GEOTECHNICAL ENGINEERING IN RESIDUAL SOILS 

University of Chile, Santiago

PART 4: GROUNDWATER, SEEPAGE CONDITIONS, AND THE Ko VALUE 

4.1 Some General Observations 

One of the significant differences between geotechnical engineering in residual soils and sedimentary soils is that with residual soils much of the “action” of interest to geotechnical engineers occurs above the water table. This means that the pore pressure is negative, and in some cases the soil will be less than fully saturated. If seepage is occurring, it will normally be taking place both above and below the water table.

4.2 Pore Pressure and Seepage Conditions Above and Below the Water Table.

There is frequently misunderstanding among students, and also among practicing geotechnical engineers, about the nature and significance of the groundwater table. It is commonly thought that the water table separates a zone above which the pore pressure is zero and below which it is positive, with a value governed by the hydrostatic pressure. Figure 4.2.1 illustrates two “possible” pore pressure states with respect to the water table.

[image: image1.wmf]Water table 

Water table 

Pore pressure (u) 

Pore pressure (u) 

Ground surface 

Ground surface

u = 0 (?) 

i  = 1

D

u = D

g

u = - H

g

u = D

g

H

(a) a pore pressure state only possible in sand

       or as a short term transient state in clay 

(b) a possible static pore pressure state

        in a clay (ignoring surface effects). 

i = 0

i = 0

i = 0


Figure 4.2.1. Possible pore pressure states with respect to the water table.

Figure 4.2.1 (a) illustrates the state that is often assumed to exist, namely that the pore pressure is zero above the water table and hydrostatic below it. If the soil consists of clay, and is fully saturated above the water table, this would imply a hydraulic gradient of unity above the water table, and water would therefore be seeping vertically downward towards the water table. Such a condition could not be maintained on a long term basis, as the water table would rise due to the influx of the water seeping down from above it.  

Figure 4.2.1 (b) illustrates the only possible static pore pressure condition if the soil consists of clay. In this case the pore pressure is hydrostatic both above and below the water table. It has a positive value below the water table governed by the distance below the water table, and it has a negative value above the water table governed by the distance above the water table. This concept ignores effects at the ground surface, and in fact implies that the surface acts as an impermeable boundary. 

Measurements in the field have shown that many clays remain fully saturated for many metres or tens of metres above their water table, and only in the top one or two metres is the soil less than fully saturated. This is because the pore spaces between soil particles act as fine tubes and water is drawn into this space, or retained in it, by capillarity or surface tension forces. In a fine grained soil, made up entirely of clay sized particles (smaller than 0.002mm), the effective pore size will be about 20% of this, which is 0.0004mm. The theoretical capillary rise in such a material would be about 75m. With most fine-grained soils therefore water will not drain out of their void space under gravity forces.  A shallow zone of partial saturation may occur at the surface; this partial saturation occurs not because of gravity drainage downward, but because of water loss at the surface from evaporation. It is only when the material is of coarse silt or fine sand size that water will begin to drain out of pore space from gravity forces alone. Even then, in these materials, only limited drainage is likely to occur, and some water will still remain in the void space. Only in course sands and gravels will water drain almost completely from the pore space. 

For fine grained soils the pore pressure and saturation states in relation to the water table are illustrated in Figure 4.2.2 
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Figure 4.2.2 Pore pressure and saturation states in relation to the water table.

The depth of the partially saturated zone is governed by the particle size of the soil and the climatic conditions. In areas with temperate or wet climates, the depth of the partially saturated zone in clay is unlikely to be more than one or two metres below the surface. However, for dry climates this depth could be metres or tens of metres. 

In practice, the pore pressure above the water table will (by definition) be negative, but will not follow a prescribed pattern, and will not be static. Climatic conditions are constantly changing, with the result that at any particular time water may either be entering or leaving the soil at the ground surface. During periods of rainfall, water will enter the soil, while during hot dry weather water will be lost through evaporation. 

                       [image: image3.wmf]Positive

 

Negative

Equilibrium pore pressure

            i = zero

Wet weather value

  seepage downwards  

Dry weather value 

  seepage upwards

ZONE OF POSITIVE

 PORE PRESSURE

 

ZONE OF NEGATIVE

  PORE PRESSURE

Water table

 

Pore water pressure

Hydrostatic pore 

    pressure 


Figure 4.2.3. Possible pore pressure states above and below the water table (for fine grained soils). 

Possible pore pressure states in a fine-grained soil are shown in Figure 4.2.3. The hydrostatic line in the figure represents the only possible static situation - the hydraulic gradient is zero and no flow occurs. Although the pore pressure below the water table is shown to be hydrostatic in Figure 4.3 this is not necessarily the case. The way the pore pressures and water table change with seasonal effects is somewhat subtle, and is different for coarse and fine-grained soils, as the following figures illustrate. Figure 4.2.4 shows the situation for a coarse free-draining soil, ie a clean sand or gravel. 
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Figure 4.2.4 Seasonal influence on pore pressures and water table in coarse grained soils. 

If the soil is coarse-grained, it acts like a “reservoir”, into which water flows under gravity during wet weather causing the water level to rise, and from which water is lost by evaporation during dry weather, with an accompanying drop in water table. The pore pressure state beneath the water table is normally hydrostatic. The material above the water table is unsaturated, and movement of water in and out of the soil is accompanied by similar movements of air. The degree of saturation changes abruptly at the water table.  

With fine-grained soils the situation is different, and more subtle, as indicated in Figure 4.2.5. In this case the soil is likely to remain fully saturated, except possibly for a shallow zone at the ground surface. Water movement is accompanied by volume changes of the soil. The soil shrinks during dry weather and swells during wet weather. The water table may still rise and fall with seasonal effects, but this is not necessarily so. With materials of very low permeability and a deep water table, seasonal changes in pore pressure may occur near the surface, but not extend to the depth of the water table.  This is the case with London clay. 
        [image: image5.wmf]Negative 

Water table 

Water table 

Hydraulic gradient 

positive upward,

- seepage upward 

Hydraulic gradient 

positive downward,

- seepage downward 

Negative 

Positive 

Positive 

Zone of positive 

  pore pressure

  

Zone of negative  

  pore pressure

  

 Hydrostatic 

(equilibrium)  

     state

  

 Pore pressures not 

necessarily hydrostatic 

 

“Average water table”

PORE  PRESSURE 

PORE PRESSURE

WET WEATHER STATE 

- rainfall on ground surface

DRY WEATHER STATE 

- evaporation at ground surface


Figure 4.2.5 Seasonal influence on pore pressures and water table in fine grained soils

With the coarse grained soil, the parameters governing the way the water table changes with seasonal effects are the permeability and the porosity (storage capacity) of the material. With fine-grained soils, the governing parameters are the permeability and compressibility of the soil (a measure of the storage capacity), or, in their combined form, the coefficient of consolidation of the soil. With sedimentary soils, water tables tend to be close to the ground surface, and the pore pressure conditions above the water table are not so important. However, with residual soils the water table may well be very deep and the pore pressure state of prime interest to geotechnical engineers may be that above the water table. 

4.3 Hill Slopes, Seepage, and Pore Pressures 

So far we have considered only level sites and essentially static pore pressure states, apart from the seasonal variations associated with changes in the water table elevation, as indicated in Figures 4.2.4 and 4.2.5. In most natural situations this will not be the case. The ground will be sloping and the water table will also be sloping. This means that water will be continually seeping through the ground in the “downhill” direction. Water will enter the ground during periods of rainfall and will seep towards the lower slopes or the bottom of valleys where it will emerge at the surface, or into streams and rivers. This situation is illustrated in figure 4.3.1.
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    Figure 4.3.1. Seepage in a hillside coming from direct rainfall and from adjacent catchment.

The situation in Figure 4.3.1 is for a clay slope that is essentially fully saturated. Water is entering the slope from surface rainfall, as well as through the ground from an adjacent rainfall catchment. The dotted arrows indicate the likely seepage pattern. Although this is an accurate portrayal of the “average” seepage state, it is not strictly correct near the ground surface The situation at the ground surface will actually be changing all the time with weather variations. Sometimes water will be lost through evaporation, and at other times, when rain is falling, water will enter the slope. This means that there will be a zone in the upper part of the slope where the pore pressure is fluctuating, but is normally negative. The water table in Figure 4.3.1 indicates this zone. 

The significance of the water table should be clearly understood. In clays it is not normally a boundary line separating a zone where seepage is occurring from one where there is no seepage. It is simply a line of zero (atmospheric) pore pressure defining a zone where pore pressures are positive from one where they are negative. Seepage occurs in a continuous fashion above and below the water table according to the same physical laws, provided the soil remains fully saturated. If the soil consists of coarse material, such as sand or gravel, then the situation will be different, as water will drain out of the sand above the water table. In this case the water table will be a boundary defining the upper limit of the seepage zone. 

     [image: image7.emf]Water table 

Limited recharge at the ground surface

    -pore pressure generally negative  

Axis of symmetry 


Figure 4.3.2.  Flow net and water table in a slope where pore pressures are negative near the surface.

Fig. 4.3.2 is included here to emphasise the fact that in clay slopes the water table is not a boundary line that separates a zone where seepage is occurring from a zone where no seepage is taking place.  Seepage will still be occurring above the water table, and will be governed by the same laws that govern its behaviour below the water table. The only difference is that above the water table the pore pressures will be negative, and the actual state of seepage more variable and less amenable to easy definition because of surface effects such as evaporation, or recharge from rainfall. Fig.4.3.2 represents a hillside where intermittent rainfall and evaporation maintain a zone of negative pore pressure in the upper part of the slope. This computer generated flow net has been produced by setting a series of negative pore pressures as the boundary condition at the upper part of the slope surface. The programme rightly plots the water table as the line of zero (atmospheric) pressure.

4.4 Climatic Influence on Seepage Conditions and Pore Pressure State. 

There is not a lot of information in the literature regarding variations in the water table depth and the pore pressure above the water table arising from seasonal variations in weather conditions. With very low permeability clays such as London clay it appears that there is very little change due to weather changes, while in many residual soils, which tend to have substantially higher permeability there may be significant changes between summer and winter. In Hong Kong, the Geotechnical Control Office has done quite a lot of recording of pore pressure changes in slope of weathered Granite. This is a material of quite high permeability, and pore pressure changes occur reasonably rapidly – we will look at these later in the course.  It is certainly true that in most residual soils pore pressures respond fairly quickly to weather effects, which is to be expected as heavy rainfall is usually the trigger for landslides in residual soils. 

4.5 Implications of the Groundwater and Seepage State on Practical Situations

There are various practical issues which arise from the fact that in clays there is a negative pore pressure above the water table and it is subject to seasonal variations. The following are several important examples:

· Errors in the estimation of foundation settlement using conventional methods:

The normal procedure for estimating settlement resulting from construction of a building supported on surface foundations on a clay involves two basic steps. The first is to measure the compressibility characteristics of the soil by laboratory or field testing, and the second is to estimate the resulting increase in effective stress in the soil using elastic theory. The latter step is not as simple as it appears. If the water table is deep then the initial pore pressure above the water table is unknown – it may well be highly negative during summer weather and close to zero during wet winter weather. The construction of the building is likely to dampen down these variations as it will tend to act as an impermeable boundary at the ground surface. The change in effective stress will therefore be made up of two parts, the first being the stress increase due to the foundation load, and the second being the change in effective stress brought about by the change in the pore pressure in the ground.  The latter is often simply ignored in practice. The net change in effective stress could be either positive or negative. 

· Ground settlement resulting from groundwater lowering:

It sometimes happens that human activities such as quarrying or deep excavations for highways (or other underground structures) result in the permanent lowering of the ground water table in the surrounding area. This in turn causes an increase in effective stress the soil and settlement of the ground surface. Depending on the nature of the ground this settlement may be of little consequence, or it could be a major concern. It is important to appreciate that settlement will result not only from compression of the soil beneath the water table but also from compression of the layers above the water table. The pore pressure is likely to be lowered right through the soil profile, with an accompanying increase in effective stress. 

· Ground settlement or swelling due to covering the ground surface:

It is possible that simply placing some form of barrier at the ground surface may result in ground settlement, or even “heave” from swelling of the soil.   This will occur because any such barrier will tend to change the pores pressure from their current state and move them towards the hydrostatic state. Building a high quality pavement with an asphalt seal at the surface is likely to act as such an impermeable barrier.

·   Estimates of slope stability ignoring soil “suction” influence

Many slopes in residual soils are stable because much (or most) of the slope is normally above the water table. This means that much of shear strength of the soil is due to the “suction” in the pore water. This effect is often not recognised and is seldom taken account of in stability analysis. We will see later in this course that rainfall can influence the stability of a slope, even if the water table is below the toe of the slope

4.6 Influence of assumed seepage pattern on slope stability estimates

It is commonly assumed in slope stability analysis that the pore pressure can be determined directly from the depth below the water table. For many situations, especially those involving relatively gentle slopes, this is a reasonable approximation. However for steep slopes, such as may be the case with residual soils, the approximation may involve significant errors, especially if the “recharge” source is rainfall falling directly on the slope itself.  
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Figure 4.6.1.  Possible seepage patterns, depending on boundary conditions

                                  (ie on source of seeping water).

Figure 4.6.1 shows two possible seepage patterns in a natural slope, one based on the assumption of external recharge (ie from a catchment connected to the slope) and the other on direct rainfall on the surface of the slope only. The pore pressures in the upper part of the slope are quite different, and will influence to some extent the safety factor obtained from stability analysis.  We will look into this further during the course. 

Figure 4.6.2 indicates the difference in pore pressure at three locations according to the seepage pattern in Figure 4.6.1(b) above. The difference in levels at the same location should not be assumed to indicate perched water tables or artesian pressures. 
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     Figure 4.6.2 Piezometric levels according to the flow net in Figure 4.6.1 (b).

4.4  Ko Stress State in Residual Soils

There is not a lot of information on the Ko stress state in residual soils. It is possible to make some comments based on intuition and understanding of the weathering process. Generally, the weathering process is accompanied by some loss of material, and some reduction in the stiffness and strength of the material. Removal of material tends to “relieve” any locked in stresses in the soil. Vertical stresses are unlikely to be locked in, but there may well be horizontal stresses that have been built up by the deposition process, and any over-consolidation resulting from the removal of vertical load. In some situations tectonic movement may also have created high horizontal stresses. The weathering processes are thus likely to reduce any high horizontal stresses and move them towards the minimum value compatible with the strength of the soil. In other words they will tend to move towards the active Rankine pressure state. 

On the other hand, if the weathering process involved removing cementing material, and releasing active clay minerals, the opposite trend could occur. The active clay minerals may take in water and swell, causing an increase in horizontal stress.  

Vaughan and Kwan (1984) suggest a theoretical method of analysis to investigate the possible influence of weathering on the horizontal stress. They postulate a decrease in stiffness and strength of the material as weathering progresses and analyse the influence of this on the stress state, making use mainly or elastic theory concepts. Their analysis is fairly complex and will not be included here. In summary it suggests that the influence of the initial horizontal stress in the parent rock disappears quite early in the weathering process, and the stress state tends towards the “at rest” Ko value given by simple elastic theory, ie according to the relationship 
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   where (( is Poisson’s Ratio

Because Poisson’s Ratio is likely to be quite low, especially in weakly cemented material, the value of horizontal stress can be expected to be low. 
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