GEOTECHNICAL ENGINEERING IN RESIDUAL SOILS 

University of Chile, Santiago

PART 8: OTHER SPECIAL SOIL GROUPS 

8.1 Partially Saturated Soils 

These notes have been put together based on my own experience of residual soils, which is in the wet, temperate, climate of New Zealand, or the wet tropical climate of Southeast Asia. The material presented reflects this background, and is primarily relevant to fully saturated soils. The Chile climate is quite different and does not fit into any particular category. It varies from hot and very dry in the north of the country, to cool and wet in the south; consequently degrees of saturation of the soils will vary from very low to fully saturated. Santiago appears to be situated on relatively coarse grained soils with a low water table, and degrees of saturation are probably quite low. So it is appropriate to make some comments about partially saturated soils (though it is not my area of expertise). As already emphasised in this course, understanding the behaviour of residual soils generally involves two basic factors:

(a) Understanding the properties of the material

(b) Understanding the seepage and pore pressure state in which they exist, especially that above the water table. 

Understanding both these factors is clearly very important in the case of partially saturated soils.  It is similarly important in considering expansive and collapsing soils, which are covered briefly in the following sections. 

8.1.1 Occurrence 

The principal factors that govern the existence of partially saturated soils are:

· Particle size (grading) of the soil

· Climate 

· Depth of the water table

· Topography 

With fine-grained soils, especially those made up mostly of silt and clay sized particles, water cannot freely enter or freely drain from the soil under gravity, because it is prevented from doing so because of surface tension effects at the air/water boundary. Soils, like porous stones, have an “air entry value” ie the pressure needed for air to enter the soil. This is very high for clays. The boundary between fine and coarse grained soils, 0.06mm, appears to be the particle size limit below which water cannot easily drain from the soil under gravity. Once these soils become saturated they generally only become unsaturated by evaporation at the ground surface, or any other exposed surface, such as a cut slope. The evaporation process overcomes the inability of water to drain from the soil in the liquid phase.  

The influence of climate is two-fold. If the climate is warm and wet, it promotes intense weathering of parent rocks and therefore favours the formation of fine grained soils. It also means a plentiful supply of rain, inhibiting evaporation. Both these factors mean the soil is likely to be fully saturated, except close to the ground surface. If the climate is dry, the opposite applies. Regardless of temperature, the weathering process will be much less intense and residual soils are likely to be relatively coarse. This fact, plus the reduced availability of water means the soils are likely to be partially saturated.

The depth of water table and topography are closely related. Clearly, soils are much more likely to be fully saturated in low lying, poorly drained areas (with shallow water tables) than in steep hilly terrain where drainage can take place much more readily and the water table is likely to be deep. 

These comments are generalisations, and do not take account of the influence of the parent rock or soil type. Hong Kong, for example, is relatively warm and wet, and it might be reasonable to expect that soils here would be fully saturated. However, the parent rock in Hong Kong is granite, and the quartz component is relatively resistant to weathering. This means that the residual soils derived from granite tend to be relatively coarse, and therefore unlikely to be fully saturated. In addition, Hong Kong is a very hilly place, which contributes to the fact that many of its soils are partially saturated. 

The non-uniformity of residual soils also has an influence on their degrees of saturation. Cracks, joints, and even coarse bedding planes, may provide “paths” along which evaporation can occur, inducing the adjacent soil to be less than fully saturated. They also provide channels by which water can re-enter and allow pore pressures to build up during periods of heavy rainfall. 

8.1.2 Measurements of degree of saturation

There are surprisingly few comprehensive measurements of degree of saturation in residual soils, and almost no measurements of how it varies with seasonal or storm events. Measurements made in tropical red clays and allophane clays (Wesley, 1973) show the soils to be fully saturated except in the top 1 to 2m.  Lumb (1962) gives some limited data for the weathered granite soils of Hong Kong, shown below in Figure 8.1.1, which illustrates quite a different situation.

                                 [image: image1.jpg]e

1

e

DEGREE OF SATURATION -

2y

T
1
I
i
|

1331 H1d3Q

brao]

wiTH waTel

|

8o arenirance]

0l




            Figure 8.1.1 Degrees of saturation in Hong Kong weathered granite. 

The degree of saturation in the weathered Hong Kong granite at the two sites investigated varies between about 40% and 90%.    

8.1.3 Mechanics of partially saturated soils 

The application of conventional soil mechanics concepts, especially the principle of effective stress, to partially saturated soils, is not straightforward, because partially saturated soils are no longer two phase systems. There are clearly three phases – solids, water, and air. Because of surface tension effects at the air/water interface, the air pressure is not the same as the pore water pressure. This complicates the relationship between total stress, pore pressure, and effective stress, and the conventional expression for effective stress is no longer valid. Various forms of an equivalent effective stress equation for partially saturated soils have been proposed, see for example Fredlund and Morgenstern (1977). The first and probably the best known is that of Bishop, which has the form: 

            (( = (( - ua) + ((ua – uw)   ……………………………………………………….8.1

      where (( = effective stress

( = total stress  

ua = pore air pressure  

uw = pore water pressure

( = parameter depending on degree of saturation, with values from 0 to 1. 

The term (ua – uw) is normally used to designate the “suction” (commonly called the matric suction) in the soil. In soil slopes ua will usually approximate to atmospheric pressure, while the pore water pressure will be negative.  

To help understand this equation, consider a natural soil close to the ground surface. The air phase is considered to be continuous throughout the soil and therefore at atmospheric pressure. 
The air pressure (atmospheric) is thus zero, so the equation becomes

(( = (  - ( uw 

Normally the equation would be 

(( = (  – uw 

the effect of air in the soil is therefore to reduce the influence of the pore pressure on the effective stress in the soil (Since  ( is less than one). This is to be expected because the pore pressure no longer acts on the total cross section of the soil mass. Figure 8.1.2 illustrates the way the pore pressure relates to the effective stress above the water table, depending on the degree of saturation and therefore the value of the parameter (. 
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 Figure 8.1.2. Relationship between pore pressure and effective stress for varying degrees of saturation.

Attempts to apply equations such as 8.1 to analyse practical problems in terms of effective stress have not met with much success. There are clearly two main difficulties in applying this equation to practical situations. The first is that partially saturated soils are very unlikely to exist in a constant state of saturation. Their degree of saturation is likely to rise and fall with climatic effects, and relating degree of saturation to weather effects is very difficult. The second difficulty is that the measurement of the parameter ( and relating it to degrees of saturation. Difficult and time consuming tests are needed to do this.  

The difficulty of analysing unsaturated soils using rigorous procedures has led to the development of simpler “ad hoc” (semi-empirical) procedures, some of which appear to be finding limited use in engineering applications.      

The principal interest in the analytical treatment of partially saturated soils appears to arise in relation to slope stability, in particular the wish to be able to take account of the varying pore pressure state with time, as governed by weather conditions.  Two behaviour “models” for handling partially saturated soils are therefore required – one to relate the pore pressure state in the ground to weather conditions, and the other to relate the soil strength to the pore pressure state. The first of these clearly involves a transient analysis of the seepage state, and the second a model that takes account of variations in the degree of saturation. 

Lam, Fredlund and Barbour (1987) have proposed a model for dealing with seepage in saturated and partially saturated soils, which indirectly incorporates changes in the degree of saturation with time.  They make use of the conventional transient form of the continuity equation, expressing it as follows:
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Q is the rate of flow into the element from an external source

mw is the slope of the volumetric water content with change in pore pressure u. 

The volumetric water content (() is the volume of water per unit volume of soil.

Hence 
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The parameter ( is simply an expression for the volume of water that flows into, or out of, the soil with a change in the pore pressure u. It is made up of two components, one is the water that flows out as a result of compression of the soil element and the other is the water that flows out and is replaced by air. For a fully saturated soil mw becomes identical to the well known parameter mv, the compressibility of the soil. In practice, when analysing partially saturated soils, according to Lam et al, the volume of water from compressibility of the soil is very small compared with the volume flowing out and being replaced by air. Examples of the parameter ( for several soils are shown in Figure 8.1.3.
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Figure 8.1.3. Examples of volumetric water content curves for several soils. 

The soils remain fully saturated until the pore pressure becomes negative. Once the pore pressure becomes negative, the possibility arises of air entering the soil. With sand this is occurs relatively easily – water leaves the void space and the volumetric water content falls rapidly. As the particle size becomes smaller, it becomes more difficult for air to enter the sample and the volumetric water content no longer drops so rapidly. With true clays the air entry value (the suction needed to draw air into the soil) is so large that air can no longer be drawn into the soil by negative pore pressure and there is no sharp change of gradient of the volumetric water content graph. The soil remains fully saturated unless it is exposed to evaporation, in which case it may become partially saturated.   

The parameter ( can be considered as taking the place of the soil compressibility in familiar situations, such as the Terzaghi consolidation theory. The Terzaghi 1-D equation is a simple case of transient flow and is easily derived from the equation above. 
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For one dimensional flow in the vertical direction the x term disappears. Also there is no external source of water so Q also disappears. This leaves:  
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     which is essentially the same as the Terzaghi equation. 

The second soil parameter (in addition to the mv or ( parameter) is the coefficient of permeability, k, (or hydraulic conductivity as it is commonly called in groundwater studies). In a steady state fully saturated situation, k is unlikely to change very much with stress level, or changes in pore pressure. However, with partially saturated soils, the situation is quite different as the permeability rapidly decreases as the degree of saturation falls. The following diagram (Figure 8.1.4) illustrates the way both ( and k vary with pore pressure in a clayey silt.   
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Figure 8.1.4 Volumetric water content and hydraulic conductivity versus pore pressure 

It should be recognised that in the above method of analysis, the air in the soil is assumed to be in a continuous state, so it has only one value, which is normally zero (atmospheric).  The above procedure provides a solution for the value of the head (h) in the soil, to which the pore pressure (u) is directly related. The analysis incorporates the influence of partial saturation by relating both the volumetric water content and permeability to the pore pressure. These relationships are governed by the degree of saturation. This method of Lam et al is incorporated into the seepage computer programme Seep/W. 

With respect to the second behaviour model required, namely a way of taking account of the influence of soil suction on the shear strength of the soil, the work of Fredlund and co-workers appears to be by far the best known, and their approach is incorporated into the well known Slope/W computer programme.

Fredlund & Rahardjo (1993) advocate treating the two stress state variables:

      (( - ua),  and  (ua – uw)  

separately, and independently evaluating their contribution to soil behaviour. In other words, not attempting to determine the true effective stress from the values of  (( - ua), and  (ua – uw), which was Bishop’s approach.  Fredlund has proposed the following expression for shear strength:

( = c( +  (ua – uw)tan(b  + (( - ua)tan((    …………………………………………….8.2 

where (b = angle of cohesion intercept increase with increasing suction. 

Equation 8.2 provides a semi empirical means of taking account of the influence of suction, and the fact that the soil is not fully saturated. In effect, the frictional component of shear strength is being divided into two components, one arising primarily from the total stress and one from the soil suction. The latter is being expressed as an increase in the cohesive component of the shear strength. The concept is illustrated in Figure 8.1.5.
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  Figure 8.1.5. Extended Mohr-Coulomb failure envelope for unsaturated soils 

                                      (Fredlund and Rahardjo (1993). 

According to Fredlund and Rahardjo, the value of (b is usually found to be between 15o and 20o but theoretically could equal 45o. It varies with degree of saturation, and would be 45o at full saturation (ie the effective stress would relate to the pore pressure in the usual way. Fredlund and Rahardjo advocate the use of equation 8.2 for slope stability analysis of unsaturated slopes - to take account of the contribution coming from suction above the water table. This procedure forms part of the computer programme SLOPE/W, to enable it to be applied to partially saturated soils.

The Fredlund expression seems unsatisfactory from a theoretical viewpoint because it implies that the increase in shear strength from the negative pore pressure is a cohesive contribution rather than a frictional component. The Fredlund and Bishop approaches are illustrated in Figure 8.1.6. 
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              Figure 8.1.6 Comparison of shear strength expressions of Fredlund and Bishop.

As indicated the value of (b varies with degree of saturation, so that in any real situation it is likely to vary with depth in the ground, as well as with time, depending on weather variations. To properly take account of this variability would be extremely difficult. The computer programme Slope/W does not incorporate a function which automatically changes the value of (b as the degree of saturation changes. 

8.2 Expansive or Swelling Clays 

In some parts of the world, buildings can suffer quite severe damage from a group of soils known as expansive or swelling clays. The structures most commonly damaged are houses and other types of low rise buildings such as warehouses. This is because their foundations are normally close to the surface, and the buildings have little structural rigidity. The clay on which the building is founded takes up water and swells unevenly, causing distortion of the building and associated damage. The damage can be quite severe. Expansive clays are usually associated with semi arid or arid climates, particularly South Africa, Australia, parts of North and South America and the Middle East. 

8.2.1.  Basic concepts of expansive behaviour 

Literature on expansive clays sometimes implies that this problem arises purely from the type of soil, but this is not really true. Two basic factors must be present for the problem to arise:

1. The existence of clayey soils containing a significant proportion of clay minerals, especially those of the smectite family (ie active clay minerals). 

2. A fairly dry climate, with long dry seasons and some periods of rainfall. 

In other words “expansive clays” reflect both their composition and the environment in which they exist. It is wrong think of expansive clays as simply a particular type of clay. There are plenty of similar clays in other parts of the world that do not give rise to swelling problems, because they exist in different climatic conditions. It is better to think in terms of expansive clay conditions, rather than expansive clays. Expansive clays tend to be found in relatively flat areas, where drainage conditions favour weathering processes leading to the formation of minerals belonging to the smectite family (montmorillonites etc), which are prone to large volume changes with changing water content. As discussed in an earlier section of this course, soils of in the CH group on the Plasticity Chart are those most likely to give rise to shrink/swell problems.   

The mechanism or “explanation” for expansion is that during long dry spells the soil dries out and shrinks due to high suction (“tension”) that develops in the pore water. When water becomes available to the soil it literally “sucks” up water and swells. Taking up water means the suction decreases and the effective stress in the soil decreases, accompanied by a positive volume change (ie an increase in volume). In most expansive clay situations, the soil is partially saturated, and the degree of saturation increases as swelling takes place. It is not however necessary for the clay to be partially saturated – the problem could still arise with a fully saturated soil, though would be unlikely.  Expansive clay behaviour is essentially a more severe case of the situation discussed earlier in Section 4 (Figure 4.2) of this course.  In a number of countries or areas around the world, the climate is essentially dry most of the time, so that the soil exists permanently in a “high suction” state, and only external intervention in some form alters this state.  

The depth to which drying out of the soil occurs can be very great. Blight (1997) states that soil profiles can dry out to depths of 15 to 20m during a long dry season. Heave of up to 70mm has been measured at markers embedded in the soil at a depth of 7.5m, which means that the soil must have undergone drying to a considerable greater depth than this. 

The cause of the increased availability of water to the soil is usually a change in the land use at the surface. This change may involve construction of pavements or structures, conversion of land to livestock farming or crop production, or development of gardens and parks. These activities can have the effect of providing additional water from external sources, such as irrigation or leaking pipes, or they may simply cut off avenues for water escape, such as surface evaporation. 

Construction of a house or building, or simply the construction of a sealed car-park or airport runway, may cause severe expansion, simply because it cuts off evaporation and upsets the natural water balance. A possible situation where this could occur is illustrated schematically in Figure 8.2.1.
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Figure 8.2.1. Groundwater system where construction covering the ground surface can upset the existing equilibrium situation – and cause swelling. 

It is thus not necessary that there be an external (man-made) water source to cause an increase in the water content of the soil, and consequent swelling. There may of course be additional wetting of the soil from irrigation or from leaking water supply pipes etc.   

8.2.2 Estimation of swelling pressure and swell magnitude. 

Various methods have been proposed to estimate the “swelling pressure” of an expansive clay, and more importantly the magnitude of swell that may occur in a particular situation. It is the potential magnitude of swell that is of concern to foundation designers. Procedures that have been proposed for estimating swell range from completely empirical methods based on simple indicator tests, to methods making use of the principle of effective stress. 

Methods making use of the principle of effective stress involve the following:

1. Estimation of the initial and final effective stresses, and hence the change in effective stress throughout the soil layer. 

2. Determination of the swell characteristics of the soil

3. Calculation of the swell of sub-layers throughout the soil profile, in much the same way as is done for estimating settlements in fully saturated soils. 

Figure 8.2.2 illustrates the total and effective stress states in a soil when the swelling pressure, or heave magnitude are measured, starting with the soil at its in situ stress state. Consider that two identical undisturbed samples have been obtained and set up in conventional oedometers, and the existing overburden stress applied (using dry porous stones). Point A represents this state, in terms of void ratio and total stress. The effective stress in the soil is unknown. 

Two tests can then be carried out. In the first test the vertical stress is kept constant, water is allowed access to the sample and the magnitude of the swell is measured. The soil swells from Point A to Point C. The pore pressure at Point C is now zero and the total and effective stresses are the same. 
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                          Figure 8.2.2. Basic soil swelling model (Frydman, 1992). 

In the second test, swelling of the soil is prevented when water is added, and measurement made of the pressure needed to prevent swelling. This pressure is given by Point B. In moving from Point A to Point B, no volume change has occurred, which means that there has been no change in the effective stress acting on the soil. At Point B the pore pressure is now zero and the total stress and effective stress are again equal.

The vertical stress can now be reduced in a controlled manner, and the swell measured. The soil will then follow the line BC, if the vertical stress is reduced to that which originally acted on the sample. The line BC is therefore the normal swell or “rebound” line obtained when loads are reduced in a conventional oedometer test, and its slope is given by the swell parameter CS. 

This procedure can be used for both partially and fully saturated soils, and the same concept of behaviour applies. However with a fully saturated soil, the initial suction will exactly equal the pore pressure, and the stress state is not complicated by the presence of air. When no vertical strain is permitted, and water added to the oedometer, the pore pressure will increase from its suction value to zero, and the total stress will increase by exactly the same amount. In other words, in a fully saturated soil, the negative pore pressure in the soil and the swell pressure are identical. In a partially saturated soil, the suction is no longer induces an effective stress in the soil of the same magnitude as the suction itself. Thus the stress to be applied to prevent the soil from swelling will be correspondingly less than the suction. 

These concepts are illustrated in Figure 8.2.3 shown below. This illustrates firstly the stress state of the soil when it is in its natural state - unrestrained and no water is available to it. Secondly it illustrates the stress state after the sample is set up in an apparatus such as an oedometer, and water allowed to freely enter it while the volume is kept constant. The stress needed to maintain this constant volume is measured. Because no volume change is permitted, the effective stress state must be the same in each condition. This leads to the expressions given for the swelling pressure (s. 
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            Figure 8.2.3. Relationship between swelling pressure and pore pressure for fully

                              and partially saturated soil. 

There are various other ways used for measuring the swell pressure. The above procedure is not as straightforward as it appears, as it requires an extremely rigid system to ensure no vertical movement occurs. An alternative method is illustrated in Figure 8.2.4.

A series of identical samples are prepared and differing vertical stresses are applied before any water is allowed in the apparatus. This can conveniently be done using the conventional oedometer apparatus. After the loads are applied, water is added to the apparatus and the swell of each sample measured. If the loads added exceed the swell pressure, then the sample will compress, and the addition of water will have no effect.
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               Figure 8.2.4. Measurement of swell pressure, and potential swell magnitude, 

                                 by applying different stresses and measuring swell. 

By drawing a “best fit” line the swell pressure can be determined. The line established in this way, if a log scale for pressure is used, should be the swell line corresponding to the swell index CS.    

8.2.3 Estimation of swell magnitude 

An experimental result of the form shown in Figure 8.2.4 can be used directly to estimate the potential magnitude of swell in a soil if water is made freely available to it. 

Example:

Consider a layer of potentially expansive clay 8m thick overlying hard rock. A storage tank 80m in diameter is to be constructed on it, to store water to a depth of 6m. There is concern it could be damaged by swell of the soil. Samples taken from the centre of the clay layer are tested using the above procedure, and give the result shown in Figure 8.2.4. The unit weight of the soil is measured at 17.5 kN/m3.

Estimate the potential heave of the ground surface at the centre of the tank. For simplicity we will consider this layer as a single layer. Dividing it into sub-layers would give us a more accurate answer. 

Existing total stress at centre of clay layer =    

Increase in stress                                         = 

Total applied stress                                     =    

Swell in percent                                           = 

Therefore total ground heave                       =  

This calculation is straightforward, and provides a simple procedure for estimating “potential” ground heave. However, it involves rather simplistic assumptions, which cannot be justified on a general basis. 

These assumptions are:

(1)  The graph of the type shown in Figure 8.2.4 is representative of the soil on a general basis. This is not the case as the graph will probably depend on the time of the year when the soil was sampled. The graph will be different if the soil is samples at the end of a long dry period to what it would be after a period or wet weather. 

(2)  The “wetting” of the soil is sufficient to cause the suction to entirely disappear, ie the pore pressure becomes zero. In some cases this may be true; however it is probable that in most practical situations the suction does not reduce to zero. In situations where the water table is deep and the climate rather dry, it is unlikely that the soil suction would be completely destroyed by water availability.

If the soil is sampled in its driest state, then the heave calculated using the above method will be an upper limit and thus conservative. It will be an estimate of “potential” heave, and not necessarily a realistic estimate of what may occur in practice. 

8.3 Collapsing soils 

The term “collapsing” soil is used rather loosely in soil mechanics literature, but is generally taken to mean a soil that undergoes a sudden decrease in volume when water is made available to it. Generally, the term is used in relation to foundation performance, ie a situation where an external load has been applied to the soil prior to water becoming available and causing collapse to occur. However, in some cases at least, collapse may occur under the existing overburden pressures. The following soil types may result in collapsing behaviour:

(1) Loess soil types. These are wind blown deposits consisting of predominantly silt and sand sized particles. The deposition method results in a very loose open structure, and subsequent weathering may produce small quantities of clay minerals, which tend to act as weak bonding agents between the coarser particles. These deposits generally exist in dry or semi-desert conditions. 

(2) Highly weathered residual soils. In some environments, weathering of rock leads to very open, porous soils. This occurs because of the leaching processes associated with weathering. It appears that this process can occur in a wide variety of rocks. Blight (1997) associates this with granites, but Vargas (1976) mentions a wide variety or rock types, from sandstones and basalts to granites and metamorphic rocks, found in various parts of Brazil. In Brazil, the weathering process has produced a surface layer with high void ratio and low water content, known locally as “porous clay”.  

(3) Saline soils. In some arid environments, including parts of northern Chile, concentrations of salt occur that act as cementing agents between soil particles. This occurs in situations where groundwater is being re-charged by aquifer flow from distant sources, and steady evaporation is occurring, leading to a slow but steady increase in salt in the soil. 

The above soils generally have reasonable strength and stability in their natural environment. However, if subject to loading and the addition of water, they are likely to undergo sudden decrease in volume, which is referred to as collapse. 

The behaviour of a collapsing soil is illustrated diagrammatically in Figure 8.3.1. This shows the results of three oedometer tests carried out on undisturbed samples of a collapsing soil. Curve (a) is for the soil tested at its natural water content without access to any water. Curve (b) is for the same soil tested after water has been added to the oedometer cell, and time allowed for the sample to take up water before the first loads are added. Curve (c) is for a test started on the natural soil, but water added at a particular stress level, while the load is maintained constant at that value.
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                                Figure 8.3.1. Behaviour of a collapsing soil. 

Curve (a) for the natural soil shows that the soil is essentially unstable in this state with respect to influence of water. Curve (b) illustrates conventional “stable” behaviour, as expected, after water is added. The sample is no longer susceptible to collapse or expansion due to water addition. It is probable that the degree of saturation is quite high after the addition of water. 

The volume changes that occur in collapsing soils cannot be predicted or explained on the basis of effective stress considerations. In the diagram above, the soil at its natural water content is likely to be subject to high pore water suction, and thus to a high effective stress. The addition of water will reduce this suction and thus reduce the effective stress in the soil. Despite this, the volume decreases rather than increases.  

Some partially saturated soils show both expansive and collapse behaviour, as illustrated in Figure 8.3.2.  
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 Figure 8.3.2. Behaviour of a clayey silt (residual weathered quartzite) to loading at natural water content and after saturation.

If this soil is loaded at a time when its water content is high, it would compress without collapse. If, on the other hand, it is loaded when its water content is low (in this case its natural water content), and then subsequently wetted, it will heave slightly at stress levels below about 100 kPa, and will collapse at stress levels above this value.  This soil exhibits a continuous spectrum between expansive and collapsing behaviour.  
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