 

Atterberg Limits and the associated strength and stress-strain behaviour 

could provide valuable additional insight into the use of these indices to 

delineate cohesive and granular behaviour. 

4.5.2 Correlation with Compl"eSSibility 

Several empirical relations have been developed for correlating Atterberg 

indices with the compression index (C ) of soils. For example, Terzaghi and 
c 

Peck ( 1967) proposed the following relationship for conventional 

terrigineous soils : 

c = 0.009 (LL-10) c (1) 

Herrmann et al. ( 1972) found that for the same LL , DBrine clays are more 

compressible, and altered relationship (1) as folloW8 

c = 0.011 (LL-12) c (2) 

'ftlere is evidence to suggest that calcareous ex>zes differ fraa terrestrial 

soils and other marine clays in their compression behaviour.. 1>emars et al. 

(1982) found that oozes containing Pu1;.ioles with intrape.rticle voids (e.g. 
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f orams and nanof 011Sils) could give misleading results. 'lbe mee.s\ll'ed 1-Bter 

contents of such' sediments for the determination of their Atterberg Limits 

" inch.de both the intrape.rticle and interparticle 1-Bter contents, but it is 

only the interpe.rticle water which is normally associated with the strength 

and compression behaviour of the soil. 'Ibey recoomended that compression 

index correlations should be based on the plasticity index instead, which 

nullifies the effect of intrape.rticle voids. 'Ibey proposed the following 

relationship, which provided good correlation for their samples : 

C = 0.024 + 0.014 PI c (3) 

A similar Jiienomena 1'BB noted by Valent et al • ( 1982) for Caribbean 

calcarous oozes. However, they found that for their SS11ples expression ( 3) 

gave even poorer correlations than the conventional correlations based on 

void ratios and liquid limits. 

4.5.3 Determination of Atterberg Lilli.ts 

Atterberg Limits for carbonate soils are determined using the standard 

methods (:BSS, AS'IM, 'IMI) as for conventional soils. 'lbe four-point cone 

penetration method for liquid limits as set out in the new British standard 

(BS 1377 test 2(a)) is also often used. 

Large variability and scatter in results are coomon, especially for the 

detennination of plastic limits of sediments with high carbonate contents 

(e.g. Bemben, 1982). Clayton (1983) found that Atterberg Limits for chalk 

are difficult to determine because the material contains little colloidally 

active fines, and dries out rapidly during a test. 
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4.6 MASS PHYSICAL ~PERTIES 

4.6.1 EnsineerinS Significance 

As for non-carbonate soils, the mass Jiiysical properties (bulk density, void 

ratio, etc.) will have a significant influence on the engineering behaviour 

of the soil : 

Soils with high void ratios will tend to be more canpressible than 

soils with low void ratios. 

The shear strength and deformation DK>duli of a given soil could deperd. 

on its relative density. 

Although there is no definite relationship, soils with high void ratios 

will tend to have higher permeability. This could influence the rate 

of dissipation of pore water pressure. 

Particle crushing has been shown to be influenced by void ratio. 

The developnent of lateral pressure in driven piles is influenced by 

the volume change behaviour of the soil during shear, which in tuni is 

influenced by the void ratio. 

Al though mass physical properties are not included in the classification 

systems which have been proposed, nor in the system of description 

reconmended by Datta et al. (1982), they appear to be relevant, and are 

discussed below. 

4.6.2 Definition and Measurement of Carbonate Porosity 

(i) Definition of carbonate oorosity 

The 'total porosity' of a carbonate soil is defined, as for non-carbonate 

soils, as the ratio of the volune of internal open spaces to the total 
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n = V /V v 

where: 

n = porosity 

4-41 

V = volume of voids (interparticle and intraparticle) 
v 

V = total volume. 

The void ratio for carbonates is similarly expressed as the ratio of the· 

total volume of the voids to the volume of the solids in the sample : 

e = V /V v s 

where: 

e = void ratio 

V = volume of solids. 
s 

Three types of porosity can be identified in carbonates 

consists of openings between crystals or 

discrete particles; pores are interconnected; 

!~!E~~~~E-~E~~!!~ pores are isolated from each other; 

f~!~~-~E~~!!l : consists of large openings through otherwise 

solid masses. Fracture porosity is of interest only in rock types: 

In uncemented silica sands, the total porosity consists of intergranular 

porosity. However, in sediments composed of grains of biological origin, 

such as calcareous oozes, intraparticle voids can fonn a large fraction of 

the total porosity. The iRtratest porosity of some foraminefera has been 

estimated to contribute as much as 35 to 44 percentage points to the total 

porosity (Bachman, 1984). 
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The water contained in the voids created by the hollowness of these tests 

and shells do not participate as p:>re fluid reactions l.Hltil crushing of the 

particles has occurred, upon which significant amotmts of p:>re fluid is 

released. Presence of intratest water can have important implications for 

the detennination and interpretation of some engineering index tests 

(Section 4. 5). 

(ii) Measurement of carbonate porosity 

.Three aspects of relevance to carbonate soils will be considered. 

laboratory measurement of total void ratio 

laboratory measurement of intrape.rticle voids 

in situ detennination of density or void ratio. 

(a) Laboratory measurement of total void ratio 

As for conventional soils, the total void ratio of a sample can be 

calculated from a lmowledge of the specific gravity of the solid 

particles and the mass and bulk di.Jnensions of the SS111ple, using the 

following relationship 

e = V/Vs 

= (V - V )/V 
s s 

= (V - m /G )/(m /G ) (1) 
s s s s 

where: 

v = total sample volume 

v = total solids volune s 

G = particle specific gravity s 

m = dry mass of the sample. s 
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The total sample vohme (V) and DBSS (m ) can be easily measured. in the 
s 

laboratory for all soii types, with a high degree of accuracy, while an 

assumed specific gravity of 2.65 is normally used for quartz sands with 

little resulting error. 

'Ibe specific gravities of pure carbonate minerals are considerably 

higher (2.72 - 3.0) then that of quartz. Average specific gravities of 

natural carbonate soils varying between 2.65 (e.g. Poulos, 1984) and 

2. 85 (e.g. Ertec Western Inc. , 1983) have been recorded.. If an 

accurate determination of void ratio is required, an estillated specific 

gravity for carbonates can give appreciable error. Because the 

mineralogy and composition of carbonate soils can vary considerably 

within short distances, it could therefore be necessary to determine a 

representative specific gravity for each sample from a specific site. 

(b) Measurement of intrape.rticle voids 

A knowledge of the intrapi.rticle void voluoe is useful for 

correlation of sediment behaviour with engineering properties 

(e.g. strength, susceptibility to crushing, consolidation); 

correlation with acoustic properties (studies by Haailton et al. 

( 1982) have indicated that f oramineferal sediments react to the 

passage of sound waves as if they were composed of solid 

particles. Acoustical correlations are required for geoJizysical 

techniques of site investigation). 

Routine laboratory methods of analysis determine only the total 

porosity. Techniques for determining the vol~ of isolated pores in 

rock (e.g. Carver, 1971) are available, but no simple technique for 
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loose sediments appear to be available, so that indirect techniques 

have to be used : 

Demars et al. ( 1982) estimated the intrapartiole porosity from 

simplified geometrical considerations of the particle st~tures, 

which were inferred fran images obtained with a Scanning Electron 

Microscope (Fig. 4.18). 

Bachman ( 1984) developed a technique which allows for the 

quantitative determination of inter-test porosity through indirect 

measurements. However, the reliability of the method a~ to 

be dependent on structural features of the foI'Slll particles, and 

did not give good results with forams having porous shell-walls. 

(c) In situ determination of void ratio and density 

See Section 6 (Site Investigation Techniques). 

4.6.3 Densities and Void Ratios of Carbonate Sedipni:t 

A characteristic of particular engineering si.gnif icance displayed by 

carbonate sediments is the wide range of void ratios and associated bulk 

densities that occur. Typical void ratios and densities for some carbonate 

and non-carbonate sediments in the natural and remoulded states are given in 

Table 4.6(a) and (b). Relatively high void ratios, untypical of non-

carbonate soils, are COlllDOn. In addition, the range of possible void ratios 

( 0. 44 to 4. 8) is much larger than would be anticipated for quartz based 

sands. 'Ihese phenomena can be explained by considering · the role of 

diagenetic processes and inherent material properties in the f ol"lllation of 

pore spaces in carbonate sediments. 
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Table 4.6a: In situ void ratios of calcareous sediments 

Reference Sediment Type Void Radio 

Bryant et al Calcareous 1,7 - 3,8 
(1974) 

Poulos (1980) Calcareous sand 1,05 - 1,35 

Parker (1972) Deep sea carbonate 1,5 - 2,0 
sediment 

'• 

Table 4. 6b: Limiting void ratios of quartz and calcareous sands 

Reference Sediment type Void Ratio 

Loose Dense 

(Ertec Western Inc.) Calcareous sand 2,0 1,4 

(1983) Quartz sand 0,75 0,60 

Mcarol & Beard Calcareous sand 1,44 1,19 

(1984) Quartz sand o,_90 0,73 

Vinopal and Anomia particles 4,79 3,45 

Coogan (1978) (calcareous) 

Airy et al Calcareous sand 1,48 1,12 

(1988) Calcareous sand 1,09 0,79 
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(i) Diagenetic factors affecting porosity 

As sedimentation progresses, the fabric of a sediment is altered through 

compaction, reducing the primary intergranular porosity. Inhibitory factors 

such as early cementation preserve original grain fabric by preventing 

compaction. The extent to which cementation proceeds will depend on factors 

such as the pore water pressure and chemistry. Precipitation of cementing 

material can therefore also act as a primary porosity reducing agent. In 

some cases the cement completely fills the voids. The opposite process of 

dissolution can increase porosity by dissolving cement, carbonate particles, 

or both. 

(ii) Inherent controls affecting porosity 

.The inherent factors controlling the porosity of a sediment are discussed by 

Vinopal and Coogan (1978). These factors reflect the physical and 

biological parameters that define the sedimentary environment, for example : 

the abundance, availability and type of contributing organism 

the growth size distribution of the organisms 

the broken size distribution of the contributing organisms. 

(a) Grain size 

For an assembly of perfect spheres, the void ratio can be computed from the 

geometry of the packing alone, and should theoretically be independent of 

the size of the spheres, provided that equal-sized spheres are used for each 

state of packing. However, data from Ellis and Lee (1919) shows that as the 

grain size decreases, the void ratio increases. This is believed to be a 

result of friction, adhesion and bridging effects which increase in finer 

soils as a consequence of the increasing ratio of grain surface area to 

grain mass, causing looser packing (Vinopal and Coogan, 1978). 
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(b) Grain size distribution 

As the mtj.f ormi ty of grading decreases, the resulting void ratio also 

decreases, as smaller particles have the opportunity of filling voids 

between larger particles. Where the percentage of small sizes is large, the 

void ratio can be increased as larger grains are farced apart by S11B.ller 

grains. The relative importance of the two~ effects is a function of the 

grain size ratio and percentage of each size component. Experiments by 

Fraser ( 1935) indicated that void ratio decrease is to an extent a function 

of the size sorting of sands, although he showed that it was not possible to 

predict void ratios merely from a lmowledge of the various particle size 

components. 

(c) Packing and orientation 

Different void ratios can result, for identical particles, fraa differences 

in the spacing between individual particles. Dimensional orientation of 

platey and elongated grains, resulting from preferred orientation of their 

long axes, can have an extreme influence on the resulting interperticle void 

spaces. This dependence of void ratio on particle orientation gives rise to 

the concept of relative density (see Section 4.6.5). 

(d) Particle shape 

Compared to quartz based sands, carbonate particles are extremely diverse in 

their sphericity and rotmdness. In addition, many carbonate particles have 

porous st~tures and contain internal cavities. Most experimental work on 

the packing of materials and their void ratios has utilized compact 

spherical particles, while little infonnation exists on the pecking and void 

ratios of the irregular shaped particles f otmd in natural carbonate soils. 

Such inf onnation that does exist however indicates that grain shape is the 

major inherent factor controlling the porosity of carbonate sands and 

gravels. 
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Vinopal and Coogan (1978) investigated. the effect of particle shape on the 

packing of uncemented carbonate sands and gravels. 'Ibis extensive stt.dy 

involved the measurement of grain vol\.IDe (canplement of porosity) for 250 

single, dual and multi-canponent packs of varied shaped, particulate, 

natural and artificial sands and gravels. 

Each of the random packs was assembled. in two reproducible states of random 

packing, relative dense and loose. Particle shapes were divided into two 

classes on the following basis : 

grains which have morJiiologies that can be 

meaningfully described. by means of the ratios of the long, intennediate 

and short axes, and 

particles with shapes that cannot be meaningfully 

described using the parameters of length, width and height. 

'lbe results obtained confirm the overriding importance of particle shape on 

the porosity of carbonate sediments. Some of the more important results and 

conclusions are stmnarised below. 

Measured void ratios by Vinopal and Coogan ( 1978) varied between the 

following limits : 

Shape 

Anania 

&ml rods 

Loose 

4.79 

0.53 

Dense 

3.45 

0.44 

Shape class 

Radical 

Simple 

All particles within the void ratio range of 0.89 to 0.54 had simple 

shapes, while all particles with void ratios in the range of 4. 8 · to 

1.56 had radical shapes. 
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Simple shape pecks showed little correlation between void ratios and 

relative percent difference between dense and loose packing. For 

simple shapes, the relative decirea.se in porosity from dense to loose 

pecking was only 7 percent, while for some radical shapes this 

difference increased by up to 30 percent. 

The void ratios that can be expected for simple and radical shape particles 

under different degrees of compaction are shown in Figs. 4.19(a) and (b). 

4.6.4 AnalYSis of Particle Share 

The important influence of particle shape on the engineering properties of 

carbonate soils, both directly (e.g. crushing susceptibility) and indirectly 
" 

(e.g. effect on mass physical properties) warrants its inclusion in an 

engineering description/classification system. The feasibility of such an 

index will however depend on the ease with which it can be measured. 

Three principal grain-fonn parameters are in cOIIlllon usage (Pryor, 1971) 

defined in tenns of the described spatial geometric fonn of 

grains 

roundness describes the relative sharpness of grain corners and 

edges 

a measurement based on the movement of the grains. 

Analysis of grain shape is accomplished by four principal methods 

(a) Visual description : The operator verbally describes grain morphology 

from visual observation of the grai.Il or grain facsimile. This method 
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may give a qualitative indication of the crushing susceptibility, and 

is probably the most useful method for radical shaped paricles in the 

fine sand-to-silt size range. No indication is however given of the 

particle shape distribution, since particle shapes as deduced from 

microscopic images may not be representative. 

(b) Visual comparison The operator views the actual grain or grain 

facsimile and compares it to a standard reference. Charts for visual 

estimation of roundness and sphericity are shown in Figs. 4.20(a) and 

(b). These charts are only suitable for the description of "simple 

shape" particles. 

(c) Direct measurement : The operator makes direct measurements of the 

actual grain or grain facsimile. The method is time constmling and 

expensive and is not suitable for engineering classification­

description purposes. 

(d) Response measurement The operator observes and measures the 

response of the actual grain to a set of standard physical conditions .. 

Methods which are suitable for "simple shape" particles, and which make 

use of the principle that sieves sort particles both by size and by 

shape, have been proposed. 

Menke (1984) fmmd that sieve analysis can be used to determine the size and 

shape distribution of a sediment sample by combining measurements with a 

suite of sieves with openings of different sizes and shapes. It . is a 

tomographic process which relies on the fact that different sieves 

discriminate grains with different but overlapping size and shape. 

Optimally, this measurement requires four specially chosen elliptical sieves 
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Figure 4.20 a : Roundness chart of Russel and Taylor, 1939 

(after Pryor, 1971) 

0.9 0 0 0 (J 0 
. 0.7 0 0 0 cJ 0 

0.5 <> 0 c:) 0 0 

0.3 ~ ~ c:;::; c:J c::::=J 

0.1 0.3 0.5 0. 7 0.9 
Roundness 

Figure 4.20 b : Chart for visual estimation of roundness and sphericity 

by Kn.lllbein and Sloss, 1955 (after Pryor, 1971) 
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for each range, so that considerable work is required to determine the size 

and shape distribution of the sample. Whether such a process can be made 

practical has yet to be detoonstrated. Menke believes that al though it 

requires more effort than standard sieving, the process can be made faster 

and more routine than other methods of measuring size and shape, for example 

microscopic analysis. 

Cascadography is a method of shape analysis which makes use of the principle 

that the probability of different shape. particles being retained on a 

standard square mesh sieve varies with the shaking time and amplitude. Such 

a process is described by Meloy and Durney (1984). The process involves a 

two part sieving procedure. The first stage uses the normal sieve stack (15 

minutes ) • Sub-samples from the first stage is then resieved through a set 

of sieves with identical diameters. At various time intervals the pan 

fraction is removed and the shape distribution is then deduced from this 

information, using a Fourier shape analysis equation. 

The above methods can be used only with particle sizes for which sieving 

procedures are applicable, while carbonate particles of complex shapes are 

often in the fine sand to silt size range. Since this type of particle has 

the most pronounced effect on the mass physical properties of the sediment 

(Section 4.6.3), and hence indirectly on the engineering behaviour, a 

knowledge of the extent and distribution of these particles would be most 

useful, A visual examination using microscopic techniques together with 

particle size analysis are nonnally used for the engineering identification 

and description of these particles. 

Even if there were no errors involved in particle size analysis of carbonate 

fines (Section 4. 4. 4) , and the average particle sizes could be precisely 
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determined, such information would give little indication of the particle 

shapes. From Fig. 4.21 and Table 4. 7 it can be seen that carbonate 

particles with the same average diameter (e.g. 81 µm) can have specific 

surface areas which differ by factors of up to 14. This is a reflection of 

the widely varying shapes . 

. The investigation of Vinopal and Coogan ( 1978) into the effect of particle 

shape on void ratio suggests an additional qualitative measure of the 

particle shapes present in carbonate sediments. This is possible as a 

result of the following findings by Vinopal and Coogan : 

that the resulting void ratios of sediments composed of "simple" and 

"radical" shapes fall in different ranges and that the void ratio at 

any given state of compactness is largely influenced by the particle 

shapes; 

that the possible range of void ratios between limiting states of 

compactness progressively increases as the complexity of particle · 

shapes increases. 

The advantage of this index is that it incorporates effects such as particle 

size and shape distribution into a single parameter which can be more easily 

linked to the engineering behaviour of the sediment. Thus, a knowledge of 

the limiting void ratios of the sediment together with a visual assessment 

of the particle shapes in the predominant size fractions should give a 

better qualitative assessment of the sediments' compressibility, 

susceptibility to crushing and voltune change behaviour during shear. 
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Table 4.7 BET specific surface area as a ftmetion of grain size 
(after Walter aid Morse, 1984 ) 

Observed. Observed./ 
Specific Gecaetrically 

Median Grain Surf ace Predicted. 
Diameter Area Surface 

Grain Type (Microns) (m2g-1) Area 

Rhombic calcites 5 0.45 1.1 

Bchinoid 

Coral 

Halimeda 

,... 
'0> 

N 
E 
IQ 
Cl) ... 
IQ 

Cl) 
0 
IQ -... 
:J 

Cl) 

Figure 4.21 

81 0.03 

81 0.14 
275 0.09 
513 0.08 

51 0.23 
81 0.22 

275 0.17 
513 0.12 

81 2.04 
215 2.10 
513 2.11 

3.0--------------------, 

1.0 

.10 

.OS 

.01 

.005 

5 

- - ·- - - -·- - -A--
Halimeda 

' - --It- - coral 
' ·---' .... ...........__ ' .......... ~ ...... ' ........ ..... 

, rhombic ............... --A. ', 
,calcite - -~ _ 

Geometric - ~ echinoid 

model \..' 

\.. 

10 50 

• ' >. 

100 

grain diameter (microns) 

500 1000 

1.2 

5.7 
12.4 
20.5 

5.9 
8.9 

23.4 
30.8 

82.6 
225.8 
541.2 

Variation of total- surface area with grain diameter for 

different types of carbonate pe.rlicles 

(after Walter and Morse, 1984) 
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4.6.5 Relative Density 

(i) Definition of relative density 

Relative density is used to express the relationship between a sample's void 

ratio and the limiting values of "densest" and "loosest" compaction states. 

ntus, it can be expressed as : 

e - e max 
emax - e . min 

• 100% 

Tdmax 
= • • 

1 - n max 

Tdmax - T . min 

n . - n min 

100% 

1 - n • • 100% 
n . - n min max 

where Dr can vary between 0 and 100 percent. 

(void ratio) 

(dry specific weight) 

(porosity) 

(ii) Engineering application of relative density 

Some of the more important engineering applications of the relative density 

concept include use : 

as a reference parameter in laboratory testing and research 
) 

as a basis for detennining the in situ soil strength and settlement 

properties from field measurement 

as a descriptor or index property that appears to correlate 

susceptibility of soils to liquifaction under seismic loading (Ma.rcuson 

and Franklin, 1980). 
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Notwithstanding its wide use, the relevance of relative density as an index 

property for conventional soils has been questioned by lll8llY researchers 

(e.g. Clayton et al. (1985); Tavenas and La Rochelle, (1972)). These 

authors have pointed out that the relative density concept should be used 

with extreme care. 

levels: 

Criticism of the concept has been directed at two 

the relevance of the parameter as an index of engineering behaviour 

difficulties associated with the measurement and definition of the 

tenns contained in the relative density equation. 

There appears to be no published literature on the applicability and 

relevance of relative density to carbqnate soils, although this parameter is 

widely used in laboratory investigations on carbonate materials. In the 

following section, criticism of relative density as applied to conventional 

soils is examined and the likely sensitivity of carbonate soils to these 

factors is evaluated in the light of its lmique properties. 

(iii) Applicability of R.D. parameter to represent engineering behaviour 

For a particular soil, it is generally found that a good correlation exists 

between the relative density and the shear strength as measured by the angle 

of internal friction. However, different soils having an identical state of 

compactness (i.e. different compositions but with numerically equal values 

of relative densities and void ratios) need not have the same engineering 

properties since the mechanical properties of the assemblage vary with the 

nature, fonn and statistical distribution of the dimensions of the grains of 

the soil. It has nevertheless been found that for non-carbonate soils, 

relative density offers a superior correlation with the strength of sand, 

compared to void ratio, presumably since it compensates for effects of 
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particle grading and eh.ape which influence the values of 

(Bolton, 1986). 

e 
max 

and e .. nun 

For carbonate soils, the range of void ratios obtainable is much larger, 

distribution of particle sizes influence a wider range of mechanical 

properties (e.g. susceptibility to crushing) and the densest state of 

compaction obtainable is often less than the loosest state obtainable for 

most quartz ·sands. This could make the parameter \.UlSUi table as a be.sis of 

comparison between dissimilar carbonate soils or quartz sands. 

An example of how the relative density concept could lead to misinter-

pretation can be found in the results of model pile tests presented by 

Poulos and Chan ( 1984) . They conclude th.at for equal relative densi ti'es, 

the piles in the calcareous sand had only 2/3 of the cape.city of the piles 

in quartz sand. Such a comparison masks the fact th.at at equal relative 

densities the void ratios of the two types sands could have been sub-

stantially different, with the calcareous sand having the higher void ratio 

(lower limiting densities) • Since pile capacity has been shown to be 

strongly influenced by the compressibility of the soil (e.g. Murff, 1987) 

and the compressibility in turn being highly dependent on the void ratio, 

void ratio or compressibility would probably provide a clearer basis of 

comparison. 

(iv) Measurement and determination of RD parameters 

Both for the laboratory and in situ measurement of the terms contained in 

the RD definition there are practical difficulties. These will be discussed 

in relation to : 

the definition of limiting states and the methods used for their 

determination 
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for the in situ RD, the measurement of the in situ void ratio or 

density (Section 6.2). 

Method of detennining limiting states 

The limiting void ratios for the RD definition are defined as the void 

ratios corresponding to the "minimum" and "maxi.mum" compactness obtainable 

experimentally. More than thirty experimental techniques have been 

proposed, which tend to share the following basis. Tests for determining 

the maximlUil density usually involve some form of vibration. Tests used to 

determine mini.mum density usually involve pouring oven dried soil into a 

container. 

For an assemblage of tmiform spheres the limiting densities can be 

calculated exactly. However, in the case of natural soils, it is impossible 

to ensure that the limiting densities obtained by experiment correspond 

effectively to the maximtun and miniIDlllil state of compactness for the material 

considered. Values of mini.mum and maximum density depend on the procedures 

used to determine them and are subject to large variability (Appendix ~.2.) 

A survey of carbonate soil literature appears to indicates that no standard 

technique is generally used. This is clearly not a satisfactory state of 

affairs as far as correlation of material properties is concerned. 

Carbonate soils are probably among those materials which are most sensitive 

to changes in the test method employed (Netterberg, 1982), so that 

variability in limiting values due to different techniques can be expected 

to be significantly larger for these soils. The adoption of a standardized 

technique for carbonate materials will help to eliminate this source of 

large potential variability. It appears that use of a set technique may not 
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be practicable for all tYJ>es of carbonate testing, Thus vibration in a 5t 

drum would be inappropriate for preparing samples for triaxial testing. 

In selecting an appropriate technique for carbonate soils, two Wlique 

carbonate material properties (which will have an effect on the results 

obtained) must be considered. These are 

susceptibility of particles to crush 

intrapa.rticle void ratio. 

The susceptibility of particles to crush will affect the maximum density 

obtainable for a given technique, Methods of compaction involving the 

application of impact forces (e.g. Mod AASIITO) should be avoided. Vibration 

techniques will probably result in the least ammmt of ·crushing, 

Crushability should not affect the detennination of minimum densities. 

As previously indicated, the presence of intrapa.rticle voids increases the 

susceptibility of particles to crush and creates difficulty with the 

definition of "minimum obtainable'' density. When this type of particle is 

in the 'silt-to-fine-sand' size range, artificially low densities, with 

little engineering significance, may be obtained. A similar trend has been 

noted for non-car"bonate silts and fine sands (Lambe and Whitman, 1979). In 

this regard, the suitability of the "cyiinder inversion method" which is 

used widely for detennining the minimum density for this size range may be 

inappropriate . 

. The effect that intragranular porosity could have on the detennination of 

limiting states can be practically illustrated with the case of limestone. 

Limestone, possessing both intra.granular and intergranular porosity is 

widely used as compacted fill for embankments in subtropical regions. It 
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has been observed in many cases that when such fill is used, specified. 

compaction standards are hard to meet. This situation has also been evident 

for calcretes in Southern Africa (Buis, 1987). 

Saxena and Hendrikson ( 1978) investigated the effect of intra.granular 

porosity on the ma.xinn..un dry density of such compe.cted limestone fill. BOth 

the intragranular porosity and specific gravity of the solids of the 

limestones were found to considerably influence the obtainable maximum dry 

densities (Fig. 4. 22) • To obtain high dry densities, they concluded that 

the aggregate must be broken into smaller fragments to "nullify the effect 

of the intragranular porosity". 

(v) Relative density and standard penetration testing 

The results of dynamic penetration tests are often used to determine the in 

situ characteristics of sand deposits, in particular the relative density. 

The results are usually interpreted by means of empirical relationships 

between the properties of the soil and the penetration resistance. 

Correlations between the relative density of soil and the standard 

penetration index N for conventional soils have been proposed by numerous 

authors, including Terzaghi and Peck (1948), Gibbs and Holtz (1957) and 

Schultze and Melzer .( 1965) • Criticism of these correlations have been 

raised by Tavenas and La Rochelle (1972) : 

In none of these suggested. correlations has the method of reproduction 

of the limiting states of compactness been stated. The absolute error 

on the RD using different techniques have been shown to be in the range 

of ± 10 to ± 34%, which is large enough to make the computed relative 

density useless. 
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Figure 4. 22 : Maxinn.un dry densities versus specific gravities for various 
·porosities <after Saxena and Hendrikson, 1978). 

1 pcf = 0.04788 kN/m
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All the correlations have been based on tests done on a limited number 

of materials. The assl.lllption that sands with different grain shapes, 

mineralogies and size distributions have an identical influence on both 

the relative density and the standard penetration index is tmjustified. 

Some of the soil conditions which influence the dynamic penetration 

resistance have been investigated by Clayton et al. ( 1985). These are 

listed in Table 4. 8. For three of these properties, namely void ratio, 

particle angularity and cementation, carbonate soils can show a particularly 

large deviation from conventional soils. In addition, crushability, which 

is not listed in Table 4.8 , could be expected to have a large influence on 

the standard penetration index of crushable carbonate soils. 

The applicability of correlations derived from tests on conventional soils 

to carbonate soils could therefore be affected by the following factors : 

The definition and the errors involved in the determination of relative 

densities for carbonate soils (Section 4.6.5). 

The effect which carbonate soil properties could have on the value of 

the standard penetration index N • 
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Table 4.8 : Influence of soil conditions on dynamic 
penetration resistance (after Clayton et al. (1985)) 

Factor Influence 

Void ratio Decreasing void ratio increases 
penetratiOll resistance 

Average pe.rticle size Increasing particle size gives 
increased penetration resistance; 
fine-grained soils at low 
effective stress levels me.y 
liquefy 

Coefficient of uniformity Uniform soils exhibit lO'Wer pene­
tration resistance 

Porewater pressure 

Particle angularity 

Cementation 

Current stress levels 

Dense fine soils dilate to increase 
penetration resistance; very loose 
fine soils may liquefy 

Increased angularity gives in­
creased penetration resistance 

Cementing increases penetration 
resistance 

Increased vertical stress gives 
increased penetration resistance : 
increased horizontal stresses in­
crease penetration resistance 
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5. SHEAR STRENGI'H BEHAVIOOR 

5.1 SHEAR STRENGTH OF NON-<X>HF.SIVE CARBONAT&S 

In this section, the factors affecting the shear strength of cohesionless, 

uncemented carbonate soils are examined. For such soils, the strength under 

a given set of conditions can be expressed in tenns of the angle of internal 

friction with respect to effective stress : 

I 

ta = arctan ( -c/a ) 
n 

where: 

ta = effective angle of internal friction 

-c = shear stress on failure plane 

a = normal effective stress on failure plane. 
n 

The following shear strength characteristics of carbonate soils, determined. 

in the triaxial and direct shear apparatus, are well established : 

In general, friction angles are relatively high, typically above 35° 

and often exceeding 50° (e.g. Datta et al., 1979, Murff, 1987). 

The friction angle is dependent on the confining pressure (triaxial) or 

normal stress (direct shear) and decreases with increasing confining 

pressure (Section 4.3). 

For a given soil, the peak angle of internal friction is dependent on 

the re la ti ve density, especially at low confining pressures (e.g. 

Poulos et al. 1984). 

Relative to quartz sands , carbonate sands tend to dilate only at low 

confining pressures, while at higher pressures they tend to reduce in 
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vollUlle, presumably due to consolidation and crushing. A similar trend 

has been found for quartz sands (Vesic and Clough, 1968), but only at 

much higher confining pressures. 

The high friction angles of carbonate sands are not the result of a 

dilatant behaviour (I-kJClelland and Beard, 1984), and the soil is softer 

and more compressible after grain crushing and voltmletric change 

induced by confining or shearing stresses. 

The shear behaviour of carbonate soils can be better understood by 

considering the "energy components" that contribute to the measured angle of 

internal friction. For a cohesionless soil with particle crushing, the 

shear strength may be expressed as follows (Lee and Seed, 1967) : 

• Measured shear strength (m ) = strength due to sliding friction (m ) 
µ 

± dilatancy effects 

+ crushing and rearranging effects. 

The angle of sliding friction, tZ1 , depends on the mineralogy and is 
µ 

normally asstuned to remain constant for a particular soil, irre~pective of 

the confining pressure. Measurement of m and values applicable to µ 

carbonate soils are discussed in Section 5. 2. '!he dilatancy effect may be 

either positive or negative depending on whether the voltune increases or 

decreases during shear, while crushing and rearranging of particles makes a 

positive contribution to the strength due to the external energy required 

for such crushing and rearranging. 

Fig. 5.1 shows a "generalised" schematic illustration of the contribution of 

sl~ding friction, dilatancy and crushing to the measured. Mohr envelope for 
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drained tests on sand. At relatively low normal stresses, crushing will be 

limited and the voltune of the sample will increase, adding strength. At 

higher stresses, significant crushing comnences. Th.e external energy 

required to cause crushing increases the strength, . while the decrease in 

volume associated with crushing reduces the measured strength. According to 

this mcxiel, it would appear that for carbonate soils with high 

compressibilities, curvature of the Mohr envelope would be more pronounced 

and coounence at lower normal (or confining) stresses due to the negative 

contribution of the voltm1.e decrease of the samples to the measured strength. 

5.2 ANGLE OF SLIDING FRICTION, m µ 

Carbonate sands generally have higher angles of internal friction than 

quartz sands (Section 5. 1) , at lower normal stresses. In this section the 
I 

contribution of " to the total strength (" ) and the factors influencing 
µ 

its values are examined. 

Th.e parameter fJ has been defined variously by different workers in soil µ 

mechanics, but is generally taken to be the average coefficient of kinetic 

friction generated when one "typical" soil particle surface is caused to 

slide slowly over another through significant displacement (Proctor and 

Barton, 1974). 
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Various experimental techniques have been developed. to measure tlJ µ 

Sliding one smooth block of the material over another of the same 

material. 

Sliding several fixed particles over a smooth block. 

Sliding a mass of free particles over a smooth block. 

Sliding of one fixed particle over another. 

Measurements of tlJ for carbonate minerals, both di~t and indirect (e.g. µ 

using Rowe's stress dilatancy theory) have shown that the interpa.rticle 

friction angle is dependent on both mineralogy and the physico-chemical 

state of the surf ace of the grains. ( Physico-chemical effects have been 

reported to be relevant in tests on individual grains prepared under 

artificial conditions, e.g. chemical cleaning, high temperature drying, 

etc.) 

Frossard. ( 1979) used Rowe's stress-dilatancy theory to investigate the 

combined effect of mineralogy and particle shape on the interpa.rticle 

friction angle of quartz and calcareous grains. For quartz and calcareous 

particles of similar shape, the measured angle of interpa.rticle friction 

(triaxial test; 50 kPa confining pressure) was consistently higher by about 

9 degrees for the calcareous grains. 

The frictional characteristics of minerals, including calcite, have been 

investigated experimentally by Horn and Deere ( 1961). The influence of 

surf ace moisture, surface roughness, and the rate of sliding on the 

frictional resistance developed. between surf aces of the same mineral were 

considered. Coefficients of friction obtained for three conditions of 

surface moisture for various massive structured minerals are presented in 
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Table 5 .1. The coefficients of friction for calcite were similar to those 

of quartz in the dry condition. In the saturated condition, the 

coefficients of friction for both minerals increased, with a proportionally 

larger increase for calcite. The conclusions that have been drawn from this 

investigation can be sU111DB.rized as follows : 

The kinetic friction developed between mineral surfaces is generally 

equal to or slightly less than the static friction. 

As surface moisture increases, the frictional resistance developed 

between surfaces of massive-structured minerals (e.g. calcite, quartz) 

increases, whereas the reverse is true for layer lattice minerals (e.g.· 

muscovite) • 

The antilubricating action of water on surfaces of massive-structured 

minerals diminishes rapidly as surface roughness increases. Thus, 

apart from the effect of capillary forces, particle surface moisture 

variations have no measurable influence on the drained shearing 

resistance of soils composed of massive-structured minerals. The 

drained shearing resistance of soils composed of layer-lattice minerals 

decreases as the moisture on the surface of the soil ~rticles 
' 

increases. 

5.3 CYl'HER CAUSES OF HIGH FRICTION ON ANGLES OF CARBONATES 

The high angles of internal friction of carbonate soils can be pertly 

attributed to the high mineral friction angle, 0 (Section 5.2). µ 
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For conventional soils the angle of internal shearing resistance is 

increased as the amollllt of "interlock" between particles is increased (e.g. 

Lem.be and Whitman, 1979). Irregularity of particle shape and decreasing 

void ratio are factors which increase the amcnmt of interlocking. The 

experiments of Frossard ( 1979) indicate that the angle of frictional 

resistance of calcareous sand particles is substantially reduced as the 

spherici ty of the particles increases. The highly irregular and complex 

shapes of carbonate particles can therefore be assumed to contribute to the 

high shear strengths, especially at normal stresses where crushing is not 

significant. 

5.4 MEASUREMENT OF SHEAR STRENGm 

A m.unber of testing apparatus, for example triaxial, direct shear and simple 

shear can be used to measure the shearing strength of cohesion.less carbonate 

soils. Devices such as the direct, simple and ring shear tests impose 

stress states on the sample which approximate to that of plane strain, while 

the·conventional triaxial test imposes quasi-triaxial conditions. 

For conventional cohesionless soils, the type of apparatus used can 

substantially influence the measured shear strtength and stress-strain 

volume change behaviour. In order to apply inf onnation obtained from 

testing under triaxial conditions to that obtained under plane strain 

conditions, a knowledge of the relative magnitude of strength parameters as 

measured in each type of test is required.. Such information' would be 

especially useful in the case of carbonate soils, for which the availability 

of undisturbed samples is often l:i,mited. In addition, this information is 

required. if an index test based on the shear strength of the sample is to be 

developed (e.g. Section 4.3.4). 
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Section 5. 4. 1 contains a review of the behaviour of non-carbonate 

cohesionless soil under plane strain and triaxial conditions, followed by a 

comparison of available data of carbonate sands under these conditions. 

5.4.1 Triaxial and Plane Strain Conditions 

Fig. 5.2 illustrates the externally applied principal stresses under 

triaxial conditions. In this situation, the intennediate principal stress 
I 

a
2 

is equal to the minor principal stress a
3 

• In many practical problems 
I I 

a
2 

is greater than a
3 

and may in the limit equal a 1 • A cOlllOOn special case 

is that of plane strain for which there is no change in length along the 

axis of the structure. Practical problems in which this type of situation 

is relevant include : 

most problems of slope stability (Bishop, 1966) 

conditions in the centre of an excavation about to fail in heaving 

(Bishop, 1966) 

most retaining wall problems (Lambe, 1967) 

strip footings and other shallow foundations. 

Several investigators have attempted to evaluate the effect of the plane 

strain type of loading on the angle of friction of conventional granular 

soils, either through experimental measurement (Taylor, 1939), theoretical 

relationships (Rowe, 1969) or both. Lee ( 1970) sumoarised the results 

obtained by various researchers from direct measurements. A comparison of 
I I 

these measurements are presented in Table 5.2, on the basis of "p - "t , 

where 

= 

= 

peak effective angle of internal friction in a plane strain 
test 

peak effective angle of internal friction in triaxial test. 
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Table 5.2 

I 
I 
I 

I 

Soil 

Sand 

Dense sand 
Loose sand 

Sand 

Dense sand 
Loose sand 

Sand, gravel 
and lead shot 

Sand 

Sand 

Compacted clay 

Dense sand 

Loose sand 

Sand 

Ottawa sand 

Sand, gravel 

Ottawa sand 

Ottawa sand 

Ottawa sand 

Compacted clay 

Glass spheres 

Dense sand 
Loose sand 

Saturated NC 
silty clay 

Saturated clay 

Ottawa 
dense 
loose 

Monterey sand 
dense 
loose 

Comparison of results of plane strain and triaxial 

tests on sand by various researchers (after Lee, 1970) 

~p - ~t' deg. I Plane strain apparatus and crnrments 

+ 8 Cube - vary all three stresses as desired 

+ 4 Direct shear; critical void ratio is higher in 
- 1 plane strain 

+ 5 Direct shear 

+ 4 
- 2 

+ 2 to + 7 

+ 8 

+ 2 

+ 2 to + 4 
effective-
stress basis 

+ 4 

+ 0 

+ 4 to + 5 

+ 4 to + 5 

+ 3 to + 4 

+ 6 

+ 5 

-4to-6 

+ 2 to + 4 
effective-
stress basis 

~ > ~t p 

+ 5 
+ 3 

+ 3% 
effective 
stresses 

+ 1 
effective­
stress basis 

+ 3 
+ 1 

+ 3 
+ % 

Direct shear 
I Direct shear 

Direct shear 

Direct shear 

Hollow cylinder; failed by increasing internal 
radial pressure 

2 x 4 x 16 in plain strain apparatus; effective­
stress basis; plane strain gives lower strain at 
failure and higher modulus; plane strain gives 
higher pore pressure at failure 

Plane strain apparatus 

Drained tests 

Active earth pressure on model retaining wall 

Bearing capacity of model strip footings 

VacUl.DU compression on long rectangular specimens; 
modulus greater and strain to failure less in 
plane strain 

Hollow cylinders failed by increasing outside 
radial pressure 

Hollow cylinders failed by increasing outside 
or axial stress while measuring the other two 
stresses 

Torsion tests on very thin annular rings of soil 
at various rates of strain 

Rectangular plane strain apparatus; effective­
stress basis modulus greater and strain failure 
less in plane strain 

Rectangular plane strain apparatus 

Bishop plane strain apparatus 
Plane strain gives lower strain to failure and 
less dilatant volume change at failure 

Plane strain apparatus; 
Sup' greater for plane strain 

Bishop plane strain apparatus, ACU tests; pore 
pressure at failure approximately the same 

VacUl.DU plane strain and vacuun triaxial 

Dense find sand 
low pressure + 2 Direct shear 
elevated pres. + 0 
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The results indicate that the angle of friction in plane strain is generally 

greater by 0 to 8° for sands in the dense state. The difference is greatest 

at low confining pressures. For loose sands, plane strain tests generally 

give slightly lower angles of friction. 

Cornforth ( 1964) proposed an explanation for this behaviour based on the 

restricted movement of individual sand grains due to asyunetry of external 

stresses. He concluded that for the same density, the plane strain 

condition will mobilize the maximum shearing resistance in the sand, and 

synmetric strain conditions will mobilize the minimum. The strain condition 

during shear is therefore a major factor contributing to the strength of the 

sand. 

The test perf onned by Cornforth was conducted in a specially designed plane 

strain apparatus (Fig. 5. 3) which allowed. the accurate measurement of 

parameters such as volume change behaviour and the intermediate principal 

stress. The comparison of plane strain and triaxial failure characteristics 

is shown in Figs. 5.4(a) to (c). The following trends were observed. : 

The angle of friction was always higher for plane strain, the 

difference decreasing as the sand became less dense (Fig. 5.4(a)). 

The triaxial specimens had a greater positive volume change at failure, 

but the voltune change at failure for the two types of test tended to 

converge at looser densities (Fig. 5.4(b)). 

The axial strains at failure in the triaxial test were almost three 

times greater th.an those of plane strain specimens at the same density 

( Fig • 5 • 4 ( c ) ) • 
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The ultimate strengths measured in plane strain compression tests were 

constant, irrespective of placement density, and had approximately _the 

same values as those measured in triaxial compression tests. 

Little published data on angles of internal friction for carbonate sands in 

plane strain and triaxial tests is available : 

Poulos (1982) : values of llJ (direct shear) for loose crushable sand 

were significantly lower than the values obtained in triaxial tests. 

For dense sands, similar values were obtained in both tests. 
I 

Datta et al. (1980) : values of m determined from direct shear and 

triaxial tests corresponded. well for a number of dense, crushable sands 

tested tmder various pressures (1 - 8 kg/cm2 ). 

From this limited data, it would appear that for carbonate sands, the 
I I 

correspondence between mt and ep is closest in the dense state of packing, 
I I 

( i • e. opposite to conventional sands ) , with llJ p - mt decreasing as the 

packing becomes looser. This aspect requires further investigation. 

5. 5 INTERFACE PROPERTIES OF CAROONATE SANDS 

The low load bearing cape.cities of piles in carbonate sands are not readily 

apparent from the relatively high shear strengths often detennined. in 

laboratory tests. The low shaft resistance of driven piles could be a 

result of a combination of factors, which can be examined. in relation to 

equation ( 1) 

= f A s 
(1) 
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where QB = shaft resistance 

f = tmit skin friction capacity 

af = effective stress on pile-soil interface 

l5 = angle of friction between pile and soil 

k = coefficient of lateral earth pressure 

A = surface area of side of pile. s 

'lbe total shaft resistance is directly proportional to both a f and ts , so 

that low capacities could be due to either : 

insignificant increase in soil effective stresses fran pile driving due 

to collapse of cemented soil structure or crushing of ind.i vidual 

particles; 

possible low magnitudes for coefficient of friction developed between 

carbonate sediments and most construction materials. 

Soil-interface testing provides a means of estimating the soil-pile friction 

angle and identifying its relative contribution to the observed low values 

of pile skin resistance. 

Most interface tests on carbonate soils have been conducted using modified 

direct shear apparatus. The building material for which the coefficient of 

friction is to be measured is substituted for the lower portion of the shear 

box (e.g. Valent, 1979; Agarwal, 1977; Poulos, 1984). other plane strain 

devices which can be used for interface testing, together with the relative 

· advantates and disadvantages, are shown in Table 5. 3. The friction 

coefficient has also been measured by placing a rigid, flat steel plate on 

the surface of the sand (McCa.rel and Beard, 1984). After the normal stress 
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is applied, the plate is subjected to shear loads in small increments tmtil 

sliding occurs. 

Inf onnation obtained from such interface tests can provide answers to the 

following questions : How does the angle of friction between calcareous sand 

and various building materials compare to those of quartz based sands? What 

is the effect of soil density, cyclic loading and crushability? 

.. 

(i) Angle of skin friction for calcareous and quartz-type sands 

Tests by some researchers have indicated that the coefficients of skin 

friction developed in calcareous sediments and quartzitic sands are 

superficially very similar. 

Valent (1977) performed direct shear friction tests against mild steel and 

concrete, each in a smooth and rough finish. Three calcareous sands with 

differing properties and one quartzitic sand was used. The residual angle 

of internal friction (sand-sand) for the four sands were very similar in 

·magnitude (i.e. between 28 and 31 degrees). For these materials, friction 

forces mobilized against "smooth" steel were about 1/3 of those mobilized in 

internal shear of the sand. Coefficients of skin friction developed on 

"rough" steel, "smooth" concrete and "rough" concrete were almost equal to 

those developed in the respective sands in internal shear. 

~rel and Beard ( 1984) also found that the friction angle between 

calcareous sands tested and steel were comparable to those of quartz sand 

and steel. Soil-steel friction angles for all their samples fell in a range 

of 18 to 23 degrees. 
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These tests suggest that the low friction forces that are developed between 

piles and calcareous soils are probably not the result of low coefficients 

of friction (µ = tan•) between calcareous sediments and building materials •. 

Frictional stresses of up to 160 MPa was measured in some of the laboratory 

interface tests perfonned by Valent, whereas a limit of only 20 kPa is 

recOOJDended by ftk:lelelland ( 197 4) , whose reconmendation was based on the 

field performance of piles in calcareous sands. 

If one were to assune that the samples tested by ~l and Beard and 

Valent were somewhat similar in composition, then the range of the results 

obtained and the difference in their means would.appear to be llll8CCeptably 

large (i.e. 9°), and it would seem likely that the following factors have 

led to the differences : 

the method of testing, i.e. direct shear vs. "sliding plate" test 

smoothness of the steel interface surf ace 

different methods of sample preparation and applied normal loads. 

(ii) Effect of relative density 

For the calcareous sands tested by McCarel and Beard ( 1984), the soil-steel 

friction angle appeared to be essentially independent of the relative 

density. A similar trend was noted (by these authors) for Ottawa sand. 

Poulos ( 1984) evaluated the soil-allDllinilHll friction angle for a crushable 

calcareous sand obtained from the Bass Strait, Australia. He found that the 

initial density had a marked effect on the internal angle of friction (sand.­

sand in direct shear) but relatively little effect on the friction angle 

between the sand and ahuninil.Hll (see Table 5. 4) • 
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Table 5.3 Advantages and disadvantages of interface testing apparatus 

(after Kishida and Uesugi, 1987) 

Type 

Direct shear 
~N 

Ring !onion 

Nt t 
c-:>r 

~ 
Simple shear 

N 

• ·~. ·.~·· ~ 
5 . :· .. · .. ·E 

Wl&/M/14 
-r 
t 

Enmplc 

Potyondy (1961) 
Desai. Drumm &: 

Zaman (1985) 

Brumund &: Leonardi 
(1973) 

Miyamoto, Kishida 
&: Kobayashi (1975) 

Y osbimi &: Kishida 
(1981) 

This work 

Advantages 

Commonly available device 
Simple system 
Simple prqiaration 
Simple procedun! 

GeometricaUy similar to 
skin rriction or piles and 
friction or steel reinforcements 

Endless ring interface 
No stress concentration at ends 
Constant interface area 

Displacement facton 
observed by X-ray photography 
(sliding displamnent and 
displacement due to shear 
deformation of sand) 

Constant interface area 
Simple preparation· 
Simple procedun! 
Displacement facton 

measured 1eparately 
(sliding displacement and 
displacement due to shear 
deformation or sand) 

Disadvantages 

Displacement racton unable to 
be separated (sliding displacement 
and displacement due to sand 
deformation) 

Interface area reduced with 
increue in displacement 

Normal stress on interface unknown 
Stn!ll concentration al ends 

Complicated system and procedun! 
Diff"icult to prq>an! uniform sand 

mus in a ring shape 
Dift"icult to finish surface 

roughness of metal ring uniformly 

Stress concentration at ends 

Table 5.4 : Stmnary of direct shear sand-sand arid. sand­
aluniniun testing (after Poulos et al., 1982) 

Friction angle (degrees) 

Case Peak Residual 

Loose sand 35 34 

Dense sand 50 48 

Loose sand/ aluninit.111 29 29 

Dense sarxi/aluninium 31 31 
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(iii) Effect of cycling 

Beringen et al. (1982) performed reverse loading large displacement direct 

shear tests on specimens of calcareous silt to measure the residual soil­

steel friction angle. Five complete loading cycles caused no significant 

reduction of the soil-steel friction angle. Results obtained by Poulos et 

al , ( 1984) for calcareous sand-aluminium showed a small reduction in the 

friction angle with continuous cycling. This was also evident to a slightly 

greater degree for the soil to soil case, particularly for dense samples. 

(iv) Stress-strain volume change behaviour 

The stress-strain and volume change behaviour of sands against rough steel, 

tested by Valent (1977) is illustrated in Fig. 5.5. For all sands composed 

of solid grains, there was a very slight decrease in volume before reaching 

the peak friction angle, fallowed by a general volume increase. For the 

foramineferal sand-silt, composed of hollow crushable calcarious particles, 

there was a continuous and large decrease in volume throughout the test. No 

peak friction angle was observed and the residual friction angle at the end 

of the test was higher than that for the other soils. This type of 

behaviour is believed to be one possible cause of low developed pile 

capacities in some calcareous soils. The frictional force developed over a 

material surface is a function of both the coefficient of friction of soil 

against the material and the effective nonnal stress acting between the soil 

and that surface. As a pile is inserted in soil, densification with an 

accompanying increase in normal stresses results. Penetration of a pile in 

a foram sediment would thus result in densification of the sediment through 

crushing of the hollow shells, but such densification might not result in 

increased effective stresses in the soil. The soil mass may just have been 

transformed from a loose arrangement of hollow shells to that of shell 
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Material Test No. 

Quartz 14 .. - .... -
Foram 18 ~ 
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Oolith 16 .. • • 
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Shear Displacement (in.) 

Friction tests of soil samples on rough steel 

(after Valent, 1977) 

µ = coefficient of sliding friction 

ram tiltin1 
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fragments (Valent, 1977). A similar mechanism is believed to be the cause 

of low pile capacities in lightly cemented soils. 

The importance of voltune c~e behaviour during cyclic loading has also 

been noted by Poulos et al • ( 1982) • Cyclic loading led to small decreases 

in the angle of friction between soil and alllDiniun, but for both loose and 

dense packing arrangements each cycle of loading caused a reduction in 

sample volume. '!be inference that may be drawn is that sands subjected to 

cyclic shear will tend to experience a reduction in both friction angle and 

volume, so that, for a constant normal stress, the skin friction between the 

pile and sand will tend to decrease under cyclic loading. 

(v) Effect of crushing and normal stress 

Valent ( 1977) and ~rel and Beard ( 1984) concluded that crushing of 

particles had little influence on the angle of skin friction developed 

between the soil and the interface. 

Research by Datta et al. (1979) has revealed that crushing could have an 

influence on the magnitude of the angle of skin friction. The apparent 

contradiction is probably a result of the fact that the tests conducted. by 

Valent, ~l and Poulos were performed. at a constant, relatively low 

level of normal stress. Datta, however, performed. direct shear interface 

tests with slightly roughened steel, using materials with different 

susceptibilities to crushing, and normal stresses as high as 784 kPa. These 

results are presented in Table 5. 5. As the level of normal stress was 

increased, the measured angle of skin friction decreased for all soils. 

Sands with a larger propensity to crush showed larger reductions in skin 
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friction with increasing stress. It was furthermore noted that crushing for 

sand-to-steel shear was much less than crushing for sand-to-sand shear. 

(vi) The relation between angle of skin friction and angle of 
shearing resistance 

To determine the relation between the angle of skin friction and the angle 

of internal shearing resistance, Datta et al. performed sand-to-sand direct 

shear tests. Their results are presented in Table 5.6. In these tests the 

ratio 

= 
tan (angle of skin friction) tan 6 

tan llJ tan (angle of internal shearing resistance) 

was found to increase as the susceptibility of particles to crush 

diminished. The value of the ratio remained. constant at 0.66 for the quartz 

sand. This corresponds to the results obtained for quartz sands by other 

researchers (e.g. Potyondy, 1961). 

For the crushable carbonate soils, the ratio was fotmd to be less than 0.65, 

dependent on the level of normal stress, and showed variation on account of 

differences in susceptibility to crushing. The conclusion reached by Datta 

et al. is that the steel-to-sand friction behaviour of calcareous sand is 

similar to quartz sands, only when the degree of crushing in calcareous 

sands is limited. However, the relative contribution of decreasing skin 

friction angles to low pile capacities in carbonate sands remains uncertain. 
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Table 5 .• 5 : Decrease in angle of skin friction, 6 , 
with increase in normal stress (after Datta et al. (1979)) 

a s (deg) 
n 

(kg/cm2) # Sand A Sand B Sand D Sand F Sand E 

1 25.8 27.3 29.2 26.8 29.5 

4 23.9 25.7 29.1 - 27.5 

8 22.1 23.3 26.8 25.1 27.5 

aa * 3.7 4.0 2.5 1. 7 2.0 

* Aa ~ (5 at an = 1 kg/cm.
2

) - (5 at an = 8 kg/cm
2

) 
. 2 

# 1 kg/cm = 98 kPa 

Table 5.6 tan e/tan ~d values (after Datta et al. (1979)) 

tan 6/tan "d * C1 
n 

(kg/cm2)# Sand A Sand B Sand D Sand F Sand E 

1 0.37 0.41 0.46 0.53 0.66 

4 0.43 0.46 0.51 - 0.66 

8 0.45 0.49 0.55 0.60 0.68 

# 1 kg/cm2 = 98 kPa 
* ed = angle of internal friction (sand-to-sand) as determined in 

direct shear 

Sand A, B, D, F : carbonate sands (CaC03 > 90%) 

Sand E : quartz sand 
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6. CJ.AC3SIFICATIC»I UIING IN SITU TBBTS 

Ideally, a classification of carbonate soils should be achievable, as far as 

possible, using index tests which can be performed on disturbed soil 

samples. This is due to : 

the difficulty of obtaining undisturbed samples in carbonate sediments, 

especially in the marine environment (e.g. Lee, 1979); 

uncertainty in interpretation of in situ and laboratory tests as a 

result of the lmique material properties (e.g. Anon., Underwater 

Technology, 1987) • 

'lbese aspects have led many authors (e.g. Beringen et al., 1982) to conclude 

that realistic design criteria, especially for piles, can only be obtained. 

by means of in situ testing. However, data from some in situ tests can also 

be used to improve soil description and classification. 

6. 1 DYNAMIC PENE.TIDfBTERB 

The SPl' sampler is the most frequently used driven sampler for marine 

investigations (.Angemeer and M::Nielan, 1982). · However, extensive 

calibration between the dynamic resistive force and design strength is 

required before use can be made of the data. 'Ibis is a serious shortcoming 

because : 

(a) little stl.dy relating SPr blow cm.mt with carbonate properties has been 

performed; 

(b) correlatiOlls often require laboratory test results for whim it is 

difficult to obtain undisturbed samples; 
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( c) the cost and practical problems of carrying out tests in the marine 

environment often does not allow for sufficient tests to establish 

trends; 

(d) the variability and heterogeneous nature of the deposits can IEke 

correlation of results between different sites impossible. 

'Ibe test is nevertheless useful for providing a relative resistance value 

and a qualitative indication of material variability, together with the 

advantage of providing a disturbed sample for visual examination and 

classification analyses. Expensive and time COflSl.ming drilling operations 

and equipnent to advance the borehole between sample intervals are involved. 

Dynamic penetration testing is reasonably adaptable to floating base 

operations so that some advantage over static methods is gained in terms of 

time and complexity of equipnent required.. · 

Further disadvantages associated with the nature of dynamic penetrometer 

testing are especially relevant to carbonate deposits : 

(a) data is developed at intermittent depths only, so that the presence of 

lenses of cemented material of variable thickness and hardness can be 

overlooked. An advantage is that the requirenent of drilling 

capability does allow penetration of very bard cemented layers; 

(b) the percussive action of dynamic penetration can destroy inter-particle 

cementation and cause the soil to densify (Beri.ngen et al., 1982). It 

has been noted, through onshore experience, that driven samplers can 

cause hard layers or even soft rock to go urdetected. 
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6.2 STATIC PENETIQ1HTERS 

As for dynamic penetrometers, little data for correlation of static cone 

penetrometer data (e.g. "Dutch cone") in carbonate environments is 

available. 'lbe method nevertheless holds considerable pranise for the 

testing of marine carbonate soils. Beringen et al. (1982) noted the 

following advantages : 

(a) One of the major difficulties involved in testing of carbonate soils is 

to quantitatively determine the degree of cementation (see Section 

4. 2) • By canpu'ing soil profiles be.Bed on drilling and percussion 

sampling with a cone resistance profile at the same site, Beringen et 

al. (1982) showed that the CPr test provides a significant insight into 

the degree of in situ cementation (Fig. 6. 1 ) • Cemented layers which 

showed up clearly in the cone resistance values went tmn0ticed due to 

sampling disturbance in the percussion profile. In addition to 

providing an indication of the degree of cementation, a contira.tous 

quantification of the soil profile is obtained.. 

( b) For pile design, the static cone can be considered to function as a 

miniature "model test", as the measured cone resistance and sleeve 

friction incorporate the combined effect of factors such as soil 

density and in situ stress which affect pile capacity. 'Ibis has an 

advantage over methods that define pile shaft friction as a function of 

in situ lateral stress and internal angle of friction, since the in 

situ lateral stress is hardly ever known and is not relevant to the 

stress condition in a pile approaching failure. For this reason, 

static cone tests are expected to provide useful predictions in 
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calcareous sands, where theoretical concepts are even less applicable 

than usual. 

An additional advantage is that systems are available for incorporating well 

logging tools inside penetraoeters. The most widely used sensor is the 

nuclear density probe which measures soil density in situ (Underwater 

Technology, 1987). 

The test can be performed either f:raa the seabed using the 'Seacalf' (Fig. 

6. 2) , or from the bottom of a borehole with a wireline cone penetrameter 

such as the 'Wison' (Fig. 6.3) (King et al., 1980). CPI' testing is not 

suitable for floating platform operations, ard ca1a seas are therefore a 

requirement if the latter method is used. 

The 'Seaca.lf' is a remote-controlled underwater rig which can perform. cone 

penetration tests from the seabed in water depths up to 300 •· A hydraulic 

jacking system provides the maxi.nun reaction f oroe of 200 kN. The 'Wison' 

is a downhole CPI' device which can be used between drilling operations. 'lbe 

reaction force is obtained either from the weight of the drill collars or 

from the borehole walls by means of a rougbhole packer. Intermittent 

profiles up to 3 m in length can be obtained. Interpretation of data ard 

the influence of operational procedures for these two methods are discussed 

by Van der Zwaag and Sunder land ( 1982) . 

6. 3 VANE SHEAR TESTS 

The vane shear apparatus can be used to determine the urdrained shear 

strength of saturated clays. Standard field vane apparatus can be used but 

it must be operated from a fixed platform. In order to overcane the latter 
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restraint, a special remote-controlled.. version has been developed 

(lt:Clelland, 1971). 'Ihe remote shear vane is an adapted version of the 

standard field vane which allows direct measurement of undrained shear 

strength of clays and convenient operation from a floating base. A pilot 

model described by lt:Clelland consists of a remotely controlled. probe 

designed. for wireline operations in a marine soil boring. Onshore trials 

indicated. that results comparable to high quality sampling techniques can be 

obtained. with this device. 

6.4 mFSSUREMETER 

Prior to 1980, no proven pressuremeters for offshore use appear to have been 

available. A crude adaption, used for offshore· investigations on the North 

West Shelf of Australia, is described by King et al. (1980). It consists of 

a pecker built into the drillstring. After drilling was completed to test 

depth, the pecker was inflated. with oil supplied. via an l.lllbilical control 

cable from the vessel. Soil shear moduli and limit pressures can be deduced 

from the test. 

'Ibree types of pressuremeters for offshore use have subsequently been 

developed; the "self-boring", the "push-in" and the "full displacement". 

'Ibese tools have the potential of determining the in situ stiffness, 

strength and K values of carbonate soils, but research work on the 
. 0 

interpretation of results is still required.. 

A "push-in" pressuremeter developed in the United ~ has been used for 

site investigations in carbonate deposits at the North Rankin site, 

Australia. In spite of problems of interpreting tests, the results were 

extensively used in analysing lateral pile response (Fahey, 1988). Although 
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extreme care was taken to eliminate drilling disturbance, pressure-expension 

plots obtained from the tests showed evidence of drilling disturbance. 

Fahey concluded that it may not be possible to avoid drilling disturbance in 

this type of soil, and hence to measure the in situ horizontal stress using 

the pressuremeter. 

6.5 RECXEDING OF DRILLING PARAMBTERS 

'Ib.e method, also referred to as ,.inst:nnented rotary drilling" ( IRD), 

basically consists in continuously measuring and recording one of several 

parameters as a function of depth during boring progress. Parameters lolhich 

can be recorded inch.de : 

instantaneous rate of penetration 

thrust on the drillstring 

torque on the drillstring 

pressure of the circulating fluid. 

Appropriate parameters are selected as a function of their sensitivity to 

the properties of the anticipated material and drilling facilities. 

Recording of parameters requires to be strictly indeperident of tide 

variations and wave actions, which is automatically satisfied. 'When the 

investigation is conchEted from a fixed structure. 

B6cue et al. ( 1988) found that IRD can be used to improve site 

investigations in carbonate soils in the following respects : 

to provide a continuous log which is representative of the vertical 

heterogenity of the soil 
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as a sotmd basis to be.lance mechanical characteristics as determined 

from laboratory tests 

in areas where CPI' reaches refusal. 

Bock et al. (1988) have shown that the drilling penetration rate in coral 

reef deposits can serve as a sensitive indicator of material variability. 

Fig. 6. 4 shows the inverse of penetration rate versus depth of penetration 

at such a site, while Fig. 6.5 shows the results of a heavy dynamic probing 

at the same site. 

6.6 GOOPHYSICAL MJmK)D8 

Geophysical methods such as resistivity measurements has a long and 

successful history in exploration for petroleum and other minerals (Hulbert 

et al., 1982), but little data on its use in carbonate soils are available. 

As for many other in situ methods, extensive calibrations and correlations 

with physical properties are required. before the results of geoJiiysical 

methods can be sensibly interpreted. This necessitates laboratory testing 

of undisturbed samples, which is a considerable disadvantage. 

Delfache et al. ( 1971) established empirical relationships between void 

ratios, coefficients of compressibility and seismic velocities by comparing 

laboratory consolidation tests with simultaneous compressional wave 

velocities for various clay muds from the Gulf of Mexico. Charts developed 

from the relationships enable a rapid and economical determination of 

sediment compressibilities from in situ velocity measurements. Bven though 

the clay was non-calcareous, the method seems to hold promise for 

application in some clayey carbonate sediments which do not display a high 

degree of compositional variability. 
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Erchul and Gul.harte ( 1982) performed. laborato1"7 electrical resistivity 

measurements on carbonate materials ranging fran lithified ex>rals to oozes. 

'Ille results showed that void ratios ex>rrelated well with the electrical 

conductivities. This provides the possibility of developing void ratio 

conductivity relationship for a specific sediment and indirect determination 

of certain index properties without extensive sampling. 

An in situ res is ti vi ty probe used for differentiating layers in a soil 

profile was developed by Hulbert et al. (1982). 'Ihe unit 'NBS employed by 

vibratory driving in calcareous sediments off the Southeast coast of 

Florida. 'Ihe sediments in the sttdy area did not show great variability in 

electrical conductivity, but lower values of resistivity were measured in 

materials that showed stronger seismic reflection. 
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7. DESIGN ~IDBRATIONS 

7 .1 SHALIDV FOONDATIONS 

7.1.1 Foundation 'l)pes 

Shallow f mmdations are in contact with and are supported directly on the 

underlying subsurface materials, being embedded at shallow depths .or bearing 

directly on the soil surface. Foundations of this type are found in the 

following situations : 

( i) Gravity-type concrete platforms and tanks placed directly on the 

seabed without the use of piles. These structures are pre­

fabricated and assembled onshore and floated out to site, with the 

advantage that construction and assembly under difficult 

conditions is eliminated. Fig. 7 .1 shows five such gravity-type 

production platforms and an offshore oil storage tank. (Some 

twenty of this type of platform were constructed during the 

1970s). Foundation performance, design criteria and required soil 

inf onnation for this type of structure is discussed by Bjerrum 

(1973). 

(ii) Temporary supports for jack-up drilling rigs used in offshore site 

investigation and oil exploration. Typical footing dimensions and 

shapes for such structures are illustrated in Fig. 7. 2. A mobile 

jack-up drilling rig faces a much greater accident exposure than 

most engineering structures. McClelland et al. (1982) estimate 

that more than one third of mobile rig accidents are caused by 

foundation failure. Design considerations for these structures 

are discussed by McClelland et al. (1982). 
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7-2 

Nearshore structures supported on conventional shallow 

foundations, including strip footings, mats, pavements, tank pads, 

etc. 

Design Experience and Recalmcndations 

There appear to be little published full-scale performance data for shallow 

foundations on marine carbonate sands, but information from field load 

tests, jack-up rig footing failures (f-k:}Clellard et al • , 1982) and model 

laboratory studies (Poulos and Chua, 1985; Poulos et al., 1984) give some 

indication of the perf ormanoe of shallow foundations on marine carbonate 

soils. 

Angemeer and McNielann (1982) performed plate loading and field cm tests on 

reefoidal carbonate deposits at Diego Garcia. For moderate loads, 

mobilization of the internal shear strength in a bearing mode was comparable 

with conventional terrigeneous granular soils. 'Ibey concluded that, 

provided the subsurface is reasonably compact and continuous without large 

voids, conventional procedures can be used for design of lightly loaded 

foundations. 

Wherecemented rock-like carbonate layers (high bearing capacity) overlying 

weak calcareous silt are encmmtered (e.g. Arabian Gulf), punch-through 

failures of drilling-rig footings during preload have occurred (~lelland 

et al., 1982). Geological conditions that produce such hazards are often 

found in carbonate soils, so that a primary intent of .soil investigations 

for shallow foundations should include the determination of the subsurface 

continuity of the soil. 
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A series of laboratory model footing tests on calcareous and quartz sand was 

conducted. by Poulos and Chua (1985) : 

For a given surcharge pressure (103 kPa), the measured. drained bearing 

capacity for both types of soil was found to increase with increasing 

relative density. 

Bearing capacities on the calcareous sands were considerably less than 

for the quartz sands. Poulos and Chua attributed. this to the voltme 

reduction during shear experienced by the sand. (Fig. 7.3). 

Bearing capacities for the calcareous sand predicted by three 

conventional theories were compared. with measured values. These are 

illustrated. in Fig. 7.4. 

Terzaghi bearing capacity theory grossly overestimated the bearing 

capacities. 

Modification of Terzaghi bearing capacity theory by reducing the 

friction angle (m) to take accmmt of "local shear" still overestimated 

the bearing capacities. 

Incorporation of the voltme reduction during shear using "cavity 

expansion theory" developed. by Vesic (1972) provided the best estimate 

of the actual bearing capacities. 

The predicted settlement of these footings was evaluated by Poulos et al. 

(1984). Three methods of calculation were used to predict theoretical 

settlements : 

~~!~~~!~!!!!_~~~!~!!!!_!-h~!7 substantially overpredicted 

settlements at the lower stress level. 
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gave acceptable 

settlement predictions, provided that soil moduli for the appropriate 

stress level relative to failure were used. 

method is 'Wlf ortunately time-consuming and expensive and not suitable 

for routine settlement calculations. 

Dutt and Ingram (1988) evaluated the accuracy of various bearing capacity 

equations by comparison with full scale field performance data of jack-up 

rig foundations in calcareous sand and silt. They concluded that the high 

compressibility of these soils is the key characteristic that influences the 

behaviour of the footings. The "cavity expansion theory" overpredicted the 

bearing cape.cities, but to a lesser extent than those theories which do not 

take 8.CX:}()Ullt of the soil vol\.Ulle change characteristics. The "cavity 

expansion theory" requires the accurate determination of soil properties 

such M E (Young's modulus) and v (Poisson's ratio). Values for these 

pe.rameters as determined from triaxial testing were fotmd to be unreliable 

with wide scatter and poor repeatability, while more consistent results were 

obtained for the angle of intenlB.l friction. They therefore reconmended 

that a reduced friction angle be used instead for a better estimation of the 

actual bearing cape.city : 

•* = tan-1 
(0.33 tan•> 

where : 

• = angle of internal shearing resistance of soil 

•* = reduced angle of intenlB.l shearing resistance to acco'Wlt for soil 
compressibility and scale effets. 
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Application of this expression to a ntnnber of jack-up sites in the Middle 

East and Florida Coast has provided improved prediction of bearing capacity. 

7.2 DEEP PENFrRATION PILING 

7.2.1 Pile Installation Techniques 

Both the type of pile and the technique of installation affect pile load 

carrying cape.city (open ended steel pipe piles appear to be the coomonly 

used type of pile for calcareous soils) • The installation techniques in 

order of frequency of use has been listed by McCarel and Beard (1984) : 

(a) Driving with impact- hanmer. This is the simplest technique and also 

the most troublesome in carbonate soils with respect to developnent of 

adequate pile capacity. 

(b) Drilling and grouting. In this approach an oversized hole is drilled, 

the pile is placed in the hole, and the 8Illlulus between the pile and 

soil is filled with grout. The technique is time-constmri.ng and 

expensive relative to driven piling. However, large improvements in 

pile capacity have resulted where this technique was used in carbonate 

sands, with typical shaft resistance values often exceeding those for 

driven piles in quartz sand (Murff, 1987). 

(c) Driving, drilling and grouting combination. Used where rock layers or 

highly cemented strata are present so that the pile cannot be driven to 

its predetermined design depth. 

(d) Drilling an enlarged base, then grouting Belled pile foundations 

have been used to take advantage of the high bearing resistance of 

carbonate rock and highly cemented calcareous soil in Sauli Arabia 

(Burt and Harris, 1980). 
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(e) Driving with vibratory haDlners Installation with high capacity, low 

frequency vibratory hanmers appears promising, but little data is 

available to evaluate the effect of this installation methcxl on the 

load carrying capacity of piles in calcareous soils (~l and Beard, 

1984). 

More recently two other methods of piling installation for calcareous soils 

have been proposed : 

( f) Driven piles with provision for grouting : This methcxl has been used 

at the Rankin Field in Western Australia. It appears to be the methcxl 

likely to be used in extensions to this oil field. 

(g) "Expansion" piles in which an expanding mandril is dropped down' the 

inside of a slit steel pipe pile, after driving (Burland, 1987). 

7.2.2 l.pad Tests 

In the absence of reliable empirical/theoretical relationships for the load 

carrying capacity of driven and grouted piles in carbonate sands, data 

obtained from load tests can aid in the identification of factors causing 

low capacities and selection of design pa.rame}:-ers. This type of data can be 

divided into three categories : 

Full-scale field tests arbitrarily defined (Murff, 1987) ·as tests 

involving piles with a diameter greater than 15cm. These piles closely 

simulate the actual behaviour of the prototype pile, but the data obtained 

is highly site-specific. 
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ftxlel field tests : performed on small scale (less than 15cm diameter) 

piles at a specific site. Validity of extrapolating results to full-size 

piles is uncertain. 

laboratory model tests : extrapolation of results to actual field piles is 

uncertain, but the carefully controlled conditions possible in such tests 

make them useful to identify factors causing low capacities. 

The results obtained from these tests for driven and grouted piles and their 

interpretation are discussed in the following section. 

7.2.2.1 Driven piles 

(a) Full-scale field tests 

Murff (1987) sU111Darised the results of field load tests obtained by a number 

of researchers. Test details and information on soil type are presented in 

Table 7.1. These tests share the following CODIOOn characteristics : 

the soils have high carbonate contents 

they are generally granular, although often cemented 

the reported pile capacities are lower than is typical for qua.rtzitic 

sands. 

Some important results from these tests are outlined below : 

For frictional materials, the value of skin resistance is considered. to 

increase linearly with depth up to a limiting value, depending on the 

soil type. For calcareous soils, it appears that this limiting value 
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is relatively small and occurs at shallow depths (e.g. Datta et al., 

1980). 

Based on the assumption that the shSft resistance increases linearly to 

a depth of lOm and then remains constant, Murff ( 1987) calculated 

values of limiting skin friction for some of the tests shown in Table 

7.1. These results are presented in Table 7.2. Values for f (limiting 

skin friction) were typically only 20 to 25% of values used for silica 

sands. [c. f. American Petrole\.Dll Institute (API) Recommendation (1984); 

f = 80 kPa for medium dense silica sand.] 

Field tests by Angemeer et al. (1973) indicated that cyclic loading c8.n 

cause reduced stiffness and lowered peak shaft resistance~ 

Soil "setup" (increased resistance after a delay in driving) in 

calcareous sand have been observed (Angemeer et al., 1973, Nauroy and 

Le Tirant, 1985) and have been attributed to both pore water 

dissipation and recementation (Murff, 1987). 

Tests conducted by Gilchrist ( 1985), Angemeer et al., ( 1973) and 

Hagenaar et al. (1985) allowed detenninations of end bearing cape.cities 

to be made. The tests suggest a very wide range of end bearing values 

[ 1. 3 to 36 MPa, c. f. 5 MPa API reccmnended (1984) for medilDll. dense 

silica sand]. 

(b) Model Field and l.aboratory Tests 

Poulos and Chan ( 1984) obtained laboratory data on the skin friction 

characteristics of model piles in calcareous sand. It was demonstrated that 

the ultimate skin friction was generally reduced following cyclic loading 

and that the reduction depended primarily on the amplitude of cyclic 

displacement. Significant cyclic degradation of skin friction c<>lilllenced 

when the cyclic displacement amplitude reached the static displacement 

required to mobilize full skin friction. other factors which influenced 
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cyclic degradation were : 

method of pile installation 

relative density of the soil 

the overconsolidation ratio. 

Yuan and Poulos (1986) investigated the effect of loading rate on pile skin 

friction in reconstl. tuted quartz and carbonate sands. The tests showed that 

the ultimate skin friction of the pile increased as the loading rate 

increased in carbonate 'sands, but that there was no such effect in quartz 

sands. 

7.2.2.2 Drilled and grouted. piles 

(a) Full-scale field tests 

Details of some reported field load tests on drilled and grouted piles are 

presented in Table 7. 3. Driven piles at these sites were found to have 

negligible shaft resistance. From the results in Table 7.3 it can be seen 

that drilling and grouting considerably increases pile capacities in 

calcareous sands. The use of drilling mud appears to have a large 

deteriorating effect on bearing capacity (Angemeer et al., 1973). 

(b) Model field and laboratory tests 

Grouted section tests carried out in the laboratory as well as on small 

mcxiel piles in the field (Nauroy and Le Tirant, 1985) have confirmed that 

relatively large shaft resistance values may be developed by grouting. 

7.2.3 Design Practice for Driven Piles 

In his state-of-the-art review on piling in ce.lcareous sands, Murff (1987) 

concluded that the prediction of pile capacity remains a highly speculative 
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Table 7.2 : Limiting skin friction based on pile 
test interpretation (after Murff (1987)) 

Number Range of Mean 
of tests peak peak Standard Coefficient 

Reference analyzed values value deviation of variation 
(kPa) (kPa) (kPa) 

.Angemeer, et al • 
(1973) 7 9.2-18.3 13.4 3.3 0.25 

Angemeer, et al. 
(1975) 1 33.1 - - -
Hagenaar, et al. 
(1981; 1982) 5 16.7-22.5 20.3 2.2 0.11 

Dutt and Cheng 
(1984) 12 9.8-18.2 13.3 2.5 0.19 

Dutt et al. 
(1985) 4 9.5-17.3 -
Gilchrist 
(1985) 4 11. 5-21.0 17 .o 4.3 0.25 

Nauroy and 
Le Tirant (1985) 1 1.0 - - -

Table 7.3 Full scale load test data for drilled and grouted piles 
<after Murff (1987)) 

Average shaft capacity 
Reference (kPa) Conment 

Wees and Chamber- 85 Piling for underwater oil 
lin (1971) storage tank 

Angemeer et al. Bass Strait 
(1973) - 10 Holes drilled with mud 

70 Holes drilled with seawater 

Angeineer et al. 81 Bass Strait : Grouted section 
(1975) 95 Tests at 90-135 m 

Naurey and Le 100 Driven piles at same site 
Tirant (1985) had negligible capacity 
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exercise. "The range of design parameters is so large (shaft resistance and 

end bearing) that use of a single procedure is likely to be either 

unconservative or \Il'leconomical". 

Design practice for determining the ultimate axial cape.city of piles in 

calcareous sediments can be divided into four categories (McCarel and Beard, 

1984) : 

(a) Conventional theory with mcxiifications to accmmt for certain aspects 
of calcareous soils 

With this approach, it has first to be established -whether the potential for 

low bearing cape.city exists. No specified procedures for quantitatively 

detenninin.g low potential cape.cities from conventional laboratory or in situ 

testing techniques have yet been developed, but the following 

characteristics appear to be good indicators : 

carbonate content : 'nlere is widespread agreement that sands with 

carbonate contents in excess of 80% have the potential for abnormally 

low capacities, but there is however no agreement as to the lower 

limit. 

Nauroy and Le Tirant (1985) have collected data on 

piles in calcareous sands in laboratory and field tests that indicate a 

good inverse correlation between compressibility and shaft resistance 

(see Fig. 7.5 and Table 7.4). 

Datta et al. (1982) suggested that carbonates 

that contain few intrape.rticle voids (and are less crushable) approach 

the behaviour of non-carbonates. 

Cementation and void ratio : It has been argued that unif onn, well 

cemented calcareous sands give high shaft resistances and that weak, 
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Table 7.4 : Limiting unit shaft resistance versus soil 
compressibility index (after Nauroy and Le Tirant (1985)) 

Soil description ·-

Sand Particle Carbonate Particle 
Characteristics content size 

Cl Shelly sand 90.0 Uniform, 
coarse 

C2 Coral.line and 83.0 Well graded 
shelley coarse 

C3 Coralline and 70.0 Uniform, 
shelley medillll 

s Quartz 0 Uniform, 
meditlll 

f 1 

-
~ \ 

'as 

j 
\. 

\ 
100 \ 

en 
'o c -~ en \ 3 

~ 
...., e C1 
f.e..I \ 

'i 10 ~c 
' 2 

...., \ 

-~ 

:5 
1 
0.001 0.01 0. 1 

Compressibility index 
cpt 

Figure 7.5 Limiting lDlit shaft resistance versus soil ccmpressibility 

index (after Nauvroy and Le Tiranl, 1985) 

Cpl is defined as the slope of the e-fn!p) curve for p = 800 kPa, 

isotropic triaxial test. 

in an 
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partial or irregular cementation is a cause of low shaft _resistance 

(Angemeer et al., 1975; Beringen et al., 1982), although a combination 

of low void ratio and cementation is probably more significant than the 

degree of cementation alone (Murff, 1987). 

Limiting design parameters have been suggested by a number of authors 

McClelland (1974) 

Agarwal et al. (1977) 

Datta et al. (1980) 

20 kPa. (shaft resistance) 

28 kPa. (carbonate soils) 

32 kPa. (soils grading between carbonate 
and non carbonate) 

15 kPa. (W1Cemented calcareous sands) 

55 kPa. (well cemented materials). 

(b) Emoirical correlation with resistance to driving 

This approach correlates the driving resistance to the axial pile capacity 

of piles using empirical formulae. Results of work conducted at Diego 

Garcia indicated that driving resistance is not a good indication for 

predicting pile capacity in calcareous soils (~el and Beard, 1984). 

(c) Correlation with in situ penetration tests 

Standard penetration resistance have been used for calculating pile capacity 

in chalk, but the correlation yields a wide scatter in results. The use of 

the Dutch cone penetrometer test to obtain strength parameters for piles in 

calcareous soils is discussed by Beringen et al. (1982). 

(d) Full-scale pile load tests 

Due to the difficulties associated with design and conventional testing of 

calcareous soils, this method is still regarded by many authors as the only 
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reliable method for taking site-specific parameters into consideration. 

This approach is tmfortuna.tely very expensive. 

7.3 ALTERNATIVE PILE ~CEPI'S 

The poor developnent of skin resistance in open-ended pipe piles in 

calcareous soils has led to interest in the developnent of piles which do 

not suffer loss of capacity on accotmt of its tmSuitability for this soil 

type. 

La.ck of adequate lateral pressure due to a combination of grain crushing and 

volumetric contraction having been identified as the major cause of such low 

capacities, improved piling systems must incorporate a combination of the 

following features : 

must increase the effective lateral stress on the pile shaft 

must force the pile to transfer load to the zone of soils where 

degradation due to grain crushing is minimal 

should eliminate or reduce the effect of grain crushing and associated 

volumetric contraction as well as soil arching 

should increase contact area between pile and sediment. 

The 'Burland' type of expanding pile and grouted pile technique are methods 

which endeavour to exploit these features. 
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8. m:x:ttlBNDATI~ Fm THE BASIS OF AN JMAplBD CLA8SIFICATICJJ 8YSTBH 

8.1 RELEVANT INDEX POOPERTI~ AND D&SCRIPl'IOOS 

The relevance of calci1..111 carbonate content and the degree of cementa.tion, 

recoomended as index properties in the classification systems proposed by 

Beringen et aJ. (1982), Clark and Walker (1977) and Fookes and Higgenbotham 

(1975) have been examined in Sections 4 .1 and 4. 2. The effect of 

crushabili ty, particle size distribution and Atterberg Li.mi ts, as 

reconmended by Datta et al. (1982) were examined in Sections 4.3 to 4.5. It 

'Was f otmd that all of these properties can exert a strong influence on the 

engineering behaviour of the soil, and that their inclusion in an 

engineering classification or description system is therefore warranted. 

In addition, the importance of mass physical properties, which have not 

previously been considered as an index in the published literature, was 

examined in Section 4. 6. It is suggested that, · due to the dominant 

influence which the constituent particle characteristics have on the mass 

physical properties, the limiting densities can be used as a qua.li ta ti ve 
l 

indicator of the likely engineering behaviour (Section 4. 6. 4. ) • This 

conclusion has also been independently reached by recent authors in 

"Proceedings, Engineering for Calcareous Sediments, Perth, 1988". 

The :importance of mass physical properties (e.g. density, void ratios) 

on engineering behaviour of carbonate soils is now widely recognised. 

Many· authors include some measure of "limiting" densities in their 

routine soil descriptions, while some (e.g. Airey et al., 1988) have 

also suggested that the maxi.mun obtainable void ratio should form pa.rt 

of the classification system. 
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Researchers are now in agreement that the soil compressibility is the 

key parameter which influences the magnitude of skin friction m:rl 

bearing capacity which can be mobilized by carbonate soils. Because 

compressibility data can be directly applied: to the practical design of 

piles (e.g. Peuch et al., 1988) it has been suggested that some form of 

compressibility parameter should be included in the classification 

system. 

It appears that, at this stage, the index properties discussed above would 

provide an improved engineering classification or description system, 

al though it is recognised that other parameters such as permeability might 

also be of importance. 

8.2 QUANTIFICATION OF INDEX PROPERTIES AND STANDARDISATION 

With the exception of the degree of cementation, and to an extent, particle 

crushability, all the suggested indices can be quantified with the aid of 

standard laboratory equipnent used in routine soil investigations. One of 

the major requirements of index testing is therefore satisfied. 

Further research on the quantification of cementation is required. A 

qualitative indication of the degree of cementation can be obtained in situ 

with the aid of the static cone penetrometer (Chapter 6) • When tmdisturbed 

samples are available, the presence of cementing bonds might be deduced from 

the apparent overconsolidation behaviour of the sample in standard 

laboratory tests (Section 4.2.1). 

Particle crushability, limiting densities and compressibility can be 

quantified using a wide variety of equipnent and procedures. Results 
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obtained depend on the equipnent and procedure used, operator error and 

definition of parameters. Since much of the research up to now has centred 

on the identification of relevant index properties, little attention has 

been given to standardisation of testing. That this si tua.tion is still 

prevalent is conf inned by papers in "Proceedings of Engineering for 

Calcareous Sediments (March 1988)". 

If the primary f\.D'lction of a classification system is to be satisfied, i.e. 

to serve as a rational basis for comparison and delineation of different 

engineering properties and behaviour, then clearly urgent attention should 

now be given to standardisation of carbonate index tests and other 

parameters. Such a system would have practical significance, since it would 

provide a clearer indication of the extent to which site-specific data can 

be extrapolated to other soil conditions. 

8.3 FURTHER RESEARCH 

Mass physical properties, compressibility and crushing of particles are to a 

certain extent interrelated. If these parameters are included in a 

classification system, it would be of interest to know how the inter­

dependence between these parameters are affected by variables such as 

particle size and loading condition. For example, the shearing of a coarse 

carbonate sand could result in extensive crushing with relatively minor 

accompanying volume decrease, While shearing of a calcareous ooze (e.g. 

Valent et al., 1982) could result in large volune decrease with little 

associated evidence of particle crushing. It would therefore appear that 

description of the soil by a single parameter expressing the compressibility 

~uld not be sufficient. 
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Most researchers have investigated. soil crushabili ty using the triaxial 

apparatus and "natural" soils with varying particle sizes and composi ticms 

within each soil type. The exaggerated response of artificially constituted 

samples in which it is possible to control the variables such as particle 

shape and size will help to identify the relative sensitivity of the index 

properties to changes in particle composition and other characteristics. 

Consequently a limited experimental program was undertaken using the direct 

shear testing equipnent and artificially constituted. samples in order to : 

evaluate the effectiveness of the direct shear test for soil 

classification (e.g. crushability, angle of friction, volume change and 

stress-strain behaviour); 

evaluate the dependence of the "ma.xinun obtainable void ratio" on a 

nlDilber of variables (crushability, angle of friction, particle size) • 
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9 • DIRECT SHEAR 'I'ESI' 

9.1 DIRECT SHEAR EQUI™ENT 

The direct shear test, undertaken using a conventional "shearbox", can be 

used to determine the shear strength of both cohesive and non-cohesive 

soils, in tenns of total stress. Effective stress conditions cannot be 

determined because the pore pressure cannot be established. accurately. The 

basic concept of the direct shear test is the direct measurement of the 

shear strength of the soil by causing failure along a predetermined 

horizontal plane whilst subjecting the sample to a confining load applied 

nonnal to that plane. 

The test parameters are determined. as follows 

· (a) A sample of known cross-sectional area and height is confined within 

two identical shearbox halves (Fig. 9.1). 

(b) A nonnal confining load (N) is applied to the upper face of the 

specimen, through a loading pad (Fig. 9.2). 

(c) With the bottom section held stationary, a horizontal force is applied 

to the upper half of the split box by a worm-driven ram, causing a 

relative horizontal displacement between the two halves. 

(d) The relative horizontal displacement of the two halves results in 

shearing of the sample approximately along the dividing piane of the 

box. 

During the test, 3 parameters can be continuously determined. : the relative 

displacement of the two halves of the shearbox, the horizontal shearing 

force and the vertical displacement of the loading cap. 'Ihe measured 
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Figure 9.1 
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with displacement control (after Head, 1982) 
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vertical and horizontal displacements may be used to obtain a qualitative 

indication of the applied "strain" and the voltnoe change characteristics of 

the sample. 

Experimental details of the test apparatus and procedures used are given in 

detail in Head (Vol. 2, 1982). 

9.2 CALIBRATION OF FQJI™Em' 

( i) 8ample voltune 

In order to determine the void ratio of a sample, an accurate estimate of 

the sample's vol\.llle is required. The components of the shearbox assembly 

are shown in Figs. 9. 3 and 9. 4, and the dimensions required to calculate 

the sample height (and hence the volume) are given in Fig. 9. 5. These 

dimensions, detennined to the nearest O.Olnm using vernier calipers, are 

listed in Table 9.1. 

Table 9.1 Measured quantities for sample height and volume determination 

I 

Shearbox size tl q p r n L t2 t3 B L 

Dill nm lllll DDl nm nm nm 1118 nm DID 

60nm x 60nm 6.48 1 1.8 1.54 15 59.45 2.19 6.46 50.80 59.9 

The height of the sample can be determined using the following expression 

(1) 
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where: 

H = height of sample 

B = ~pth of two shearbox halves 

tl = thickness of base plate 

t2 = thickness of grid plate 

t3 = thickness of porous stone 

n2 = nunber of grid plates 

n3 = number of porous stones 

x = distance from top of shearbox to top of grid plate or 
porous stone. 

For the nominally 60nm x 60nlll Wykeham Farrance shearbox used, this 

expression reduced to : 

H : 44.32 - 2.19 °2 - 6.46 ~ - x (Diil) (2) 

The sample volume can be calculated as 

V : H.A 

where 

A = L x L = plan cross-sectional area of shearbox. 

(ii) Normal stress 

The arrangement of the levers for applying nornal vertical confining 

pressure to the shearl:x>x specimen is shown in Fig. 9. 6. The normal 

stresses were determined using the following relationship 
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a =normal stress (kN/m2 ) 
n 

9-4 

L = plan dimensi<Xl of square shearbox (11111) 

w = effective load (kg) 

wh = mass of loading yoke and hanger (kg) 

wb = mass of lever arm beam (kg) 

w. =mass of beam hanger (kg) 
J 

w
1 

= load on hanger (kg) 

w2 = load on beam hanger (kg) 

a,b,c = distance of load centre of gravities fran fixed fulcrum. 

(3) 

The masses were detennined to the nearest 0. 001 kg, by weighing on an 

electronic· weighing scale, and the distances a,b and c were measured. to the 

nearest O.lum. The measurements are listed in Table 9.2. 

• 

Table 9.2 Measured quantities for nol'llBl load determination 

Shearbox size Wh Wb w. a b c 
J 

(kg) (kg) (kg) mo nm DB 

60om x 60nm 4.368 3.322 0.962 50.8 120 253 

Substituting the values given in Table 9.2 into equation (3), the following 

expression for normal stress is obtained for the 60am x 60nn shearbox 

used : 

an= 46.549 + 2.734 w1 + 13.671 w2 
( 4) 
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The accuracy of computing the normal stress using this expression was 

checked by directly measuring the loads transferred to the top loading pad 

of the shearbox, using an electronic weighing scale (Teraoka Seiko, Model 

S-Bk) • This calibration data is listed in Table 9. 3, from which it can be 

seen that the calculated loads exceed the measured. loads. The error is 

likely to be due to friction and measurement inaccuracy. To compensate for 

this error, equation (4) was adjusted. to : 

an = 40.05 + 2.734 w1 + 13.671 w2 (5) 

Figure 9. 7 shows the Mohr failure envelopes for a standard cohesionless 

sand obtained. by using equations ( 4) and ( 5) to calculate the normal 

stresses. The zero intercept resulting from the use of equation (5) is an 

indication of the validity of the adjustment. 

9.3 INSTRUMENTATION 

The overall instrumentation for the direct shear apparatus is shown in 

Figure 9.8. Proving ring deflections and the vertical displacement of the 

samples were measured. with linear variable differential transformers 

(LVIJI''s). An analogue plotter provides a plot of shear stress versus 

horizontal strain while the test is running. 

9.4 DATA REXXEDING AND ANALYSIS 

The shear force and vertical displacement was logged electronically by 

computer using the program, SAMPLING. This program, consisting of 600 

progranmi.ng lines in BASIC, performs the following functions : 
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Table 9.3 Calibration data for normal loads 

Calculated. Calculated. 
Measured using ~· using eqn. 

(kg) (4) (kg) (5) (kg) 
Loads : 

wh 3.99 

wh + ~ 9.42 

~ + ~ + wj 14.18 14.55 

ldlitional loadiru( : 

!!1.1.!W. !!~ 
0 1.137 19.74 22.71 20.33 

4.542 1.137 24.26 27.25 24.87 

4.542 5.511 46.00 49.12 46.75 

5.542 5.511 46.98 50.12 47.75 

6.542 5.511 46.96 51.12 48.75 

4.542 5.511 46.00 49.12 46.75 

4.542 7 .511 55.96 59.12 56.75 
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converts voltage signals from the two LVDT's to digital values of 

equivalent shear stress and vertical displacement; 

stores data; 

draws plots of shear stress and vertical displacetJEnt versus 

horizontal strain. 

Mass physical properties, sample heights and friction angles were 

calculated using the program, SHEAROOX. Proving ring deflections obtained 

independently from dial gauge readings were used as input in this program 

to calculate shear stresses and friction angles. A listing of the progrea 

is given in Appendix A.3. 
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10. roN'l'OOL TBSTS ON REPEATABILITY AND FRICTIONAL ImPBRTIBS 

10.1 OBJECTIVES 

Control tests were conducted. using the 60nm x 60nm direct shear a~ratus in 

order to : 

Establish the variability in measured void ratios and friction angles 

for standardised. samples repeatedly tested under "identical" 

conditions; 

Determine the effect of sample size on repeatability; 

Compare the shear strength behaviour of these materials l.Klder a fixed, 

constant normal pressure; 

Evaluate the effect of particle shape and mineralogy on compressibility 

and frictional properties. 

10.2 SAMPLE PROPERTIES 

A range of samples comprising a wide spectnm of average particle sizes, 

shapes and mineralogies were used for the control tests. These incluied a 

well rolmded. quartz sand (SR), two finer grade quartz sands (HP, SI), 

diatomaceous earth (DE), two crushed limestones (K2, KlO) and crushed shell 

f~nts (SH) • The carbonate content, mean particle size and shape of 

these samples are listed in T8.ble 10.1. 

10.3 SAMPLE PREPARATION AND TESTING 

The silt size control samples (K2, KlO, DE) were placed in the shear mould 

in three layers. F.ach layer was firmly cOlllpBCted. by applying a tmif orm 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

S
am

pl
e 

Q
u

a
rt

z
 s

a
n

d
 

Q
u

ar
tz

 s
a
rr

l 

Q
u

a
rt

z 
sa

n
d

 

D
ia

to
m

ac
eo

us
 

e
a

rt
h

 

P
o

td
er

ed
 

li
m

es
to

n
e 

Po
w

de
re

d 
li

m
es

to
n

e 

C
ru

sh
ed

 s
h

e
ll

 T
ab

le
 1

0.
1 

: 
C

ar
b

o
n

at
e 

co
n

te
n

t,
 
p

a
rt

ic
le

 s
iz

e
 a

nd
 s

h
a

p
e

 
c
h

a
ra

c
te

ri
st

ic
s 

o
f 

c
o

n
tr

o
l 

sa
m

pl
es

 

C
od

e 
C

ar
b

o
n

at
e 

A
ve

. 
p

a
rt

ic
le

 
S

h
a

p
e

 
co

n
te

n
t 

(%
) 

si
z
e
 

(µ
m

) 

S
R

 
0 

75
0 

W
el

l 
ro

u
n

d
e

d
 

H
P

 
0 

25
0 

(C
 

=
 1.

7
3

J 
R

ou
nd

ed
 

u 

S
I 

0 
25

0 
(C

 
=

 1.
2

1
) 

u 
R

ou
nd

ed
 

DB
 

0 
50

 *
 (s

il
t)

 
"C

ao
p

le
x

" 
(s

e
e
 P

la
te

 1
) 

K
2 

99
 

2
.2

5
 
(s

il
t)

 
R

ho
m

bo
he

dr
al

 

K
lO

 
9

9
 

10
 

R
ho

m
bo

he
dr

al
 

SH
 

82
 

14
00

 
P

l.
at

ey
, 

a
n

a
u

la
r 

* 
es

ti
m

at
ed

 f
ro

m
 e

le
c
tr

o
n

 m
ic

ro
sc

op
y 

&
i v

en
 i

n
 P

la
te

 1
. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

10-2 

pressure with a smooth, flat perspex instrument. The sand size materials 

' 
were placed in the mould in a single layer by pouring the sand through a 7um 

diameter funnel from a constant height of lOOnm. No vibration was applied 

to these samples. 

The samples were placed in the shear box carriage, the initial heights were 

measured (to determine the unconsolidated void ratios, e ) and then a normal 
u 

stress of 193 kPa was applied to consolidate the sample. Sample heights 

were again measured after the consolidation stage (to determine the void 

ratio at the start of the test, e ) and then sheared at a constant rate of 
0 

strain of l.2nm/min. All samples were sheared in an air dried cordition. 

Data was recorded electronically using an analogue-to-digital converter and 

computer. Stress-strain curves were drawn using the program, SAMPLING. 

Plots of shear stress and vertical displacement versus horizontal shear 

strain for these tests are shown in Figures 10.l(a) to (e). The associated 

void ratios and peek and "ultimate" friction angles listed in Table 10.2 

were calculated using the program, SHEAROOX. 

10.4 DISCUSSION OF RESULTS 

( i ) Rereatabili ty 

The standard deviations in measured values of void ratio and friction angle 

of the control samples are listed in Table 10. 2. 'Ihe largest standard 

deviations were recorded for samples of diatanaceous earth (DE) , which also 

exhibited the highest void ratios. The normalised standard deviations 

(s/x) , however, were similar to those of the other samples, as shown in 

Table 10.2. 
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Table 10.2 Variability in measured void ratios and friction angles 

of control samples 

Material Test No. e e •max1•1 •uit1•1 an(kPa) u 0 

SR SR - 1 0.574 0.556 36.16 27.85 193 

SR SR - 2 0.573 0.563 36.61 28.53 193 

SR SR - 3 0.555 0.554 37.05 27.85 193 

MEAN 0.567 0.558 36.61 28.08 

STANDARD DBVIATle»j 0.011 0.005 0.445 0:393 

s/x 0.019 0.009 0.012 0.014 

HP HP - 1 0.685 0.671 35.47 193 

HP HP - 2 0.685 0.667 35.01 193 

HP HP - 3 0.685 0.670 35.24 193 

MEAN 0.685 0.669 35.24 

STANDARD DE\IIATle»j 0 0.002 0.23 

s/x 0 0.003 0.007 

Sl Sl - 1 0.640 0.621 33.87 27.17 193 

SI Sl - 2 0.619 0.609 34.90 28.08 193 

SI Sl - 3 0.633 0.616 33.48 28.30 193 

MEAN 0.631 0.615 34.08 27.76 

STANDARD DEVIATle»j 0.011 0.006 0.734 0.512 

s/x 0.017 0.010 0.022 0.018 

DE DE - 1 6.060 5.735 34.00 193 

DB DE - 2 6.178 5.807 35.12 193 . 
DE DE - 3 5.897 5.742 35.86 193 

MEAN 6.045 5.761 34.99 

STANDARD DEVIATIC»j 0.141 0.040 0.936 

s/x 0.023 0.007 0.027 

K2 K2 - 1 1.276 1.167 35.07 193 

K2 K2 - 2 1.273 1.129 35.21 193 

K2 K2 - 3 1.203 1.138 34.98 193 

MEAN · 1.251 1.145 35.09 

STANDARD DBVlATle»j 0.041 0.116 

s/x 0.033 0.017 0.003 

KlO KlO - 1 0.896 0.808 36.23 193 

KlO KllO- 2 0.881 0.827 35.89 193 

KlO KlO - 3 0.914 0.792 36.72 193 

MEAN 0.897 0.809 36.28 

STANDARD DEVIATIC»j 0.017 0.018 0.417 

s/x 0.019 0.022 0.011 
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Ass\.URing the ma.xiDl\.111 · standard deviations, the variability in the 

measurements can be expressed as : 

Unconsolidated void ratio e + 0.02 u -

"Consolidated" void ratio e + 0.02 
0 -

Maxi.mum friction angle m + 10 
m-

'Ultimate' friction angle • + 0.5° u-

The variation in void ratio and friction angle for similar control samples 

of differing initial sample size (obtained by using different initial sample 

heights) are listed in Table 10.3. Comparison with Table 10.2 shows that 

variation in sample height results in significantly larger standard 

deviations for the measured void ratios and 'ultimate' friction angles, 

while the peak friction angles appear to be relatively unaffected. 

(ii) Shear strength behaviour 

From the data in Table 10.2 and Figures 10. l(a) to (e), the following 

observations can be made with respect to shear strength behaviour : 

Notwithstanding the large variation in average particle size, shape and 

carbonate content of the samples, the maximum angles of internal 

friction (• ) fall within a relatively narrow range (34.1° to 36.6°). 
m 

The stress-strain curves together with the measured void ratios provide 

a better indication of the sample properties than the measured friction 

angles. The tendency of samples to decrease in volune during shear is 

increased as the initial void ratios (e ) becomes larger. 
0 
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Table 10.3 Effect of variation in sample height on measured void ratios 

and friction angles 

Material Test e e "m.x( 0) "wt(
0

) a (kN/m2
> 

u 0 n 

SR SR-4 a 0.570 0.545 37.20 28.97 193 
I 

SR SR-5 b 0.523 0.514 36.68 28.30 193 

SR SR-6 c 0.542 0.518 36.49 29.63 193 

HBAN 0.545 0.526 36.79 28.97 

STANDARD DBVIATic:t< 0.024 0.017 0.368 0.665 

s/x 0.043 0.032 0.010 0.023 

SI SI-4 a 0.733 0.693 30.28 29.45 193 

SI SI-5 b 0.661 0.643 30.06 27.72 193 

SI SI-6 c 0.706 0.683 31.47 27.40 193 

HBAN 0.700 0.673 30.60 28.19 

STANDARD DEVIATic:t< 0.036 0.026 0.759 1.103 

s/x 0.052 0.039 0.025 0.039 

SH SH-4 a 0.858 0.846 41.92 39.51 193 

SH SH-5 b 0.797 0.790 43.26 39.33 193 

SH SH-6 c 0.875 0.863 43.57 39.71 193 

HEAN 0.843 0.833 42.92 39.54 

STANDARD DEVIATic:t< 0.041 0.038 0.877 0.192 

s/x 0.049 0.046 0.020 0.005 

Pverage initial sample height: az37mm b=29mm cz24mm 
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(iii) Effect of particle share 

Plate 1 is a Scanning Electron Micrograph (SFM) showing the similar level of 

shape complexity of f oraminefera and diatomaceous earth particles. 'lhese 

shapes result in an average initial void ratio ( e ) of 5. 76, even under a 
0 

consolidation pressure of 193 kPa. '!he crushed limestones (K2, KlO), with 

carbonate contents of 99%, consist of solid rhombohedral particles and have 

average initial void ratios of 1.15 and 0.81 respectively, for the same 

consolidation presssure. 

Figure 10.2 shows the change in vertical displacement for the two samples of 

prndered limestone and one sample of diatomaceous earth, each sheared under· 

a nonnal pressure of 193 kPa. The diatomaceous earth which is a siliceous 

ooze with zero carbonate content and exhibiting the maxi.mtnn initial void 

ratio, has the highest relative compressibility. Thus, particle shape, as 

opposed to mineralogy, clearly has a greater effect on compressibility in 

this case, which also illustrates the limited use of carbonate content alone 

as an index delineating engineering behaviour. 

To evaluate the effect of initial void ratio (e ) on shear strength, samples 
. 0 . 

of the diatomaceous earth were overconsolidated by applying normal pressures 

of up to 800 kPa and sheared under normal stress of 193 kPa. Results are 

listed in Table 10.4 and stress-strain plots shown in Figure 10.3. As the 

initial void ratio is decreased (increasing overconsolidation ratio) , the 

samples become less compressible and start to show volume decrease during 
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Plate 1: 

I 

Scanning Electron Micrograph of formanif era and diatomaceous 

earth particles; (.a) to (e): foraminefera; (f) to (h): 

diatomaceous earth. 
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Table 10.4 Frictional properties for diatomaceous earth sheared at 
different initial void ratios 

Test no. e Cl (kPa) • (0) •u}.t(O) 
0 n max 

1 6.81 193 35.12 35.12 

2 5.74 193 85.86 35.86 

3 5.06 193 38.44 38.44 

4 4.32 193 41.21 39.12 

5 4.05 193 42.14 37.96 

4.0 

~ 

II 
~ 

~ 4.5 .... 
Cl ... 
-0 

0 
> 5.0 

35 36 37 38 39 40 41 42 43 

•max (degrees) 

Figure 10. 4- : 

Effect of initial void ratio on the maximum angle of internal friction for 

samples of diatomaceous earth (DE) sheared under a nonnal stress of 193 kPa 
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shear, as reflected in the increasing maxi.mum friction angles. 'lhis effect 

is illustrated in Figure 10.4. 

'Ille sensitivity of shear strength parameters to the initial density for 

silty, crushable materials such as the d.iatomaceous earth and crushed 

limestone suggests that an engineering classification based on a parameter 

related to compressibility could be more appropriate than one based on 

frictional properties or crushabili ty. For these materials, relatively 

small normal 'pressures could result in large settlements and associated 

crushing. It would be extremely difficult to measure such crushing directly 

(c.f. Section 4.4.4). That significant crushing occurs at relatively small 

normal pressures can be deduced from Figure 10.5. 

In Fig. 10. 5 an "unused" sample of diatomaceous earth was placed in the 

shear mould using "standardised" initial compaction (three layers, pressed 

by hand) and consolidated tmder a sequence of increasing normal loads. The 

sample was then removed from the mould, remoulded into a loose powder, 

recompacted and consolidated as before. 'Ille spacing between the two 

compression curves indicates that a smaller average particle size was 

present in the second stage of the test. This conminution is a clear 

indication of crushing. 

10.5 OONCWSIONS ON CX>N'l'OOL TESTS 

(a) Provided that a "standardised" initial placement density and sample 

size is used, good repeat.ability of measured void ratios and frictional 

properties can be achieved with the direct shear apparatus. 
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Figure 10.5 

0 "unstressed" sample 

• "prestressed" sample 

100 200 300 400 

Normal stress, on (kPa) 

Effect of "pre:otressing" on the measured void ratio of a 

sample of diatomaceous earth consolidated in the direct 

shear apparatus 
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(b) Friction angles measured at an arbitrary, single normal pressure fail 

to discriminate between materials on a basis of particle size, shape 

and mineralogy, especially in the fine sand to silt size range. 

(c) Although some silt particles are highly crushable, classification or 

description of silt materials in tenns of crushability does not appear 

to be a suitable parameter. Mass physical properties, particle shape 

and compressibility would provide a more useful indication of the 

likely engineering behaviour. 
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11. CRUSHABILITY TEm'S 

11.1 OBJECTIVES 

The crushing of carbonate particles at relatively low stresses has been 

identified as one of the factors causing anomalous engineering behaviour, 

Thus it has been suggested (e.g. Datta et al., 1979) that some measure of 

the crushing susceptibility should be included in an engineering 

classification or description system for carbonate soils. Although several 

indices have been suggested, their use is limited by a lack of a simple and 

standardised procedure for their quantification. 

In this investigation, two carbonate sands (composed of small shell 

fragments) with differing mass physical properties were subjected to direct 

shear tests in order to undertake a preliminary evaluation of 

The suitability of the direct shear apparatus to measure crushability. 

The effect of particle shape and intraparticle voids, as reflected in 

the maximum obtainable void ratio, on the amount of crushing. 

The effect of particle size on crushing. 

The effect of sample thickness on crushing. 

The relative magnitude of crushing under normal stress alone, followed 

by shearing under the same normal stress. 

11.2 SAMPLE DESCRIPI'ION AND PREPARATION 

Two types of shell, which will be referred to as "Killa" and "Table Bay" 

shell, were used in the investigation. A coarse qua.rtzitic sand was used as 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

11-2 

control. The prefixes K, T and S have been used to identify the samples of 

these materials, respectively. 

The Killa shell (K) was purchased from a supplier of building materials and 

was received at the laboratory in 50 kg bags of coarse shell fragments. 

Approximately 80% by mass of these particles were in the fine to medillll 

gravel size range. 

The Table Bay shell ( T) was obtained off shore of Cape Town on the ucr 

research vessel, the R/V Thomas B Davie. A near-surface disturbed sample of 

approximately 20 kg was retrieved with a box corer. Most of the particles 

were in the fine to coarse sand size range. 

Although the external shapes of the Killa and Table Bay shells appear to be 

superficially similar (platey and angular), they display some textural and 

structural differences. The Killa shell consists of solid particles with a 

glossy ltistre, while the Table Bay particles are porous and have a matt 

appearance. These particles are shown in Plates 2 and 3. 

In order to investigate the effect of particle size on crushabili ty, the 

shell fragments were separated into 3 size ranges,, the largest of which 
i 

( 1180 - 2000 µm) was selected to comply with a 2nm maxi.mum particle size 

restriction for the 60mm x 60nm direct shear test (Head, Vol. 2, (1982). As 

the bulk of the Killa shell fragments were coarser than 2111n, a considerable 

amOlm.t of sieving was required to obtain sufficient amo\.U'lts of finer 

samples. Unfortunately particles obtained by artificial crushing differed 

markedly in shape and texture from those obtained by sieving the "\IDcrushed" 

samples; artificial crushing could therefore not be used. 
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Plate 2 : Coarse fraction (> 2mrnl of Killa shell. 

Plate 3 Coarse fraction (> 2nun) ot Table Bay shell. 
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Samples of both Killa and Table Bay shell were therefore prepared using the 

following procedure : 

the coarsest fraction of the air <:lried samples was first removed by 

discarding all fragments retained on a 3000 µm sieve; 

the samples were washed on a 425 µm sieve in order to remove fines and 

contaminants; 

the oven dried samples were carefully hand sieved and separated into 3 

size ranges 

Size A 

Size B 

Size C 

2000 - 1180 pm 

1180 - 85() IAf1 

d50 - 600 µm • 

· 11. 3 PARTICIE SIZE DISTRIBUTION 

In order t0 assess the particle size distribution, the bulk samples were 

riffled and particle size analysis performed on representative quantities of 

material in each size range. A standard dry sieving procedure (BS 1377 : 

1975, Test 7(B)) with mechanical shaker and shaking time of 10 minutes was 

used. Repeated analysis of the same samples showed excellent repeatability 

of results with only minor particle degradation due to sieving. 

The particle size distributions for the 3 size ranges of Killa and Table Bay 

shell, as well as the quartz sand are shown in Figures 11.l(a) to (c) and 

the associated unif onni ty coefficients are given in Table 11. 1. The 

coefficients of unifonnity (o60;o10 ) for all samples were considerably less 

than 2. The samples may consequently be regarded to be of "unifonn" grading 

distribution (Lambe and Whitman, 1979). 
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11.4 ~TE roNTENT 

Carbonate contents were detennined using hydrochloric acid reaction and 

pressure measurement as in the "Karbonat-Bombe" technique (Muller and 

Gastner, 1971). The average carbonate content of the Ki.Ila samples was 82% 

of dry weight, and the Table Bay samples 83% of dry weight. 

11.5 SPECIFIC GRAVITY 

Particle specific gravities (relative mass densities) were detennined using 

the "density bottle method" (BS 1377 : 1975', Test 6(6). Both the Killa and 

Table Bay particles had average specific gravities of 2.71. 

11.6 LIMITING DENSITIES AND VOID RATIOS 

The mini.mum dry densities of the samples were determined using the method 

devised by Kolbuszewski (1949) and described by Head, Vol. 1, (1984). This 

is an extremely simple test which requires pouring a predetennined mass of 

oven dried sample into a graduated cylinder, quickly inverting the cylinder 

and using the maxi.mum vol\.Ulle reading obtained to calculate the mini.mun dry 

density. 

The minimtm1 dry densities obtained are listed in Table 11. 2. The 

corresponding maxi.on.mt void ratios were calculated using the following 

relationship : 
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Table 11.1 Particle size characteristics of samples 

Size A 

D60(nm) 1.6 

D
10

(an) 1.2 

U=D60/D10 1.33 

Kil la Table 

B c A B 

1.0 0.73 1.55 1.0 

0.86 0.61 1.18 0.85 

1.16 1.20 1.31 1.18 

A 1180 - 2000 µm 
B 850 - 1180 µm 
c 600 - 850 µm 

Bay Quartz 

c 

0.74 0.80 

0.61 0.52 

1.21 1.54 

Table 11.2 Limiting densities and void ratios 

e max 

* e . llllll 

Table Bay 

3 
Po . < kg/m >. 1 d 

min. 

e max 

* e . IDl.n 

Silica 

3 
Pn . (kg/m >. 1<f 

min 

e 
llBX 

* e . ai.n 

Particle size range (µm) 
2000 - 1180 - 850 - 600 

A B c 

1.25 1.25 1.30 

1.17 1.17 1.09 

0.70 0.82 0.69 

0.93 0.99 1.11 

1.93 1.74 1.44 

1.43 1.23 1.11 

1.52 

0.75 

0.44 

* Bsti.n&ted frao results of direct shear tests 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

11-5 

whefe : 

G = particle specific gravity s 

Pw = density of water 

pd . = minimum dry density. 
min 

The mininn.un void ratios listed in Table 11.2 were deduced from the results 

of direct shear tests. It was arbitrarily defined as the minimlBil which 

could be obtained by vibrating the sample under nonnal stress without 

appreciable crushing. 

11.7 TESTING PROCEDURES TO INVESTIGATE CRUSHING 

A series of tests to investigate crushing, as described under (i), (ii) and 

(iii) below, was conducted with the 60nun x 60nun direct shear apparatus. 

(i) Effect of normal stress on crushing 

Samples were subjected to normal stresses of 700 kPa and 1200 kPa and 

particle size analysis performed on the unsheared samples. 

The air dried samples were placed in the shear mould in three layers. F.ach 

layer was lightly tamped in an endeavour to obtain the maximum possible 

density without causing particles to crush. The mould was placed in the 

shearbox carriage and the sample height ( h ) was measured in order to 
u 

detennine the "unconsolidated" void ratios (e ) • After application of the 
u 

appropriate normal stress, the samples were vibrated with a specially 

adapted vibrating engraving tool for approximately 1 minute. The normal 

loads were removed and the sample heights ( h ) measured to detennine the 
0 

"consolidated" void ratios ( e ) . 
0 

Sample masses were recorded after the 
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tests and particle size analysis was perf onned using the identical procedure 

to that described under Section 11.3. 

(ii) Effect of shear stress on crushing 

Samples were sheared under normal stresses of 100, 400, 700 and 1200 kPa and 

particle size analysis perfonned on the sheared samples. 

Initial preparation of samples followed the procedure described in Section 

11.7(i). After measurement of the "consolidated" sample heights, the normal 

loads were re-applied and the samples sheared at a constant rate of strain 

of 1. 2nm/min. Data of shear stress and vertical displacement versus 

horizontal displacement were recorded electronically, using the program 

SAMPLING. Maximum and "residual" shear stresses were calculated directly 

from proving ring dial gauge readings. The masses of the sheared samples 

were recorded and changes in particle size distributions analysed. 

The results of these tests are tabulated in Table 11. 3 and the recorded 

stress-strain curves shown in Figures 11.2(a) to (u). 

(iii) Effect of sample height on crushing 

The average sample height of 24nun was increased to 37nm and tests similar to 

those described under (i) and (ii) were perfonned, using an applied normal 

stress of 1200 kPa. 

11.8 DISCUSSION OF RESULTS OF CRUSHABILITY TESTS 

(i) Selection of crushing coefficients 

As noted in Section 4. 3. 3 of the literature review, not all measures of 

particle breakage are munerically equally sensitive. In order to compare 
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Table 11.3 Measured. friction angles and void ratios for crushability 

tests 

NolWll Stress 
Size l'&lllle stress strain 

Test No. ,,., lkPa) e u e •-.x1•1 
0 •uit1• 1 &81-1 curve 

lil!!! 

KIA) 100 2000 - 1180 100 0.90 0.88 44.0 40 + 0.85 FilUI'tl 11.21al 

KIA) 400 400 - 0.81 44.0 38.9 + 0.55 Fi.aure 11.2(b) 

KIA) 700 700 0.87 0.84 - - - -
KIA) 1200 1200 0.79 0.75 39.9 39.9 - 0.25 Piaure ll.21cl 

IUB) 100 1180 - 850 100 0.83 0.82 43.2 35.5 + 0.75 Fiaure 11.21d) 

KCBI 400 400 0.86 0.85 43.7 36.6 + 0.25 Figure 11.2(e) 

KIB) 1200 1200 0.90 0.86 39.8 37.7 - 0.25 Figure 11.2(f) 

K(C) 100 850 - 600 100 - 0.69 45.0 33.6 + 0.85 Fiaure 11.2(g) 

K(C) 400 400 0.77 0.75 42.5 35.3 + 0.50 Fiam'e 11. 2 I h> 

K(C) 1200 1200 0.78 0.74 41.2 36.2 .:.. 0.15 Fiaure 11.21il 

Table Bay 

T(A) 100 2000 - 1180 100 1.48 1.48 46.2 40.9 + 0.65 Fi,aure 11.2(j) 

T(A) 400 400 1.43 1.40 45.2 42.7 - 0.25 Fiaure 11.2(k) 

TIA) 700 700 1.51 1.42 - - - -
TIA) 1200 1200 1.43 1.25 40.3 40.3 - 1.2 Figure 11. 2 (1 I 

T(B) 100 1180 - 850 100 1.24 1.23 50.5 39.6 + 0.9 Fi.gure 11.21a) 

TCBI 400 400 1.25 1.23 45.7 40.0 - Figure 11.21n) 

TIBI 1200 1200 1.26 1.18 40.1 40.1 - 0.85 Figure 11.2(ol 

T(CI 100 850 - 600 100 1.14 1.08 46.2 37.7 + 0.75 Figure 11.2(p) 

TIC) 400 400 1.15 1.18 45.3 39.1 + 0.25 Fiam'e ll.21q) 

TIC) 1200 1200 1.11 1.0-, 42.1 41.0 - 0.36 ~ 11.2(r) 

~ 

8 100 100 0.44 0.44 39.7 27.9 + 0.55 Fillure 11.21s) 

8 400 400 0.45 0.44 38.2 29.4 + 0.50 Fi.gure 11.2(t) 

8 1200 1200 0.49 0.46 37.6 27.3 + 0.45 Figure ll.2(u) 
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the amo\IDt of crushing under different cond.i tions (e.g. variation in 

particle size), a numerical expression which is compatible with the particle 

size characteristics of the original sample is required. 

Table 11.4 lists the crushing coefficients as defined by Datta et al. 

( 1979) , Lee and Fahrooma.nd ( 1967) and Marsal ( 1965) for samples sheared 

under a normal stress of 1200 kPa. For the samples in which crushing was 

severe, the coefficient defined by Datta et al. ( 1979) was generally the 

most sensitive. This is consistent with the findings of Beringen et al. 

( 1982). However, Datta' s coefficient has a poor sensitivity for samples in 

which moderate but measurable crushing occurred. For example, it indicates 

no crushing for the Killa size A sample (K(A)400) sheared under a nonnal 

stress of 400 kPa. 

The Marsal coefficient is roore sensitive for samples which experienced 

little crushing (crushing coefficient of 4.1% for the sample K(A)400). This 

is due to the high degree of \IDif ormi ty in original particle sizes, in 

particular the fact that for all samples roore than 90% of the original mass 

had been retained on a single sieve size. Thus the coefficient (based on 

the Marsal definition) was calculated as : 

% crushing = % retained originally - % retained after crushing 

% retained original sample 

where the percentage crushing can vary between 0 and 100%. Coefficients for 

all tests calculated in this way are listed in Table 11.5. These 

coefficients are used as a basis for comparison in subsequent discussions. 
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Table 11.4 Crushing coefficients (Ck) for samples sheared tRlder 

a normal stress of 1200 kPa 

Shell tn>e 

Size range A 

Lee end Fahroomand 1.2 
(1967) 

Datta et al. (1979) 2.2 

Marsal (1965) (%) 19.0 

Kil la 

B c 

1.0 1.0 

1.5 1.1 

8.6 1.4 

A 2000 - 1180 µm 
B 1180 - 860 µm 
c 850 - 600 µm 

Table Bay 

A B 

2.4 1.6 

5.3 4.1 

49.4 34.2 

Table 11.5 : Measured. crushing coefficients based on Marsal 
definition (~%) for samples subjected to crushing tests 

a 
A n 

(kPa) 

100 # 0.6 

400 # 4.1 

700 # 6.3 

1200 # 19.0 

700 * 1.3 

1200 * 3.0 

Killa Table 

B c A B 

- - 2.0 -
- - 20.9 -
- - 32.4 -

8.6 1.4 49.4 S4.2 

- - 5.3 -
- - 16.4 -

# sheared under normal stress 
* normal stress only applied 

Bay 

c 

-
-
-

17.8 

-

-

c 

1.2 

2.3 

17.8 
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(ii) 
. . . . . . ' :: . --~;;-_;-. 

Shear strength t>ehaviour dµrirM{.crushing tests 

The data presented in Table 11.3 and Figures 11.2(a) to (u) indicates that 

the shear strength behaviour of the samples was generally consistent with 

those of similar materials tested by other researchers in that : 

All samples, including the quartz sand, showed a decrease in the 

maxilll\.lll angle of internal friction as the normal stress was increased 

from 100 kPa to 1200 kPa. However, the decrease for the quartz 

'control' sand was relatively small compared with that of the carbonate 

sands. This implies a greater degree of curvature for the Mohr failure 

envelopes of the carbonate sands. 

At the lower · normal stresses the carbonate sand samples showed 

'brittle' behaviour and a volume increase during shear. At the higher 

normal stresses behaviour gradually became more 'plastic' and sample 

voltnnes decreased during shear (cf. Figures 11. 2 (a) and ( c) ) • The 

'brittle' and 'plastic' behaviour is evidenced by the decreasing 

differences between the maximum and "ultimate" friction angles at 

increasing normal stresses ( i • e. no "peaking" ) • In contrast, the 

quartz sand dilated strongly even at the maximum normal stress 

(Figure 11.2(u)), 

The decrease in the angle of maximum shearing resistance corresponding to an 

increase in applied normal stress from 100 kPa to 1200 kPa (tie ) , together 
m 

with the crushing coefficients at 1200 kPa. are listed in Table 11.6. The 

average decrease in angle of maximum shearing resistance is 4. 8 ° • Sample 

TB1200 suffered the maximum decrease (10.4°) and the quartz sand, for which 

there was no me~urable crushing, experienced the minimum decrease ( 2. 1 ° ) • 

However, for the carbonate sands,-there is no clear correlation between AtzJm 

and the ammmt of crushing. 
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Datta et al . ( 1979) conducted triaxial experiments on near-pure carbonate 

sands and a quartz sand falling in a size range similar to the materials 

used in this investigation (see Section 4. 3. 4) • Secant angles of maximum. 

internal resistance at the lowest confining pressure (98 kPa) by Datta et 

al. show a good correspondence with the results obtained at 100 kPa in the 

present study. Datta et al . also f mmd a good correlation between 

crushability and decreasing friction angles at increasing confining 

pressures. However, these tests were conducted at confining pressures of up 

Values of A9J ranging from a minimum of 7 ° to 20, 7 ° and m to 6272 kPa. 

crushing coefficients of up to 8 were recorded. 

The limitation on the maximum normal pressure available in.the direct shear 

apparatus (i.e. 1300 ± kPa) unfortunately did not allow for the generation 

of 6fiJ values sufficiently large to establish a clear relationship between 
m 

this parameter and crushability. 

(iii) Effect of particle shape on crushability and compressibility 

In Section 4. 6. 4 of the literature review it was suggested that mass 

physical properties, in particular the maximum obtainable void ratio 

(ema.x) , could serve as a useful index for crushability and compressibility, 

The values of emax (Table 11.2) for the samples tested ranged from 0.75 for 

the quartz sand, (indicating "simple shape" particles according to the 

classification of Vinopal and Coogan (1978)), to 1.93 for the 1180 - 200 µm 

Table Bay sand (indicating particles of "radical shape"), 

Figure 11.3 shows a plot of emax versus Ck for the samples sheared at 1200 

kPa. From this plot a clear correlation between increasing particle size, 

e and crushability is evident. The slopes of the lines drawn through 
max 
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points of equal particle size indicate that,, within the range of material 

properties used in this investigation, an increase in e of O. 1 uni ts max 

leads to an increase in St of approximately 5 percentage points, . 

irrespective of particle size. 

Figure 11.4 shows a plot of Aemax versus ASt by which the effect of particle 

size in Fig. 11.3 is eliminated : 

Ae = difference in e of samples with similar particle size max max . 

ASt = difference in Sc of samples with similar particle size. 

A point at the origin of such a plot would imply that particles of carbonate 

sand with the same average particle size and e have equal crushing max 

susceptibility. The close intercept of the linear regression line with the 

origin of this plot confirms the validity of the assumption for the 

particular materials tested. 

The compressibility of samples cannot be detennined accurately with the 

direct shear apparatus, but two measurements can be used as a qualitative 

indicator; the initial "consolidation" settlements and the relative changes 

in sample height during shear. 

Table 11.7 lists the swnple heights directly after placement (h ) , sample 
u 

heights after consolidation tmder a nonnal stress of 1200 kPa (h
0

) , the 

resultant settlement. (Ah) and e values. max The Table Bay samples with 

larger emax experience the largest Ah , the Killa samples with similar emax 

all have similar values of Lili while the quartz sand with the smallest e 
max 

show the least settlement. However, no clear trend can be established as 
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Size A 1180 - 2000 I.II 
I 

850 - 1180 ,., 

600 - 850 ,.. 

e Tabla Bay 

0 K111a 

1.2 1. 3 1.4 1.5 1.6 1. 7 1.8 1.9 

Maxim111 obtainable vo1d ratio, •max 

Crushing <.,'Oefficients versus DBXi.nun obtainable void 

ratios for samples sheared under a normal stress of 1 200 kPa 

b.e " max 

Aemax versus ACk for carbonate sands sheared under a nonnal stre8~ 

of 1200 k.Pa 
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Table 11.6 Difference between maxilm..ID friction angles at minimlln and 
maxinun applied stress 

Sand type Killa Table Bay Quartz 

Size range A B c A B c 

6flJ (0) * 4.1 3.4 3.8 5.9 10.4 4.1 2.1 
m 

St ('I) 19.0 8.6 1.4 49.4 34.2 17.8 0 
DBX 

* /jJjJ = (ti at a = 100 kPa) - (e at a = 1200 kPa) m max n max n 
/ 

c.. = crushing coefficient (Marsal definition) at a = 1200 kPa 
-kmax n 

A 2000 - 1180"8 
B 1180 - 850"8 
c 850 - 600 ""' 

Table 11.7 Consolidation serttlements for applied normal stress 
of 1200 kPa 

Sand type Kil la Table Bay Quartz 

Size range A B c A B c 

h (nm) 
u 22.99 23.99 22.37 24.07 23.36 22.98 23.60 

h (nm) 
0 

22.49 23.56 22.89 22.27 22.46 22.50 23.22 

6h(om) - 0.50 - 0.43 - 0.52 - 1.79 - 0.90 - 0.48 - 0.38 
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this measurement is relatively sensitive to variability in the initial 

placement densities. 

·The change in sample heights during shear (lili ) under increased nonnal loads s 

also provides an indication of the relative compressibilities. Maximun 

recorded values for each test are listed in Table 11.3. Curves of vertical 

displacement versus horizontal strain for applied nonnal stresses of 100 and 

1200 kPa are shown in Figures 11.5(a) and (b). At the lower stress of 100 

k:Pa, all samples show dilating behaviour, but there is no correlation with 

emax values. At the maximum applied stress of 1200 k:Pa, only. the quartz 

sand continued to dilate, while all other samples decreased in volu:ne with 

the largest volume reductions corresponding to the largest emax values. 

The maximum changes in swnple heights during shear under an applied stress 

of 1200 kPa, together with corresponding e values, are plotted in max 

Figure 11.6. This plot shows that if the maximlDll .change in sample height at 

1200 kPa is taken as a measure of the sample· "compressibilities", then a 

remarkably good correlation between e and relative "compressibility" 
max 

applies. 

(iv) Effect of particle size 

The relative spacing between lines through points of equal particle size in 

Figure 11.3 indicates the sensitivity of crushing susceptibility to particle 

size. The spacing between these lines is roughly proportional to the ratio 

of the average particle size (D60 ) represented by each line : 
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line : A B c 

Average 060 (111111.) 1.575 1.0 0.735 

and using line C as a base; 

2.14 1.36 1.0 

Average particle size (D60 ) versus crushing coefficients (Ck) are shown in 

Figure 11.7, which also illustrates the strong influence of particle size on 

crushing susceptibility. The effect of size is partially obscured for the 

Table Bay samples, since the three size ranges also have widely variable and 

decreasing emax , implying decreasing crushing susceptibility. However, a 

near-linear relationship between particle size and crushability is indicated 

for the Killa shelll, for which the three size ranges have very similar e max 

values. 

Particle size appears to have a much more dominant influence on the 

crushability than on the compressibility. Figure 11.8(a) shows the vertical 

displacement versus horizontal strain for two size ranges of Killa shell 

with identical e , sheared at 100 kPa and 1200 kPa. For comparison, the max 

curves for the two Kil la shell samples are plotted against those of the 

Table Bay samples with identical particle size but differing e in Figures max 

11.8(b) and (c) respectively. 

(v) Effect of sample size 

Results for the 1180 - 2000 µm Killa and Table Bay samples subjected to 

normal and shear stresses of 1200 kPa, at different sample heights, are 

listed in Table 11.8. The following observations can be made : 
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Increasing the sample height by a factor of approximately 1.6 results 

in a marginal decrease in the peak angle of internal friction for both 

the Killa and Table Bay samples; 

The amount of crushing under application of normal stress alone is 

influenced negligibly by an increase in sample height; 

The measured amount of crushing after application of shear stress is 

influenced by the sample height for both the Killa and Table Bay shell. 

Increasing sample heights result in a relatively large decrease of the 

crushing coefficients. 

It was observed that for the sheared samples, particle degradation was 

severest on the shear plane, with most large particles reduced to a fine 

powder. The developnent of a zone of severest crushing in proximity to the 

shear plane could explain the greater sensitivity of crushing coefficients 

to variation in overall sample dimension. The extent of such a zone would 

depend, amongst other factors, on the average particle size and the overall 

dimensions of the sample. As the sample height is increased, a 

proportionally larger percentage of the particles will lie outside the zone 

of severest crushing. Since particle size distributions are calculated on a 

basis of "percent finer by mass" of the total sample, it follows that sample 

dimension will have a greater influence on the crushing coefficients as the 

distribution of stress within the sample becomes less uniform (i.e. shear 

stress vs. 1-D consolidation). This hypothesis is further supported by the 

fact that for both the Killa and Table Bay samples the total mass of fines 

(< 425 µm) remained virtually constant, irrespective of sample height. 

From Table 11. 8, it can also be seen that an increase in the initial 

unconsolidated sample height (h ) 
u 

leads to an increased consolidation 

settlement (6h) The normalised settlement (6h/hu) however appears to 
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decrease as the sample height is increased. This implies that crushing 

under application of normal stress alone could also be affected by the 

initial sample height, al though insuff icierit tests have been perf onned to 

verify this. 

(vi) Effect of normal and shear stress on crushability 

Crushing coefficients for the 1180 - 200 µm K.illa and Table Bay samples 

after application of the normal stress alone and shearing under the same 

normal stress are listed in Table 11.5. The following observations can be 

made : 

For both shell types, the amount of crushing under normal stress alone 

is considerably less than the amount of crushing after shear; 

At a particular level of applied normal stress (e.g. 1200 kPa), the 

ratio ~(normal stress}/Ck(shear stress) is not the same for different 

shell types. For the K.illa shell the ratio is less than 1/6 while for 

the Table Bay shell it is approximately 1/3. It appears that the 

difference in the amount of crushing under normal and shear stress 

decreases as the crushing susceptibility of the particles increases; 

For a given shell type and size, the ratio Ck(normal stress)/Ck(shear 

stress) does not remain constant as the level of applied stress is 

varied. 

This strong depen.dance of crushability on particle structure and the level 

and type of stress implies that crushing coefficients measured in d.iff erent 

laboratories under non-standard conditions, as is presently the practice, 

has little or no purpose for classification and description. 
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11.9 PRACTICAL IMPLICATIONS OF RF.SULTS AND REX.XffmNDATIONS FOR 
FUR1llER l«>RK 

(a) A classification of carbonate soils for engineering purposes based on 

the relation between crushabili ty and the change in friction angle 

determined in any shear test (e.g. Datta et al., 1979) does not appear 

to be satisfactory since shear tests are not "simple" tests. (Datt.s's 

test requires triaxial apparatus which, al though available in many 

geotechnica.l laboratories, needs adaptation or may not be capable of 

providing large enough confining pressures. Consequently, their method 

is not suitable for routine testing but it might be useful for 

research). 

(b) Considering Fig. 11.3; there appears to be a clear relation between 

emax , n60 and the crushing coefficient Ck as defined by Marsal. The 

measurement of 2 parameters only, i.e. emax and n60 , may tmiquely fix 

the position of the soil on such a "crushability chart", particularly 

if the value of e is independent of particle size. This f:lppears to max 

be a reasonable assumption for sand-size particles of tmiform grading 

distribution, as were used in the present investigation. Further 

research is required into the effect of non-lU'l.if orm size distributions 

on the relation between emax , n60 and Ck • (For silts, the value of 

e will depend on average particle size (Section 4.6.5 (iv)). 
max 

( c) For sand-size particles, both emax and n60 can be determined using 

simple, inexpensive tests which are available in most geotechnica.l 

testing laboratories. The simplicity requirement of an index test for 

classification is satisfied. 
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(d) If a "standardised crushing" chart can be developed, measurement of 

emax and n60 may provide an additional classification parameter ( ~) 

which could be quantitatively determined, with little. experimental 

variability. Sooh a chart could be constructed by perf arming a large 

number of tests in a single laboratory, using one apparatus and a wide 

variety of soils with differing emax and n60 • The use of arbitrary 

but equal sample size and stress pe.ths will avoid variability in the 

numerical value of ~ which arise from these factors (Section 11.8 (v) 

and (vi)). 

(e) The tests tmdertaken suggest that although crushability is sensitive to 

particle size, "compressibility" seems to be relatively tmaffected. 

However, a good correlation was fotmd between e and crushahility and 
max 

e and "compressibility", Nauroy and Le Tirant (1985) found a good 
max 

correlation between pile load carrying capacity and an arbitrarily 

' defined compressibility parameter (CPI) measured in the triaxial test. 

Th.is suggests that the value of e might be additionally correlated 
max . 

with pile load capacity. However, additional research is required. 

(f) An investigation into the effect of intraparticle voids on the 

engineering properties would be purposeful. 
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(b) 

12-1 

~SIONS 

The maximum obtainable void ratio (e ) has been shown to provide a max 

useful index property suitable for classifying carbonate sands. 

For carbonate sands of uniform grading distribution, e · correlated max 

well with crushability and "compressibility", as measured in the direct 

shear testing apparatus. 

( c) The method proposed by Kolbuszewski ( 1948) for measuring emax is 

recommended as the standard for carbonate sands. 

(d) Average particle size appears to correlate with crushability and use of 

060 is proposed as an index for carbonate sands and silts. 

(e) For carbonate silts, measurement of crushability is difficult and an 

alternative measurement such as the sample's compressibility would be 

more useful. A parameter based on void ratio would provide an 

indication of the particle shape and, as a consequence, the relative 

compressibility and crushability. Because the method for determining 

e for sands is not applicable to silts, the use of an alternative 
max 

measure of silt void ratio should be investigated. 

(f) The preparation of a "standard crushability chart" (e versus max 

crushability) for different particle sizes and materials is recoomended 

for further research. Similar charts (for sands and silts) based on 

compressibility would also be purposeful. 
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Appendix A.1 

Physical properties of carbonate minerals 

Property 

Common crystal form 

Cleavage 

Hardness 

Colour 

Streak 

Specific gravity 

Special property 

Calcite 

Rhombohedron 

Rhombohedral 
perfect 

3 

Transparent, 
coloured 

white 

2,71 

Dilute Hee causes 
effervescence 

Aragonite 

Prism 

Prismatic 
distinct 

3,5 - 4 

Transparent 
coloured 

white 

2,94 

Dilute Hee 
causes 
eff ervesence 
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APPENDIX A.2. 

METHOOO FOR DETEHMINING LIMITING VOID RATI~ 

Two approaches are generally used to detennine the relative densities for 

all soils (Tavenas and La Rochelle, 1972) : 

(a) Define and measure the real maximum and minimtun densities ·of a given 

material by experimenting with several techniques. In this case 

relative densities will be measured. which will depend essentially on 

the testing technique and will therefore vary from one experiment to 

the other. Kolbuszewski ( 1948) investigated. variations due to 

different techniques and showed that the method used has a significant 

influence on the value of thd measured. characteristics. The maximtun 

and minimtun densities for different materials were not always obtained. 

using the same method. Thus, the main objective of relative density, 

to bring the engineering properties of different soils together on a 

conunon basis, is not fulfilled.. 

(b) Adopt arbitrarily one technique to reproduce some particular states of 

compactness which will be called "limiting", even if they are not 

necessarily the maximum or minimum in absolute tenns. In the USA, a 

recognised Standard (AS'IM-D-208-64T) exists. Tavenas and La Rochelle 

evaluated the accuracy of this AS'IM Standard for a large series of 

tests conducted. by the same technician. The resulting errors were 

small, but not negligible, and were shown to apply only to results 

yielded by the "standard technique", undertaken with a given equipnent 

by a given technician. When these factors were changed, errors similar 

in magnittide to those resulting from different experimental methods 

resulted.. The research of Tavenas and La Rochelle (non-carbonate 

soils) indicated.that a variability of at least± 10-22% result from 

such relative density determinations. 
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Appendix A.3 

Listing of "SHEARBOX" program. 

10 I SHEARBOX - USED FOR REDUCTION OF DIRECT SHEAR RESULTS 
15 1 B. STERIANOS 19 SEPTEMBER 1988 
20 ! ***************************************************** 

30 CLEAR 
35 DISP "SHEARBOX" 
40 DISP "TEST NO"; 
50 INPUT Tl$ 
60 REM DIMENSIONS 
70 L=59.9 
80 DISP "NO. POROUS STONES"; 
90 INPUT N 
95 DISP "NO. GRID PLATES"; 
96 INPUT P 
97 DISP "UNCONSOLIDATED X"; 
98 INPUT U 1 , U2 
100 DISP "X1,X2,Y1,Y2"; 
110 INPUT Xl ,X2 ,Yl ,Y2 
120 REM Z=INST ZERO 
130 Z=13.83 
131 U=(Ul+U2l/2 
140 X=(Xl+X2>/2 
150 Y=<Yl+Y2)/2 
159 H0=44.32-<Z-U)-N•6.48-P•2.19 
160 H1~44.32-<Z-X>-N•6.48-P•2.19 
170 H2=44.32-<Z-Yl-N•6.48-P•Z.19 
180 REM 50, S 1 , S2=SETTLEMENT 
190 S0=X-U 
191 s·1 =Y-X 
192 S2=Y-U 
200 REM MASSES 
210 DISP "MASS CONTAINER,g"; 
220 INPUT MS 
230 DISP "MASS CON.+WET SAMP,g"; 
240 INPUT M6 
250 DISP "MASS CON.+DRY SAMP,g"; 
260 INPUT M7 
261 ! M8=WET MASS ,M9=DRY MASS 
270 M8=M6-MS 
280 M9=M7-M5 
290 REM VOLUMES 
299 V0=LA2•H0/1000 
300 Vl=L'2•H1/1000 
310 V2=LA2•H2/1000 
320 OISP "SPECIFIC GRAVITY"; 
330 INPUT G 
339 ! V5=SOLIDS VOLUME 
340 V5=M9/G 
350 DISP "NORMAL LOADS " 
360 DISP "W1CDIRECTl,W2COFFSET)"; 
370 INPUT Wl ,W2 
380 N0=39.795+2.734•W1+13.671•W2 
390 REM SHEAR STRESSES 
400 C=348.59907 
410 Q=.002 
420 OISP "MAX. DEFL,ULT. DEFL"; 
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430 INPUT 01 ,02 
440 T1=C*O*D1*1000/Ln2 
450 T2=C•Q•D2•1000/L~2 
451 ! TANMAX=G 1 TANRES=G2 
452 Gl=T1/N0 
453 G2=T2/N0 
460 REM MOIST CONT 
470 W0=<M8-M9l•100/M9 
480 REM DENSITIES,P0=INIT BULK,Pl=ORY,P3=FIN BULK,P7=UNC BULK,PB=UNC DRY 

. 481 P7=M8•9.81/V0 
482P8=100•P7/(100+W0l 
490 P0=M8*9.81/V1 
500 P1=100•P0/( l00+W0> 
510 P3=H1 •P0/( Hl-S l) 
520 REM VOIDS RATIO,E0=INIT ,E2=FINAL,E7=UNC. 
529 E7=(V0-V51/V5 
530 E0=<V1-V5l/V5 
540 E2=<V2-V5l/V5 
550 IMAGE OOO.OO,XX,20A 
560 IMAGE DDD.DDD,X,20A 
570 DISP USING 550 N0,"NORMAL STRESS" 
580 DISP USING 550 Tl ,"MAX SHEAR STRESS" 
590 OISP USING 550 T2,"ULT SHEAR STRESS" 
591 DISP USING 550 Gl I "TAN MAX" 
592 DISP USING 550 G2,"TAN ULT" 
600 DISP USING 550 W0,"MOISTURE CONTENT" 
607 DISP USING 550 P7,"UNC.BULK WEIGHT" 
608 DISP USING 550 PS,"UNC DRYWEIGHT" 
610 OISP USING 550 P0,"BULK WEIGHT" 
620 DISP USING 550 Pl, "ORY WEIGHT" 
630 OISP USING 550 P3,"FINAL BULK WEIGHT" 
638 OISP USING 560 E7,"UNC.VOID RATIO" 
640 DISP USING 560 E0,"INITIAL VOID RATIO" 
650 OISP USING 560 E2,"FINAL VOID RATIO" 
651 DISP USING 560 S0,"UNC.TO CONS SET" 
652 DISP USING 560 Sl ,"FIN TO CON SET" 
653 DISP USING 560 S2,"FIN TO UNC SET" 
654 DISP USING 560 H0,"UNC.SAMLE HEIGHT" 
655 DISP USING 560 H1 ,"CONS. SAMPLE HEIGHT" 
656 DISP USING 560 H2,"FIN.SAMPLE HEIGHT" 
660 PRINTER IS 701 ,80 
670 ! ************************* 
680 PRINT 
690 PRINT 
700 PRINT 
710 PRINT 
760 PRINT 
770 DISP 
790 PRINT 
800 PRINT 
810 PRINT 
820 PRINT 
830 PRINT 
831 PRINT 
832 PRINT 
840 PRINT 
841 PRINT 
842 PRINT 
850 PRINT 

"TEST NO ";T 1 $ 

"NO. POROUS STONES=";N 
"ASSUMED SPECIFIC GRAVITY";G 

"NORMAL STRESSES ;WI ,W2" ;W1 ,W2 

USING 550 N0 I "NORMAL STRESS" 
USING 550 Tl I "MAX SHEAR STRESS" 
USING 550 T2,"ULT SHEAR STRESS" 
USING 550 Gl , "TAN MAX" 
USING 550 62, "TAN ULT" 
USING 550 W0 I "MOISTURE CONTENT" 
USING 550 P7,"UNC. BULK WEIGHT" 
USING 550 PB I "UNC. DRY WEIGHT" 
USING 550 P0,"BULK WEIGHT" 
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860 PRINT USING 550 Pl, "DRY WEIGHT" 
870 PRINT USING 550 P3,"FINAL BULK WEIGHT" 
879 PRINT USING 560 E7, "UNC. VOID RATIO" 
880 PRINT USING 560 E0, "CONS. VOID RATIO" 
890 PRINT USING 560 E2,"FINAL VOID RATIO" 
891 PRINT 
892 PRINT USING 560 S0, "UNC. TOCONS SET,MM" 
893 PRINT USING 560 S 1 , "FIN. TO CONS SET , MM" 
894 PRINT USING 560 52,"FIN.TOUNC.SET,MM" 
895 PRINT USING 560 H0,"UNC.SAMPLE HEIGHT" 
896 PRINT USING 560 H 1 , "CONS. SAMPLE HEIGHT" 
897 PRINT USING 560 H2,"FIN.SAMPLE HEIGHT" 
900 PRINT 
910 PRINT 
920 PRINTER IS 1 
930 ENO 
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Appendix A.4 

Postgraduate courses completed by the author 

Course No. 

FE 512 

CE 5Cl 

CE 5C3 

CE 5C4 

CE 5C6 

CE 502 

CE 506 

CE 5E5 

2 2 FEB 1989 

Course 

Engineering Economy and Optimisation 

Aquatic Chemistry 

Advanced Aquatic Chemistry 

Wastewater Treatment I 

Low Cos~ Sanitation 

Coastal Hydraulics 

Coastal Engineering Practice 

Geotechnical Site Investigation 

TOTAL 

Credits 

5 

5 

5 

5 

5 

5 

5 

5 

40 




