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SYNOPSIS

The engineering behaviour of carbonates differ substantially from qﬁartz
based soils. A review of the literature was undertaken in an attempt to
identify relevant parameters whicﬁ could provide the basis for an improved
engineering classification. Carbonate content, cementation, crushability,
particle size distributionvand Atterberg limits were found to be relevant to

engineering behaviour of carbonates, and should be included.

The maximum obtainable void ratio (emax) , which is related to the particle
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 redommended
that this parameter (emax) , as determined in the test devised by
B Kolbuszewski (1948), should be adopted as an index property for classifying

carbonate sands.
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1. INTRODUCTION

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,

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

perspective.

The development 6f an engineering classification system for carbonates is

important because :

- Material properties of carbonate soils can show a large variability
within short distances. |

- Carbbnate soils are particularly prone to sampling _disturbénce.

- There is limited data for correlating results of conventional site
investigation techniques (e.g. SPT, "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 performed. -

- Due to the susceptibility of carbonate materials +to sampling
dis.turba.nce, iaboratory samples are ofteri unrepresentative of the in
situ. condition.

- The unique matei‘ial 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 laboratory
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 carbonate soils with
particular reference to laboratory study of their properties, in situ
testing and associated design considerations. Emphasis is placed on the

following aspects :

- Identification of soil properties which cause anomalous engineering
behaviour.

- The possibility of improving the existing classification systems
through measurement of these properties (laboratory and in situ).

- Sources of error and variability in testing techniques as a result of
the unique material characteristics of carbonates.

- The applicability of parameters such as relative density, that might

provide a basis for improved classification.

A new classification 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 perameter to the engineering

behaviour of carbonate soils.
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2. BACKGROUND TO CARBONATE SOILS AND PROCESSES

Carbonate or calcarecus soils can be generally regarded as those sediments
which contain an appreciable amount (> 30%) of CaCO, . The various types of
sediment can be further differentiated on the basis of their origin and mode
of formation. Thus, a rough distinction can be made between carbonate
deposits formed in the marine environment and those formed in arid or

semi-arid regions

- marine enviromment formed by the settlement of calcium carbonate

rich skeletons of 'ma.rine organisms8; direct inorganic precipitation
occurs on a limited scale

- arid regions : formed mainly by the inorganic precipitation of CaC0,.
The ca.rbozntés can derive either from weathering of the parent
material, influx of carbonate rich eolian dust or from carbonates

dissolved in rain water.

The anomalous engineering properties displayed by these sediments can be
ascribed to factors related to their mode of formation and both physical and

chemical compositions.

(a) Mode of deposition

Carbonate sediments are generally formed within the basin of deposition, so
that carbonate contents can range from virtually O to 100 percent with the
non-carbonate component usually consisting of quartz particles .ancl clay

minerals.



(b) Physical 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

geometry.

(c) Diagenesis

Carbonate sediments are susceptible to post-depositional diagenesis (Section
.2.3) at ambient pressures and temperatures. Sediments can be cemented to
various degrees to form deposits ranging from loose calcareous sands to

firmly cemented limestone rock.

(d)' Chemistry and mineralogy
The sedjmenté contain CaCO, in the form of aragonite, high Mg-calcite and

low Mg-calcite.
,2'1 LOCATION AND DISTRIBUTION

- It is estimated (lee, 1982) that approximately 48 percent of the world’s
seabed is covered by calcareous ooze (containing more than 30% CaCo0,).
Since calcareous materials are predominantly produced by iiving vorganisms,
primary deposition can occur only in locations where water conditions favour
‘_c:alcium producing marine organisms. These conditions are determined mainly

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. This zone can however not be considered to

be "a precise determinant for the occurrence _of carbonate soils, because :
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- fluctuations in climatic and environmental conditions have occurred;
- warm water currents extend beyond the zone mentioned;
- precipitation of carbonate material is also controlled by factors such

as water depth, pressure and solubility of carbonnate 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 dept.h 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 Agulhas current

creates the favourable environmental conditions for carbonate deposition.
2.2 ORIGIN AND MODE OF DEPOSITION

The biogenic fraction in carbonate sediments is composed primarily of the
sk'eietons of marine organisms living in the upper waters of the ocean.
These organisms utilize dissolved calcium carbonate to construct portions of
their bodies, usually in the form of low-magnesium calcite or aragonite.
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 (CCD). This generally
occurs at water depths of between 3.5 and 5.0km in the world’s oceans. At
depths greater than the CCD calcite does not precipitate. Aragonite is more

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

Marine carbonate sediments differ from terrigeneous sediments in that the

constituent materials are formed mostly at or near the site of deposition.

N
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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 determines the distribution
and nature of sand and other perrigeneous sediments that enter the marine
environment.. Calcium 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 or large rivers (terrigeneous component).
Such bimodal material can exhibit significantly different enéineering

behaviour, depending on which of the basic constituents dominate.
2.3 DIAGENESIS

'Diagenesis can be >def ined as "the changes which occur in the character and
»oomposition 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 atmospheric
weathering” (Larsen and Chillingar, 1979). The diagenetic processes of

geotechnical significance are outlined below.

{a) Consolidation
As particles settle, the weight of accumulating sediment redﬁces 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 f,o early cementation.
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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 commonly 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 éediments 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

comnonly encountered (Angemeer and McNielan, 1982).

The cementing crystals are formed by precipitation of calcium carbonate from
golution. The mineralogy of the carbonate oeménts depend on the composition
of the fluid from which the crystal grows. In seawater it generally
consists of aragonite and high-magnesium calcite, while in freshwater, only

calcite crystals form.

The precipitation of CaC0, is controlled by the following reaction (Leeder,

1982) :



(2861 ‘UBT3INOW
pue Jolwagny J93je) S[BII3)vE 3}BUOQIEBD JO §3TJ08938) : § g SdANBT4

/‘ S11S0d3a TIOLY N3140 ’

T mi.mm.iz am_“__a_._o.m Mm

Cell g S e e T T e e A
o2 U7 $310114vd 31340S1g 3T8ISIA

ap A « S o Uc B AR SE - BN

3200 THVYIN LUS 8 ONVS T1IHS % TVHOO  3LIHOdVAI  3INOLS3INIT
SNO3YVI1IvO 31VNO8YYD |




2-6

H,0 + CO, = CaCo, +  H,00,
water carbon calcium carbonic
dioxide carbonate acid

dissolution #{ precipitation

cata + 2 HCO;
calcium bicarbonate
ion ion

The precipitation of CaC0, is therefore favoured by processes which decrease
the amount of CO, available to the solution, such as increase in temperature
and photosynthesis. The reverse process of dissolution is favoured vby
factors‘ increasing the C0, content, such as decay of organic matter.
Dissolution of CaC0, increases the void ratio of the sediment and weakens it

by destruction of cementation bonds.

{(c) Recrystalization

After burial, less stable (thermodynamically) mineral particles tend to
change to a more stable form. Shells originally made from more soluble
aragonite may be changed to calcite or may simply be slowly dissblved.
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 aragonite 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 from the calcareous hard parts of
invertebrates and calcarecus algae. The type of grain and its mineralogy
depend onA .the organiams present in thé 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 consume sediment for organic content can cause intermal
disintegration. | |

- Boring sponges and algae may penetrate larger particles, weakening them

for further disintegration by other burrowing organisms.

These mechanism8 can result in grain size differences of up to a

thousandfold in carbonate sediments.

Where sediment is 1lithified or has become rock, thin-section analysis
techniques must be used for identification. In this situation many
particles may be difficult to identify because under ‘thin section’ they

N
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show many different shapes. In addition, diagenetic dissolution of minerals

may degrade the original shell structure.

-Some of the commonest carbonate secreting organisms contributing to the
sediments are described in references such as Blatt et al. (1980) and

Kennett (1982) :

Foraminefera : These are mainly benthonic or planktonic forms, 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 paftly calcite.

Foram skeletons are hollow particles with spherical to globular shapes.
The shell walls are pften porous and sieve-like (Fig. 2.4). Typical
diameters are in the order of 100 to 300;m , with wall thiclknesses of 4
to 10m . These particles are the primary oonstiﬁxent of sediments
termed "calcareous ooze".

Calcareous planktonic algae : These singlé—celled algae secrete tiny
calcitic discs, known as coccoliths, which are oval to circular in
shape. The coccolith plates are typically 2 - 20um in diameter.
Because the perticles are so small, they are also called nanofossils.
fbl_lusca : These shells may be either external wnivalve, extennl
bivalve or internal. The shells may comprise complex alterations of
aragonite and calcite layers arranged in various geometrical ways with
' several characteristic microstructural types. '
Echinodermata : Teéts are composed 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. Each plate is a single

crystal of calcite.



Figure 2.4 : Variable shapes 6f foraminefera particles
(after Kennett, 1982)
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Pelletoid refers to similar appearing particles formed by the
micritization (reduced to "nicro-crystalline form) of other particles
such as skeletal grains or ooliths. In advanced stages of
micritization, the original particle may be convertéd into a uniform
homogeneous mass of microcrystalline carbonate and be indistinguiahablé

from a faecal pellet.

(d) Intraclasts

These particles are fragments of partially lithified carbonate sediment that
was eroded from the sea bottom or adjacent tidal flats. The prefix "intra"
1ndlcates that they formed as particles within the general area of

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

- Fine carbonate sediments which vdevelop mud cracks and curls when they
are exposed to air by a drop m sea levél.

- Carbonate sand2 on beaches within the intertidal zone which are
cemented into beach rock by fibrous aragonite. Eroded fragments of

such material produces intraclasts.

(ii)  Carbonate muds
Micrite or microcrystalline carbonate is a common constituent of carbomate |
rocks. Individual crystals in ancient rocks are usually less than 5um in
diameter and usually have been converted to calcite. In modern carbtmstev
sediments, most. carbonate mud is composed of individual crystals averaging
approximately 3am in length and less than 0.5¢m in width. These needlelike

crystals are predominantly aragonite.

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

abundance of aragonite crystals appears to be disproportionate to
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origination from one source. Three general sources are thought possible

(Leeder, 1982) :

- Mechanical or biological abrasion of larger particles to yield fine
' material

Large carbonate particles can be mechanically or biol.ogically abraded
to carbonate mud size fractions. (With the possible exception of the
fibrous aragonite layers of some shells, mechanical or biological
abrasion will not prbduce needle shaped aragonite crystals.)
- Direct inorganic precipitation of aragonite from seawater

There appears to be no evidence from normal or near-normal seawater for
inorganic precipitation of individual aragonite needles on a scale
compatible with the abundance of this type of particle as occurs in
carbonate sediments. ‘

- Production of aragonite needles within the tissues of calcareous
algae
Organic tissue of some living calcareous algae contains abundant

needles of aragonite that are similar to those found in bottom
sediment. When the plant dies and the organic tissue decays, the

needles are freed and added to the bottom sediment.

2.5 MINERALOGY AND CHEMISTRY

2.5.1 Mineralogy

The amount of carbonate material found in marine sediment can range from O
to nearly 100 percent by dry weight. Most carbonates contain one major
cation (C&"), two minor cations (MZ', Sr'’) and a number of trace cations
(F$+, Mr"i+, NI+, K++) . The major anion is 00:z , while significant amounts

of S0, , PO, , OH and C1™ 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 CaCoO,

Calcite (Cal_x ’ ng) co,
Dolomite , Ca Mg (CO,),
Magnesite MgCOo,

Specific gravities and other properties of these crystals are listed in

Appendix A.1.

As indicated in the previous section, the pfedomimnt minerals in modern
marine carbonate sediments are aragonite and calcite containing a small
percentage of magnesium. Both organic and inorganic calcite can have
magnesium substituting for calcium, but the amount of substituf;ion 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-magnesium calcite (containing less than 4 percent MgCO,),
high-magnesium calcite, and aragonite. Calcite (high and low Mg) is
thermodynamically more stable than aragonite, while high-magnesium calcite
has a higher stability than aragonite, which in turn has a highér solubility
than low-magnesium calcite (Brownlow, 1979). In most diagenetic

environments, aragonite will therefore be eliminated with time.

Fig. 2.5 illustrates the distribution of mineral species according to phylum

for the common carbonate contributing species.

Lowenstam (1964) peid particular attention to the temperature-dependence of
the aragonite/calcite ratio. He found that temperature is one of the

factors influencing skeletal mineralogy, but that there are numerous
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exceptions. He divided organisms secreting calcareous shells into four
types :
(1) orders composed of forms that secrete skeletons entirely of

(ii)

(iii)

- (iv)

aragonite, but in which the number of species is markedly greater
in the warmer than in the colder water;

classes or subclasses‘ in which all- species of a given order
secrete either all calcite or all aragonite, but in which the
orders with aragonite depositing species are confined to the
warmer waters;

a transitory type of {(ii) which secretes trace amounts 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 temperatﬁres,

the temperature effect depending on the species.

In addition to temperature, the mineralog& 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. The 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 SPT sampling where disturbed samples only are
available), and aid in the dating of strata;

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

to geotechnical properties (see Section 2.5.3). |
2.5.2 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 residués. Staining techniques are
among the fastest, simplest and cheapest methods for getting reliabie
chemical data on carbonate phases. Since it does not require sophisticated
and expensive equipment, it can be performed 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 aragonite,

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

2.5.3 Relative Abundance of Calci\_m and Magnesium in Carbonate Sediments

After calcium, magnesium is the element most commonly 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 : Distribution and relative importance 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)
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Figure 2.6: Recommended staining procedure (after Friedman, 1959),
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- carbonate rocks which represent lithified ancient carbomate 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 composition of three typical
limestones which illustrate the large variability in particle type and
texture. These materials were formed from carbonate mxd, cemented fossil
fragments and ooliths respectively. Despite these variations, the chemical
composition of the three types are remarkably similar. Expressed as oxide,
Ca0 and CO, are the only major components, while the Mg content is less than

3% in each case.

Chaney et al., (1982) state that the maximum amount of MgCO, and FeCO, found
in nature is 3% by dry weight. The validity of this assumption must be

evaluated in the light of the following possible exéeptions :

- The occurrence of magnesium in the mineral dolomite and >the rock
composed of this mineral. .

- Some calcite-secreting organisms contain quantities of magnesium in
their shells far in excess of the theoretical maximm of 4% for
inorganic calcite. Table 2.3 lista the chemical and mineralogical
composition 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 phase present is calci'te, and not dolomite 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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Although 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 lée.st stable carbonate mineral and will tend to
change to low-Mg calcite. The magnesium content will therefore also
depend on factors such as the diagenetic 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%) sedimént cores from the Bahama platform.  For these
sediments, vhe 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 SOILS
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
f ield identification and relatively inexpensive laboratory tests. The index
properties used in classification of such soilé can be divided into two

categories :

- soil grain properties : these deal with the individual grain’s size,

geometry, mineralogy and crystal structure;

- soil aggregate properties : 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 proberties. Similarlsr,
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 engineerihg 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. The main criteria for their

classification are :

(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 % prefix
90 to 100 carbonate
50 to 90 l siliceous carbonate
10 to 50 calcareous silica
0 to 10 silica

(b) Degree of cementation or induration

Induration is the process of hardening of sediments through ceﬁentation,
pressure, heat or other causes. In general, the tefm cementation refers to
sands or silts and induration applies for clays where interparticle
cementation for carbonate soils cannot be distinguished from natural
cohesion. The dégree of cementation is quantifiéd on the basis of
unconfined cbmpressive strength (Clark and Walker system) and cone

resistance (Beringen system).

{c) Particle size
‘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 occdrring categories :
clasgtic - ¢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

Aoolitic -~ spherical graing coated with precipitated calcium carbonate

pellitic - elliptical grains coated with precipitated calcium carbonate

reefoidal - 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

vThe schemes proposed by Clark and Walker, Fookes and Higgenbotham and
Beringen et a{. 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 following

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;

- terms such‘as “"clayey carbonate silt/mud" and "calcareous silt/clay"
fail to indicate -that the former soil is uncemeﬁted and behaves like a
normally consolidated soilvwhereas 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 wusual
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 umderstanding 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 formulate a system of description for carbonate
soils. They have suggested that a system of description should include the

following :



3-5

- cementation
- grain size distribution and plasticity
- nature of carbonate component

- nature of non-carbonate component.

Table 3.1 gives detailed observations that can purposefully be recorded for
each of the above aspects, together with some relevant procedures and

information.
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 so0il grain properties which have an inflL‘lence, 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.



Table 3.1 : Proposed system of description (Datta et al., 1982)

Description of

1. Cementation
(a) No cementation
{b) Weak cementatiaon
(c) Strong cementation
(i) uniform

(ii) partial .

2. Grain Size Distribution
(GSD) and Plasticity
(a) Grain size distribution

{b) Plasticity

3. Nature of Carbonate
Component
(a) Carbonate content
(b) Particle size of
carbonate material

Particle characteristics
and origin

{c)

(d)
(e)

Mineralogy
Geologic name

4. Nature of Nomr~carbonate
Component

(a) Particle size

(b) Particle characteristica
{c) Mineralogy

the 80il has a soft rock-like appearance. Unconfined
compressive strength should be indicated
the 80il containe cemented aggregates - this should be noted

for strongly cemented soils, is not very relevant; for
uniform 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 intraparticle voids cause
error in GSD and Atterberg Limits, field claasification pro-
cedures may be used for providing the relevant information in
a qualitative sense

80ils having more than 30% carbonate content should be termed
carbonate soils

the carbonate content in the sand and in the silt-clay
fractions should be determined separately and indicated.
Microscopic studies mentioned below will also give informa-
tion about particle size ’

microscopic studies ~ optical microscope 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 geologic name may be indicated

information on non-carbonate material is determined by dis-
solving the carbonate material in HCl, separating the remain-
ing so0il, and conducting the following tests on it

grain size distribution analysis

as for carbonate soils

microscopic studies

X-ray diffraction analysis




4. RELEVANT INDEX PROPERTIES AND THEIR MEASUREMENT

4,1 CARBONATE CONTENT

4.1.1 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. parficle size, skeletal or
non-skeletal particies,.etc.).

{(c) For a given carbonate and non-carbonate  composition, the relative
proportions of each in the soil.

{d) Whether or not the carbonate fraction has a cementing effept 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 {beyond a minute threshold level) has little effect on
cementation of =a terrestrial shale, while Kelly et al. (1974) fourd
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 né.ture and compogition of the
material. Notwithstanding these difficulties, it is recognised that for a
given so0il, 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 universally applicable.

(1) 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 reiationship between bulk
'density, carbonate céntent 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
- ph&sical 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



4-3

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.

bemars et al. (1976) performed consolidated undrained triaxial tests on
natural calcareous clays with carbonate contents ranging from 10 to 90
percent. A summary 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 cérbonate content, an increase in the effective friction angles
was observed, with a corresponding decreése in porewater pressure
parametér—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 énd 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 .fc'>r carbonate 'conf.ents 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 élay samples appeared to have a

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

et al., (1976).
{ i.i ) Compressibility

Bryant et af{. (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 - (CC) generally decreased with
increasing carbonate content. The variation of CC with carbonate content
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 carboﬁate sediments did not compress to
such low final void ratios. Such decreasing compressibility with ihcreasing
carbonate content appears to be applicable only to some fine grained
cafbonate—clay mixf;ures, since 1t is known that carbonate sands are
vgenerally more. compressible than silica sands (e.g. McCarel and Beard,

1984) .

(iii) Piling and skin friction

McCarel and Beard (1984) investigated the effec