GEOTECHNICAL ENGINEERING IN RESIDUAL SOILS 

University of Chile, Santiago

PART 5: GEOTECHNICAL PROPERTIES OF RESIDUAL SOILS 

5.1   Some General Comments on the Measurement and Determination of Properties.

5.1.1  Difficulty of Taking Undisturbed Samples

Taking conventional undisturbed samples using thin walled tubes in boreholes can be quite straightforward, but it can also be virtually impossible. Firm homogeneous deposits like volcanic ash clays are easily sampled using tubes in boreholes, but other materials such as weathered granites which contain “floating” boulders or gravel sized pieces of fresh rock can be exceedingly difficult to sample. Sample tubes will not be able to penetrate such materials, and may be damaged during attempts to push them into the materials. The use of sophisticated core barrels in the hands of skilled drillers may make it possible obtain quality samples with a minimum of disturbance. However, even if good undisturbed samples are obtained, the presence of un-weathered rock in them may mean it is still not possible to conduct appropriate laboratory tests to measure representative soil properties. For this reason it is often necessary to resort to other means for measuring the soil properties, such as block sampling, in situ testing, or back analysis. 

5.1.2   Advantages of Block Sampling

Block samples have enormous advantages over samples taken in sample tubes, although they also have some quite severe limitations. Their advantages are:

(a) They can be obtained with a minimum of disturbance.

(b) They can be much larger than tube samples 

(c) Their location can be selected carefully after visual inspection of the site to ensure that they are obtained from the material of interest. 

They have the disadvantage of the difficulty of access to take such samples except close to the surface. Only when a mechanical digger is available, or an excavation has been made for a highway or a construction site, is it possible to get access to deep soil layers. However, it is often the case that the soil close to the surface is of greatest interest, so the difficulty of access may not be an issue. 
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                                    Figure 5.1.1 Concept for trimming and carrying block samples.

Block sampling of residual soils is normally done by hand trimming the soil to form a cubical block of side dimensions about 30cm. A block this size will weigh about 40 kg so it is important to have some means of carrying it from the site to the vehicle that will transport it. Figure 5.1.1 shows a block sample ready to be removed and a suitable timber plank for carrying it. 

To prevent the soil from drying out it is very important to have ready plastic sheeting or similar watertight wrapping cloth. Carefully wrapping the sample in such cloth will help prevent it from falling apart as well as prevent it drying out. It is good practice to place the sample in a properly prepared box, so that packing material can be placed around it to protect it, and hold it together. Once the sample is back in the laboratory it should be further protected from drying out by wrapping it in damp rags on top of the plastic wrapping and then applying a further layer of plastic sheeting. 
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    Figure 5.1.2.  Test results from block and tube samples, showing influence of sample disturbance. 

Figure 5.1.2 illustrates the difference in behaviour in laboratory tests between hand trimmed block samples and those taken in tubes. Fig 5.2 (a) shows results of triaxial tests on a sensitive Norwegian clay, while Fig 5.2 (b) shows results of oedometer tests on an Auckland residual soil derived from the weathering of a sandstone/mudstone formation. It is clear that the tube samples have become more “plastic” as a result of the sampling procedure. With some soils it is convenient to take block samples in large steel or brass cylinders. These can be made with a sharp cutting edge at one end and pushed into the soil as the soil is cut away by hand ahead of the cutting edge of the cylinder. 

5.1.3   In Situ Testing (Field Testing) 

Field testing is generally a part of site investigations in any soil, including residual soils. The following points should be kept in mind when undertaking in situ tests, especially cone penetrometer tests in residual soils.  

1)  The presence of relic pieces of the parent rock within the soil profile may mean that devices such as the standard cone penetrometer (CPT) may not be able to penetrate beyond these obstructions. 

2)  The relatively high permeability of some residual soils may mean that the normal assumption of undrained behaviour during the test may not always be valid. In particular volcanic ash clays are of high permeability in their undisturbed state so that drainage may occur as the test proceeds. 

3)  Some residual “soils” consist of a large proportion of coarse particles; however these particles may be highly weathered and relatively weak. In some cases they are easily broken down by hand. The tip of a penetrometer may crush these particles as it penetrates, giving relatively low cone resistance values. 

4)  A special example of a soft grained material is pumice sand (not really a residual soil), which consists of crushable grains, with the result that values of cone resistance are quite low, and do not indicate the true “denseness” of the sand. 

5)  Stress history and over-consolidation ratio are not valid concepts with residual soils. 

6) The above factors mean that the interpretation of in situ tests in residual soils becomes rather uncertain. Many of the current correlations between cone resistance and other soil parameters are based on the behaviour of sedimentary soils, and probably involve the assumptions of undrained behaviour, the existence of an over-consolidation ratio (OCR) and no breakdown of the individual grains. As indicated these assumption may be invalid with some residual soils, and standard correlations may be of doubtful value. 

5.1.4   Back Analysis for Estimating Soil Parameters

It is sometimes possible to determine soil strength parameters or deformation parameters by a procedure called “back-analysis”. This means examining slips that have already occurred and determining the values of c( and (( that will give a safety factor of unity. It is of course necessary to know the geometry of the slope and the pore pressures in the slope at the time the failure occurred.

It is also possible to examine slopes that have not actually failed, and gather as much data as possible on existing slope heights and angles. This data can be plotted as a graph of slope height versus slope angle, and by a trial and error procedure find the values of c( and (( that best fit the data. This is not highly accurate, as the actual safety factors of the slopes from which the data is obtained will not be known apart from the fact that they are greater than unity. The values of c( and (( will therefore be lower limits of the true values. 

5.1.5   Appropriate Pre-Treatment before Laboratory Testing. 

It has long been known that some residual soils undergo irreversible chemical changes when they are air or oven dried. This is particularly true of soils containing either allophane or halloysite. Allophane clays may be quite plastic at their natural water content, but after oven drying may become completely non-plastic. Halloysite clays will undergo less drastic change on air or oven drying. It is most important therefore that these soils be tested without pre-drying them more than is necessary to carry out test. For Atterberg limit tests the soil should not be dried any more than is necessary to carry out the test. Particle size measurements should also be carried out without pre-drying. Compaction testing should also be carried out by only drying the soil from its natural water content to the water content needed for each point on the compaction graph. It is good practice with residual soils to avoid drying them any more than is necessary to carry out each particular test.

5.2   Classification or Index Tests 

5.2.1   Particle Size 

Particle size measurements can be made on most residual soils in the usual manner. Two exceptions should be mentioned:

1. Soils which contain substantial amounts of highly weathered coarse particles. These particles may break down easily during preparation for testing, and the particle sizes measured may thus reflect the treatment of the soil prior to testing as much as the actual properties of the soil. With such materials, particle measurements are less important than with hard grained material, as the properties will be governed more by the strength of the particles than their size distribution. 

2. Clays containing a high concentration of allophone area likely to flocculate if sedimentation methods are used for particle size measurement. Normal dispersing agents are often not effective with such material. This is probably not a great disadvantage as knowledge of their particle size is not of much significance.  

5.2.2   Atterberg Limits. 

These can be carried out in the normal manner, but it is useful to realise that some residual soils are not very plastic in their natural state. In appearance they may be like sandstones. However, manipulation and re-moulding may destroy structure and break up particles so that the material becomes moderate to highly plastic. 

The usefulness of Atterberg limits as a guide to probable engineering behaviour lies in the position they occupy on the Plasticity Chart. There is no direct correlation between behaviour and either the Liquid Limit or the Plasticity Index – it is the position on the Plasticity Chart that is important. Soils which plot well below the A-line tend to behave as silts while those which plot well above the A-line behave as clays. Those plotting below the A-line generally have good engineering properties and those that plot above the A-line are likely to have poor engineering properties. 

Fig. 5.2.1 shows the position on the Plasticity Chart of three distinctive residual soils - the "Black Cotton" soils, the tropical red (halloysite) clays, and the volcanic ash (allophone) clays. 
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                                   Fig. 5.2.1  The Plasticity Chart and residual soils.

The black cotton soils plot well above the A-line and have poor engineering properties, while the red clays and volcanic ash clays plot below the A-line and have good engineering properties. Some organisations create a number of sub groups on the Plasticity Chart by drawing vertical lines – ie groups are created on the basis of Liquid Limit values. This does not seem to be a sensible approach for residual soils, or for soils generally. It is only valid for soil groups of similar composition that plot an equal distance from the A-line.  

Rather than a subdivision based on the liquid limit, a subdivision along the lines shown in Fig. 6.3 would be most relevant to residual soils. The lines drawn parallel to the A-line divide soils into three types labelled clay, silty clay, and silt. Many residual soils behave as silty clays for engineering purposes, and rightly fall into the category of silty clay on this chart. The more distinctive residual soil types, such as "Black Cotton" soils, and allophane clays, would rightly be classified as clays and silts respectively.

It follows from what has been said above that correlations between Atterberg Limits and other soil properties on the basis of either Liquid Limit or Plastic Limit alone may well not be valid for residual soils, and should be treated with caution. 

Other uses for the Atterberg limits are that together with the natural water content of the soil, they tell us something about the “density state” or porosity of the soil. This is discussed in the next section. 

5.2.3    Liquidity index, “Density state” and porosity.   

There are two methods used to express the “denseness” of soils, both of which make use of reference density states. They are each a measure of the position the soil occupies in relation to these reference “density states”, namely Atterberg Limits in the case of clays, and maximum and minimum densities in the case of sands. 
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                          Figure 5.2.2 Reference density states for clay and sand 

These two concepts are illustrated in Figure 5.2.2. The manner in which the “denseness” is defined is different between the two methods. A Liquidity Index of 0 or 1 indicates a dense or “non-dense” clay respectively, while a relative density of 0 or 1 indicates a loose or dense sand respectively. 

These indices have proved very valuable as indicators of likely behaviour of clay and sand respectively, and it would appear highly desirable that they also apply to residual soils. This will be the case with many such soils, but as pointed out by Vaughan (1985), many residual soils are of mixed grain size, and may not fit easily into either the clay or sand category. Vaughan has suggested alternative possibilities for overcoming this difficulty; these will be discussed in later sections.  

It should be noted in passing that the liquidity index is particularly useful if earth works are contemplated, as it is an indicator of likely handling difficulties, and the amount of drying that will be necessary. The Plastic Limit is normally reasonably close to the optimum water content from a standard compaction test.  

5.3    Permeability 

Generalisations are always risky in soil mechanics, but it is certainly true that residual soils tend to have substantially higher permeability than sedimentary soils. This is due to micro-structural features, such as the aggregation of clay particles into clusters, and the ability of bonds between particles to create a very open structure. Remoulding and compacting residual soils tends to destroy this structure and generally results in a significant decrease in permeability. It should be noted also that permeability does not generally correlate well with particle size as it does in sedimentary soils. 

Table 5.1.  Coefficient of permeability values from several residual soils. 

	Soil Type
	Coefficient of Permeability  (m/sec)

	Parent rock


	Description
	Young (saprolitic)
	Mature (true soil)
	Remoulded

	Granite 
	
	4x10-3 to 5x10-9
	4x10-6 to 5x10-9
	-

	Gneiss
	
	5x10-6 to 1x10-7
	5x10-6 to 1x10-6
	-

	Basalt 
	
	3x10-6 to 1x10-9
	-
	-

	Sandstone 
	Grey clay 
	
	
	

	Andesitic lahar/ volcanic ash 
	Tropical red clay

(halloysitic) 
	
	1 x 10-9
	0.3 –3 x 10-10

	Volcanic ash 
	Volcanic ash clay (allophane) 
	10-6 to 10-7
	5 x 10-7 to 10-8
	10-10 to 5x10-10


5.4    Compressibility and Consolidation Behaviour

5.4.1  Magnitude

Consolidation (Oedometer) Tests

The results from a number of conventional one dimensional oedometer tests are presented in this section to illustrate compressibility behaviour of residual soils. Figure 5.4.1 shows results from three samples of tropical red clay. They are plotted using both log and linear scales for pressure. The reason for doing this is that the use of the log scale easily leads to false interpretation of what exactly the curves reveal about the soil behaviour. The curves on the log graph appear to have the typical shape from an over-consolidated soil, and it would be possible to apply the normal procedure to determine pre-consolidation pressures.
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Figure 5.4.1. Oedometer tests on three tropical red clay samples, plotted 

                   using both log and linear scales for pressure. 

However, when the same data is plotted using a linear scale for pressure, they present quite a different picture. It is seen that there is very little evidence of “over-consolidation”. The graphs are close to linear, although one sample shows a faint suggestion of a pre-consolidation pressure at a stress of about 170 kPa. The other two curves are slightly concave upwards. 

Figures 5.4.2 and 5.4.3 show the results of oedometer tests on six samples of volcanic ash clay, plotted respectively using log and linear scales for pressure. If the curves in Figure 6.6 are examined on their own, it would be easy to draw the conclusion that all the samples behave in a similar manner. It appears that they all show pre-consolidation pressures of varying magnitudes. However, examination of Figure 6.7 shows that this is not the case. The shape of the graphs is not consistent. Some graphs are concave downward while others are concave upward. Hence only some of the graphs show a “pre-consolidation pressure”. Sample I6 shows the most distinct “pre-consolidation” pressure – at a value of about 250 kPa. 
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Figure 5.4.2 Oedometer test results from volcanic ash clay (log scale) 
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Figure 5.4.3. Oedometer tests from volcanic ash clay (linear scale). 

The results given in Figures 5.4.1 to 5.4.3 demonstrate that the use of the traditional e-log p graph can easily present a misleading picture of soil compressibility, and should be treated with caution. The only way to get a true picture of the compression characteristics is to plot the data on both a log and a linear graph. This is not surprising as there is no reason at all to assume that the log graph is appropriate for residual soils. The use of the log graph for presenting oedometer test results came about as a result of the study of sedimentary soils, especially artificial “slurry” samples prepared in the laboratory. For such soils consolidated from a very soft or “slurry” state the consolidation line is approximately linear when pressure is plotted on a linear scale. The e-log p plot has become firmly established in the practice of soil mechanics and continues to be used almost universally. The result is that it is frequently used inappropriately. An example of such use is shown in Figure 5.4.4. 
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Figure 5.4.4. Consolidation test results from Piedmont clay, U.S.A. (log and linear scales) 

The e-log p graph has been used to determine pre-consolidation pressures, and to calculate over-consolidation ratios for use in developing correlations between soil parameters. When the same data is presented on a linear graph it is very clear that there are no pre-consolidation pressures. All the results show smooth curves concave from above. 

A number of authors have pointed out over the years the need to plot compressibility data using linear pressure scales, for example Janbu & Senneset (1979), Vaughan (1985), Wesley (1983), and Verdugo (1992). However, the profession as a whole is still bound by tradition and continues to use the e-log p graph almost exclusively. The study of a wide range of residual soils shows that some soils display evidence of a “pre-consolidation”, while others show no evidence of this at all. It should be clearly understood that this so called “pre-consolidation” pressure is not really a pre-consolidation pressure at all, as it has no connection with the stresses the soil has previously been subject to, ie it is not the result of stress history. It is the result of the structure created in the soil by the weathering process that formed it from its parent rock. 

This “pre-consolidation” pressure in residual soils has been given various terms such as “apparent pre-consolidation pressure” or “pseudo pre-consolidation pressure”. It is probably better to call it the “vertical yield pressure”. This term can be used for all soils, although the origin of the yield stress will vary. In some cases it will be the result of true “pre-consolidation”, while in other cases it will result from slow hardening and the development of weak bonds between particles after deposition of the soil, and with residual soils it will result from the structure developed during the weathering process. 

It should be clear also from the results in Figures 5.4.1 to 5.4.4 that the compressibility behaviour of residual soils is quite variable. Some residual soils show distinct yield pressures while others do not, and behaviour within a particular geological group may not be consistent. For example, volcanic ash clays do not show consistent behaviour – some show a clear yield pressure and others do not. This fact is emphasised in Figure 5.4.5. Sample A shows a distinct yield stress of about 250 kPa, Curve B shows linear behaviour, at least up to a stress of 500 kPa, while Sample C shows a steady reduction in compressibility with stress level (strain hardening). 
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Figure 5.4.5 Oedometer tests from volcanic ash clays – illustrating three basic types

of one dimensional compression behaviour. 

Residual soils weathered from a sandstone/mudstone formation in the Auckland area of New Zealand similarly do not show consistent behaviour. Some layers show distinct yield stresses while others show virtually linear behaviour. 

The existence of a yield stress in some residual soils has been confirmed by field records of foundation settlement. An example is given in  Figure 5.4.6, which shows settlement records of the foundation material beneath the Guri Dam (Prusza et al, 1983) 
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Figure 5.4.6.  Plate loading tests showing evidence of yield stress. (Prusza et al 1983)

The graphs all show a yield stress at about 20m of fill, which would be a vertical stress of about 350 kPa. The soil involved was weathered gneiss. 

To conclude this section, Table 5.2 lists some representative values of Young’s Modulus (E) and coefficient of compressibility (mv) for a range of residual soils. These are represented graphically in Figure  5.4.7
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Figure 5.4.7 Coefficient of compressibility for several residual soils. 

Table 5.2 Compressibility parameters for a range of residual soils. 

	Soil Type 
	Young’s Modulus

 E (MPa) 

from plate loading tests 
	Coefficient of Compressibility

             mv  (10-4 kPa-1)
	Reference source

	Parent Rock 
	Soil Description 
	
	Oedometer test  

0-300 kPa
	Estimated from plate loading test 
	

	Andesitic lahar/ volcanic ash
	Tropical red clay 
	
	1 to 2
	
	Author (Wesley) 

	Volcanic ash 
	Volcanic ash (allophane) clay 
	
	0.7 to 2
	
	Author (Wesley)

	Sandstone 
	Grey clay 
	
	1 to 2
	
	Author  (Wesley)

	Basalt 
	Basalt saprolite
	
	0.7 to 3.3
	
	De Mello (1972)

	Granite 
	Granite saprolite 
	
	0.5 to 5
	
	Lumb (1962)

	Granite 
	Granite saprolite 
	
	0.4 to 1.0
	
	Hui (1972)

	Gneiss 
	Gneiss saprolite
	47 to 84
	
	0.1 to 0.17 
	Sandroni (1981)

	Gneiss 
	Gneiss saprolite
	10 to 13
	
	0.7 to 0.9
	Werneck et al (1979).

	Gneiss
	Gneiss saprolite
	20 to60
	
	0.13 to 0.42
	Garga & Costa (1977)

	Gneiss 
	Gneiss saprolite 
	9 to 10
	
	0.8 to 0.9
	Napoles Neto (1954)

	Gneiss 
	Gneiss saprolite
	28
	
	0.30
	Vargas (1979)

	Gneiss 
	Gneiss saprolite
	
	0.30 to 0.45
	
	Azevedo (1972)



	Gneiss 
	Gneiss saprolite
	
	0.9
	
	Campos (1980)

	Gneiss 
	Gneiss saprolite
	
	0.6 to 2.5
	
	Werneck et al (1979) 


5.4.2 Time Rate 

The parameter of interest in estimating rate at which settlement will take place, or the rate at which pore pressures will dissipate, is the coefficient of consolidation cv. This is most commonly estimated from the results of conventional oedometer tests, using the square root of time graph. On such a graph, the initial part of the consolidation curve will be a straight line, enabling an estimate of t90 to be made and used for calculating cv. 

Figure 5.4.8 shows typical graphs of this sort from three different soil types, for a loading increment from 100 kPa to 200 kPa. It is seen that the rate of consolidation appears to be very fast, and there is no well defined linear section to any of the curves. This behaviour results from the relatively high permeability of many, if not most, residual soils, which is due to the high porosity imparted to them by their structure. It is usually found that at higher stresses the graphs become more linear; the higher stress tends to destroy the original structure and lower the permeability. Remoulding also destroys the structure and generally leads to a reduction in permeability. Examples of this phenomenon are illustrated in Figure 5.4.9, which shows the consolidation curves on the undisturbed soil and the remoulded soil for the same stress increment, namely from 100 kPa to 200 kPa. 
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Figure 5.4.8 Typical root time graphs from 

                   residual soils 
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      Figure 5.4.9 Influence of remoulding

                        on consolidation rate.


It should be appreciated that there is an upper limit to the value of coefficient of consolidation that can be measured in a conventional consolidation test. The highest value of cv that can be reliably measured with a 20mm thick sample is about 0.1m2/day (= 0.012cm2/sec.). Soils with cv values greater than this will not show distinct straight lines on a conventional compression versus root time plot. 

If reliable values of cv are required for soils which behave in this way, it is probably best to use a different method of measurement, such as a pore pressure dissipation test in a triaxial cell. 

Values of cv for the three soil types in Fig 5.4.8 cover a wide range as follows:

Waitemata silts and clays:     0.01 to 10m2/day

Indonesian red clays:             0.07 to 0.7m2/day

Volcanic ash soils:      
          0.01 to 200m2/day

These values lie above and below the value of 0.1m2/day that can be measured in the standard consolidation test. 

5.4.3 A Framework for Understanding Deformation Behaviour of Residual Soils.

Vaughan (1985, 1989) has discussed the appropriateness of existing conceptual frameworks for explaining the behaviour of “normal” soils, and suggested amended versions for residual soils. His summary of the simplest frameworks currently used for clays and sands is shown in Figures 5.4.10 and 5.4.11.  
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	Figure 5.4.10  Stress-volume change concept for sedimentary clays   (Vaughan, 1985)  
	Figure 5.4.11  Initial void ratio-stress-volume change concept for sedimentary sands 

                  (Vaughan, 1985)


The graph for clays is well known – the soil is assumed to be deposited at its maximum water content and is then compressed one dimensionally. Its subsequent void ratio is thus governed entirely by its stress history. Its important engineering properties, such as strength and compressibility are in turn governed by its void ratio

The situation with sands is quite different. Their void ratio at any particular stress state cannot be related just to its stress history, as it is very dependent on the initial void ratio when deposition takes place.  For sands there is a wide range of possible curves, depending on the density when they are first formed, and over the stress range of interest to geotechnical engineers these curves do not converge onto a common straight line as is the case with clays

These concepts are not of direct relevance to residual soils. The current characteristics of residual soils cannot be related directly to either stress history, or the density imparted to the material by the weathering process that formed it. 

There is a second, closely related, “conceptual framework” also used for both clays and sands, namely the Liquidity Index for clays, and the Relative Density for sands (see Section 5.2.3 and Figure 5.2.2). These parameters are a measure of the denseness of the soil in relation to reference density states, and give very useful indications of the likely behaviour. Vaughan points out the limitations of applying these to residual soils, and suggests a modification of these parameters could be devised for residual soils

Vaughan (1985) makes the following points and suggestions. 

· neither Liquidity Index nor Relative Density is ideal for residual soils 

· residual soils are not clean un-cemented granular materials, so that relative density is not applicable

· many residual soils contain a substantial amount of coarse material which is removed before Atterberg Limit tests can be carried out, so that the Liquidity Index based on Atterberg Limit tests may not give a true indication of the denseness of the whole soil 

· it is desirable to find analogous tests to take the place of Atterberg Limits or maximum and minimum densities. 

· the maximum Dry Density from the standard Proctor compaction test would be a suitable substitute for the Plastic Limit. 

· a shear strength test could be developed to take the place of the Liquid Limit, which would measure the water content at an undrained  shear strength of 2 kPa, which is believed to be the average value of shear strength when a soil is at its Liquid Limit. 

· a relative void ratio is suggested defined as 
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where e is the void ratio, eL is the void ratio at the Liquid Limit, and eopt is the void ratio at maximum dry density in the standard compaction test (analogous to the void ratio at the Plastic Limit). An eL value of zero indicates a soil in a dense (low porosity) state, while an eL value of unity indicates a very porous state. 

Figure 5.4.12 illustrates this concept in relation to four residual soils. The reference density states are shown on the void ratio scale. Soils (a) and (c) show similar behaviour with a reasonably well defined yield stress. They also appear to be of fairly high compressibility once the yield stress is exceeded. Soils (b) and (d) show quite different behaviour. Neither shows a yield stress and both appear to be of fairly low compressibility. Examination of the positions these soils occupy between the reference density states shows that their behaviour is consistent, and is to be expected. 

                        [image: image15.wmf]1.5

1.0

0.5

   0

1.5

1.0

0.5

   0

10               100               1000

   Vertical effective stress (kPa)  

10               100               1000

   Vertical effective stress (kPa)  

10               100               1000

   Vertical effective stress (kPa)  

10               100               1000

   Vertical effective stress (kPa)  

2.0

1.5

1.0

0.5

   0

2.0

1.5

1.0

0.5

   0

V

o

i

d

 

r

a

t

i

o

 

 

V

o

i

d

 

r

a

t

i

o

 

 

V

o

i

d

 

r

a

t

i

o

 

 

V

o

i

d

 

r

a

t

i

o

 

 

e

L

e

L

e

L

e

L

e

OPT

e

OPT

e

OPT

e

OPT

(a) Latosol from sandstone

     (Dias &Gehling, 1985)

(b) Lateritic soil from basalt

     (Dias &Gehling, 1985)

(c) Kaolinite saprolite

     from phyllite 

     (Moura & Garcia, 1985)

(d) Micaceous saprolitie 

     from phyllite

     (Moura & Garcia,1985)

e = 1.12

R

e = 3.19

R

e = -1.0

R

e = 0.39

R


                  Figure 5.2.14 Soil compressibility related to density states (after Vaughan, 1985). 

Soils (a) and (d) have natural void ratios greater than the void ratio corresponding to the liquid limit. This is only possible if they are highly structured soils, probably with some form of bonding between particles. When the vertical stress reaches a certain level, the structure begins to break down, leading to the increase in compressibility. The yield stress is the point at which the structure begins to break down. Soils (c) and (d), on the other hand, are quite dense materials, especially soil (d), which exists naturally in a denser state than that corresponding to the maximum density from the standard compaction test. It is therefore to be expected that these two soils will be of low compressibility and unlikely to show a yield stress. 

Additional understanding of compression behaviour can be gained by carrying out oedometer tests on the soil after thoroughly remoulding it, and also on the same soil prepared from a slurry (ie put into the oedometer at a water content close to the liquid limit. Results of such tests are shown in Figures 5.4.13 to 5.4.16, using both a log and linear scale for pressure. 
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                           Figure 5.4.13 Compressibility of tropical red clay (log plot). 
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        Figure 5.4.14 Compressibility of tropical red clay (linear plot).
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Figure 5.4.15 Compressibility of volcanic ash clay (log plot).
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Figure 5.4.16 Compressibility of volcanic ash clay (linear plot).

Figures 5.4.13 and 5.4.14 show results from a tropical red clay. The following points should be noted:

· This soil is seen to exist at a natural void ratio lower than that corresponding to the Plastic Limit. It is thus naturally a very dense material. 

· Remoulding the soil produces no significant change in its compressibility. The curve after remoulding is identical to the undisturbed curve.

· The “virgin” consolidation line (the slurry curve) lies well above the undisturbed curve. 

· There is no indication of a yield stress. 

· It is clear that this is an “un-structured” material. 

Figures 5.4.15 and 5.4.16 show results from a volcanic ash clay. This soil shows very different behaviour to that of the red clay, as indicated by the following points:

· This soil exists at a natural void ratio significantly above the Liquid Limit. This implies that it is likely to be a very “porous” material.

· Remoulding the soil produces a very dramatic decrease in strength and increase in compressibility. 

· The “virgin” consolidation line (the slurry curve) lies well below the undisturbed curve, and is in fact not very different from the remoulded curve. 

· There is a clear yield stress at about 700 kPa.

· This is clearly a highly structured material.

According to soil scientists, these two soils are closely related. It is believed that the weathering of volcanic ash follows a sequence involving first the formation of allophone clays (volcanic ash clays) and secondly the formation of halloysite clays, which includes tropical red clays. According to this understanding the soil in Figs 5.4.13 and 5.4.14 is a further stage of weathering of the soil in Figs 5.4.15 and 5.4.16. This seems surprising, as the red clay is a much denser material (e = 1.5) than the volcanic ash clay (e = 3.5).  
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Figure 5.4.17  Compressibility of a weathered sandstone soil, Auckland, New Zealand (log plot) 

Figure 5.4.17 shows the results of similar tests on clay derived from weathered sandstone. This soil is of high sensitivity, and when remoulded becomes a slurry, so that the remoulded curve is the same as the slurry curve. Clearly, in its undisturbed state, this is a highly structured soil. 

5.5   Shear Strength – Undrained Strength and Effective Stress Parameters

5.5.1 Undrained Shear Strength

For fine grained sedimentary soils there are some empirical correlations relating undrained strength to other soil parameters. For example, (Skempton,1957) has related the undrained shear strength of normally consolidated soils to the effective consolidation pressure and the Atterberg Limits. 
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Figure 5.5.1  Undrained shear strength related to confining stress and 

                                           Plasticity Index (Skempton, 1957)

His relationship is shown in Figure 5.5.1, and is summarised in the expression:
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    where Su is the undrained shear strength  

               (( is the effective overburden pressure 

               PI = Plasticity Index. 

For fully remoulded soils, it is also possible to relate undrained strength to the Atterberg Limits, and to the Liquidity Index of the soil. The undrained shear strength is considered to be about 170 kPa and 1.7 kPa at the Plastic and Liquid Limits respectively (Sharma & Padma, 2003). Slightly different values have been proposed by other authors. These values, and the curve relating undrained shear strength with Liquidity Index, are shown in Figure 5.5.2. This curve represents the lower limit of shear strength at which a soil can exist. Most soils will exist in nature with a higher undrained shear strength than that given by this curve. Only undisturbed soils that show no loss of strength on remoulding, (ie non-sensitive soils), will lie on this line. 

Also shown in Figure 5.5.2 are approximate limits for undrained shear strength and liquidity index for three residual soils. As expected there is no relationship between these values and those for remoulded soils. The undrained shear strength of undisturbed residual soils generally lies well above the strength of the fully remoulded soil – a fact that arises because of the contribution which the structure of the material makes to its shear strength. It appears that the undrained shear strength of fine grained residual soils is seldom less than about 75 kPa, with the possible exception of black cotton clays, and is normally above 100 kPa.

                   [image: image23.wmf]-0.2        0                            0.5                           1.0                    1.4

            (PL)                Liquidity Index                  (LL)   

250

200

100

 

0

U

n

d

r

a

i

n

e

d

 

s

h

e

a

r

 

s

t

r

e

n

g

t

h

 

(

k

P

a

)

Fully remoulded soils

Volcanic ash

       clays 

Red

clays

Weathered

  sandstone


Figure 5.5.2 Undrained shear strength versus Liquidity Index for several residual soils, 

                         and graph for fully remoulded soils 

Even black clays are not particularly soft, though probably softer than most residual soils. The problem with black cotton soils is that they are prone to very large volume changes with water content changes, and also their effective strength parameters are generally very low. 

5.5.2 Effective Strength Properties

It is evident from observation of natural slopes in residual soils that the shear strength of these materials is generally significantly higher than that of sedimentary soils. Their high effective shear strength arises from several factors, including the following:

1) Most residual soils contain clay minerals that tend to have good frictional properties. The notable exception is black cotton soils, which contain montmorillonite. 

2) Most residual soils have quite significant micro-structural effects, which contribute very positively to the shear strength of the material.

3) The micro-structure generally contributes a significant cohesive component to the shear strength of the material, ie a significant c( value.

In contrast to these positive factors, there is the negative influence of discontinuities within the soil arising from its parent rock. These constitute planes of weakness, and make the determination of representative values of c( and (( very difficult. Figure 5.5.3 shows results of triaxial tests on a clay derived from weathered sandstone containing discontinuities. It is seen that there is a wide variation in strength reflecting the influence of discontinuities in the soil. 

Some residual soils rarely contain discontinuities. Volcanic ash clays are an example; Figure 5.5.4 shows results of triaxial tests on a very large number of volcanic ash samples. It is seen in this casse that there is only a fairly narrow scatter in the results. 
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   Figure 5.5.3. Triaxial tests on a residual clay derived from weathered sandstone

                                  (containing discontinuities) . 
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 Figure 5.5.4. Test results form tests on volcanic ash clays (New Zealand and Indonesia).

For intact materials, not influenced by the presence of discontinuities, the position of the soil on the Plasticity Chart provides a good guide to the likely (( value of the material, at least for predominantly fine grained soils. As indicated earlier in this course, it is the position of the point in relation to the A-line that provides the best indication of likely engineering properties. The (( value tends to be low for soils lying above the A-line and high for those lying below the A-line. Some limited data for residual soils is shown graphically in Figure 5.5.5. This shows (( values plotted against distance of the soil below or above the A-line. It is clear that there is a marked decline in the (( value as the soil approaches and rises above the A-line. 

The soils labelled sedimentary in this figure are probably not strictly sedimentary – their parent material is believed to be sedimentary, but the weathering process they have been subject to has produced soils with the properties of black cotton soils, which are generally considered to be residual soils. The actual type of soil does not appear to be very important – it is likely that the trend shown in Figure 5.5.5 applies to all soils, regardless of whether they are sedimentary or residual. However, much more data is needed to confirm this statement. 
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         Figure 5.5.5 The friction angle ((() related to position on the Plasticity Chart. 

The following figures illustrate the behaviour of two particular residual soils in triaxial tests.         Figures 5.5.6 and 5.5.7 show results of tests on both undisturbed and remoulded samples of red clay, and the following figures 5.5.8 and 5.5.9 show similar results for a silt derived from the weathering of sandstone. These are the same soils for which oedometer tests were presented earlier (Figures 5.4.13 and 5.4.17). 
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             Figure 5.5.6 Consolidated undrained Triaxial tests on undisturbed and 

                                      remoulded samples of tropical red clay. 
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               Figure 5.5.7 Stress paths from the above triaxial tests on tropical red clay.
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Figure 5.5.8 Consolidated undrained triaxial tests on undisturbed and remoulded 

samples of  residual silt.
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Figure 5.5.9 Stress paths from the triaxial tests on silt. 

These tests show the following characteristics:

1. The red clay behaviour is similar in both its undisturbed and remoulded state. When it approached failure, the deviator stress continues to increase – only slightly but steadily. The pore pressure curves show a steady decrease indicating that the soil is behaving in a dilatant manner, ie it is tending to increase in volume. This is perhaps not surprising as it is a dense material in both its natural and remoulded state. It is still a little surprising as it is a very fine grained moderately plastic clay –such clays do not normally show dilatant behaviour.

2. The behaviour of the silt appears similar at first site, but it is significantly different. In its undisturbed state, its strength reaches a peak, and then declines at a slow but steady rate. The pore pressure shows a slight  increase or remains steady. When remoulded, the behaviour is different – it now behaves in a typical silt manner, showing dilatant behaviour at all stress levels. 

3. The stress paths indicate that both clays behave rather like moderately over-consolidated soils. At low stress levels they behave as overconsolidated materials, but their behaviour changes gradually as the stress level is raised and tends toward normally consolidated behaviour. 

The residual strength of residual soils varies widely, as it does in sedimentary soils, but it does not follow some of the correlations with Atterberg Limits or clay fraction derived from sedimentary soils. Figure 5.5.6 shows a plot of (( against PI, which is often used to illustrate a correlation between the two, as indicated by the dotted line on the chart. However, it is clear that if volcanic ash clays are included in the data, the correlation no longer applies. 
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Figure 5.5.6  Residual strength versus Plasticity Index for a wide range of soils. 

We can re-examine the data in Figure 5.5.6 and re-plot it versus the distance of the soil below or above the A-line. This is done in Figure 5.5.7. 
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Figure 5.5.7  The residual friction angle (((r) related to position on the Plasticity Chart. 

This shows a much better correlation, applicable to both residual and sedimentary soils. 

5.6    Compaction Behaviour 

One last property of residual soils that has caused difficulties to engineers relates to their compaction behaviour. There are several problems, as follows:

(a) The variability of residual soils may mean a large and rapid variation in optimum water content within short distances in any borrow pit.

(b) Some residual soils are highly structured, and have natural water contents well above their optimum water content obtained from a standard Proctor compaction test. In their natural state, because of the bonded structure, they may be firm of even hard materials. However, field compacted may slowly destroy their natural structure, and possibly also crush individual grains, so that as compaction proceeds the soil becomes progressively softer. 

(c) Some residual soils may have natural water contents well above their natural water content. This means that substantial drying may be needed before effective compaction can be carried out. 

(d) Some compaction curves for residual soils, notably volcanic ash soils do not show the normal peaks expected from compaction tests indicating maximum dry densities and optimum water contents.

None of the above “problems” are real problems in the sense of indicating that residual soils are more difficult to compact than sedimentary soils. If there is a problem, it is generally in the evaluation of the soils and the method to be adopted for specifying and controlling the compaction. Many volcanic ash soils can be effectively compacted at water contents in the range of 100% to 180%, a fact which geotechnical engineers are often reluctant to accept. 
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Fig. 5.6.1 Compaction curves from residual soils on two sites near Auckland. 

Two of the above points are illustrated in the following figures. Figure 5.6.1 shows the results of compaction tests carried out on a number of different samples from two sites involving residual soils (the sites are in the Auckland area of New Zealand). It is evident that there is a very wide range of optimum water contents and maximum dry densities, so that using the normal method of compaction control based on water content and dry density is extremely difficult to apply. 

Figure 5.6.2 shows the result of a compaction test on a volcanic ash sample from Java, Indonesia. The test has first been carried out by drying the soil in stages from its natural water content. The soil has then had water added to it after various degrees of drying, and further compaction tests carried out. The results show the very flat compaction curve obtained from the natural soil, and also the very significant influence which drying has on the soil properties. Any value of optimum water content can be obtained by varying the extent of pre-drying. 
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                          Fig. 5.6.2 Compaction test result from a volcanic as soil (Indonesia). 

The behaviour illustrated in Figs. 5.6.1 and 5.6.2 means that the control of compaction by the conventional method of specifying dry density and water content limits based on standard compaction tests is very difficult. Alternative methods of compaction control have been developed for such soils which overcome the above difficulties. The simplest method is that which is based on undrained strength and air voids criteria and is described by Pickens (1980), and will be described later in a later section of this course on earthworks and compaction.
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