GEOTECHNICAL ENGINEERING IN RESIDUAL SOILS

University of Chile, Santiago

PART 3:GROUPING & CLASSIFICATION SCHEMES FOR RESIDUAL SOILS 

3.1 Introduction

A number of attempts have been made over the years to devise methods for the description or classification of residual soils.  However, despite these attempts, no generally accepted methods have been established.  This is not at all surprising, in view of the very diverse nature of residual soils, and it is unlikely that a universal scheme is a practical possibility.  In the following sections an account is given of classification or descriptive schemes which have been used to date, and a different grouping or division of residual soils is suggested, not in order to create a systematic classification of residual soils, but to enable engineers to identify residual soil types which belong together, and which can be expected to have similar engineering properties.

3.2 Present Classification Systems

Methods at present in use for grouping or classifying residual soils appear to fall into three broad types as follows :

(a) Methods based on the weathering profile.

(b) Methods based on pedalogical classification.

(c) Methods intended for local use on specific soil type only.

These methods are considered and discussed in the following sections.

(a) Methods Based on the Weathering Profile
Based on the work of Moye (1955), Little (1969) presented a typical example of a method for classifying residual tropical soils on the basis of the degree of weathering evident in a typical profile of such soils.  The profile concept and the six categories of material type are shown in Fig. 3.2.1.  Similar systems have been proposed by a number of authors, sometimes on a general basis and sometimes in relation to a particular formation or locality.  Saunders and Fookes (1970) review and describe some of these systems. 

Little (1969) stated that the classification system he proposed was intended to cover the residue resulting from the weathering of igneous rocks in the humid tropics.  This is a significant and important limitation to the usefulness of such methods.  A more important limitation in systems such as this, however, lies in the fact that they provide no comparative information on the nature of the top horizon, that is the true soil layer, which is often of greatest interest to the engineer.  These systems are useful therefore on a localized basis, where an engineer is seeking to describe or classify the properties of a particular formation, but are not useful for comparing the properties of totally different formations.  For example, they will not assist an engineer to come to terms with the differences in properties between, say, the weathered granite soils of Malaysia or Hong Kong, and the black cotton soils of India, or the volcanic ash clays or Chile. 
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Figure 3.2.1 (See also Fig 1.2.1) Weathering categories from fresh rock to soil (after Little, 1969).

These methods are better regarded as systems for describing weathered rock profiles rather than as classification systems for true residual soils. The methods provide information on the in situ state of the soil only; they provide no information on the actual composition of the soil.  They are presumably intended to be used as supplements to systems that describe the composition or nature of the soil itself such as the Unified Soil Classification System.

Both the usefulness and the limitations of this type of classification system appear to be fairly well recognized, and the method is rightly being used for specific local situations and adapted accordingly.  Pender (1971) for example, describes the use of a slightly amended version used in the classification of weathered greywacke rock in Wellington, New Zealand.

It should be pointed out that the profile shown in Fig.3.1.1 is relevant only to certain types of residual soils, such as the igneous rocks mentioned by Little. As pictured in Fig. 3.1.1, the profile consists of a series of zones of not greatly differing thicknesses. With some residual soils, however, this is not the case at all, and the boundary between soil and rock is very abrupt, with only a very thin zone of transition material. This is frequently the case with the weathered basalt soils found in the North Island of New Zealand, and also the case with red clays derived from basaltic rock in Java, Indonesia. Volcanic ash soils may also show an abrupt boundary between the soil and the underlying rock, which is likely to be basaltic or andesite lahar or rock. This is not because of the nature of the weathering process, but because the ash was deposited on top of the rock and the soil is derived from the fresh ash and not from the underlying rock. Townsend (1985) indicates that the weathering process is different in acidic and basic rocks, he comments: “one major difference between the basic and acidic rocks is that most pedologists suggest that basic rocks weather rapidly into soils providing a sharp contact zone with the weathering of minerals occurring within a layer of only a few millimeters. Conversely, the zone of alteration in acidic quartz-rich rocks appears to be quite thick”.
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                                       Figure 3.2.2 Variations in residual soil profiles.

With sedimentary rocks, the picture is even more complex, and the soil profile above the rock is likely to reflect both the weathering sequence and the differences in the parent rock.  When the parent rock consists of inter-bedded sandstone and mudstone, for example, this may be reflected in the resulting soil, which will consist of inter-bedded silty sand and clay. This is the case with the residual soils in the Auckland area of New Zealand derived from weathering of a sandstone and mudstone formation known as Waitemata series. Figure 3.2.2 shows three possible types of weathering profile for residual materials.

(b) Methods Based on Pedological Groups
Geotechnical engineers have made use of pedological terms to designate various soil groups for many years.  The term laterite or lateritic soil was one of the first such uses, and goes back at least to Bee (1948). Ranganathan (1961) made one of the earliest uses of the term black cotton clay.  The author (Wesley,1974) used the terms latosol and andosol to designate two soil groups in Indonesia - this usage was taken directly from the pedological classification system being used at that time by Indonesian soil scientists (Junas Dai and Driessen, 1972, Lenvain et al, 1972). Lohnes and Tuncer (1977) also used the term andosol in describing volcanic ash soils in Hawaii.

Various additional terms have since been added to the geotechnical literature, and different terms are used for the above groups by different countries. The terms oxisols, andepts and vertisols are in common use for lateritic soils (latosols), andosols and black cotton soils respectively.  Mitchell and Sitar (1982) present a table showing the variety of names used by three pedological systems, namely the French, F.A.O. and the U.S. Taxonomy. Uehara (1982) gives a useful account of the various pedological groups, and their associated properties. The three soil types mentioned above, namely lateritic soils, andosols and black cotton soils, however, remain the three most distinctive tropical soil types, and appear to be the types of most interest to the engineer.  Table 1 summarises the various names used for these groups.

Table 3.2.1:  Distinctive tropical / residual soil groups of interest to geotechnical engineers

	Commonly used Names
	Rigorous Pedological Names 
	Dominant clay minerals
	Important Characteristics



	
	F A O
	US Soil                   Taxonomy
	French
	
	

	Lateritic soils 

Latosols 

Red clays
	Ferralsols
	Oxisols
	Ferralitic soils
	Halloysite

Kaolinite

Gibbsite

Geothite
	Very large group with wide variation in characteristics

	Volcanic ash         

     soils

Andosols


	Andosols
	Andepts
	Eutropic brown soils of tropical regions on volcanic ash
	Allophane

&  minor

Halloysite
	Characterised by very high water content and irreversible changes when dried

	Black cotton soils

Black clays

Tropical black earths

Grumusols
	Vertisols
	Vertisols
	Vertisols
	Smectite

(montmorillinite)
	Problem soils, high shrinkage and swell, low strength


Table 3.2.1 also shows the predominant clay minerals associated with each group, and suggests that mineralogical composition is a strong influence on the properties of each group.

The use of pedological names has not generally been done with the intention of establishing rigorous classification systems along the lines of those in use by soil scientists. The names have simply been borrowed as a convenient way of identifying particular soil groups. Unfortunately, some confusion has been created by the rather unsystematic use of these terms. Mitchell and Sitar (1982) for example include the red soils of Foss (1973) and basalt-derived lateritic soils of Tuncer and Lohnes (1977) in the group andosols (Table 7 of Mitchell and Sitar,1982), although there is no suggestion by the original authors that the soils belong to this group, and no evidence that they contain allophone, the characteristic mineral of andosols. Morin (182) also includes andosols as part of the tropical red clay group. In the writer’s view, andosols are a distinctive group and although in the tropics they may be associated with red clays to some extent, their composition and properties are different, and for geotechnical engineering purposes they should not be confused with red clays.  Andosols occur in countries like Japan, Chile, and New Zealand, which are not tropical countries, and are not associated with red clays at all.

Mention should perhaps be made of a classification and descriptive system put forward by the British Geological Society (1990). This has attempted to uses a pedological basis for its classification scheme. The system is very complex and does not appear to have gained significant acceptance by the geotechnical community. Apart from its complexity, it also suffers from the disadvantage that there is not a clear link between the classification groups and the engineering properties. 

(c)   Methods intended for Specific Local Use:
In view of the complexity of residual soils, and the almost total lack of any common features among some residual soil groups, (for example black cotton soils and weathered granite soils) it is not surprising that descriptive or classification methods have been developed for local use in particular formations. Tuncer and Lohnes (1977) for example, describe a system suggested for use with lateritic soils from Hawaii and Puerto Rico. Pender (1971, 1981) describes empirical correlations for the weathered greywacke of Wellington, New Zealand. Wirth and Zeigler (1982) describe a system specifically developed for use on the Baltimore subway project.

In the writer’s view these methods represent a promising development, as such methods are highly desirable for dealing in a systematic way with particular formations, and it is likely that the profession will see an increasing use of such systems in the future.  A word of warning should however be exercised to those seeking to develop such systems, as there is a danger that existing systems will merely be modified in some way, or correlations valid for one group of residual soils will be assumed to provide a basis for correlations within another group.  For example correlations between strength and void ratio may be valid for some soils (Pender 1981, Tuncer and Lohnes 1977) but attempting to find such a correlation for volcanic ash soils would be likely to be a futile exercise.  Each soil type must be evaluated on its merits.

3.3   A Comprehensive Approach to Grouping or Classifying Residual Soils

3.3.1 Basis

The specific characteristics of residual soils which distinguish them from sedimentary soils can generally be attributed to either the presence of particular structural affects, such as the presence of unweathered or partially weathered rock, planes of weakness, inter-particle bonds and the like.  These influences can be grouped under the general headings of composition and structure.

Composition  includes particle size, shape, and especially mineralogical composition.

Structure can be subdivided into two main categories as follows:

(a) Macro-structure or discernible structure:  This includes all features discernible to the naked eye, such as layering, planes of weakness, fissures, pores, presence of unweathered or partially weathered rock and relic structures.

(b) Micro-structure or non-discernible structure:  This includes inter-particle bonding or cementation, clustering of particles etc.

The first classification method discussed above (ie the weathering profile), is based essentially on the macro-structure of the soil.  By visual examination of the macro-structure, it is possible to divide the weathering profile up into a series of layers.

The second classification method (i.e. the pedological systems), on the other hand, appears to be much more closely related to mineralogical composition than to either macro-structure or micro-structure. The distinctive engineering characteristics of the three soil groups listed in Table 3.1 arise primarily from their distinctive mineralogical composition.

Thus we really have two parallel systems that describe different features of the soil. The two systems come together essentially in the top layer of the weathering profile, that is, the true soil layer. However, with the three soil types listed in Table 3.1, the engineer may not be interested in any underlying partially weathered material, either because the soil layer is so thick that the material below is irrelevant to the geotechnical works involved, or because the intermediate zone is too thin to be of engineering importance.

Methods of classification and description that are in current use with sedimentary soils consist of two distinct parts. The first part is the classification of the material itself, and makes no reference to the undisturbed state in which the soil exists in the ground. Particle size and Atterberg limits form the bases of such classification; the Unified System is probably the best known of these methods. The second part is the description of the soil in its undisturbed state, and covers such aspects as stiffness (for cohesive soils), relative density (for granular soils) and structural features such as bedding planes, faults and joints, or other discontinuities.

3.3.2  A Proposed Grouping of Residual Soils

Following on from the above consideration a useful first step in the grouping of residual soils is to divide them into groups on the basis of composition alone, without reference to their undisturbed state.  The following three groups are suggested :

Group A:  Soils without a strong mineralogical influence

Group B:  Soils with a strong mineralogical influence coming from conventional clay 

     minerals normally found in sedimentary soils.

Group C:  Soils with a strong mineralogical influence coming from special clay minerals 

                 not found in sedimentary soils.

Group A:  Residual soils without a strong mineralogical influence

By eliminating those soils which are strongly influenced by particular clay minerals, there is some possibility of identifying a group of soils which can be expected to have similar properties.  Soils which come into this group will generally be those of a fairly coarse nature, with a relatively low clay fraction. The residual soils of Hong Kong appear to be a good example of soils which belong in this group. They are derived from the weathering of granites or volcanics (rhyolite), and particle size data given by Lumb (1965) shows the clay fraction to average only about 20%.  Even the completely weathered soil layer, classed as “red earth” by Lumb has a maximum clay fraction of only 40%.  Lumb and Lee (1975) show that the principal clay mineral is halloysite but believe that this has little influence on the engineering behaviour of the soils and suggest that behaviour is “controlled essentially by the coarser silt and sand fractions”.

In general, soils which have a weathering profile of the type illustrated in Fig. 3.1 will come within this group. In relatively rare instances, the top layer (i.e. the soil layer) may be sufficiently advanced in weathering to become a true clay with properties strongly influenced by distinctive clay minerals.

Group A soils can be subdivided further on the basis of the extent and manner in which their behaviour is influenced by structural effects.  It is convenient to separate structural effects into the two broad groups mentioned earlier, namely macro-structure and micro-structure.

Group A can therefore be divided into two main sub-groups :

Sub-group (a)
These are soils in which macro-structure plays an important role in the engineering behaviour of the soil.  The lower horizons of the soils which weather according to the pattern shown in Fig.1 fall into this category.

Sup-group (b)
These are soils without macro-structure, but with a strong influence from micro-structure.  The most important form of micro-structure is inter-particle bonding or cementation, and although this cannot be identified by visual inspection it can be inferred from fairly basic aspects of soil behaviour.   Sensitivity in particular is a very good measure of micro-structure, as high sensitivity results from the presence of a distinctive structure (involving some form of bonds) which is destroyed on remoulding.  In the writer’s view, more attention should be paid to the value of sensitivity with residual soils, as sensitivity is closely related to liquidity index which is in turn closely related to structural effects such as inter-particle bonding.  Residual soils which have a high liquidity index (or exist in a state analogous to this concept) are also those that show pronounced bonding or structural effects.  It is the presence of specific bonding or similar structural effects that enables the soil to exist in a state close to the liquid limit.

As Vaughan (1985) has pointed out, the presence of considerable coarse material in many residual soils makes the determination of Atterberg limits and the liquidity index somewhat problematical.  Focussing on the sensitivity of the soil avoids this difficulty.

Sub-group (c)
Soils that are not greatly influenced by macro or micro-structural effects are included here as a third sub-group. However, this sub-group is a very minor group, as very few residual soils of Group A will fall into this category.

Group B:  Residual soils strongly influenced by conventional clay minerals.  
This group is made up of soils that are strongly influenced by conventional clay minerals such as those normally found in sedimentary soils. The most significant member of this group is the black cotton soils or “vertisols”, whose characteristic properties are high shrink and swell potential, high compressibility and low strength. These characteristics are directly related to their predominant mineralogical constituent, which is montmorillonite or similar minerals of the smectite group.

Information in the literature suggests that not many other residual soils belong to this group, although there are some soils derived from sedimentary rocks (sandstones and mudstones) that have properties which are fairly strongly influenced by mineralogical composition. Soils in the Auckland area of New Zealand derived from the weathering of Waitemata sandstone come into this category. Some of the soils are of high shrink and swell characteristics due to the presence of montmorillonite; others show opposite characteristics and mineralogical composition appears to be a very minor influence on their behaviour.

Group C: Residual soils strongly influenced by special clay minerals not found in sedimentary soils.

These are the soils that are strongly influenced by the presence of clay minerals which are not found in sedimentary clays. The two most important minerals involved here are the silicate clay minerals halloysite and allophane. Halloysite is a lattice (crystalline) mineral of tubular form and is normally associated with the same group as kaolinite.  Allophane is an extremely unusual clay mineral. It was initially thought to be an amorphous (none-lattice) mineral, but recent research has shown that it consists of very fine particles with a weak crystalline structure. In addition to these silicate minerals, tropical soils may contain non-silicate minerals (or “oxide” minerals), in particular the hydrated forms of aluminium and iron oxide (the sesquioxides) gibbsite and goethite.

The influence of halloysite and allophone on the soil properties is fairly clear from the case studies recorded in the literature. The influence of the sesquioxides is less well documented. It is convenient however to subdivide this group into three sub-groups:

(a)  Halloysite Soils
The principal influence of halloysite appears to be that the engineering properties of the soil are good, despite a high clay fraction and very small particle size, and fairly high values of natural water content and Atterberg limits. The good engineering properties appear to be the direct result of their mineralogical composition, or in some cases cementation arising from the presence of the sesquioxides (Wesley 1973). Terzaghi (1958), Matyas (1969) and Wesley (1974) have given accounts of the good engineering performance of these soils. 

(b)  Allophane Soils

The influence which allophone has on soil behaviour has been described elsewhere (e.g. Lohnes and Tuncer 1977, Wesley 1974, 1977, 2002), and will be covered in greater detail later in this course. It should be understood however that the influence of allophane is both dramatic and puzzling, in that it results in soils having water contents ranging from about 80% to 250%, but which still perform very satisfactorily as engineering materials. They are frequently much superior to soils with water contents only a fraction of the above values.

(c)  Soils Influenced by the Presence of Sesquioxides
The principal role of the sesquioxides appears to be to act as cementing agents that bind the other mineral constituents into clusters or aggregations. With sufficient concentration of sesquioxides, the hard concretionary materials commonly known as laterite are formed. The silica/alumina ratio (SiO2/A12O3) and the silica/sesquioxide ratio have both been used as indicators of degree of laterisation.  This sub-group could perhaps be termed the lateritic group, but the term laterite is generally used very loosely, sometimes to include both halloysite and allophane and whose behaviour is not significantly influenced by the sesquioxides.

The above groups, especially the halloysite and allophane groups, can be further subdivided on the basis of structure. Allophane soils (which appear to be always associated with volcanic ash as parent material) show considerable variation in their structural influence. Allophane soils in Indonesia are generally of low to moderate sensitivity, while those in Japan are likely to be of moderate to very high sensitivity (Kuno et al 1978), indicating a strong structural component in their undisturbed state. The halloysitic soils of Java, Indonesia, with which the writer is familiar do not appear to have significant micro-structure or macro-structure. They are of very low sensitivity and their behaviour in the remoulded and undisturbed state is often almost identical. This is not necessarily true of other halloysite soils.

Table 3.2 presents this suggested grouping system, and indicates the descriptive information needed to justify its placing in a particular group.  Table 3.3 gives examples of soils that belong in each of these groups, and some guidelines for their identification. In general weathered igneous rocks such as granite, and many weathered sedimentary formations will generally produce soils that belong in Category (a). As indicated earlier the weathered granites of Hong Kong and Malaysia are not strongly influenced by mineralogical composition, but their behaviour is likely to be strongly influenced by both macro and micro structure, so they clearly belong in Category (a). 

On the other hand, volcanic ash soils (andosols, or allophane clays) are very strongly influenced by the unusual clay mineral allophane, and clearly belong in Category (c).  They do not often show evidence of macro structure, but can be moderately to highly sensitive, indicating a strong micro structure influence.  
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3.4  Discussion

3.4.1 General

As mentioned earlier the above grouping of residual soils is intended to provide a basis for identifying groups of residual soils that can be expected to have similar engineering properties.  It appears to provide a better basis for doing this than using pedalogical terms.

The terms red clay, or lateritic soil, for example are used to cover such a wide range of materials as to be almost useless to the engineer.  The predominant clay minerals in some red clays (or lateritic soils) are kaolinite and montmorillinite; these soils plot above the A-line on the plasticity chart.  The predominate clay mineral in other red clays, as already mentioned, is halloysite; these soils plot below the A-line and have quite distinct engineering properties.

One disadvantage of using mineralogical composition as a classification basis is readily apparent, namely that geotechnical engineers seldom have ready access to the facilities needed for mineral identification. However, most countries have institutions which can undertake mineralogical studies, and cooperation between geotechnical engineers and these institutions ought not to be difficult and hopefully should be to the benefit of both parties.

3.4.2.The Place of Conventional Classification Tests

The usefulness of conventional classification systems such as the Unified System for residual soils has been questioned on a number of occasions (e.g. De Graft-Johnson, 1969) primarily because of the dependence of particle size and plasticity measurements on the method of sample preparation.  It is argued also that the in situ character of the soil is so destroyed in preparing the soils for testing that the results do not give an indication of the properties of the undisturbed soil.

There is some truth in these arguments; at the same time it is of interest to note that there is a great deal more data on particle size and Atterberg limits for residual soils than there is data on shear strength, compressibility or other properties of direct interest to the engineer.  It is the writer’s view that the conventional particle size and Atterberg limit tests are very useful with residual soils, and knowledge of these properties is generally much more useful than being tole the soil is a red clay or a lateritic soil. The argument that the results are influenced by drying is not an argument for rejecting the tests since there is no difficulty in avoiding drying the soil.  Frost (1967), in drawing attention to this question, rightly called for correct pre-testing procedures rather than rejection of the tests.

It has been the author’s experience that with residual soils the position which a soil occupies on the conventional plasticity chart provides a good indication of soil properties, just as good if not better than with sedimentary soils. Soils that plot well below the A-line behave as silts while those which plot well above the A-line behave as clays.

Problems arise when attempts are made to relate specific soil properties, or classification boundaries to one or other of the liquid and plastic limits.  For example, the British classification system (BS 5903:1981) divides soils into a number of categories based on the liquid limit.  Such a division is not very relevant to residual soils.  It is the position above or below the A-line which is of most significance, especially with tropical residual soils.

It should be noted that the influence of increased mixing (or even drying) of the soil on the Atterberg limits is to move the point on the plasticity chart parallel to the A-line (Morin and Todor 1975); hence if we use distance above or below the A-line as our main criteria for evaluating soil this movement is not of great significance.

3.5  Conclusion

As indicated in the introduction it is not the purpose of this paper to provide a systematic classification procedure for residual soils; the intention has been to help geotechnical engineers understand the place of the systems which have been proposed in the past, and to propose a basis for dividing residual soils into groups which can be expected to have similar geotechnical properties.  The scheme proposed is believed to fulfil this objective but suffers from the drawback that mineralogical composition is one of its components and information of this nature is not a normal point of geotechnical investigations.
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