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SYNOPSIS  

It is now standard engineering practice to use field 

measurements in embankment dams to examine their behaviour 

and stability. This thesis describes a number of such 

measurements with which the Author has been associated. 

The thesis is divided into two volumes. In Volume 1, 

Ch.2-5 the principles of field measurement are discussed 

and details of piezometers and deformation gauges are given: 

The measurement of effective stress in partly satur-

ated soil is discussed, as is the problem of sealing a 

piezometer into a borehole. In-situ tests on piezometers 

are described, and some of the problems associated with 

measuring settlements and total stress are treated. 
of 

In the second Volume/the thesis case histories are 

presented which illustrate field measurements of the be-

haviour of embankment dams during construction, rapid draw-

down and steady seepage conditions. Particular attention 

is paid to the comparison of field behaviour with predictions 

made on the basis of current design theories and laboratory 

tests. 
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CHAPTER I  

INTRODUCTION 

During the last 30 years the instrumentation of earth and 

rock-fill dams and the making of detailed field measurements of 

their behaviour have become standard engineering practice. 

Pioneers in this respect have been the United States Bureau of 

Reclamation (U.S.B.R. firth Manual: 1960, Gould: 1954, Dehn: 

1962) and techniques based on U.S.B.R. practice are now wides-

pread. In Great Britain this work has been initiated by the 

Building Research Station of the D.S.I.R. (Penman, 1956: 

Cooling, 1962). Much data obtained in international engine-

ering practice has been published and is available for use 

in future design work and in the study of the fundamental 

behaviour of earth and rock-fill dams. 

This thesis contains details of some of the field measure-

ments on British dams with which the Author has been associated 

during the period 1957-1964. These measurements are analysed 

and the results compared with predictions of behaviour made 

using modern design methods and laboratory tests. 

A discussion of these design methods and of the general 

function, relevance and limitations of field measurements is 

presented in Chapter 2. Methods of measuring pore pressure are 

discussed iii Chapter 3. Equipment and details of installation 

are also given. The problems of interpretation of effective 

stress and of the sealing of a piezometer into a borehole are 
?f,6 

14 



2. 

discussed in more detail. The hydraulic behaviour of piezometers 

and their use for in-situ tests are discussed in Chapter 4. 

Techniques for measuring deformations and the measurement 

of total stress are discussed in Chapter 5. The remainder of 

the thesis contains case histories which illustrate some of the 

principles set out in Chapter 2. Chapter 6 describes the 

behaviour of the rolled boulder clay fill at Selset, with part-

icular reference to the rate of dissipation of construction pore-

pressures. The actual rates are compared with these predicted. 

In Chapter 7 a similar analysis is made of the soft boulder clay 

foundation. 

The behaviour during construction of the thin clay cores at 

Selset and Balderhead are discussed in Chapter 8, with particular 

reference to the development of arching action. The measurement 

of total stresses at Balderhoad is described. A general discussion 

of behaviour during drawdown is prey tinted in Chapter 9, and this 

discussion is illustrated by measurements made during a complete 

drawdown of the small Glen Shira earthdam in Scotland. 

Chapter 10 and Chapter 11 deal with two cases of difficulties 

caused by excess seepa:1;e pressures due to impounding. 

The development of excess pressures in the foundation of the 

Selset Dam and the remedial measures tal:en are described in 

Chapter 10. Those pressures are explained in terms of the basic 

ground water pattern of the valley. In Chapter 11 the case of 

the Cod Beck dam is described. At this dam impounding of the 

reservoir caused instability of an abutment downstream of it. 

The history of instability is reviewed and explained in terms 



of the geology. Ac an example of the use of field measurements, 

possible remedial measures are examined. 

Various parts of the thesis have been published previously. 

Work contained in Chapters 3,4,6,7,8 and 10 has been published 

by Vaughan (1960), Bishop and Vaughan (1962) and discussion, and 

by Bishop, Kennard & Vaughan (1963 and 1964) and discussions. 

3. 



CHAPTER 2  

PRINCIPLES OF INSTRUMENTATION OF EMBANKMENT DAMS.  

2:1 Introduction 

There are two reasons for instrumenting and making insitu 

measurements on embankment dams. They are to check that the dam 

is stable and safe during construction and operation, and to 

obtain more general information about the behaviour of dams for 

future use. The two aims cannot be totally separated, and to 

concentrate on the former to the exclusion of the latter may be 

dangerous if all the problems associated with•the design are not 

fully understood at the time of construction. 

Field instrumentation must be planned and the results 

evaluated by considering the assumptions made in the design, the 

potential mechanisms of failure of the dam, the theories of 

embankment stability and the expected behaviour of the materials 

concerned. The various theories of embankment stability and 

shear strength of soils serve as a framework for digesting and 

extrapolating previous experience. It is useful, therefore, to 

summarise present knowledge of embankment design and of the ways 

in which dams may behave unsatisfactorily. Then the use of field 

measurements to supplement this knowledge and ensure safety can be 

considered. 

2:2 The Requirements For a Satisfactory Embankment Dam 

The function of a dam is to retain water safely under all 

possible conditions at an economic cost of construction. No darn 
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can,  be 'watertight' but the quantity of seepage passing it must be 

acceptable. In addition there are two basic requirements for a 

satisfactory structure. 

1) Deformations of the embankment and its foundation during con-

struction and all conditions of operation must be acceptable. 

2) The water seeping through the embankment and its foundation 

shall not cause erosion. 

Different considerations govern the two requireMents and they 

will be considered separately. 

2:3 Deformations of the Embankment  

Understanding of the factors controlling the deformations of 

soils dates from the formulation by Terzaghi of the principle of 

effective stress. With the exception of certain soils with pro-

nounced secondary effects, the deformations of saturated soils 

are controlled by changes in the difference between the total 

stresses and the pore water pressure. The prznciple of effective 

stress is less powerful when applied to partly saturated soils, 

but it is still useful. Generally, significant deformations imply 

a high degree of saturation, when the effective stress law as it 

applies to saturated soils is a good approximation to the truth, 

provided that pore water pressures are measured. Its application 

is discussed in chapter 3. 

The study of the deformations of soils has been carried out 

largely by means of laboratory tests under simplified stress 

conditions in the shear box, the oedometer and the triaxial test. 
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Even under these conditions no general and accepted theory des-

cribing the stress-strain deformations of soils has been derived. 

Stress conditions in an embankment are much more complex, and 

therefore a general solution for the stress and strains within 

even an idealised embankment section is not yet possible. If the 

soil is assumed to behave as an elastic material stresses and 

strains can be calculated. Such a solution obtained by Bishop 

(1952) showed that under normal conditions most embankments have 

zones of overstress which invalidate even this simplifying 

assumption. However, such solutions represent a method of est-

imating stress distributions which is valuable. 

2:4 The Use of Limit Design Analysis.  

It is at present impossible to calculate actual stresses and 

strains in an embankment, and in any case it is most convenient 

to carry out slope stability analyses by means of a limit design 

approach. In this method of analysis, in which it is generally 

assumed that the problem is two dimensional, a failure surface 

is postulated within the embankment. The stability of the mass 

of soil which would slide on this surface is analysed by statics. 

The sumated shear force along the surface required to maintain 

stability is computed, as is the sumated shear strength avail-

able along the surface. A factor of safety F is then defined 

as the shear strength available divided by shear strength 

mobilised. A number of surfaces are analysed and the one with 

the lowest factor of safety is taken to be the most critical 

surface. A factor of safety of unity corresponds to incipient 



7. 

failure. The method is equivalent to determining a factor by which 

the shear strength must be reduced to bring about failure. This 

technique is made possible by the fact that while shear deform-

ations of a soil cannot be predicted by means of laboratory tests, 

the ultimate shear strength can be predicted in most cases to a 

sufficient degree of accuracy for engineering purposes. The 

technique has been applied largely to cylindrical surfaces 

(U.S.B.R.: 1951, Bishop: 1955) and a valuable summary of the 

method is given by Bishop & Bjerrun (1960). The extension of the 

technique to surfaces other than cylindrical in shape has been 

discussed by Kenney (1956), Janbu (1955) and by Morgenstern (1964) 

and Morgenstern and Price (1965). 

In the case of soils to which stresses are applied so 

rapidly that no drainage takes place, the pore pressure changes 

are functions of the total stress changes onlytand total stresses 

may be used in an analyses. Effective stresses may be still 

preferred, however. In the case of saturated soils the ultimate 

shear strength which can be mobilised is independent of the total 

stress changes (see, for instance, Bishop & Bjerrum;1960). For 

undrained partly saturated soils and for any soil where the pore 

pressures are modified by drainage the shear strength along the 

potential failure surface is a function of the normal stresses 

across it. Where pore pressures are modified by drainage effect-

ive stresses must be used. The shear strength measured in the 

laboratory may be expressed in terms of total or effective stresses, 
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whichever is appropriate.
1 Where effective stresses are used in 

the analysis pore pressures must be predicted. Pore pressures 

set up during undrained loading must be estimated, their rate of 

dissipation can be estimated by applying consolidation theory, 

and ultimate pore pressures due to steady seepage conditions can 

be calculated using seepage theory. For this, knowledge of the 

permeability and consolidation characteristics of the soil are 

required. 

In any case where the shear strength is a function of the 

normal stresses across the plane of shear these normal stresses 

must be either calculated or assumed. As stated previously, it 

is not possible to obtain a solution for the stresses within an 

embankment using the stress strain characteristics of the soils 

concerned. Thus a stress distribution has to be assumed. This 

problem has been discussed in detail by Morgenstern (1964). These 

stress distribution assumptions are generally implicit in the 

statical method by which the potential sliding mass of the limit 

design approach is analYsed. The usual method of analysing the 

sliding mass is to divide it into a number of vertical slices. An 

implicit stress distribution is generally included by means of a 

simplifying assumption concerning the forces between the slices. 

Morgenstern develops a statical analysis of a sliding mass 

divided into vertical slices and sliding on any shape of surface. 

1) There is a difference in the definition of factor of safety when 
total rather than effective stresses are used. At failure (F = 1.0) 
both techniques give the same answer (see Bishop & Bjerrum: 1960 
and Sherrard et al (1963). 
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The analysis ensures that each slice and the whole sliding mass 

are in equilibrium. In order to perform this analysis two 

assumptions are required. The first is a distribution of a 

ratio between the horizontal and vertical forces oil the sides of 

slices. This is in effect an assumption of a stress distribution. 

The second assumption is that the shear strength of the soil 

along the assumed shearing, plane is mobilised uniformly, and that 

one value of F, the factor of safety, applies to the shearing 

plane overall and to each part of it. This last assumption is 

essential to the principle of limit design and is correct for the 

condition of incipient failure provided that the soil behaves as 

a perfectly plastic material once failure occurs. The stress 

distribution in an embankment depends on the closeness to which 

it approaches limiting equilibrium, and it can be argued that 

the 'correct' stress distribution to be used in conjunction with 

the limit design analyses is the one which would exist at 

failure. The assumption of a uniform factor of safety makes limit 

analyses in-consistent with the actual stress distribution at 

factors of safety other than one. Thus measured stresses should 

not be used directly in a limit analysis. Measurement of total 

stresses should help in enabling the failure mechanism of the 

embankment to be assessed more accurately, and thus it should be 

possible to assume a stress distribution at failure which is 

consistent with this mechanism. 

In the case of dams with non-homogeneous cross sections, it 

may be more convenient to depart from a strict limit analysis 
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approach, and consider the failure mechanism in parts. For 

instance, a narrow core may arch between its supporting shoulders, 

and field measurements (Ch.8) may show it to be in a state of 

plastic yield. The force exerted by the core on the shoulders 

can be computed, and provided that the arching action will not be 

destroyed by deformatiOn, the stability of the shoulder can be 

computed separately. 

Morgenstern's work enables the influence of the internal 

-stress distribution assumed in limit analysis to be estimated. 

The influence of the assumption increases as the shape of the 

shearing plane departs from the cylindrical. This may be ex-

plained qualitatively, since failure along a cylindrical surface 

does not imply distortions of the sliding mass, and thus the 

strength mobilised within it is relatively unimportant. If the 

surface departs significantly from a cylinder then movement 

along it implies large distortions within the sliding mass, and 

the stress mobilised by these distortions clearly influences the 

overall stability of the mass. 

In earth dams with non-homogeneous fill materials and 

foundations the critical failure path will often be non-circular, 

and in these cases the stress distribution assumed within the 

sliding mass may have a significant influence on the result of an 

analysis. 

Laboratory shear strengths are generally presented in the 

form of Mohr-Coulomb failure envelopes, and described by values 

of c and 0. In undrained shear of saturated soils 0 = 0 
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exl;ressed in terms of total stress and the shear strength is in-

dependent of the normal stress. In undrained shear of partly 

saturated soils the Mohr-Coulomb envelope in terms of total stress 

is curved but may be defined approximately by values of Cu and 

Ou. With relatively dense and dilatent fills deformations some-

times become excessive before the ultimate undrained shear 

strength is mobilised. For this reason a larger value of F 

should be used and the exact values of Cu and 0u 
are not critical. 

In addition these soils will undergo large deformations before 

there is a significant decrease in the undrained shear strength 

mobilised. 

Alternatively effective stresses can be used, and the Mohr-

Coulomb envelope expressed in_ terms of effective stress and 

defined by c' and 0'. 

In cases of long term stability the pore pressures are 

independent of total stresses and effective stresses must be 

used. Unfortunately most soils likely to be used in embankment 

construction are, in effect, overconsolidated and do not behave 

as perfectly plastic materials when tested under drained con-

ditions. The shear stress which they will sustain under constant 

normal effective stress reaches a 'peak' at a certain strain and 

subsequently decreases as the strain increases until a constant 

'residual' shear strength is reached. Since uniform strain 

along a shear surface cannot be relied upon in principle, no 

unique shear strength envelope can be defined which nay be used 

in the limit design analysis. Skempton (1964) discussed this 
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problem in relation to natural slopes. 

The only reliable guide to which value of shear strength may 

be relied upon comes from the analysis of actual failures. With 

granular materials and uniformly graded materials such as glacial 

moraines the stress strain curves are flat and do not show a 

rapid drop to the residual value. With these materials nearly 

the whole of the peak strength can be relied upon, and this is 

commonly done in the design of dams. 

In natural stiff fissured clays Skempton shows .that the 

reliable shear strength may decrease to the residual value over 

a period of many years. On old slip planes the available shear 

strength is the residual value. There are no documented fail-

ures from which to deduce the reliable long term shear strength 

of plastic clays when compacted as fill material, or when subject-

ed to increasing stresses, as in a cutting or natural slope. 

Skempton suggests that it may be possible to rely on the peak 

strength of a clay when it has been compacted to produce a 

relatively homogeneous fill. 

A further complication arises in the case of a dam since a 

failure surface may pass th:oough a number of different materials 

of widely different stress strain characteristics. It is un-

likely in this case that peak strengths can be mobilised simult-

aneously along the whole surface. It is possible that the 

analysis of existing stable dams would give some information on 

these problems. Until such information is obtained the reliable 

long term shear strength of cohesive fill materials must be 



regarded as uncertain. 

The use of limit design analysis can be justified because 

not only does it give an a;)proximately correct answer when 

applied to actual failures1 but it also enables safe and stable 

embankment cross-sections to be designed when used with con-

ventional safety factors on effective stress analyses of the 

order of 1.3 - 1.5-. 

The use of such factors of safety in design serves two 

purposes. Firstly they represent an actual factor of safety 

against shear failure and a reserve of strength if the various 

assumptions made in the design are not correct. Secondly they 

represent a degree of mobilisation of shear strength at which 

experience shows that shear strains are acceptable for most 

engineering purposes. The second statement may be conservative 

if applied to undrained conditions. In certain circumstances 

shear strains may be acceptable at factors of safety derived 

from an effective stress analysis as low as 1.0. This point is 

discussed later in Ch.8. Where analysis of the drained conditions 

in terms of effective stress is made, experience indicates that 

shear strains are acceptable with a factor of safety of little 

more than unity. 

In the application of the limit design technique there are 

four basic uncertainties. 

1) The pore pressures which will be set up during construction 

and operation.3  

2) The reliable shear strength of the various materials involved. 

13. 
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3) The factor of safety to be applied which will guard against 

other assumptions being in error and which will ensure 

acceptable shear strains. 

4) The internal stress distribution which is assumed and which 

may significantly influence the answer if the potential 

failure surface departs significantly from the cylindrical. 

The value of field instrumentation and measurements can be 

judged in part in terms of their clarification of these un-

dertainties. 

It must be emphasised, however, that limit design is little 

more than a semi-empirical design method. While it is based on 

a reasonable picture of how an earth mass fails in shear, it 

provides no model of the behaviour of an embanlclent as failure 

is approached. 

.Limit design analysis can be used for designing dams to 

withstand earthquake shock (Ambraseys: 1960). This is done by 

including horizontal forces due to the accelerations of the 

earthquake in the analysis of the sliding mass. This technique 

is not universally accepted (Sherrard et Al: 1963). 

1) Nearly all case records of actual Failures are based on a 
reconstruction of the pre-slip profile and/or pre-slip pore 
pressures. Thus they are not wholly reliable. 

2) In :::any designs conservative assumptions are made regarding 
shear strengths, pore pressures, etc., and thus actual factors 
of safety are greater than these used in the design calculations. 

3) In an analysis of the undrained state in terms of total stress 
the pore pressures are implied in the assumption of the undrained 
shear strength mobilised. 
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2:5 Prediction of Settlements.  

In the absence of a general stress-strain theory which can be 

applied to predicting deformations of an embankment, these deform-

ations can be considered as occuring in two ways. Firstly, shear 

deformations and, secondlyl.deformations (or settlements) due to 

consolidation. Shear deformations cannot be predicted except by 

approximate elastic methods and are allowed for in the method of 

stability analysis. Consolidation settlements are more important 

since they may occur after completion of the dam. Settlements may 

be predicted on the basis of consolidation tests performed under 

simplified stress conditions such as in the oedometer, but the 

more complex conditions in the field, particularly where 

relatively narrow compressible cores exist between more rigid 

shoulders, make such predictions difficult. 

Special problems exist in the settlements of rockfills, placed 

dry and subsequently saturated (Bishop:1958, Bjerrum:1964 etc.), 

and in the collapse settlements of fills compacted much drier than 

optimum when they are saturated (Chaudhary:1955, Jennings & 

Burland: 1962, etc.). Deformations of rockfill are mainly due to 

time dependent deformations of the rock fragments themselves. 

Little analytical study of this phenomenon has been made, but 

numerous field records are available (for instance, A.S.C.E. 

symposium: 1958, Large Dams Conf: 1964). 

2:6 Erosion Due to Seepage.,  

The seepage of water through a granular material exerts 

• drag forces on the particles of which it is composed. Similarly, 



water flowing over or through fissures or continuous passages in 

a fill will exert drag forces on the sides of the passages. Both 

these mechanisms can cause erosion of sail particles, leading to 

the formation or enlarn:ement of voids through the dam with 

increased water velocities and increased rates of erosion. This 

process may end in the complete washing out of the dam. 

Erosion without a pre-existing void or fissure must initiate 

from a point where locally the soil particles are not constrained 

and where a condition of zero effective stress exists. This can 

occur at the outside face of a den or at an interface between 

a fine fill and a much coarser fill, where the fine fill can 

penetrate and be washed through - the coarse fill. If the 

hydraulic gradient is large enough to exert the necessary 

drag forces erosion will start and a superficial void will 

be formed. On the boundary of the void the condition of zero 

effective stress still applies and, since flow into the void 

is concentrated and the hydraulic Gradient increased, erosion 

of the void continues and accelerates. 

In the case of upwards flow, drag forces must exceed 

gravitational forces for erosion to occur. In compact clay 

materials the attraction between clay particles resists the 

drag forces and makes them resistant to erosion. In coarse 

granular materials the drag forces are Generally small compared 

to the gravitational force on each particle maintaining its 

stability. In addition, since such materials are free draining 

and used in the external zones of dams, hydraulic gradients 

16. 
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through them are usually low. Thus silts and fine sand which are 

subject to lateral or downward hydraulic gradients are most likely 

to suffer erosion. 

Modern design techniques to guard against erosion are based 

on two principles. Firstly, the seepage line is prevented from 

reaching the downstream face of the clam by zoning the fills 

according to their permeability or by internal drainage. 

Secondly, fills are only placed adjacent to each other if their 

F;radings meet the requirements of various empirical filter rules 

which eliminate the possibility of the fine fill penetrating 

the coarse one, or if non-penetration has been proved by • 

experience or laboratory testing. 

The downstream abutments of dams may be subject to addit-

ional seepage, clue to impounding of the reservoir. Natural 

materials, particularly laminated clays and sand or silts, may 

be prone to erosion. The example of Cod Beck is described in 

Ch.11. The effect of even small amounts of seepage on laminated 

deposits is well illustrated by the numerous coastal landslides 

of Yorkshire, Norfolk, Dorset and Hampshire. 

Erosion through pre-existing weakness may occur through 

lines of poor compaction against abutments, foundations or 

conduits, through fissures in abutments or foundations, through 

zones of poor compaction in the fill or through cracks in the 

fill clue to differential settlement or temporary drying out 

during construction. Properly designed filters are an insur-

ance against this type of failure, but such potential weaknesses 
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should be avoided by proper design and construction control. 

2:7 Failure and Damage to Embankment Dams.  

In planning and evaluating field measurements previous records 

of the unsatisfactory performance of dams are of great value. 

Causes of failure and damage can be grouped under the following 

1) Damage Damage and erosion of spillway. 

This is a problem of inadequate hydraulic design. 

2) Overtopping of dam. 

This is generally due to inadequate hydrological design, 

but may be caused by excessive settlement. It nay also result 

from reservoir surges due to an earthquake. 

3) Shear failure during construction. 

This may be due to fill being placed too wet, to a weak 

foundation, or to slopes which are too steep. 

4) Shear failure of downstream slope or abutments after 

impounding. 

This nay be due to inadequate control of seepage. 

5) Shear failure of upstream slope during drawdown. 

This may be due to the use of non-free draining fill at 

too steep a slope in the upstream slope, or a weak and non-

free draining foundatior . 

6) Erosion by seepage due to inadequate control of seepage 

pressures by drainage measures incorporated in the design. 

7) Erosion by seepage through cracks, fissures, uncompacted 

layer's etc., or into/lRequately designed filter drains. 



8) Damage due to earthquakes. 

9) Damage due to wave action on the upstream face. 

10)Failure of culverts, pipes, etc., within or beneath the dam. 

11 ) 	essive settlement. 

Recent surveys of the unsatisfactory performances of dams 

have been published by Middlebrooks (1953), Sherrard (1953), 

Ambraseys (1960), Cole & Lewis (1960), .Morgenstern (1963), 

Sherrard et al. (1963) and Gruner (1963). 

Middlebrooks quotes a large number of records, largely from 

America and mostly of old dams. Ignoring failures of hydraulic 

fill dams during construction, culvert failures and wave damage 

there are 175 cases. Of these 5 were aloillway failure, 57 wore 

cases of overtopping, 6 were failures during construction, 10 

were downstream slides, 12 were drawdown failure, 72 were 

ascribed to seepage, piping and erosion in S020 form, approx-

imately 30 of these 73 falling into category (6). 12 cases were 

described as excessive settlement and one case as failure due 

to earthquake shock. It is probable that many cases of failure 

during construction would not have been reported. Sherrards 

(1953) data is included in Middlebrooks summary. Cole & Lewis 

refer to another 5 cases of piping failure in low homogeneous 

dams in Australia. Morgenstern quotes an additional 8 cases of 

drawdown failUre. Ambraseys quotes records of 58 dams and dykes 

subject to earthquakes. 11 are described as failures, but these 

were mostly low dams and dykes. The hiZilest dam quoted as having 

failed (the same example as that quoted by Micidlebrooks) was 35 ft. 
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high. 

Middlebrooks data indicates that, apart from overtopping, 

the most frequent failures were caused by internal erosion. 

These failures tended to result in rapid emptying of the reser-

voir. Most of this data is derived from old dams, and old 

failures. Thus it must be used with reserve in estimating the 

likelihood of various forms of failure in dams designed accord-

ing to modern principles. Proportionate to the number of dans 

constructed, both internal erosion an,. shear failures are much 

less common than previously. 

British practice has tended to be different from American. 

The use of a deep puddle clay or concrete filled cut-off trench 

joined carefully to a puddle clay core, which was standard 

practice until recent years, seems to have almost eliminated 

the danger of failures through internal erosion. Possibly due 

to a uniformly distributed annual rainfall and a large number 

of sites involving cohesive and non-free drainin; fills and 

foundations, shear failures during construction have been most 

numerous in British practice. 

An interesting account of deformations of early dens during 

and i-mmediately after construction is given by Bateman (1384). 

More recent examples are the failures during construction of 

Chingford data (Cooling and Golder:1942) and of Hollowell dam 

(McLellan:1945). Both failures occureci during construction on 

soft clay layers in the foundation. Muirhead dam (Banks:1948) 

developed large deformations during construction due to low 
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shear strengths in the slowly draining boulder clay fill, and 

was completed 20 ft lower than was intended. More recently 

Greenbooth dam (Ormerod:1962) failed during construction due 

to a soft clay foundation. The old Tittesworth dam (Twort: 

1964) failed on a soft foundation layer when its downstream 

slope was being trimmed prior to its inclusion in a new and 

hightened dam. An interesting point concerning the last two 

dams is that both were instrumented, as was North Ridge dam in 

Canada (Peterson et al: 1957) which also failed on a soft 

foundation. Other recent examples of unsatisfactory behaviour 

of earth dams are the Otter Brook dam (Linell & Shea:1960) 

which was constructed of glacial fill of similar properties 

to that used at Muirhead and at Selset. The Otter Brook fill 

was compacted at a moisture content around and just dry of 

optimum but to relatively steep slopes. Deformations were 

observed during construction anianalysis in terns of effective 

stress using pore pressures measured by piezometers showed a 

factor of safety of less than unity. An analysis in terms of 

undrained strengths measured on samples taken from the dam 

showed an adequate factor of safety, and the dam was completed 

to full height during which the lateral deformations of the 

slopes reached about 3 ft. This example is discussed further 

Ch.8, and is an example of'how limit design in terms of 

effective stress may be conservative if applied to dilatznt 

fill materials in circumstances where moderate strains can be 

tolerated. 
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Large deformations during construction also occured at the 

Troneras Dam in Columbia (Li:1963). At this dam a very rapid 

rate of construction was used. An interesting example of rapid 

fill placing is quoted by Riply and Campbell (1964). At the 

Seymour Falls dam in Canada the rate of placing of a very wet 

silty fill was controlled by observing deformations of the toe 

of the dam. When movements occured placing was stopped to 

allow consolidation of the fill, which was quite rapid. 

A long term shear failure of the downstream slope of a 

25 ft. high clay embankment forming a storage reservoir at 

Harrogate (Davies: 1953) took place 83 years after construction. 

Four separate slides took place in the slope over a period of 

about 1 week, and a small drawdown failure occured as the 

storage reservoir was emptied. 

Types of failure and unsatisfactory performance are 

summarised in Table 2:2. It is of great importance whether a 

failure in the dam will result in a catastropic release of the 

reservoir. Overtopping is generally disastrous although there 

are at least 4 records of dams being overtopped without falling. 

Overtopping when impounding is commenced during construction 

can be a serious risk, since a failure to meet a construction 

programme can result in inadequate freeboard. Overtopping due 

to excessive settlement is the only case where design and 

construction of the embankment is involved. Shear failures 

during construction are very unlikely to cause catastrophies, 

unless diversion works are blocked or impounding has started. 
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Shear failures of the downstream slope with the reservoir full 

are likely to be disastrous. Drawdown failures are unlikely 

to breach the dam and are therefore unlikely to prove disastrous 

unless the reservoir level cannot be controlled while repairs 

are made. Erosion failures are often disastrous. Earthquake 

damage is likely to be catastrophic where fills or foundations 

are subject to collapse when sheared rapidly. Old dams have 

shown themselves to be subject to all these modes of failure. 

On a statistical basis old ;,merican dams have tended to fail 

most frequently by internal erosion, but this is not the case 

with British practice. In newer dams failures have been less 

frequent, and failures due to erosion have been proportionately 

fewer. 

Failures during construction are most frequent judged by 

modern experience. This may be due in part to the use of 

modern plant and the speed of construction now possible, and 

in part to the fact that designers are prepared to accept 

risks of non-catastrophic construction failures which they 

would not run in other circuLstances. 

However, as dams and reservoirs become larger, and in 

particular as they became larger in proportion to the valleys 

in which they are constructed modern principles of design and 

construction are nrogressively applied to problems of a scale 

where previous experience is limited. Dams are also con-

structed on sites which are progressively technically more 

difficult. Therefore the possibility of all forms of failure 
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and malfunction must be considered carefully. 

2:8 The Advantage and Limitations of Field iieasurements in 
EMbankment Dams. 

The use and value of instrumentation and field measurements 

can be judged in three ways. These are the provision of inform-

ation which can be used with existing design techniques to 

evaluate the stability of the structure, the improvement of 

existing design techniques by obtaining information about how 

dams actually behave and.the prediction in advance of failure or 

malfunction in any of the ways which are possible: 

The use and limitation of field measurements is summarised 

in Table 2:1 and Table 2:2. Table 2:1 shows the various 

assumptions which are commonly made either explicitly or 

implicitly in dam design which are discussed previously in this 

chapter and the methods and importance of verifying them. Table 

2:2, which supplements Table 2:1, lists the various modes by 

which failure or damage may occur to a dam and summarises the use 

of field measurements in predicting and preventing them. 

The measurement of pore pressures is probably the most 

important and usual measurement to be made in embankments. Their 

measurement enables the seepage pattern set up after impounding to' 

be checked, the danger of erosion to be estimated, at least 

partially, and the danger of slides in the dam and abutments to 

be estimated if the reliable shear strength is known. Valuable 

information about behaviour during construction and drawdown is 

obtained. 
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The measurement of total stresses is very difficult, although 

some information may be inferred from deformations. The value of 

such measurements has long been appreciated (Taylor:1948). A 

brief review of the problems is given in Ch.5. Apart from the 

influence of the stress distribution on the answers obtained from 

limit design analysis, a knowledge of total stresses is required 

if pore pressure changes under undrained conditions are to be 

understood, particularly changes when factors of safety against 

shear failure are high. The effective stresses at a point are 

only known if the total stresses as well as the pore pressures are 

measured. One of the difficulties of using field measurements 

in earth dams is the fact that factors of safety are usually 

high, and thus these measurements contribute little to know,. 

ledge of the likely behaviour if failure is approached. The 

opportunity of making measurements in temporary structures or 

trial embankments where lower factors of safety can be used 

should always be taken. 

Shear strength in terms of effective stress is not measur-

able by in-situ tests. The shear strength which must be used.  

in a long term limit design analysis is in any case one which 

allows for such factors as softening and progressive failure. 

The uncertainty of estimating reliable long term shear strengths 

from laboratory tests is particularly' critical in shallow slips 

in clay materials and for low clay embankments. Analysis of 

actual failures is the only reliable way of relating reliable 

strength in the field with that estimated from laboratory tests, 

but valuable lower limiting values can be obtained from the 
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analysis of stable structures. For this the minimum requirement 

is a knowledge of pore pressures. 

In the opinion of the Author accurate measurement of deform-

ations such as is commonly made of concrete dams is as important 

as the measurement of pore pressures. Acceptable deformations 

is the fundamental criteria by which a dam will be judged. One 

of the main difficulties of measuring the deformations of a large 

embankment dam is the accurate surveying control required. 

Modern developments in the measurement of distance by indirect 

means using light or radio waves nay make this job easier. 

While deformations are not predictable by present design 

theories (except for approximate settlement predictions) an 

accurate record of internal and external deformations is of 

value in controlling construction stability. After construction, 

the measurement of the plastic deformations of the upstream and 

downstream slopes under the cycles of reservoir operation are 

of great importance and may demonstrate in advance the likely 

development of shear failures at weak points more reliably than 

any other metliod. 

One of the difficulties in interpreting such measurements 

lies in separating shear deformations from settlements due to 

volume changes in the fill. Prediction of the likely ultimate 

settlement of a dam may depend largely on field measurements. 

The danger of collapse settlement on the wetting up of dry soil 

may "beinferred from measurements of suctions measured using 

properly designed piezometers, and deformation measurements on 
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rockfills are very important. 

The permeability, compressibility and consolidation charact-

eristics of fills and foundations, which generally must be assumed 

in design calculations, can often be checked during the early 

stages of construction by the interpretation of field measurements 

of pore pressure and deformation. Er-.anples are quoted in 

Chapters 6, 7, and 8. The measurement of these properties by 

in-situ tests on piezometers is discussed in Ch.4. 

Heasurements of seepage through and past a dam are important. 

An increase of seepage under constant reservoir conditions may 

indicate erosion and a decrease 	the blocking of downstream 

drains and relief wells. Seepage and erosion along the lines of 

poor compaction and through cracks in foundations and in fills, 

which is potentially catastrophic, may only be indicated by such 

measurements, it at all. 

It must be emphasised that field measurements cannot elim-

inate all the uncertainties of embankment dam design, construction 

and operation, and they are no substitute for a proper under-

standing of the problems involved . Although field instrumentat-

ion of dams is a relatively new development, there are already 

examples of instrumented dams which have given trouble. Sometimes 

this has been because measurements have been interpreted in-

correctly. However, it is seldom practical to install compre-

hensive instrumentation or make comprehensive measurements, and 

nature may not always agree with the dan designer about the most 

critical problems associated with his dam. 
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Finally, the dancer of field measurements contributing to the 

development of 'academic' embankment sections, which are difficult 

and complicated to construct and which therefore fail to take 

advantage of the economies possible with modern large scale plant, 

should always be rmardee, against. Field measurements should always 

interfere as little as possible with construction. 
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CHAPTER 3  

MEASUREMENT OF PORE PRESSURE BY PIEZOMETERS  

3:1 Introduction 

The significance of measuring, pore pressure is discussed in 

Ch.2. Considering for the moment a saturated soil, the basic 

method of measurement is to place a manufactured solid filter in 

the soil so that the soil water is continuous through the filter 

with free water in some form of container. The pressure of the 

water in this container is measured and is assumed to be the pore 

water pressure in the soil. The same principle is used in measur-

ing pore pressures in the laboratory. The possibility of the 

pressure not being identical clue to ossmotic effects, etc., is 

considered to be beyond the scope of this thesis. No evidence 

pointing to such a difference has been obtained from any of the 

field work described. 

Measurement of the water pressure may be by a transducer' 

(electrical or pneumatic) or the pressure may be transmitted to 

an external measurin-,  station by means of a water filled tube or 

tubes.(1)  

Two basic types of piezometer are used for the measurement 

of pore pressure. 

(a) Piezometers which are built into fill as it is placed. 

(b) Piezometers which are installed in existing masses of 

soil by means of boreholes or probes. 

(1) In the case of a standpipe piezometer the tube itself serves as 
the measuring system. 
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Polled fills are inevitably partly saturated, at least as 

initially placed. The measurement of pore pressures in partly 

saturated soils presents problems which are discussed in section 

3:24 Kezometers in boreholes are usually installed in natural 

materials which are almost fully saturated. Sometimes such 

piezomete.7s are installed in existing fills, but usually when 

the pore pressures are high and when the fill can be assumed to 

be fully saturated, at least to a first approximation. In arid 

climates there may be considerable thicknesses of partly 

saturated natural soil, but these are unlikely to be associated 

with a dam site. This problem has been considered in connection 

with roadworks and agriculture (see for instance Black and 

Croney:1957). Built in place piezometers in partly saturated 

soil, and borehole piezoneters in saturated soil or rock are the 

two cases considered in the following discussion. 

3:2 Neasurement of Pore Pressure in Partly Saturated Fills.  

1?ecent work on the properties of partly saturated compacted 

fills, with both air and water present in the voids, has shown 

that there are certain difficulties in measuring pore pressure 

and in defining effective stress in such materials. Our present 

knowledge of this subject is based mainly on laboratory tests 

(for example, Hilf:1956, Bishop et al:1960, Bishop and Donald:1961, 

Jennings and Burland:1962, Bishop and Blight:1963). Piezometers 

for measuring pore pressure in partly saturated fills, and the 

interpretation of the results obtained, must be considered in the 

light of this information. 



3:2:1 Effective Stress in Partly Saturated Soil.  

In a partly saturated soil the pore fluid consists of both 

water and air, and the pore-water pressure is • lower than the 

pore-air pressure due to the effects of surface tension or 

capillarity. In compacted clay soils this pressure difference 

may have a magnitude of several atmospheres even at relatively 

high degrees of saturation, and it is this pressure difference 

which is the cause of many of the difficulties in the measure-

ment and interpretation of pore pressure. 

Typical laboratory values of the difference between air 

and water pressure in compacted samples before the application 

of a confining pressure are given in Figure 3:1. Laboratory 

values are taken from. Blight (1961) and Matyas (1963). It will 

be seen that for a given compactive effort the pressure 

difference depends both on soil type (in particular the clay 

fraction) and on placement water content. Since the initial 

air pressure in the pore space of a compacted sample does not 

differ greatly from atmospheric pressure(1)1  air-water pressure 

differences exceeding 1 atmosphere will mean that the pore 

water pressure (absolute) is a tension and can only be measured 

by indirect means (Hilf:1956, Bishop et al:1960). 

If drainage of both air and water from the sample is pre-

vented, an increase in confining pressure leads to an increase 

in both the air pressure and the water pressure, the difference 

(1) Values measured in the laboratory are given by Bishop and 
Donald (1961) and Blight (1961). 
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between them decreasing as the stresses increase (Fig. 3:2),. Shear 

stresses lead to a further change in both components of the pore 

pressure. The stresses over much of the length of a potential 

slip for even a large earth dam lie within the range for which the 

difference between air and water pressure in rolled clay fills may 

be significant, and it is therefore of practical interest to see 

how this difference influences the use of effective stress methods 

of analysis. 

For fully saturated soils it is generally accepted that the 

expression for effective stress proposed by Terznrhi is applic-

able: 

1  -"=' 	"" to 4.4  

 

(3:1) 

 

where 6'1  denotes effective normal stress 

cr-  denotes total normal stress 

and 	Lit., denotes pressure in the pore water measured 

with respect to the same datum. 

Since the same principle is valid for a granular material 

having a single fluid in the pore space, whether a liquid or a 

gas, the expression for a soil having air in the void space may 

be written: 

(3:2) 

where Up. denotes air pressure in the voids. 
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For a partly saturated soil having both air and water under 

differing pressures in the voids an expression taking account of 

both pressures is clearly required. The effective stress equation 

proposed for partly saturated soils (Bishop:1959) is of the form: 

/ r.:k 	U a - U t,.) 

 

(3:3) 

 

where the parameter 7KIdepends on the relative amounts of air and 

water in the pore space (and thus on the degree of saturation Sr) 

and on such factors as the soil type and the cycles of wetting or 

drying, etc., leading to a particular value of cr. The values of 

X are in general determined experimentally, but clearly for 

consistency for a fully saturated soil % = 1, and for a 

completely dry soil X= 0. 	 • 

The use of an expression of this form is supported by the 

theoretical work of Coleman (1960) and Lambe (1960), and by 

studies made of the special case in which pore-air pressure is 

atmospheric throughout by Croney, Coleman and Black (1958), 

Aitchison (1960) and Jennings (1960). The principle of effect-

ive stress is concerned with the effect of the superposition of 

changes in total stress and Dore pressure on the mechanical 

behaviour of porous materials (Terzaghi:1936). In partly sat-

urated soils, these chan:;es will in general result in changes in 

degree of saturation or in water content, and secondary effects 

may result, due to a change in compressibility or in the values 
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of the shear strength parameters. Thus equation (3:3) is much more 

limited in the extent to which it can be used for predicting the 

behaviour of partly saturated soil than is equation (3:1) for 

predicting the behaviour of saturated soil. This is particularly 

the case for volume changes occuring on the wetting up of partly 

saturated soils (Jennings and Burland, 1962). However, present 

data indicates that equation, (3:3) provides a reasonable working 

hypothesis for estimating shear strength, particularly at the 

relatively high degrees of saturation usually associated with 

earth dam construction (Burland:1964). Values of X have been 

determined by the comparison of the shear strength characteristics 

of partly saturated samples, in which pore air and pore water 

pressures have been measured, with those of similar samples after 

full saturation. 

Details of the methods of determining the values of X are 

given by Bishop et al (1960) and Bishop and Blight (1963). Typical 

values based on shear strength measurements are given in Figure 

3:3. 

3:2:2 Errors in the Estimate of Effective Stress in Partly 

Saturated Soils Arising from the Difference Between Pore 

Water and Pore Lir Pressure.  

For a complete determination of effective stress it is clearly 

necessary to know the total stress, the pore water and pore air 

pressures and the value of X. In current practice it is usual to 

make only a single measurement of pore pressure, and, as will be 
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shown later, this may be either u, orV.adepending on the design of 

instrument. If it is assumed that there are no observational 

errors, the error due to omission of the unknown terms in equation 

(3:3) can be estimated. 

Equation (3:3) may be written as: 

Cr- t.  - 6.)) 

 

(3:4) 

 

or C.7" L4ct 	( ci - 

 

(3:5) 

 

Effective stress estimated on the basis of the measurement of 

pore water pressure alone will thus exceed the correct value by 

(1 - "X-) (U.;- Ora) 	. On the basis of air pressure alone effect-

ive stress is under-estimated by X(Lit-t-lw). The magnitude of 

these errors depends on the vaTues of •X- and (tia - Vt.) and hence 

on the clay fraction of the soil and on its degree of saturation. 

Earth fill such as is used for the impervious zone of a dam 

and compacted at the optimum water content has an initial degree of 

saturation G,,of about 80-85;. If compacted wet of optimum Sr  

will be about 90%. Under these conditions the value of X will be 

high and this will increase during undrained loading as r  increases. 

Thus for these soils the value of effective stress estimated from 

the measurements of water pressure involves a much smaller error 

(although an overestimation) than does the estimate based on the 

measurement of air pressure. This point is illustrated quantit-

atively by the test results plotted in Fig. 3:4. Here the values 



of cr= 	and cr-  -urobserved in partly caturated samples are 

plotted against the effective stress. -j(lo-- - u ) observed in 

fully saturated samples having the same(1)strengths. It can be 

seen that the error involved in esti=ting effective stress by 

measuring Unonly is much the larger and this is especially so 

in the low stress range. 

Errors due to measuring u„alone will become. significant 

7 
when the value of X: drops and hence when the degree of saturation 

t;ris relatively low (Fig. 3:3). Under these conditions the air 

pressure assumes greater importance in determining the effective 

stress. For many dam fills the permeability of the fill to air 

at these relatively low degrees of saturation if sufficiently 

high for the air pressure to tend to equalise to atmospheric 

pressure. This is particularly true of free draining fills. 

Thus pore water pressures tend to be low (and usually negative) 

and, while the error involved in only measuring pore water 

pressure should be understood, those low pore pressures are un-

likely to be associated in normal practice with critical 

stability probleas in which shear strength must be determined 

from a knowledge of effective stress. Errors due to measuring Lko w  

alone become less significant as the fill becomes more granular. 

In fills affected by seepage the decree of saturation will 

rise, 	t.k,-0) will tend to zero and the value of X. to unity, 

and errors will be largely eliminated. Durinu- a large drawdown, 

(1) Values of the mean normal stress at failure are quoted. 
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however, air may come out of solution as the pore pressure drops 

and the error may again become significant. 

Laboratory tests should be used with reserve as a means of 

predicting field behaviour of partly saturated soil. This problem 

is discussed further in section 3:2:10. 

3:2:3. The Measurement of Pore Pressure in Partly Saturated Soil.  

The pore water pressure in partly saturated soils has been 

measured in the laboratory for a number of years. Methods for 

measuring the initial negative pore water pressure in unconfined 

samples were described by Cronoy et al (1952), and similar 

methods were used by Hilf (1956) to measure pore water pressure 

in partly saturated soils under all round pressure. The use of 

a similar technique in the triaxial apparatus for measuring pore 

water chances during shear as well as under all round pressure 

has been described by Bishop (1960) and Bishop et al (1960). 

As stated in Section 3:1 the method of measuring pore 

water pressure consists in placinc a rigid porous filter 

(usually of ceramic or sintered metal) saturated with water in 

contact with the soil. The pressure (or suction) required to 

prevent flow of water through the filter is taken to be the pore 

water pressure in the soil. The pressure measuring device 

(either mechanical or electrical) may be placed adjacent to the 

filter or be connected to it with water-filled tubing. 

In the case of saturated soil the properties of the filter 

are not critical, provided it retains the soil particles and is 
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reasonably permeable. In partly saturated soil the Dore size must 

be sufficiently fine for the air entry value
(1) to be greater than 

the amount by which the air pressure in the soil exceeds the water 

pressure (i.e. 1-40,, -  tA14). In both cases reliable measurements 

cease when the pressure is so low as to cause cavitation in the 

water between the filter and the -:ensuring device. 

If the air entry value of the filter is too low, air enters 

the filter and water is drawn from it into the soil. The pres-

sure measured on the other side of the filter then tends to be 

the pore air pressure. This was the case in most triaxial 

testing equipment before 1960, 2nd the assumption that the 

measured pressures were pore water pressures lead to fictitiously 

high values of cohesion intercept (Hilf:1956, Bishop et al: 1960, 

Holtz:1960). Erratic readings often result when the break-

through point has been reached or exceeded. 

While the measurement of pore water pressure in partly sat-

urated soils clearly calls for high air entry filters, the measure-

ment of pore air pressure would appear simply to require filters 

of low air entry value. Coarse pored ceramics and glass fibre 

cloth have been used in the laboratory (Bishop et al:1960). The 

necessary condition is that at the suction represented by (14,.00 

the degree of saturation of the filter should be low, so that air 

continuity is maintained through the pores. As the degree of 

(1) Defined as the difference between air pressure on one side of 
the saturated filter and water pressure on the other at which 
blow-through occurs. 
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saturation in the soil increases (due to compression or wetting) 

the difference (uc,-01,J) decreases, and air continuity in the 

soil and in the filter may cease. The interpretation of 

observations at this stage is open to some uncertainty, but 

since the value of X is approaChing unity under these condit-

ions, the measurement of water pressure alone provides suffic-

ient information for practical purposes. 

3:2:4 Piezometers for Measuring Pore Pressures in Rolled Earth Fill.  

Two basic forms of piezometers are used in current practice. 

They are twin tube hydraulic piezometers and electrical trans-

ducer piezometers. Typical types of piezometer tip are illustr-

ated in Fig.,  3:5. 

The development of twin-tube hydraulic piezometers in Britain 

was started in 1951 by the Building Research Station (Penman:1956). 

This apparatus has been developed subsequently (Little:1958 and 

Vail: 1960). The apparatus used at Selset, the results from which 

are discussed in later chapters, is described by Bishop, Kennard 

and Penman (1960). Developments of this equipment with whiCh the 

Author has been associated can be divided into three sections. 

Firstly, developments in piezometer tips in order to measure pore 

water pressures. Secondly, developments in the tubing used in the 

systems, and thirdly, developments in the 'de-airing' equipment 

used to circulate water around the twin tube syste to flush 

bubbles from it. These developments will be described in Section 

3:2:5-7. 
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If the principles outlined in Sections 3:2:1-3 are accepted, 

then the minimum requirement for a piezoneter to measure pore 

water pressure in the field is that the air antry value of the 

filter should exceed the air-water pressure difference to be 

enccuntered in the rolled fill. 

This requirement is not, however, sufficient alone to ensure 

the successful operation of the piezometer, particularly on a 

long term basis. The initial suction in the soil (Fig. 3:1) may 

be sufficient to cause tension in the water in the measuring 

system, and even if this water is perfectly 'de-aired', cavitation 

and loss of water to the soil will occur. At this stage and also 

as the pressure increases, air from the soil will slowly diffuse 

through even a fully saturated ceramic filter. k means of 

flushing out this air periodically is required, since if this is 

not done the piezometer tip may fill with air, the pressure of 

which will equalise with the air of the soil, and the piezometer 

will revert to measuring pore air pressure. The possibility of 

flushing is one of the main advantages of the twin tube hydraulic 

piezoneter system. 

The pressure range of the hydraulic system is, of course, 

limited due to the inability of the water in the tubes to transmit 

tension. This also means that the connecting tubes and pressure 

measuring system cannot be much above the tip if low pressures 

are to be measured. 

While the measurement of pore air pressure might be expected 

to result, unintentionally, from the use of low air entry value 
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Piezometer filters, very erratic readings may be obtained with the 

hydraulic type of instrument. This is probably due to local 

wetting up of the soil around the piezometer by water drawn from 

the filter (especially during attempts to de-air the system). 

While the Author has no first hand experience of pore pressure 

measurement by electrical piezometers, a bri,>f discussion of these 

piezometers is given in Section 3:2:8. 

Attempts to measure pore air pressure directly are described 

in Section 3:2:9. 

3:2:5 Development of Hydraulic Piezometer Tips and Their  

elevance to Pore Pressure Eeasurement.  

Filters used in the original B.R.S. piezometers were coarse 

porous ceramics havin an air entry value of less than 0.5 lb./in.
2 

 . 

A piezometer tip cf this type is illustrated in Fig. 3:5a. If the 

previous discussion is correct these piezometers should have tended 

to measure pore air pressure. The evidence from embankments where 

these instruments have been installed, Usk (Sheppard and Aylen: 

1957), Selset (Bishop and Vaughan:1962), Hanningfield and Foxcote 

(Little: 1958, Little and Vail:1960) Sasanua (Terzaghi: 1958) and 

Ayer Itam (Little:1964), where fills having a wide range of 

gradings were used, supports this conclusion in General terms. 

Erratic behaviour was least in the wet, low clay fraction 

fill at Usk. Significant negative pore pressures were in fact 

recorded at Hanningfield and Foxcote in high clay fraction soil. 

This may be because constant de-airing retained a wet zone around 
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the tips which was free of communicating air voids. One of the 

difficulties in interpreting the results of these piezometers is 

that it was normal practice with the early tips to seal them in 

soft clay. Another is that the polythene leads used were 

permeable to air (see Section 3:2:6) which caused additionally 

erratic readings. 

At three sites Penman (1956) reported that values of pore 

pressure in excess of the overburden pressure occured in wet fill 

and in an example quoted this state persistea for many weeks. If 

this were a representative pore water pressure over a consider-

able area then a negative effective stress would be implied, 

and a more likely explanation is that the instruments were 

measuring pore air pressure. 

The long term measurements of pore pressure made after the 

initial construction pore pressures have dissipated provide more 

definite evidence. In dams provided with downstream drainage 

blankets the long term pore water pressures in the downstream 

shoulders should tend to zero, and piezometers measuring pore 

water pressure should also tend to read zero. However, at Ayer 

Itam, Usk and Selset they did not tend to zero. 

Long term values of up to 16 lb./in.2  have been recorded at 

Usk, measured quite close to a drainage blanket. In Fig. 3:6 

records of 3 low air entry value piezometers at Selset are shown 

(tips Nos. 51, 52, and 71). Their location in the dam is given 

in Fig. 6:3. 



These records show the final dissipation of pore pressure 

after completion of the dam. All the records are erratic, and 

none tend to zero. It is relevant to note that de-airing causes 

a drop in pore pressure, suggesting that continuity is tempor-

arily established and that the tips are temporarily reading pore 

water pressures. Then the pressures rise again su_zesting that 

continuity is broken. 

The slow recognition of the need to use high air entry 

value filters in embankment fills is surprising, since they had 

been used for sometime for measuring suctions in road subgrades 

and agricultural soils (for example, Black and Croney:1957). So 
eksP 

far as is known by the Author, the firstLof a high air entry 

value piezometer tip in an embankment dam was in 1958. The 

reason is probably that in embankment dais the use of piezometers 

was associated with positive and high pore pressures. In the 

agricultural and road work pore air pressures were atmospheric 

and pore water pressures were negative. It was only when partly 

saturated soils were studied in the laboratory under conditions 

where the pore air pressure was not atmospheric that the 

relevance to wet compacted fills was realised. 

As a result of this work some prototype piezometers using 

cylinders built up of standard porous ceramic discs were con-

structed under the direction of Dr. A.W. Bishop and used at the 

Walton reservoir of the Metropolitan Water Board in the winter 

1958-9. A model with a tapered ceramic tube (Fig. 3:5b)  was 

brought into use in 1959 at Walton, Selset (installed by the 

Author) (Bishop, Kennard and Penman:1960, Vaughan:1960) and 

43. 
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Mangla (Little and Vail:1960). A number of variations of this 

tip using the same ceramic filter have been constructed and they 

are now widely used (for instance; Hosking and Hilton:1960). 

The porous ceramic(1)  has an air entry value of about 30 

lb./in.2  and is tapered to improve the initial contact with the 

soil, as it is customary to install these tips in a shallow hole 

formed in the fill with a steel mandrel shaped with a similar 

taper. In most fills a little extra compaction close to the 

formed hole has been found to close this hole slightly and thus 

give an improved contact between the tip and the soil. This 

method of installation greatly reduces the disturbance to the 

embankment fill caused by the installation of the disc type of 

piezometer (Fig. 3:5a) which has to be placed on the base of 

a trench which then has to be backfilled. 

The original tips installed at Walton and Selset are still 

giving satisfactory measurements. Those at Kandla were installed 

for short term observations. 

At the same time as the use of high air entry value 

piezometer tips was being developed, it was discovered that' the 

polythene tubing hitherto used in piezometer installations would 

allow diffusion of air through it (Penman:1958). Nylon tubing 

which does not allow air to diffuse through it has been used 

subsequently with high air entry value piezometers, and the 

FoEerties of various tykes of tubinis are discussed in  

(1) Supplied by Aprox Ltd. This material has a permeability of 
about 3 x 10 ° cm/sec. 



Section 3:2:6. 

With nylon tubing the use of high air entry value tips offers 

two advantages. Firstly, interpretation of results is simpler, 

since pore water pressure is being measured(1), and there are no 

fluctuations due to the intermittent est:Iblishment of continuity 

with the pore water during de-airing, etc. Secondly, the need 

for de-airing is much reduced, since the only way air can enter 

the system is by diffusion through the water in the filter. This 

also minimises erratic readings. If the pressure in the 

piezometer system is positive only very infrequent de-airings 

are required. 

This can be illustrated from the behaviour of tips F1 and F2 

(Fig. 3:6, Vaughan: 1960) installed in rolled boulder clay fill 

placed 1-2 wet of optimum. Both tips recorded suctions for a 

short period, but subsequently showed positive pressures. These 

tips were de-aired 4 times in the first 4 years of operation, 

and at no time did this cause a change in reading. During the 

last three de-airings a total of 13 cm3  of air was flushed from 

one tip and 11 cm3  from the other. 

The effectiveness of these piezometers in overcoming the 

difficulties experienced with the low air entry value tips is 

illustrated in Fig. 3:6, where dissipation records of the two 

types of tip are compared. The tips F.1 and F.2 show a steady 

(1) Unless the value (Lla - L4,1) exceeds the air entry value of 
the ceramic or unless the water in the hydraulic system 
cavitates due to negative pressures. 
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fall until zero excess pressure is reached. This should be the 

steady seepage pressure since the tips are between drainage 

blankets. 

The effectiveness of the piezometer installations with 

nylon tubing and high air entry value tips for measuring 

suctions can be illustrated from the measurements made at other 

jobs with which the Author has been associated. 

In figure (3:7) the early records are given from 3 

piezometers placed in 1962 at the Balderhead dam in rolled 

shale fill about 3% dry of optimum. Large initial suctions are 

indicated. Under these conditions air diffuses into the 

measuring system more rapidly and eventually breaks the 

continuity of the water in the system and errors result. The 

records show the apparent re-establishment of continuity after 

de-airing. The piezometer showing the greatest drop in pressure 

after de-airing was placed on the upstream side of the dam so 

that the suction in the highest part of the connecting tube 

under the initial suctions at the tip would have been in 

excess of one atmosphere. 

At Peterborough piezometers were installed in ni mbankment 

of rolled fill consisting of a mixture of Oxford and Kellaway 

clay and Kellaway sand. The piezometers were mainly intended to 

establish the performance of tha embankment during steady seep-

age and drawdown. However, valuable information on the 

behaviour of the fill has been obtained during construction and 

first impounding. 

46„ 
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Fig. 3:3 shows a simplified section of the embankment. The 

'Oxford' clay fill is in fact a mixture of the materials above 

the Cornbrash limestone. The redeposited clay is a mixture of 

the material originally stripped from above the Oxford clay 

where it was worked for brickmaking. This material, mostly 

weathered Oxford clay, was dumped back into the clay pits and 

became wet. The greatest initial suctions recorded at the 

piezometers are shown as standpipe levels by downward arrows, 

and the increase in pore pressure during construction are 

shown by upward arrows. 

The records of two tips, one in the hish moisture content 

redeposited clay core and one in the 'Oxford' clay fill, are 

shown in Fig. 3:9. In Fig. 3:10 the initial suctions measured 

are plotted against moisture content. In Fig. 3:11 the increases 

in pore pressure during construction are plotted against 

moisture content. While the variations in the fill cause a 

wide scatter in the results, it can be seen that the results 

show a consistent pattern, such as would be expected if the 

piezometers were measuring pore water pressures. 

3:2:6 Plastic Tubing; for Use With Hydraulic Piezometers.  

'Hany early twin tube piezometer systems used copper tubing 

( Dehn:1962). Plastic tubing was first used at the Anderson 

Ranch dam in 1942. The twin tube piezometers developed by the 

Building Research Station in Great Britain used polythene 

tubing (Penman:1956). At Selset polythene extruded to form twin 

tubing was used. At Usk two single polythene tubes were used for 
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each piezometer. 

However, polythene was found to be permeable to air (Penman: 

1958). For 3 mu bore x 1mm wall polythene tubing Penman quoted 

a flow of 0.012 cc/ft. run/hr/atmosphere. If the tubing was 

used in a situation in which the air pressure outside the tube 

was greater than the water pressure inside the tube (either 

atmospheric or air in the soil in which the tube was buried) then 

air would pass into the system causing discontinuities and 

errors, and necessitating frequent de-airing. Penman recommended 

the use of Nylon tubing, which is impermeable to air. 

Nylon tubing has been used progressively in more and more 

installations since 1958. Saran tubing is now used in the 

U.S.A.(1). Nylon tubes are strong and ductile and will with-

stand over 100% elongation without rupture or closing up of the 

tube. They are more resistant to damage from stony soils, and 

they are sufficiently ri6id to allow the use of commercial 
(2) 

compression couplings. 

A feature of nlyon tubing is that it is slightly permeable 

to water, largely when subject to differences in vapour pressure 

(1) Saran tubing is theoretically preferable to both polythene and 
nylon, as it has very low perneabilities to both air and water. 
However, it is expensive in Britain, and it tends to be brittle 
particularly at low temperatures. 

(2) Simplifix and Ermeto couplings made by the British Ermeto Cor-
poration are normally used. Care has to be taken in that the 
tensile strength of a joint is less than that of the tube, and 
if the tube is stretched it will pull at the joint. Field 
joints are to be avoided as far as possible. 
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or osmotic potential. Table 3:1 shows values of the transmission 

loss as determined in tests by the Author and others. Nylon 66 

was originally used in piezo:ieter leads. Nylon 11 offers certain 

advantages as it absorbs less water. The Nylonic Engineering Co. 

Ltd. quote the following values. 

Nylon 66 
	

Nylon 11 

Water absorbtion (max) 9% 1.8% 

Water absorbtion 
(65% Relative Humidity) 3.5% 0.9% 

% increase in size after 
50 hrs. imersed in water 0.4% 0.1% 

When soaked the ultimate strength of the 

two materials is about the same. Nylon 6 was used on a number 

of dams, but gave trouble due to blocking by the dissolvt'nqand 

redeposition of water soluble elements in the nylon (Hosking and 

Hilton:1963 personal communications A.L. Little and N.G. Ruffle). 

Nylon 66 and Nylon 11 are free from this trouble. If plasticised 

tubing is used the plasticiser may not be completely permanent, 

but it is an oily substance which cannot block the tube. Boiling 

the tubing normally drives off much of the plasticiser and the 

results of Table 3:1 show that boiling has no observable effect 

on the transmission rates. Nevertheless, non-plasticised tubing 
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is normally used. 

One danger of using tubing which transmits water is that 

osmotic pressure effects may be caused. Dehn (1962) reports the 

development of very high osmotic pressures when 'anti-freeze' 

was used in a plastic tube system. At the time th't Nylon 6 gave 

trouble the Author was in the process of changing from Nlyon 66 

to Nylon 11 at the Balcierhead site. Until the failures of the 

Nylon 6 tubing was explained the whole question of piezometer 

tubing was in doubt, and the various tests shown in Table 5:1 

were performed in order to clarify the position with regard to 

the tubing then in use or proposed for use. More exact tests 

have been made at B.R.S. (Lewin, P.F., personal communication). 

Two tests were performed in which the tubing was placed in a 

electrolyte to check the osmotic effect. This did not appear 

serious, and tests on tubing buried in soil(1) show negligiable 

loss. Since 1962 Nylon 11 has been used exclusively in work 

with which the Author has been concerned. 

k steady loss of water from the piezometer syste:-i has two 

effects. Firstly, there is a direct error. The water leaving 

the tubing has to be replaced by water entering through the 

piezometer tip, and this requires a pressure difference at the 

tip and an error in the piezometer reading. This error can be 

evaluated by the techniques discussed in Ch.41  and is given by 

the following equations: 

(1) The humidity of air in soil may be taken as close to 100%, and 
therefore there is no vapour pressure difference. 
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3600 x x k 

where 6 = error in reading (cm. of water) 

T = tubing loss (cc./ft./hr.) 

L = total length of tubing (ft.) 

F = intake factor (cm) 

k = permeability of soil at tip (cm/sec.) 

As an example, if L = 1000 ft., T = 2 x 10
-4 cc./ft./hr., 

F = 40 cm. (correct for the tip illustrated in Fig. 3:5b), 

Then 
	1.39 x 106 

k 

Thus if k = 10
-8 

cm/c)oc. C = 139 

The values of T quoted in Table 3:1 show that a signif- 

icant error is unlikely, since it would require a soil of low 

permeability and a value of T much larger than those indicated 

for tubing buried in soil. However, if the tubing is exposed 

to air in a duct over much of its length, or if osmotic effects 

develop, then a significant error could result. 

The second effect is more general. In tha example quoted 

above the flow into the system is 4.8 cc/day. Since 1 cc. 

occupies 16 cm. of 2.8 mm. bore tube, this means that 77 cm of 

tube is filled with water drawn from the soil at the tip each day, 

or 23 metres per month. Even if the rate is much less than this, 

a large amount of air-ladden water from the soil will be drawn into 
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the system and the air may be released, cause errors and neces-

sitate the de-airing of the system. 

In an attempt to guard against losses from the tubing, nylon 

tubing coated with a polythene sleeve is now used. The nylon is 

impermeable to air, is fairly rigid and has high strength and 

ductility, and the polythene is impermeable to water. Fig. 3:12 

shows a transmission test on a sample of this coated tubing and 

shows the calculated initial volume change for comparison. Un-

coated nylon reached equilibrium in a few days, and it has been 

customary to pre-soak the tube for about 2 weeks before 

installation, so that the initial volumetric swelling of the 

tube is taken up.(1) Fig. 3:12 shows that the polythene coat 

inhibits this initial swelling of the tube, and a longer pre-

soaking period should be used. It can be seen that the polythene 

sleeve greatly reduced potential looses from the tube, even 

before equilibrium is reached. The polythene sleeve (which is 

not under pressure as connections are made to the nylon only) 

gives the tubing an additional resistance to damage, and only 

adds 30% to the cost of the tubing. A snag is that when the 

polythene sleeve is cut off to enable a connection to be made 

to the nylon, care must be taken that the nylon is not 'nicked'. 

If the nylon is hicked it will break quite readily at the nick 

if bent. 

(1) It should be noted that pre-soaking of uncoated tubing by 
filling with water only causes about half of the initial 
volume change which occurs if the tube is also placed in 
water or soil. Pre-soaking coated tube by filling with 
water causes the whole of the volume change to occur. 
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An advantage of nylon tubing is that a nylon surface is 

'wetted' by water. Air bubbles in a nylon tube retain menisci 

concave to the air at both ends even when moving quite quickly. 

Thus little excess head is required to push air bubbles around 

the circulating system. 

The size of tubing selected for a twin-tube piezometer 

system depends on a number of factors. Small diameter tubing 

is cheaper and is more rigid and so gives shorter response times 

(see Gh.4). Larger tubing allows more rapid circulation and 

so quicker de-airing. If the tubing is too large the water 

may by-pass air bubbles and it will be impossible to flush these 

from the systern. Since with high air entry value tips and 

nylon tubing de-airing is infrequent, the extra time taken for 

this has been accepted, and the 2.8 mm. bore tubing has been 

used in all piezometer installations designed by the Author. The 

longest distance from tip to gauge house has been about 600 ft. 

3:2:7 De-airing Systems and Pressure ilea surement.  

As discussed in previous sections the twin tube hydraulic 

piezometer periodically requires to be flushed through with air 

free water to remove from the system air bubbles which might 

affect its continuity. This process is commonly called de-airing. 

The equipment used with the early B.R.S. piezometers has been 

described by Penman (1956 and 1960a). It consisted of a simple 

pressure source consisting of a cylinder full of de-aired water 

inside which a rubber bladder was inflated by air pressure. One 
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piezometer tube was connected to the pressure source through a 

valve and manifold assembly, and the other was connected to a 

return cylinder.to which a vacuum could be applied if necessary. 

This equipment was used at Selset (Bishop, Kennard and Penman: 

1960). With the low air entry value tips and polythene leads 

then in use almost continuous de-airing was required where large 

installations were used. For this reason mechanical de-airing 

systems were devised (Little and Vail:1960). 

The introduction of high air entry value tips and nylon 

tubing reduced the amount of de-airing required and in the 

installations designed by the Author de-airing equipment similar 

to that described by Penman has been used. This has been 

slightly modified to include a second pressure cylinder which is 

used as an air reservoir and as an air-water interchange. The 

rubber bladder is filled with water. A drawing of the system 

is shown in Fig. 3:13. This system has three advantages over the 

system in which air was pumped directly into the rubber bladder. 

(a) The air pressure is confined to a steel cylinder and 

thus the system is safer 

(b) The quantity of water leaving the system can be meas-

ured on the water level gauge. 

(c) Since there is initially a large vLlume of air under 

pressure, an almost constant pressure can be main-

tained with intermitent Dumping. 



55. 

Pressures up to 100 lb./in.
2  can be produced in this equipment, 

using a foot pump as a source of air pressure. 

The aim during de-airing should be to balance the pressures 

applied so that the pressure at the tip remains constant through-

out de-airing. It is preferable to have a slight excess so that 

de-aired water flows out of the tip rather than air laden water 

from the soil flowing in. Pressures and rates of flow can be 

estimated from the theory of laminar flow throw;. tubes. Simple 

tests show that a small number of bubbles in the system do not 

affect this flow law. 

The critical velocity at which turbulent flow in the tube 

commences can be estimated from the critical Reynolds No. Re 

where 

Re = tk .d 	= 2,300 
V 

and 	a,i = mean velocity in tube 

d = dia. of tube 

= coefficient of Kinematic viscosity 

= 0.0145 cm2/sec. at 15°C. 

 

(3:7) 

 

For a 2.8 mm bore tube the critical velocity is 120 cm/sec, 

and the hydraulic gradient required to produce this is 0.7. Thus 

laminar flow may be assumed during de-airing. 

The actual rate of flow can be estimated from Poisouillels 

equation, which may be written 

(3:8) 



where 	density of water 

h = head loss along tube 

r = coefficient of viscosity = 0.0145 gn. sec. -1 1  cm. 

t = length of tube. 

for 2.8 ram. bore tube 

Ci = 16.6 h 	cm/sec. 

Ignoring the capacity of the piezometer tip (about 50 cc. 

for the tip shown in Fig. 3:5b which is equivalent to 26 ft. of 

2.8 mm. bore tubing) then the time required for water to 

completely circulate round the system is 

t =  
it 

for 1000 ft. of tubing and a gradient of 0.1 

t=.01,  30 min. 

In de-airing a quantity of water well in excess of the 

capacity of the system should be circulated, and approximately 

the sane amount of water should return as is forced into the 

system. 

It is important during de-airing to avoid excess pressure 

at the tip, particularly if in-situ tests of the type discussed 

in Ch.4 are proposed. Excess pressures will cause fissuring of 

the fill and will influence its stress history. In particular, 

56. 
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pressures at the tip greater than overburden pressure should never 

be applied. If a tip is placed close to the upstream face of a 

dam to measure pressures during drawdown, then the tip may have a 

snail overburden pressure and a very long length of tubing. In 

this case de-airing may be slow and tedious. 

Experience with the equipment described has suggested two 

possible improvements in de-airing equipment. The first is the 

use of a back pressure on the return tube. When pressure at the 

gauge is high, then if the pressure in the return cylinder is 

atmospheric a pressure equal to twice the gauge pressure must be 

applied to the pressure cylinder in order to naintain a balance 

at the tip. This applied pressure may be sufficient to rupture 

the soil at the tip if the return tube is temporarily obstructed, 

and this is particularly likely if the high gauge pressure is 

due to the tip being at a higher level than the gauge, rather 

than to a high pore pressure in the soil. There is also the 

danger that gas will come out of solution in the return tube due 

to the drop in pressure and cause 'airlocks', and that when the 

tip is situated some distance above the gauge a blockage in the 

pressurised lead might allow cavitation and emptying of the 

return tube. All these difficulties could be overcome by the 

application of a back pressure to the return tube, although at 
the expense of slower circulation during de-airing 

The second improvement would be to revert to a mechanical 

de-airing system but one involving a closed system with 

continual circulation. This could be done by putting a small 

mechanical pump in the system, capable of generating a small 
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differential head, such as that described by Bishop and Donald 

(1960). This would maintain a continuous circulation, prevent 

blockages being formed and enable air bubbles to be collected 

in a bubble trap. Occasional replacement of the circulating 

water by fresh de-aired water would be necessary. This nechnique, 

although expensive, could be valuable where tips with small over-

burden are on the end of long tubes. In situations where very 

long tubes are necessary it might be preferable to increasing 

the diameter of the leads. 

Pressure measuring systems can be divided into three types. 

These are electrical transducers, mechanical gauges such as 

bourdon gauges, and manometers. Electrical transducers are 

expensive and not always reliable under field conditions. They 

have the advantage of compactness but they are generally used only 

where remote readings or automatic recording is required. Bourdon 

gauges have been used regularly (for instance, Penman:1956 

U.S.B.R. Earth Manual:1960). They are compact and they are 

easily changed. However, they have several disadvantages. They 

are of limited accuracy, particularly where small changes in a 

high pressure must be measured, as with a tip some way above the 

gauge house. Their calibrations are not stable under fold 

conditions and re-calibration is often required. They are subject 

to corrosion, particularly if placed in the damp atmosphere of 

buried gauge houses, and may jam or behave erratically. They are 

subject to fiost damage. Fig. 3:14 shows a calibration of a 
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bourdon gauge in the buried house at Selset 3 years after install-

ation. Hosking and Hilton (1963) describe an interesting null 

indicating device which would enable a number of piezometers to 

be read from one removable gauge, and this might overcome some 

of the difficulties experienced with bourdon Gauges. 

Since the experience at Selset, mercury manometers have been 

used to record pressures in the equipment designed by the Author. 

The manometers are constructed from translucent Nylon 11 tubing. 

Fig. 3:15 shows a typical value assembly and manometers. A 

manometer is provided for both piezometer tubes. Although this 

lengthens the response time, it enables check readings to be 

taken and provides an automatic guide for the need for de-airing. 

Typical installations are shown in Plates 3:1 and 3:2. The• 

manometers are usual in 'one particular. A tube connects the 

'atmospheric' limb of the manometer to a 'header' tank of 

water so that the manometer always has a back pressure applied 

to it equivalent to the level of water in the tank. This keeps 

the mercury manometer clean, and it means that the piezorietric 

level recorded by the tip is equal to the level in the tank plus 

the pressure difference recorded by the manometer. With 

specially calibrated scales the piezometric level is deduced 

directly without the need for calibrations. Theoretically only 

one limb of the manometers needs to be read but to check against 

error and distortion of the manometer tube readings are taken on 

both limbs. 
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Manometers up to 17 ft. lonz have been used at Balderhead to 

record high pressures, and these have been placed around the 

walls of a rectangular well and are read from different floors. 

Manometers are simple, accurate, cannot give false readings and 

also resist frost damage. Their disadvantages are that they 

increase response times due to their lare;e volume change, they 

require a lot of space and they cannot be changed easily so that 

the pressure range required must be estimated in advance. 

3:2:8 Observations With Electrically Recording; Piezometers.  

Piezometers in which the pore pressure is measured within 

the tip close to the filter by means of an electrical transducer 

have three main advantages over the hydraulic type. Firstly, the 

pore pressure can be measured irrespective of the level of the 

gauge house in relation to the tip or the piezometric level. 

Secondly, it has a very rapid response to pressure changes 

(Penman:1960). This is rarely important in embankment dams. 

Thirdly, the equipment in the gauge house is very compact, and 

the gauge house can be small and cheap and constructed rapidly. 

A basic disadvantage of the electrical type of piezometer 

is that it depends on an initial calibration, and it is generally 

impossible to check this once the instrument is installed.
(1) 

(1) It may be possible to do this if an air lead to the piezometer 
is used (Penman:1960, Cooling:1962) or if the piezometer is on 
the upstream side of a dam where the pressure may come to be 
in equilibrium with the reservoir. 
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No circulation tests or in-situ seepage tests can be performed to 

detect faults as they can with a faulty hydraulic piezometer. 

Electrical piezometers are now used quite extensively, and 

are in use at at least seven darn in Great Britain at the moment, 

although little data obtained from thorn has been published. In 

Britain the piezometers used have been supplied by Maihak, A.G. 

(Mutes and Campbell-Allen:1955). Interesting examples of the use 

of other types of piezometer have been quoted by Arhippainen 

(1964) and Barge, Post and Huynh (1964). In the first example 

results are quoted from two dams in Finland which wore obtained 

using an inductance transducer (Vuorinen: 1960)(1) 	In the  

second example a comparison is given between readings obtained 

with U.S.B.P. type hydraulic piezometers and Telenac units in 

the core of the Sierre Poncon Dam.(2). An example of unreliable 

behaviour of Maihak gauges is quoted by Hosking and Hilton (1963) 

and Pinkerton and McConnell (1964). It is interesting that a 

Maihak gauge tested in the laboratory (Matyas:1963) showed a 

slight change in its zero after being tested for one month. 

So far as is known, all electrical piezometer so far used 

have been fitted with low-air entry value filters. It is 

instructive to compare the behaviour of these instruments with 

(1) The instruments show systematic behaviour, but a tendency not 
to dissipate to zero pres:ure similar to the low-air entry 
value tips at Selset (Fig. 3:6) is apparent. 

(2) Agreement over 4 years was to within + 5 metres of water in 
pressures of the order of 50-100 metres. 
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that of hydraulic instruments described in Section 3:2:5. Maihak 

piezometers were installed by the Metropolitan Water Board in the 

embankment at Walton reservoir. A tip which had not been installed 

was tested in the laboratory by Matyas (1963). 

The piezometer is shown diagrammatically in Figure3.5c. The 

filter is of sintered metal and is saturated with neatsfoot oil. 

The air entry value measured in the laboratory was 1.5 lb./sq. 

inch. 

In Fig. 3:16 a comparison is made between the results given 

by three Maihak piezometers and by a number of high air entry 

value hydraulic piezometers installed at similar locations at 

Walton in the rolled London Clay core, which has a width of 10 

feet. With the exception of No.k all the hydraulic instruments 

show initial suctions of a considerable magnitude
(1). All the 

long term values are close to zero pressure. The Maihak instru-

ments record high pressures throughout :nd jive values which do 

not tend to zero as the pore pressures equalize. Under low loads 

the values given by two instruments are in excess of the over-

burden pressure. In both respects the Maihak instruments appear 

to perform in a similar manner to the low air entry value hydraulic 

tips, and it may therefore be concluded that they are recording 

air pressure where this differs significantly from the water 

pressure. 

(1) Vertical fluctuations on this graph represent changes in pore 
pressure with time during periods when no fill was placed. In 
No.4 it is probable that water continuity had not been 
established initially. 



This view is supported by readin:s from another cross-section 

where total pressure cells (with vibrating wire strain gauges) were 

also installed. Here the Maihak piezometers gave values of pore 

pressure in excess of the observed total stress. 

One of the instruments supplied for the Walton investigation was 

installed inside a 4 inch diameter sample of compacted soil in a hole 

bored to size and was tested in the triaxial apparatus at Imperial 

College under increments of equal all-round pressure. Measurements 

of pore air and pore water pressure under undrained conditions were 

made by standard laboratory techniques (Bishop and Henkel, 1962), 

together with observations on the Maihak instrument. Time was allowed 

for full equalization of pore pressure under each increment. The 

results are given in Fig. 3:17 and clearly show that the values 

given by the Maihak instrument are very close to the air pressure 

but differ radically from the water pressure when uu-uwis large. 

The erratic behaviour noted with the low air entry value 

hydraulic systems was not reproduced, possibly due to the presence 

of oil in the filter in the Maihak instrument, which may result in 

more consistent readings of air pressure. The replacement of the 

tip by a high air entry ceramic saturated with water should lead 

to the measurement of pore water pressure on a short term basis. 

Both field and laboratory experience suggests that air, if present 

in the soil, will diffuse through the .5-..turated filter after a 

period of time. The instrument would then revert to measuring pore 

air pressure as described in Section 3:2:4- .It is of interest to 

note that the instrument tested at Imperial College was dismantled 



under water after the test which had lasted about 1 month, and was 

found to contain some air both above and within the filter, although 

initially the instrument was completely filled with oil. 

3:2:9 Attempts to Measure Pore Air Pressures  

The data recorded in Sections 3:2:5 and 3:2:8 shows that there 

is a strong tendency for low air entry value piezometers to record 

pore air pressure. This appears to apply to both the electric and 

hydraulic types, but the latter give erratic readings. 

Obviously it is more satisfactory to measure pore air pressure 

as in the laboratory by measuring the pressure of 	maintained in 

equilibrium with the soil. Following this procedure, two of the low 

air entry value piezometers at Selset were flushed out with dry 

nitrogen at an excess pressure which was then allowed to equalise. One 

piezometer was in the same zone as F.1 and F.2 and one near 71 

(Fig. 3:6). Gas pressures of 4 and 7 lb./sq. in. were recorded after 

24 hrs. and after a year these dropped to about 2 lb./sq. in. After 

a further year the readings had dropped to about 1 lb./sq. in. As 

polythene tubing was used for these piezometers these readings will 

have been influenced by diffusion of air through -ne tubing and only 

serve to indicate that positive air pressures existed at a time when 

pore water pressures were close to zero (See F.1 and F.2 Fig. 3:6). 

In an attempt to extend these readings the simple device 

illustrated in Fig. 3:18 was tried. Gas filled tubes may be un-

satisfactory for transmitting pressure unless they can be kept dry, 

64. 
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as any water present forms menisci which prevent the free flow of 

air. Thus two leads were provided so that air could be circulated 

and water flushed from the system, and a third water filled lead 

from the bottom of the air-water interchange cylinder was provided 

to transmit the pressure to the gauge house. A low air entry value 

filter of large area was provided by a pad of 'terrylene' cloth. 

Three of these devices were installed at Diddington, three at 

Balderhead, and three at Peterborough, together with high air 

entry value piezometers (Fig. 3:5b) to measure pore water pressures. 

Plate 3:3 shows the installation at Peterborough. Details of the 

instrumentation at Diddington will be reported by Al-Dhahir. Early 

records from Balderhead are shown in Fig. 3:19. It can be seen 

that suctions were recorded by the normal piezometers, while the 

air piezometers showed air pressures close to atmospheric. Sub-

sequently, however, the pore water pressures indicated for tips 

C7 and C3 rose to higher values than the pore air pressures, and 

leakage from the interchange cylinders, which were buried in soil 

with lower pore pressures, was feared. At Peterborough two of the 

instruments were placed in fill compacted well on the dry side of 

optimum, and one in the wet clay core. Zero air pressure was 

recorded in the dry fill, and in the wet fill the pressure , 

recordec' 

was indistinguishable from the pressure measured with a 

high air entry value hydraulic piezometer. 

The response times (see Ch.4) of the various air filled 

piezometers have generally been rapid. Typical values fall in the 
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range 5 -24 hrs for complete equalisation. In view of the large 

volume of compressible air in the systems, these response times 

indicate much higher air permeabilities than water permeabilities 

in the fills in which the piezometers were installed. In fills 

placed dry of optimum there is evidence that large continuoub 

air voids exist Natyas:1963)2that air permeability is high,  

and that pore air pressures in the field should be atmospheric. 

This is consistent with the results obtained at Peterborough 

When positive pore air pressures are indicated (this must 

always be the case where positive pore water pressures exist) 

the problem is more complicated, and is discussed briefly in 

Section 3:2:10. A possible explanation of the rapid response 

under these conditions, other than a high air permeability in 

the soil, is that the application of an excess air pressure at 

the tip causes continuous air voids to open up and thus makes 

the soil permeable to air. 

The results obtained with the air piezometer suggest that-

while it rec,%rds atmospheric pressures in fills of high air 

permeability, it is too clumsy an instrument to be of much 

assistance in the instrumentation of soils where high pore air 

pressures exist. It is quite possible that an electrical 

piezometer with a dry or oil filled low air entry value filter 

may be the best equipment ih these circumstances. 

3:2:10 Inconsistencies Between Field and Laboratory Measurements  

of Pore Pressure. 

Inconsistencies become apparent when meauurements of pore 

water pressure made using high air entry value filters in the 



field and in the laboratory are compared. Fig. 3:20 shows two 

laboratory tests determining the build up of pore pressure with 
(1) 

increasing all round pressure. performed by Ylatyas on boulder 

clay from Selset. Also shown are the measurements made with a 

number of piezometers in similar boulder clay at Selset and 

Balderhead. It can be seen that many of the piezometers record 

much high pore pressures than are indicated by the laboratory 

tests. 

It is not yet possible to make the same comparison with 

other fill materials. As dicussed in Ch.6, boulder clays are 

particularly sensitive to moisture and the inconsistencies 

discussed here may not be true of more plastic fills. It is 

of interest to note that similar results are obtained with the 

high air entry value piezometers as with low air entry ones 

(Ch.6), and that both agree more reasonably with the pore 

pressures measured in the laboratory using low air entry value 

filters (Fig. 6:8). 

The shape of the curves shown in Fig. 3:20 su6;gest that 

the piezometers were more likely to be measuring air pressure, 

except that initial suctions were recorded. 'Erowever, tLe air 

,)resaures indicated by the laboratory tests are lower than the 

pressures indicated by both the low air entry value and the 

high air entry value piezometers. 

(1) The pore air pressure is calculated from Boyles end henryts 
Laws, and the value obtained used to correct a test per-
fa.l.ned at constant air pressure. 
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At Selset the top of the dam was constructed in dry weather, 

at a m'isture content of not more than opt + 1%. Water could be 

seen seeping on the downstream slope from the three upper 

blankets. This is unlikely to have been from the crushed stone 

drainage material, as this was crushed and placeC_ dry, and it 

was of sufficiently high permeability for all the water to have 

drained from it within a few days. Therefore, positive pore 

water pressures must have existed in the fill between the above 

the blankets. The maximum height of fill a'c.ove the uppermost 

blanket is 20 ft. Thus positive pore water pressures existed 

under an overburden pressure of less than 20 lb./sq. in. It 

can be seen from Fig. 3:20 that this is a much lower pressure 

than that indicated by the laboratory tests, and this is con-

firmation that the piezometers were measuring water pressures. 

The consistent suctions measured at Peterborough and the 

atmospheric pore air pressures measured indicate th&t the 

piezometers measured pore water pressures. Where the piezom-

eters measured suctions it is most probable that these suctions 

were pore water pressures, and there is no obvious reason why 

these pore water preesures should not be measured correctly 

unless they ere low enough for cavitation to take place. One 

possible reason is that a piezometer measuring suction is slow 

to equalise. To check this, two piezometers were installed in 

the tep of the Balderhead core 3 ft. apart by Al-Dhahir working 

under the direction of the Author. One piezometer was connected 

to manometers in the gauge house in the normal way and set at 



an intitial pressure of zero. The other was connected through 

a short length of nylon tubing to a manometer which was operated 

as a null pressure system. The responses of the two tips are 

shown in Fig. 3:21. Since the readings of the two tips corres-

pond after about 3 days there is no evidence that slow equal-

isation is a factor in the problem. The null tip was de-aired 

after completion of the test a:_d no air was found in it. Al-

Dhahir reports that full equalisation after a steady seepage 

test on fill in vinich suctions are being measurer: occurs 

typically in one or two weeks. 

A low air entry value piezometer of the type used at 

Selsct was installed close to the Balderhead piezometers refer- 

red to and a comparison between the two readings is shown in 
Fig. 3:22. It can be seen that there is a consistent difference 

between them, but thet this is not large. Continuous de-airing 

has enabled the low air-entry value tip to record a suction. 

The results from tips C.4 and 0.5 are used in Ch.8 to 

derive effective stresses from the readings of the pressure 

cells in the core. The effective stresses so derived show a 

consistent behaviour. If the piezometers were measuring air 

pressures then the effective stresses would have been under-

estimated, and if the differe-...ce was that indicated by the 

laboratory tests the effective stress .mths determined from the 

pressure cells would no lonLer be reasonable. This again 

indicates thet the piezometers were measuri.eg pore water 

pressures, or that the margin of eraor was small. 

The preceding arguments are not conclusive, but they 
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indicate thrt the piezometers with high air entry value filters 

are measuring pore water Pressures correctly. 

If it is accepted th,t the field piezometers were measuring 

pore water pressures correctly, then Fig. 3:20 shows tLat the 

difference between the field and the laboratory curves occurs 

largely due to the difference in the initial suctions. 

Possible reasons for the difference may be considered as 

follows: 

1) Different Stress Conditions in the Field. 

Until a substantial thickness of fill is placed ajApve it, 

an element of soil in the field will 1,;e subject to cyclic 

stresses due to compacting plant. Piezometers at Selset and 

Balderhead and pressure cells at Dalderhead showed an increase 

in stress due to the passage of plant even at a considerable 

depth. The pressure cells at Balderhead showed that initially 

horizontal stresses were greater than vertical ones. However, 

I:atyas (1963) performed a laboratory test in which he applied 

small cycles of shear stress to a compacted sample without 

causing an increase in pore pressure. Thus the evidence is 

inconclusive. 

2) Different Structures of the Soil in the Field, and the Lab-
oratory.  

In the field large lumps of saturated clay were pressed and 

kneaded together. In the laboratory tle clay is generally 

recompacted a number of times a;_d in any case the individual 

lumps of clay are very much mailer. The suction in the soil is 

a function of the suction in the lumps and ti_e relative areas of 
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the lumps. The specific area of the saturated lumps will be 

much smaller in the field and therefore it might be expected 

that the soil compacted in the field would be more sensitive 

to small quantities of additional water. At Balderhead the 

core was continuously watered during compaction. It is also 

possible that the individual voids between lumps of clay will 

be larger in the field than in the leboretor7. Since consider-

ations of diffusion and capillarity sug,:est thet the air will 

tend to occupy the largest voids, this may also lead to a 

difference in suction. In the case of a boulder clay the pro-

portion of stones present in the field is 5re-ter than in the 

laboratory. Hatyas (1963) measured the suction of a sample 

formed by pressing together cubes of stturated clay, and then 

measured the suction of the same sample recompacted in the 

laboratory compaction apparatus. The suctions were similar. 

He did not check the sensitil/ity of t -e suctions to the 

addition of water to the samples. Al-Iieahir has measured the 

suction of an 'undisturbed' sample taken by drierine; a tube into 

the Balderhead core in the laboratory. ie found it zreater than 

that measured in tie field. After the sample had been allowed 

to take up some water it was recompacted in the laboratory and 

this resulted in an increase in the suction by over 100j,.. The 

evidence is again inconclusive, as the field behaviour cannot 

be reproduced in the laboratory. 

3) Initial DrLnar.e of Air. 

The preferential drainage 	of ,eir in the field 
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could lead to an increase in sturation as the first few feet 

of fill are placed. Permeability measurements by Matyas (1963) 

suggest this might occur. It is unlikely that positive pore 

air pressures and thus the possibility of positive pore water 

pressures will exist until the air is largely in isolated and 

occluded pockets. However, the generation of as within the 

soil (Penman:1956) would invalidate t'eis argument. Sufficient 

gas could be generated by the loss of an 'imperceptible amount 

of solid. 

4) Errors in Moisture Content. 

It has been mentioned previously that the boulr-er clays 

are particularly sensitive to moisture content chan,l-es, and 

moisture contents of various samples can only be compared if 

stone corrections are used. The discroz)ancies betwen field and 

laboratory measurements of pore pressure are equivalent to a 

difference in moisture content of about 2:1  whier. is quite 

small. 

The foregoing arcuments can be sum:loan:sod as follows. The 

evidence supports the view that high. air entry 	hydraulic 

piezometers are reading' field pore water pre:zeures correctly, 

although the evidence is not conclusive. There is a large 

difference between the pore water pressures as measured in 

boulder clays in the field and those predicted by laboratory 

tests. The reason for the difference is not established. 

Yore research is required to examine this difference, to 
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see whether it occurs with other types of soil and either to 

develope laboratory tests which will predict accurately field 

behaviour or to make more accurate measurements of the field 

behaviour, whichever is in error. 

At the moment laboratory tests will not predict the 

measured field behaviour. 

3:3 Borehole Piezometers 

The installation of piezometers in boreholes to measure 

pore pressures in foundation strata, or in situations other 

than -Lose in which they can be built into fill materials, can 

be considered in two parts. Firstly, the cetuaa measurement 

of pres!ure in the borehole with a piezometer, and secondly 

re method of sealing; the piezometer into the hole. As dis- 

cussed in Section 3:1 the soil in which the piezometer is install- 

ed is usually s. turated. The problems of the air entry value 

of the filter do not arise, and it is usual to place the tip 

within a sand or ::ravel filter rt t]:e bottom of the borehole. 

3:3:1 Pressure Measurement in Boreholes. 

The simplest mc.tho6. of measurinG pressul.e is to record 

the water level in a cased 1:crc?-lole. A s tall diemcter stand-

pipe sealed into tie hole and connectinz to a sand filter 

(Casarande: 1949) has two advantages. Firstly, because of 

the saall standpipe crea its response to presure c,:_snzes is 

more ra.pid, al-2d secondly, it isolates the DYGS,21'C ricaeurement 
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to a short length at the base of the hole. The level in the 

standpipe can be measured by an electrical continuity dipper 

(for instance, YUorinen:1960). Even a small diameter stand-

pipe can mean a long response time in an impermeable soil. 

If Pressures are artesian a pressure gauge can be connected 

to the top of the standpipe. 

If a quick response time is required and in articular 

if a remote reading of a water level well below possible 

measuring points is reouired, then electrical piezomoters have 

adventages. The problems associated with partly saturated 

soils do not apply but the disadvantages of possible unrel 

iability and uncertain calibration remainOogether with a 

disadvantage in thet in-situ tests cannot be made to check 

drat there is a reasonable seal of the piezomzter in the bore-

hole (Ch.4) or to measure in-situ properties of the soil. Such 

tests can be performed if a standpie or my hydraulic system 
(1) 

is used for pressure measurement. 	. If the pre re range 

to be measured is sue] tht cavitation in the measurin system 

can be avoided, then twin tube hydraulic piesometers similar 

to those described in Sections 3:2:4-7 can we used (ashen, 

Kennard and Penman:1960). An alternative ised for found:Alen 

pie'L;ometers et 1:alderhead was. to install standpipes initially, 

(1) If the piezometer is in PermeoUe soil, tien it may not be 
possible to get sufficient flow through a hydraulic system 
to do an in-situ seepage test;  but if th soil is permeable 
thL seal of t:e piezometer in the ';orehole is not likely to 
be very important. 
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so that ground water pressures before the d,..12 was constructed 

could be measured. Unplasticised P.V.C. tubing was used and 

the tip is shown in Fig. 3:23. Before fill was placed over 

the standpipes a tee piece was connected to the top of the 

standpipe and twin polythene coated 17Ylon tubes were laid 

from this tee piece to the ;range house. key air bubbles in 

the tip rise to the top of the standpipe and can then be 

flushed out by circulating; round the twin tubes in the normal 

way. Similar eouipment is described in the U.S.1..R. Larth 

Lanual (1960). Details of the circulatine: system are the 

sane as those described in Sections 3:2:6-7. 

With E. closed, water filled hydraulic system resonse 

times will b-e adequate, particularly as the effective area of 

the piezometer will be large. If the piezometric level is too 

far below the measuring point for a closed system, a standpipe 

or an electrical piezometer must be used. If a quick response 

time is reouired an electrical piezometer must be used. If the 

top of a standpipe becomes inaccessible due to construction 

over it so that a dipper cannot be used, then the level can 

be measured using an air bubbling system. Cooling (1962) 

used such a system for automatic recording. Nbre recently 

(Conte and. Chanez:1964) such a system has been used at the 

Notre-Dame dam in aance. both systems recuire ti:e continuous 

circulation of gas, and therefore require .rtLer curdeersome 

and expensive equipment in the gauge house. 
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An attempt to solve this problem more simply has been made 

at the Delderhead dam, and the equipment used is illustrated 

diagrammatically in Fig. 3:24- The system is based on the inter-

mittent bubbling of air, which can be done simply from a pump 

or portable gas bottle. In normal opeer:ation the two circulating 

leads are kept open between readings, and the air in the top 

of the standpipe is at atmospheric pressure. To take a read-

ing one lead is shut and the other connected to a simple 

water bubbler to detect air return. Air is then forced care-

fully dewn the pressure measuring system until bublples start 

to return. The air supply is then shut and the system allowed 

to equalise. The pressure at equilisation i6 equal to the 

head of water D in the standpipe above the end of the bubbling 

tube, the elevation of which must be known. The pieeometric 

level can then be calculated. In the event of faulty operation 

forcing water into the circulation leads, thee can be cleared 

) 
and dried by forcing dry gas around them. This can be done 

without using tise bubbling tube. Experience at BeJ.derhoad 

has shown that the measurements must be made with care. Tests 

in the laboratory ;low that if the rate of bub.ninJz exceeds 

a certain minimum, large air bubbles are formed in the stand-

pile, which, although they do not affect the bubbling pressure, 

cause a large rice of the water level and potential flooding 

of the circulating tubes. Two modifications would ove: come 

this difficulty. They are the use of a eas supply at a rent-

ricted rate aad t- e introduction of an enlarc:'ement at the top 
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of the standpipe into which water could flow without reaching 

the circulating tubes. 

An advantage of the system is thet if the water level 

approaches the top of the standpipe (assuminE the circulating 

tubes do not rise much above the top of the standpipe) then 

the whole system can be filled with water and operated as a 

twin tube hydraulic system. The bubbling tube to the bottom 

of the hole assists in this, since water passed through this 
(2) 

tube flushes air from the standpipe. 	If the pressure drops 

again the system can be emptied, dried out and the air bubbler 

brought back into operation. 

There is a potential error in the system, and tet is 

the rise in water level in the standpipe when babbling is 

started if the bubbling tube has been allowed to flood W.) to 

equilibrium level. This can be avoided Pertly if the bubbling 

lead is kept shut between readings. The magnitude of the 

error can be kept small if the bubbling tube is of small bore 

compared to the standpipes. For the arr.e.nGement illustrated 

the potential error is 0.0156 D. If D = 20 ft. this represents 

an error of 0.31 ft. If the standpipe is .17je smaller than 

the error increases, but also the bubbling re-canisn is 

interferred with. This also impoes a limitation on response 

(1) With one tube shut during operation, water shaeld only be 
forced into the other tube. Thus the s''rtem will still work 
with limited accuracy even if not flushed out. 

(2) Similarly, if a twin tube system is connected to tie top of 
a standpipe, it is an advantage for filling and de-airing 
if one tube goes one way down the standpipe. The tubes 
must then be identified, as circulation should always be 
one 



time with this system. 

At Balderhead a reliable reading could be obtained in 

about 2 min, and the reliable accuracy appeared to be about 

4- 3 in. A similar system can be used on open standpipes which 

are accessible in preference to a dipper, if so desired. 

3:3:2 Sealing:  Piezometers into Doreholes 

The sealing of piezometers into boreholes is usually 

required in Iwo circumstances. Firstly, wiser_ pore pressures 

are to be measured in a permeable layer in a stratified 

material. Secondly, when pore pressures are to be measured 

in a uniform material. The problem of measuring pore pressures 

within a clay layer which is part of a stratified deposit is 

closely analogeous to measura,lent in a uniform material. 

The problem of sealing the piezomoter will be considered 

in two parts. Firstly, the quality of seal recuire, and 

secondly techniques for obtaining this seal. 

In soft materials and sometimes, as a constructional 

expeCient, into fills (Shepherd and Aylen:1957) the problela 

of sealing a piezometer may be overcome 1)y driving a standpipe. 

The driving operation seals the stand7Ape in the soil. An 

e:ma-ole of this type of ecuipment is ilIllstrated 'r Ljerrum 

and Johannessen (1960). 

3:3:3 Sealing Piezometers, into Stratified Deposits. 

The typical configuration is shown in Pig. 3:25. An 

apnroximate steady-state solution for the error in piezometer 
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F 	2 .1T-L 	 (3:10) 
tocie  f 	4  

reading due to an imperfectly sealed borehole can be obtained 

as follows: 

Flow out of filter (Hvorslcv:1951) 
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(3:9) 

 

Where the intake factor F depends on the geometry of 

the problem. 

For the configuration shown (Rvorslev:1951) 

For continuity flow out of filter = flow cio-o-p_ impe:cfectly 

sealed borehole (assuming no flow in it p: 	strata) 

 

(3:11) 

 

?There Ca t  = 	ruo" 

 

(3:12) 

 

Hence the error in the uiezometer recteing 6 is liven by 

 

6.1-14. 1 	+1 

0 — n.0114 

  

(3:13) 

   

(1) This assumes that the pressure nt the top of the '.iorehole 
is zero, and that if W < H water is T.N.E.ilable to flow 
down the borehole. 
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where 	= 
H 

(3:14) 

x 
a k9 

Values of chi 'n for three typical configurations axe 
shown in Fig. 3:26. The variation of t:_e error with the 

pressure t3,..1  is shown in Fig. 3:27. It can be seen that 	119  

can be considerably in excess of k before the error is sign-

ificant, particularly for a deep borehole. One limitation 

to the solution if it is applied to a case 3f transient pore 

pressures is. that the amount of seepage up or down the bore-

hole shall not be sufficient to cause overall swellintl: or 

consolidation of the permeable strata. 

As might be expected when pli = the error is zero, ir-

respective of the value of kg. The values of kgij:.Lo.L - errors 

of 1(2; and 5i are given in Table 3:2 for the three cases. It 

can be seen that if the grout permeability is'less than that 

of the permeable strata there is insinifiosnt error in all 

the cases, and if the impermeable strata is thick 'GI*. ratio 

kg/'k can become quite large before significant error rr.-.sults. 

313:4 Sealing Piezomcters into a Uniform Laterial. 

The solution outlined in section 3:3:3 might be used in 

estimating the error due to an imperfectly sealed borehole 

in a uniform deposit. However, the assumption is that no 

and (3:15) 



flow across the boundary of the borehole occurs. 1Jhile this 

is reasonable where the material through which the borehole 

passes is impermeable compared to the grout and the material 

in which the tip is located, it is obviously a simplification 

where the tip and borehole are in the same mate:.ial. In this 

case the partly grouted borehole will act to some extent as 

a drain well and flow between te borehole a:1d the surrounding 

soil will take place. 

The geometry of the Droblem is illustrated in Fig. 3:28. 

It is assumed that the borehole has a cylindrical send filter 

of infinitely large permeability at its base. Above this 

filter the hole is scaled with a uniform material of 

permeability kg. If the -.2ermeability of the ground is k and 

kg> k then some error will result in the -.easurement of pore 

pressure b7 the piezometer due to seepage induced u7) or down 

the borehole. 

A rigorous solution to the problem would be difficult 

due to the complicated boundary condition 'between the borehole 

and the soil. The solution presented I,Cre is an approximate 

one for steady state conditions. The application of t'c 

solution to Dreddctim: the errors of Aezometers recordinL: 

transient pore pressures is discussed later. 

The analysis incorporates the followinL simplifying 

assumptions: 

1) The .?resence of a standpipe or Diezometer tubes, etc., 

in the grouted borehole is ignored. 
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2) Flow into or out of the piezometer filter can be re-

presented by the Dachler equation, assuming an intake 

factor F for the piezometer (Hvorslov:1951) rxd a 

uniform pressure distribution in this area equal to 

the pore pres!mre at the base of the grouted section 

of the borehole. 

3) Flow into or out of the grouted borehole above the 

filter is radial i.e. the K,round :las zero vertical 

Permeability. A boundary must therefore be assumed 

on which the pore pressure is specified.. This 

boundary is assumed to be a cylinder of radius re. E.aacl 

the total pore pressure pz' on it is assumed to vary 

linearly with. depth z and to be defined by 

pz~ Q.zb 

 

(3:16) 

 

4) Flow within the grouted borehole is assumed to be 

vertical and the boundary problem is iEmored. 

Derivation of Dquations. 

Consider flow in the borehole rt depth s is cl,m and is' 

.:Jositive downwards. Applying Ds.rcy's law to flow in the 

orehole 

(3:17) 
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where 

rej  

Consider radial flow in the ground in a cylindrical element 

of thickness &z. The. flow into the borehole isSiland 

- t•z).C. 
ciz 

where f = 2. IT 
109 

rw  
differentiating eqn. (3:17) 

— 	 
(117..1 	NS.  CI Z. 

if 	A 7: 	I • F 
'1< 
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(3:18) 

(3:19) 

(3:20) 

(3:21) 

(3:22) 

then from eqns. (3:16, 19, 21) 

cfR = A (0 
ctz L 	• 

 

(3:23) 

 

The solution of eqn (3:23) is 

pz. 	0 z 	A 7 C: 	— Ca 1-17  • 
A 	A 

where CI  and Cz=e into ration constants to be determined 

(3:24) 

from the boundaTy conditions. 



First consider the conCdtion imposed 06 the bottom of 

the grouteci section of the borehole z = 11. Then according to 
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assumption 2 flow into piezometer 

(3:9) and (3:10). 

From eqn. (3:17)  

= 	riven 'o:r eqns 

(3:25) 

(3:26) 

From eqns. (3:9) and (3:25) 

F  k (I4 	 k3. 

and by differentiating eqn. (3:24) 

(c).2 	 e.A•":,, 	H 	..... (3:27) 
VA-z/H 	 VA 

SubstitutinG egn. (3:27) ELe. (3:15) in eon. (3:26) 

0 —1 . C, e x HIB 4..r.1,. c?  e X't -Al 	 (3:26) 
- A - 	 A 

Now consider the boundary conditiol., at t:e top of the bore-

hole. Two conditioi...s can be consiC...ered. firstly, zero 

pressure at the top of the borehole. TYs imolies free flow 

and when flow is upwards in the orehole this is a reasonalae 

assumption. 1;1hon flow is clownwards a oornanont sup,)ly of 

water to tle top of the 'borehole is assumed. If this water is 

not available a canilliary tension will develop 1:,t the top of 



the borehole, and. tl. c boundary condition will lo that of zero 

;low. 

Condition 1  

= 0, p = 0 

and from ern_. (3:24) 

  

(3:29) 

  

  

from eons. (3:28) and (3:29) 

   

i. 	-s)e-rAm 

 

(3:30) 

 

 

(B E) — e-fir‘ H 
A 	A ) 

 

A.6 - 

 

(3:31) 

 

Substitutins eqns (3:30) ti.d (3:31) in oqn. (5:24) 

pz  , a z..-t-b (1 - R..-licz) - a-1+ b (SC-  6) CTIA  " . 1 e 4ev7A7z  1̀ -  
I 
Ell-A _e-2.fis i VG  _ 	eTzii 	 (3132) 

. 	k 

and the 7)iezometric -)ress-are 

pit 	+ b(i 	+b(- e7erAI:11 _ 
.... (3:33) 
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Condition 2 
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z = 01  q = 0 

    

from eqn. (3:17) 	1."; = 1 

 

(3:34) 

 

  

differentiating eon. (3:24) 

- 	€ Ft. 	Cz 	
(3:35) 

and when z = 0 

CI — C2. = TA (.(-24   (3:36) 

Substitutin6 oqn. (3:36) in eqn (3:28) 

ci 	0 - I + -rrc (ca-1)(G—IK) Cif\ fi 

A 	• 	A 
and 

- JP, (a -I) 

 

(3,37) 

(3:38) 

 

 

Substituting (3:57) and (3:38) in (3:24) 

..fi‘leilez 07\7] 

..... (3:39) 

pit  = u,i1 fb -A-{0 	[Ct 	-1X8-1A)  /411 - ea  r".1 

B 4A4  e-2‘riCil(B - TIC) • 	• (3:40) 

and 



DiscussLn  of the Equations  

Pore pressure distributions in the field will generally, 

lie between the conditions re-oresented by a = 0 and b = 0. 

Thus these two conditions may be considere as useful bound-

ary values for estimating -.1)otential errors. 

The error in the niezometer rearing may be denoted by (7 

37 

when 

E 

and when 	0 	E 

From egn. 3:33 

6 = C4  n p,1  

when b = 0, n 
H 

( 3 :41 ) 

	 (3:42) 

• • • • ( 3 :113) 

(3;44) 

and 

 

(3.45) 

 

Thus for a particular geom6try the error in tLe :Tiezometer 

reaCing ior t:_,e different .)ressure distri-Jutio.s in the 

ground,may he defined by two ,,arameters E., and n . For an 
effective seal the re..-11jrefaent is 

n 0  

 

(3:46) 
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The form of the solution is illustrated in Fig. 3:29. A 

piezometer filter 3 ft. long is considered at the bottom of a 6 

in. dia. borehole the upper 15 ft. of which is grouted up. 

Pressure distributions down the borehole are plotted for various 

pressure distributions in the ground. kg/k = 500, and ro 
= 10 ft. 

When the pressures in the Ground are greater than hydro-

static the borehole acts as a drain well, water drains up it and 

the piezometer under-reads.
() With water draining up the bore-

hole the boundary condition at the top of the borehole is likely 

to be p = 0 and eqn (3:32) applies. When the pressures in the 

ground are less hydrostatic water drains down the borehole. This 

may come from a reservoir at the top of the borehole (Case 1, 

p = 0, eqn. (3:32), in which case the pressure in the bore-

hole is always greater than the ground pressure and the piez-

ometer over-reads. Alternatively if the supply of water is 

inadequate (Case 2, 	= 1, eqn. (3:39) the upper zone of 

soil drains into the borehole and this water drains out again from 

the base of the borehole and the piezometer filter. The piezo-

meter again over-reads but less than for Case 1. Fig. 3:29 

indicates that the di ference in -piezoneter error for tilt, two 

cases is not significant, even in the limiting case when there is 

no pore pressures in the ground, and thus for practical purposes 

eqn. 3:33 may be used tc predict the piezoneter error. 

The influence of the grout permeability ratio kg/k is 

(1) This is only a broad approximation for the case a = 0. 
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illustrated in Fig. 3:30 for the same geometry as is used in 

3:29. As might be expected, when the pore pressure approaches 

the hydrostatic pressure condition little error results from a 

poorly sealed borehole. In the limiting case when b = 0, a = t 

then no seal is required. Owing to the simplifying assumptions 

the error is zero for all pore pressures when kg = 0 rather than 

when kg = k. The equations become indeterminate for 1,s. = 

but numerical calculations show that )100-Plias i<5/14-7 00. 

In Fig. 3:27 a comparison is made with the error predicted 

by equ. 3:13. It can be seen that eqn 3:13 overestimated the 

errors. In Fig. 3:26 values of eo/H and ri  are plotted against 

kg/k for three typical piezometer configurations. Again it can 

be seen that eqn. 3:13 overestimates the errors. 

It can be seen that from Fig. 3:30 that the errors in 

measurement if the pore pressure distribution in the ground is 

represented by b = p:1  are likely to be less than in the case 

= a.H. at least until the errors become large. The magnitude 

of the errors likely is represented by e, (for k:41..r -  CAAil  , 
n  = 6411 

	eqn. 3:44). 

The most usual engineering problem to which the solution 

can be applied is the estimation of the degree of impermeability 

of a borehole seal necessary to reduce error to a small pro-

portion of the pore pressure measured. Inspection of eqn. 3:33 

shows that it can be simplified when the errors are small. 

for 
	E0/11 < o.1 

then 



eqn. 3:33 becomes 

CA M 4  6 - u--1   (3:47) 

and 	
6  , 	cA 	

cr,d €o  , 
•41,040 (3:48) 

v' A 	 ti ,17\- 

Eqn. 3:48 may be compared with eqn. 3:13, tra:.sposed, gives 

Et, 
+ Vti 

It can be seen from eqn. 3:48 that, for a constant borehole 

diameter and length of piezometer filter the numerical value of 

Ep is independent of the depth of the borehole.
(1) The pro-

portionate probable error thus decreases with the depth of the 

borehole. As the borehole becomes deeper the piezometer filter 

can be lengthened without loss of precision, and this also 

reduces probable error. Table 3:2 shows ti-le relation between 

kg/k and the proportionate error C-0  /H for the three cases 

shown on Fig. 3:26. 

The influence of the length of filter L (and the intake 

factor F) on the error is illustrated in Fig. 3:31, for a 15' 

deep borehole. Values of E.0/1-1 and n are plotted against filter 

length L, for hg/k = 100, as are the values of kg/k consistent 

with proportionate errors of 55 and 1%. It call be seen that if 

the filter is longer than 1 ft. (which is about the shortest 

which could be constructed) then a further increase in length does 

(1) Ellis reduced as the area of the borehole is seduced, thus the 
diameter of the hole should always be the smallest consistent 
with sufficient space for proper sealing. 
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not bring much advantage. 

Some of the errors arising from the simplifying assumptions 

made in the analysis can be estimated. Radial flow into the 

grouted borehole is assumed, with a constant pressure source on 

the surface of a cylinder of radius ro. Thus a value of ro 
must 

be assumed. In many field cases the important condition to be 

measured is transient rather than steady state flow, and thus 

the soil around the borehole will be consolidating. This pro-

cess of consolidation will be analogous to a progressively 

increasing value of ro
. The influence of the value assumed for 

r
o 
can be computed directly. 

For the typical geometry shown in Fig. 3:30 and a value of 

7:g/k = 500 the values of e0/11 and n have been computed for ro  = 

2 ft., 10 ft., and 40 ft. 

ro rt 	2 	10 	40 
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f 

e,/H 

rt 1  a = 0 

n 1  b = 0 

3.02 1.70 1.18 

0.26 0.33 0.37 

0.83 0.74 0.68 

026 o.33 0.32 

Thus the effect of varying ro  over a wide range is not 

critical to the general validity of the equations. An altern-

ative method of calculating possible errors due to using the 

solution based on steady state flow for transient flow condit-

ions can be obtained simply using radial consolidation theory 

(Baron:1948) based on equal vertical strains. A typical 



calculation for a 6 in. dia. borehole, assuming a value of v 
of 

5 ft.2/month, shows that f decreases by 10% over 3 months. 

Steady state flow into the piezometer filter is also assumed. 

Gibson (1963) shows that for a typical piezometer and with 

typical soil properties a relatively steady rate of flow into 

the piezometer is established after several days. 

Thus it seems reasonable to use the solution to estimate the 

errors due to an imperfectly sealed borehole piezometer, part-

icularly since it differs only slightly from the simple solution 

of Section 3:3:2. While it is derived for steady state 

conditions, it should be accurate to a first approximation even 

when applied to some transient flow problems. An exception may 

be where the pore pressure distribution in impermeable soil 

changes rapidly due to internal stress changes. In this case 

some time may elapse before the borehole is again in woproximate 

equilibrium with the surrounding soil and the analysis may be in 

error. When the pore pressure distribution in the ;;round is 

changing due to drainage, then sufficient equilibrium around the 

borehole for the analysis to apply should occur much more rapidly 

than overall changes in the pressure distribution which is being 

measured. Thus the analysis should be valid. 

The most convenient form of the solution for estimating the 

quality of seal required to avoid error is eqn. 3:48. 

3:3:5 Methods of Sealing Borehole Piezometers.  

The analysis presented in Sections 3:3:3 and 4 shows that, 

at least in the case of the stratified deposit, a borehole backfill 

92. 



of moderately low permeability, such as a dirty sand, would be 

adequate. Under these conditions, where difficulty in sealing 

the borehole is unlikely, it is permissible to install several 

piezometers in one hole, sealingthe lengths of hole between 

them. Where difficulty in obtaining a satisfactory seal may be 

expected, such as in clays, then only one piezometer should be 

installed in a hole, and it should always be at the bottom. 

Various methods of sealing boreholes are used. 

Tamped Clay Balls.  

This method was used by Casagrande (1949). It requires good 

workmanship to be successful, as continuous voids may be left 

between the balls. This method was not successful when used in 

a number of the foundation holes at Selset (Bishop, Kennard and 

Penman:1960). 

Cement Grout.  

This method is often used in rocks but may provide too 

risid a plug in deformable soils. Secregation and settling out 

may also cause trouble. 

Clay-Cement and Clay Chemical Grouts.  

Examples of the use of chemical grouts are quoted by Lambe 

(1959) and at Selset by Bishop, Kennard and Penman (1960). 

Cement-Bentonite grouts have been used by the Author at Balderhead, 

Peterborough and elsewhere. At Balderhead the proportion of air 

dry bentonite to cement was 5:4 by weight and the mix was just 

pumpable at a water-solids ratio of 2:1. Laboratory tests gave 
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a permeability of 5 x 10
-8 

cm/sec. for this mix. 

Dry Bentonite.  

This can be placed as a powder in a dry hole and then allowed 

to swell, (private communication, K.E. Knight). 

Chemical Grouts.  

Various modern chemical compounds which are not miscible with 

water may be suitable for use as sealing grouts. 'Polythene' 

grout has been used at Diddington (private communication, D. 

Gudgeon). A possible difficulty with these grouts jo their 

inability to wet soil. This may allow continuous water filled 

voids to form down the sides of a borehole. 

Where grouts are used these should be pumped from a grout 

pipe reaching to the bottom of the hole. The length of the 

borehole where sealing is particularly important is the length 

immediately above the filter. 

At Balderhead piezometers were sealed into boreholes in ,a 

boulder clay foundation in which there were lenses of sand and 

silt. The boreholes were wet and required casing. The perm-

eabilities in many of the holes were low, but seepage tests could 

not be relied upon to check the borehole seal (Ch.4) because of 

the silt and sand lenses. Tests on the cement-bentonite grout 

used showed that apumpable mix the grout was still subject to 

shrinkage. Therefore it was considered desirable to introduce 

dry bentonite into the borehole just above the filter where swell-

ing pressure would affect a mechanical seal around the piezoneter 
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standpipe.(1) The bentonite was introduced into the hole in bags 

made from old nylon stockings. Each bag was weighed with stones 

to sink it in the water filled borehole. Prewettiiv formed a 

bentonite skin around each bag and enabled them to be handled and 

rammed down into the borehole. 

The complete installation was as follows. The hole was 

drilled, with the casing to the bottom of the hole. The holes 

were then full of water. The holes were usually drilled from 

original ground leve, as the piezometers were installed early 

on in the job to obtain information about ground water conditions. 

Some sand was placed at the base of the hole, and its depth 

measured using a capped plastic tube as a probe. The piezometer 

tip and standpipe were then assembled,(2) and a Nylon mesh bag of 

sand wrapped round the tip so that it was protected by sand at 

all times. The piezometer was then placed in the hole. Sand 

was poured down a large diameter tube until probing showed an 

adequate thickness above the tip. The casing was then with-

drawn to about 6 in. above the sand, which settled down to fill 

the bottom of the hole around the tip. 2 in. of pea gravel was 

placed on top of the sand to provide strength and the final 

thickness of sand and Gravel measured with the probe. The casing 

was adjusted to be about 6 in. above the gravel and sufficient 

(1) Bentonite placed dry is generally more dense than a pumpable 
Grout, and it therefore his a lower permeability. 

(2) Unplasticised P.V.C. in diameters up to 1 in. is sufficiently 
flexible to be prefabricated and installed as one length. 
Lengths of up to 150 ft. were installed in this way. 



nylon bags of dry bentonite were placed in the hole and rammed 

down with the plastic probe to give a thickness of about 9 in. 

The hole filled with drilling mud, pumped into the bottom through 

a grout pump. The casing was then withdrawn. The hole was then 

grouted from the bottom with cement-bentonite grout using a 

grout pipe which was kept below the level if the grout being 

placed. The mud was flushed out by this process. The mud pre-

vented caving of the hole and also served to seal round any loose 

material which did fall into the hole. The top of the hole was 

sometimes completed with a plug of neat cement grout for extra 

strength. Where excavation around the tip was required during 

stripping of the dam foundation, the top of the hole was filled 

with sand to facilitate this. 

During final excavation of the dam foundation one of the 

shallow piezometers was excavated. Plate 3:4 shows the appear-

ance of the bentonite bag seal after air drying. Swelling in the 

hole had formed a solid plug of dense bentonite in the way hoped 

for. 

The nylon bags of bentonite were also found useful in 

sealing boreholes in the rock foundation against artesian 

pressures. A mixture of bags and pea gravel rammed down the hole 

were effective in sealing holes against pressures up to 30 ft. of 

water and against flows up to 500 gall/hr. 
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3:3:6 Special Problems in  Very Impermeable Soils.  

Natural deposits of overconsolidated clays and clay shales 

may have permeabilities less than 10 9  cm/sec. Measurement of 

pore pressures in these materials may present special problems. 

There are three basic problems in measuring pore pressures 

by means of borehole piezometers. They are sealing the borehole, 

measuring the pressure, and the distrubance of the natural 

conditions by constructing the borehole. 

The analysis of Section 3:3:4 shows that in certain 

geometries pressure readings of sufficient accuracy for engin-

eering purposes can be obt'ined from boreholes sealed with a 

grout to a permeability up to 50 times greater than the soil. 

Thus the problem of sealing the hole even in soils of very low 

permeability is not insoluble, particularly if modern grouting 

materials are used. 

The measurement of pressure has been discussed previously. 

The response time of the piezometer is controlled by the 

permeability of the ground (see Ch.4). For a piezometer in a 

6 in. dia. x 2 ft. lon,_; filter response times can be calculated. 
For a5% error in recording a pressure change in a solid of 

permeability 10 9 cm/sec. and v 
= 2 x 10 3  cm2/Sec. the 

equPlization time using a 0.5 in. standpipe would be e months(1)  

while if 600 ft. of nylon tube and a bourdon gauge were used 

the time would be 6 hrs. The slow response time starts to make 

(1) A rigid soil would increase this value to 11 months. 
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the standpipe measurement system unsuitable for ordinary eng-

ineering purposes when the soil permeability falls below about 

5 x 10 8  cm/sec. If, the piezometric level in the borehole 

is too far below the ground level for a closed hydraulic 

measuring system to be used, then an enclosed pressure trans-

ducer such as the electrical piezometers describes in Section 

3:2:8 must be used. 

The presence of air in the system also increases response 

times. In the example Quoted previously, for a 5% error and 

allowing only for the presence of air in the measuring system, 

10 cc. of air at a pressure of 15 lb./sq. in. would give an 

equalisation time of 8 days. The air could be present in a 

closed hydraulic measuring system or within the filter sand 

at the bottom of the borehole. Thus the elimination of air 

from the sand at the bottom of the borehole can be important. 

This sand should not be placed dry. In the example quoted this 

would lead to the presence of over 1 litre of air at a pressure 

of 15 lb./sq.in. and a 5% equalisation time of 80 days. Even in 

a soil of permeability 10-8 this would be 8 days. 

Once the pore pressures ar,und the borehole have come to an 

initial equilibrium then the argument given in the penultimate 

paragraph of Section 3:3:4 concerning the validity of the 

analysis presented should apply. However, in a soil of low 

permeability it may be some time before this initial equilibrium 

is reached. Two main causes of error are likely. The first is 

due to pore pressure changes round the borehole due to stress 



release during drilling. These are likely to cause a drop in 

pore pressure around the hole. The second is that initial pore 

pressures measured nay be due to consolidation of the grout 

column above the piezometer tip. An example where this is 

thought to have occured in Czechoslovakia was quoted to the 

Author by J. Scopec. In this case the borehole was sealed by a 

mixture of bentonite and sand. A setting grout should preclude 

much of this error, since an initial set would stop the con-

solidation process. 
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Type 0.Ftqcsi Size of iube 
m.m.(bore x wall) 

Pressure 
lb lint 

Tube tesFed in Rare of loss T 
c.c./ft/hr. (i) 

Rem:364.5-f source 
- 

66 2.8 x 1.0 I Air 1.4 xl0-4  Penman (1960 

11 plaslicised 4.75 s 1.6 (00 
86 

561 
Air 

14 x 10- 6 

5.4-x 10 5 1-loskinv Hilhon 
(1963) 

i 1 2.8 A I ' 0 I Air  
Electrok3te

mi 
4  

10-4; 
45 x 10-u  

P.R.V. 

11 plasticised 2.8x 1.0 I Air 4.4 x 10-4  
3.9 x 104  

P. R.v- 2^4. 1-est 
aft-er boiling. 

66 44xl-0 I Electrolyte (3)  1. a. 10-4  P. R m 

66 2.8x 1.0 3' Soil Not measurable P.R.V. 

i 1 coated2- 8x 1.0 
4 f•O polylkene 

I Air 5x105  lo 7)(10 
-6

PR.V See 99.3: 12 
(not equilibrium values) 

Notes :- (1)Transpiration cjenerally reaches ecidilibrium cil.ter 1-2 weeks. 
(2) 50 9m. 	NaClflih-e + 11. G1(3cerol . (3) GOgin . tsickC1 4-40qm. sugar/film 
+ I% glycerol added separdiely. Rate increased proportion& +0 quant added. 

RATES OF DIFFUSION OF WATER 11-tROUGH NYLON TUBING. 
TABLE. 5: 

CASE •1. 2 3 

H 	fi-. 
L 	lei-. 

5 
i 

15 
3 

50 
5 

60/H E.e, k9/,c Et, k9As Edo  k9/14 

1% 
5 % 

0.05 
0.25 

0.8 
+1 

0.15 
0.75 

-I-.G 
24- 

0.75 
2.50 

23 
12.0 

6-0 	13 	I/H 

510 
0'05 
0- 25 

0.9 
5.5 

0.15 
0.75 

5.7 
36 

0.75 
2.50 

31 
226 

E° -4  B +I 	 - 1% 

Note.: 	Consktril. 	borehole 	duct. 	G in . 

ERRORS DUE TO AN IMPERFECT BOREHOLE SEAL 
TA epLE 3 

TABLES 3 : 1 & 3:2 
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CHAPTER 4  

RESPONSE OF PIEZOMETERS IN IN-SITU TESTS  

4:1 Introduction  

When a piezometer is used to measure a changing pore pressure 

it must 'respond' to a pore pressure change rapidly and with 

insignificant lag if accurate measurements are to be made. No 

piezometers in current usq/niull method of measurement in which 

a back pressure is used to prevent flow of water into the meas-

uring system. A possible exception to this statement is the 

Glotzl system (Franz:1958) where the measuring diaphragm is kept 

at approximately zero displacement by an oil pressure applied 

behind it. Thus a lag results because water must flow into the 

measuring system to record the pressure change and a new equil-

ibrium must be set up. The time taken for this to occur is 

usually referred to as the response time. 

This problem has been treated analytically by Hvorslev (1951) 

Josselin de Jong (1953) and Gibson (1963). Hvorslev studies the 

lag in an incompressible soil, de Jong considered a soil obeying 

Biot's consolidation theory and Gibson a soil obeying Terzaghi's 

consolidation theory in three dimensions. Penman (1960) made a 

study of the response times of various piezometers in the 

laboratory. In this chapter the resuonse times of piezometers • 

in the field will be discussed in terms of Gibson's theory. 

The equalisation of a disturbance at the tip such as may be 

caused by de-airing is also discussed. 
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In-situ permeability tests 1,eing boreholes are commonly per-

formed. Similar tests can be performed using hydraulic piezo- 

meters, and Gibson (1963) derives 	theory for these tests in 
the 

terms of/Terzaghi consolidation theory. These tests are discussed 

and illustrated in the last part of the chapter. 

4:2:1 Response times of Piezometers. 

Hvorslev (1951) discusses the lag of a piezometer measuring 

a changing pressure. However, the analysis of response times is 

usually simplified by considering the time taken to respond to 

an abrupt chance of pore pressure in the soil. Field piezometers 

can be designed on the basis of this response time and the 

expected rate of change of pore pressure. If possible they 

should respond more quickly than the calculated minimum value 

required. 

Gibson's theory is derived for a spherical piezometer of 

radius a. He takes as the pressure measurement a height of 

water li in a standpipe of area A. The soil has a coefficient of 

consolidation or swelling c and a coefficient of compression or 

expansion m. According to Gibson the error is represented by an 

equalization ratio 6 and 

E 1-Y.cM 

" 1I(0) 
= 	rD i exp(r) 	rf49,1"   (4:1) 

—132.ticp(9::ie 44%7-119 91-9a 
where 	1/2. 	(k 2._ 4 ti)   (4:2) 

and t r fc x 	f egp `0,1   (4:3) 



and 	4 , ^tr . 0 3, rn . u)   (4:4) 

and 	1-  = c   (4:5) 
--7r CA 

For the case where m = 0 (an incompressible soil) Gibson showed 

that eqn. (4:1) becomes 

p 
A 	 (4:6) 

which is the solution derived by Hvorslev (1951). Gibson's 

theory assumes that the coefficients of compression and swelling 

are equal. 

Gibson gives numerical values of eqn (4:1) in the form of 

graphs. Gibson's solution shows that initially equalisation is 

much more rapid with a compressible soil than with an incom-

pressible one, but that when equalisation is greater than 90% 

the difference becomes small. Penman (1960) found a similar 

effect when he compared his laboratory curves obtained with a 

compressible clay with those predicted by eqn. (4:6). 

Field piezor:yeters are not spherical and to apply Gibson's 

theory an appro:cimation must be made. Steady state flow into 

the piezometer tip under a pressure difference h may be 

defined as 

,------ 

Eqn. (4:7) is tUe saille as eqn.(3:9) 

 

(4:7) 
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For a spherical piezometer 

F 	4. 	0. 	(1 	ci u   (4:8) 

Hvorslev gives formulae for F for other geometries (see 

3:10). Although they are derived for steady state flow 

these values of F may be used as an approximation to apply eqn. 

(4:1) tp non-spherical piezoneters. Thus in eqns. (4:4) and 

(4:5) a may be replaced by 

Cd = F 

 

(4:9) 

 

Where pressure measurement is b pressure gauge or nano-

meter a volume factor V (Penman:1960) can be used, defined by 

V Y„,   (4:10) 

It can be seen that the important variables controlling the 

response time t ore k, F and V. t increases as k and F 

decrease and as V increases. The permeability k is determined 

by the soil in which the piezometer is to be placed. As might be 

expected, for rapid response a piezometer should have an incom-

pressible measurinif, system and/or a large intake factor. The 

intake factors for the tips shown in Fig. 3:5 are(1) 

(1) These are approximate values which are obtained by applying 
the equation quoted by Hvorslev (1951) which gives a best fit 
to the geometry of the piezometer. 
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3:5 a low air entry disc type 14 cm. 

3:5 b high air entry cylinder type 41 cm. 

3:5 c 'ilaihak' electrical type. 2.4 cm. 

A cylindrj.cal filter at the base of a borehole 2 ft. long 

and 6 in. di a. would have F = 180 cm. Table 4:1 gives values of 

the volume factor V and it includes the values quoted by Penman 

(1960). Typical response times calculated from the foregoing 

theory are quoted in Section (3:3:6). 

It can be seen from eqn. (4:6) that for the same error and 

the same permeability 

	 (4:11) 

The intake factor varies by a factor of about 10 between a 

small piezometer and a quite large filter at the base of a bore- 

hole.(1)  
As can be seen from Table 4:1. volume factors vary by 

about 106 between a large bore standpipe and an electrical 

piezometer. The relative response times of various systems can 

be compared by comparing the ratio V/F . 

These are given in Table 4:2, together with the response 

time according to eqn. (4:9) for an error of 	and a soil of 

permeability 10
-8 
 cm/sec. The use of a standpipe gives a very 

(1) The assumption is made throughout this chapter that the mech-
anical filter of the piezometer tip and any filter sand are 
much more permeable than the soil. This is not always the 
case. For instance, with the !,;igh air entry value ceramic tip 
shown in Fir. 3:5b ( K 	10-°  cm./sec., Bishop:1960) in a 
soil with K > 10-6  cm/sec., the response time would be con-
trolled by the permeability of the ceramic. 
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long response time. Closed hydraulic systems, even with a 

manometer for recording pressure, are adequate for mostengin-
eering purposes. Electrical piezometers have the most rapid 
response. This may not be the case, however, in partly sat- 

urated soil. As discussed in Section 3:2 there is a likelihood 

that oil would be drawn from the pre-saturated tip in such soil 

and replaced by air. With a porosity of 20% the tip could 

contain about 5 cc. of air, and in this case the response time 

would be longer than for a carefully de-aired piezometer with a 

a rigid pressure measuring system. 

4:2:2 Determination of Response Times in the Field.  

With a hydraulic piezometer system it is possible to deter-

mine the response time by in-situ tests. The response times 

have been calculated on the basis that the pore pressure in the 

soil around the tip is suddenly uniformly increased, and the 

measuring system conies to equilibrium at the new pressure. This 

cannot be reproduced in the field but the pressure in the 

measuring system can be elevated or depressed suddenly and then 

allowed to come to equilibrium with the steady pore pressure in 

the ground. The two cases differ in that the pressure range 

over which response time is measured may be different and 

swelling and consolidation are reversed. This last point means 

that an elevation of pore pressure in the ground is equivalent to 

a depression.of pressure in the measurin system. It is always 

preferable to use elevated pressures in tests with closed 

Hydraulic systems, as it lessens problems with trapped air. 
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With an open standpipe system a response test can be made by 

raising or lowering the level in the standpipe and observing the 

response in level (Skempton and Henke1:1960). With a closed 

hydraulic system there is a difficulty. Such a system can be 

divided into two parts, the pressure measuring system in the 

gauge house, and the tubes leading from the gauge house to the 

tip. Any valve in the system must be in the gauge house and 

thus while the measuring system bc.fore starting the test can be 

pre-pressurised the tubes cannot. 

If the volume factor of the measuring system is V I  and of 

the tubes V2, if the equilibrium pressure is to  and if the 

measuring system is preset at a pressure f), then if the system is 

perfectly elastic as soon as the valve is opened the pressure 

will change to 112_. 

If pi 	' 	A - Po 

then /1:',/ 2  p (721_ ) v-,   O. :12) 

Once the new pressure pa  is established the response will 

be controlled by a volume factor V = V i  + 	It can be 

seen that if Vi  is small compared to V. then most of the in-

itial out of balence pressure is lost immediately. The picture 

is further complicated by the fact that plastic tubing creeps 

for at least one hour after loading (Penman:1960). 

Thus if a successful response test is to be made V t.›,  

This effect can be illustrated by the results of four 

tests on piezometers of the type illustrated in Fig. 3:5b, with 
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3/16 in. o.d. nylon 66 tubes as described in Section 3:2:6. De-

tailerof the tips are given in Table 4:3. Pressure was measured 

by a 3m.m bore Hg manometer, and the actual experimental read- 
-4 

ings are shown in Fig. 4:1. For the manometers V I  . 27.0 x 10 

5 cm. /gm. 

From eqn. (4:12) 

Li, - -1)   (4:13) 
p 

Values of V, are .uoted on Fig. 4:1. It is clear they 

are much higher than those quoted by Pneman (1960) for nylon 

tube, and the presence of sufficient air to explain the differ-

ence is inconsistent with the de-airing history described in 

Section 3:2:5, as little air was expelled during de-airing. 

In Fig. 4:2 the equalisation curves are plotted after 

correction for the initial drop. The agreement between these 

curves and those predicted from theory is discussed in Section 

4:3:3. 

The determination of response times in the field is some-

times confused with the time taken for a piezometer to equalise 

after a disturbcmce to the pore pressure distribution around 

the tip such as can be caused by de-airing or the performance of 

a steady seepage test. The two cases to not corresPond, and 

equalisation after such events may take much longeY than the 

response time. Fig. 4:3 shows curves obtained from piezometers 

of the type illustrated in Fig. 3:5a at the Glen Shira Dam (see 

Ch.9). The difference can be seen. After what amounts to a 



steady seepage test the differences are greater. Tests at 

Selset on the foundation tip No.17 gave a 901 response time of 

400 min. and a 90 equalisation after a 7 day seepage test of 

3000 min. 

Gibson (1963) sumests the use of equalisation tests for 

measuring the permeability and compressibility of the soil by 

a curve fitting method. However, the theory is not well con-

ditioned for this purpose. 

4:3:1 Steady  Seepage Tests.  

For the sane spherical piezometer as discussed in section 

4:2:1 Gibson (1963) derives a solution for the case where a 

steady pressure difference is applied to the piezometer. 

The solution is: 

= 	. CA 	411 LI 

 

(4:14) 

 

where q = flow from piezometer at time t 

pressure di fference 

T, a, k are defined in Section 4:2:1 

when t 	(or c = c) 

,-= 4 —Fr-,c1 .k   (4:15) 

Eqn. 4:154derived by Ilvorsley (1951) for an incompressible 

soil. 

As with the response time theory an equivalent intake 

factor F must be used to apply the theory to a piezometer of 
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other than spherical shape. Eqn. (4:14) then becomes 

109. 

 

(4:16) 

 

If °Os plotted against Ifjt. then according to eqn. (4:16) 

the relationship is linear, with an intercept at t = F oo of 9, e, 

F.K. 	and a slope n 'here 

(4:17) 
=./? 

C 

Thus experimental results plotted on this basis should give 

values of k and c. 

4:3:2 Steady Seepage Tests in the Field.  

The results of steady seepae tests made on various piez-

ometers at Selset are shown in Figs. 4:4, 4:5 and 4:6. The 

piezometers F.1, F.2, P.1 and P.3 are described in Section 

4:2:2 and in Table 4:3. The piezometers 13, 16, 17, 18 are in 

thEi foundation and connected to he deep buried gauge house at 

Selset (Bishop, Kannai'd & Penman:1960). An excess pressure 

was applied from burettes at the ton of the shaft to the house, 

connec-Ld to the gauges by plastic tubes. F.1, F.2, P.1 and P.3 

are in the fill and their pressures are measured. in a small 

house on the downstream slope. They have much smaller intake 

factors. Thus the flows are much smaller, typically lcc/hr. 

To measure these small and charging flows in the field without 



110. 

excessive fluctuations due to temperature changes was difficult. 

This difficulty was overcome by using a closed lOcc. burette in 

the house and a parafin filled plastic tube from the burette to 

a can on the side of the dam to provide excess pressure. Volume 

changes 1,vre measured by the parafin water interface in the 

burette. This could be reset using some cross-over valves and 

a water syphon at a higher pressure than the parafin. 

The results agree quite well with the linear relationship 

predicted by Gibson's theory. Thus valves of k and c can be 

predicted. These are given in Tables 4:3 and 4:4. These 

values can be compared with those derived from laboratory tests 

and from the analysis of field rates of dissipation etc., 

(see Ch.6 and 7). It can be seen that reasonable agreement 

is achieved. Only swelling tests were possible with the found-

ation tips. 

In Fig. 4:7 the values of k obtained from the swelling 

tests are shown plotted against effective stress. The lab-

oratory data is also shown. Both the seepage tests and the 

records of dissipation rate (Ch.7) indicate that the permeab- 

ility at tip 16 is high. Ignoring this value the average 
-8 

permeability determined is 0.84 x 10 cm/sec. The average 
-8 

labopeaue at the same stress is about 0.4 x 10 cm/sec. Thus 

the diffe-:ence is a little greater than twice. It will be 

demonstrated in Ch.7 that the field values of c v  were about 

3x those predicted from lab tests. The insitu tests indicate 

that most of this difference is due to differences in 



permeability. 

Values of Olf, deduced from the seepage tests cannot be 

compared directly with ro v  values, particularly since the 

fpundation oas normally consolidated, but the ratio can be 

compared. Values of ori, from all-round pressure laboratory 

tests are given in Ch.7 and the average for the stress range 
-4 	2 

of the seepage tests is 4 x 10 in. /lb. Leaving out tip 16 

the average value of rrly/r/ 	is 10 if based on laboratory 

values and 4.8 if' based on the values of c,,deduced from field 

dissipation rates. It can be seen that the results of the 

seepa7e tests on these tips are consistent with the field and 

laloratory behaviour. 

The results from the tips in the fill are less easy to 

interpret. In particular the slopes of the graphs for tips 

P.1 and P.3 are not clearly defined. For F.1 and F.2 the fill 

would be over consolidated and c 	. The values of 

deduced from the tests is lower than the value of c.,dleduced 

from field dissipation rates. The difference appears to be 

mainly due to a difference between rol(seepae test) and Inv  

(field settlement observations, see Ch.6). This may be due 

to the eifects of partial est.:ration, since te compression of 

air bubbles is analogeous to compression of the soil and can 

cause overestimation of m,, orvo:,- when this is based on drain-

age rates. 

Around P.1 and P.3 in the soft puddle clay core the soil 

might be expected to be normally consolidated. In this case 
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c. s  Cv 	. For these tips both swelling and consolidation 

tests could be performed. Point F.3 shows cc = 1.8 c., 

Point P.1 shows the reverse but the results show a large 

scatter. Values of reN.5  end en v  aremuch lower than those indic-

ated from laboratory tests under all-round pressure. The intake 

factor assumed for these tips is app-zoximate. Since the actual 

piezometers have closed ends compared to the open ended 

cylinders assumed for the calculation of F, it is likely that 

F has been overestimated. As discussed subsequently this would 

mean a proportional underestimation of k and an over estimation 

of C as the square of F. This is probable that values of re, 

should be larger. 

These results show that the seepage tests can be useful 

for providing information which is consistent with. laboratory 

and field behaviour. The following comments can be made on the 

limitations of the technique. 

1) Gibson's solution shows that the soil within a sphere 

of a radius about three times that of the tip domin-

ates the result. This is te zone which is most likely 

to suffer disturbance in the case of a borehole, or to 

be of untypical compaction in the case of a niezometer 

installed in fill. 

2) The value of F needs to be determined more accurately, 

particularly for the non-steady state, as the value of 

k depends on r a.,:d the value of c on the square of F. 



3) The loss of head in the tubing, in the oiezometer tip 

or in any send filter mifet be negligeable. For 

instance the high air entry value DOTOUS ceramic has 
-6 

a permeability fo 10 cm/sec., which means that the 

results obtained from testing a tip made from this 

material would be influenced by the tip unless the soil 
-7 

had a permeability less than 10 cm/ sec. 

4) If the coefficient of consolidation is to be deter-

mined accurately then the straight portion of the plot 

of q against 	must be long enough to accurately 

define the slope- If this portion of the curve be- 

:gins at t 1  • and if the requirement is that ci,q. 
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then 

F 	4 , 	„ITT,  

 

(418) 

  

There may be two rasons for the non-linearity at the 

commencement of the test shown in Hs. (4:4) (4:5) and (46). 

Firstly, creep in the plastic tubing during te initial part 

of the test and, secondly, values of F are pro'3ably most in 

error during the initial part of the test. This is when the 

flow pattern around the piezometer differs most from that due to 

the sphere assumed in the -bleary. Rigid tubig will help, lyiat 

if eqn. 418 implies an excessive value of F then it will only 

be possible to determine k from in-situ seepage tests. 
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5) "Acre cvrather than C. is to be determined the ores-

sure in the syste. must be reduced. This may lead to 

trouble from air bubbles unless very carefull de-airing 

has been carried out before the test. 

Research into these in-situ tests is continuing at 

Imperial College. 

4:3:3 Agreement  Between Steady Seepage and Falling Head Tests.  

The validity of Gibson's solution can be checked by com-

paring the results of steady seepage and falling head tests. 

To make this comparison response curves for the four niezometers 

are shown on Fig. 4:2 which have been calculated by substit-

uting the results of steady scepage tests in the Gibson theory 

for response. It can be seen that agreeent is Quite good, 

with the exception of the curve calculated for F2. This 

agreement throws doubts on the results of either the response 

test or the steady seepage test. For the other tips the cal-

culated curves are slightly steeper than the observed ones. 

On the ri,aht of Fig. 4:2 the curve calculated for F.2 assuming 

the soil is incompressible is shown. The Gibson theory gives 

a much better fit with the observed curves than the :vorslev 

assumption of incompressible soil. 

It seems that the comparison of the two types of test in 

this way may be a valuable check on the reliability and consist-

ency of the test results. 



4:3:4 Steady Seepage Tests - Lrror Due to Imperfect Lorehole 
Seal.  

Just as an imperfectly sealed borehole above a borehole 

piezometer tin may lead to an error in the reading obtained 

by the piezometer (Section 3:3), so it may lead to errors in 

the results of steady seepage tests. If 	permeability of 

the soil is known steady seepage tests have I:een used to check 

the piezometer seal (bishop, Kennard and Penmsn:1960) but 

clearly such tests cannot be used both to check the borehole 
seal and to determine in-situ properties of the soil. 

The error in the seepage test due to a borehole sealed 

with a grout of higher permeability than the soil can be 

estimated by modifying the theory set out in Sections 3:3:3 

and 4. 

First, tl!e simple case in which flow only occurs up the 

borehole (Section 3:3:3) c, n be considered. 	Symbols are 

defined in this Section. If Q. is the flow into ti-,e piezometer 

when steady seepage has been set up then, 

Flow out of filter 

k(   (3: 9) 

Flow down borehole 
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For continuity 

+ 	- C   (4:19) 



and 

Ul 
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u.F 

 

(4:20) 

 

    

if Ka  = a2parent permeability derived from test 

k 0  - 
F Cro - Pt.; 

 

(4:21) 

 

and. 

k, 	[1 	- -- 1..1 

   

   

(4:22) 

   

     

The more exact case in w::lich radial flow from the borehole is 

considered (Section 3:3:4) can be modified in the same way. In 

this case the boundary condition at the bottom of the hole 

changes. 

In this case eqn. (5:26) becomes 

— F k (P:1 — V11)"." 6 - (k) 0).   (4823) 

a,c1 solving for CI  and C2  

\ 	H 
t b(vA 	e 

_ ,FA ( 
- A 

 

(4:24) 
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2 -, H  

    

    

     

(4:26) 

(4:27) 

Using eqn. (4:21) 

— 	-- -60—A -53)c-7'14' (lc)" _ 
b(Pli 1)0 	 E e) NiTA 	 27's  (r> -.)7) 

Si\ t-i 	• t 

(4:28) 



A comparison between eon. (4:22) and eqn. (4:28) for a 

typical geometry is given in Fig. 4:8. It can be seen that 

eon. (4:22) considerably underestimates the error compared to 

eqn. (4:26). The simplifications made in tl:e analysis are 

such that it is not very reliable at low value of kg/ k. For 

instance, when kg/k = 1.0 then. obviously kg = k. The analysis 

indicates that ka  = 1.1x k. . However, te analysis 

indicates two things. Firstly, at ratios of REA which are 

likely in the field the error in determining k by a steady 
(1) 

seepage test should not be of engineering significance. 

Secondly, if a steady seepage test is used to check whether 

a borehole has an effective seal, the value of 4c.g/k which 

would be detected would imply an error in piezometer reading 
(2) 

ich would be unacceptable. 

  

    

(1) If L:c k then the actual permeability will be underestim-
ated by a small factor depending on the intake factor 
assumed for the piezometer tip. 

(2) If the borehole seal contains continuous fissures, such as 
may be te case where te seal is formed '1)17 ram :led clay 
balls, then t:e. solution which assumes an :impermeable bound-
ary to the borehole (eqn. 4:22) will be appropriate, provided 
flow in the fissures is 1Lninar. Steady s::epage tests are 
likely to detect continuous fissures of any size, although 
lines ones of sufficient size to cause piezometer errors 
could remain undetected. 
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EQUIPMENT VOLUME FACTOR V 
cm,/gm. x l04 

I-5 cm. bore sl-andpi'pe 17, 650 

I rfl.fil. bore 	standpipe 78.5 

bourclon 	gauge I•I6 
Nylon tube 2-8 wi.m.boreImm.wail,tinatt I. 46 /100 41-. 

r11.4.31herle 	tube 3rinvi bole Ion 	caali,iil air 6.0 	1(00 fl-. 

H3. manometer 31.1.01 bore + 

keacler hank 

28.1 

Electrical piezom eVers Nninantii6o o•c.)2 - 0.05 

I c.c. air at 	15 	lb./IW-  4.0 

TABLE 4:1 'TYPICAL VOLUME FACTORS 

EQUIPMENT v/F 
crnIklg rrbx 164 

E 
Vw. 

• 

21$ edict. fifter +1-5 an. loore sloncip.ipe 	 • 98 144.0 

" 	+ 500' nylon fi..tlx 4- bouraon cruse O• 04-7 0.68 
I. 	4 Electrical piezomeler (omm%) 0-00011 0.0016 

0 	 0 	 -1-)00 c.c.dir 2-2 32 

Plez. 5b + 500' nylon Lk* + bovrtion gauge 0.21 3.0 

0 	+ 	II 	4 301.10.bore 143 roonorn. 0. 89 13 

Per. . 5c (opprog) 0.0008 0.01 

+ 5c.c. air 0 - 8 3 12 

TABLE 4:2. TYPICAL RESPONSE; TIMES 

TABLE4:1 & TABLE 4:2. 



P1 F2  
41 

27K 10-3  
Intake Factor 
Volume Factor of manorneker 
Total Volume Factor of st,3stern 
(est cram 	volume change) 
Lenck of MI6 ;n.o.o. nylon .11Abe 
Overburden pressure 
Equ'ilibriurn pore pressure 
Swelling tests  
ffACILSS pressure 
k . 	Coeft. of perrneabiay 
Cs. 	" 	swelling 

Ms. 

cm. 
cm/gm. 

5L,  cm .Astp. x 	3  

-4./water 
cm./sec. x 168  

cm.zisec . le (0-3 

Ti!iniont 
?/ m. x166  

164  

41.6 

400 
42 
16.2 

14.0 
010 

I• 

3.5 
6.5 
4•6 

4.1 

420 
26 
TO 

7.6 
0.87 
50 

1.2 
1.7 

15.8 
oST 
043 

14- 
10 

-1-4 

300 
16 

6.7 

300 
16 

- 0.5 

15.1 
1.8 
0.39 
1.1 

46 
32 

6.1 

Consoliola 	test.4. 
Pressure defficiena3 
k 
Cv 

rn 

From analysis of field dissipation 
Cv 
my 
From labora.toni ksis. 
my 	(all round pressure) 
k 

ft. water 
cm./sec. ic168  
crril/sec •x10 3 

clIrtiont 
10-6  

iht/i60 x104  
mites. -I,  settle 
cirNsec. ,v. 163  
cm /gm. x104  

cm'Ilm x166 

cm/sec. x108 

-15.4 
033 
2.8 

8 
0.8 - 

data  

O 

2.6 
FES 

1 • 3 
6 

6. 
<1.0 

-151 
01+ 
2.1 
6 

3.5 
2.4 

ment 

Notes.. P and P3  are in Ik42 'puddled boulder clay core , F and Fi 
in rolled boulder clay VI compacted at about opt'. t I %. 
11-‘e adval stress al. Pi  and P3 GA be much less it-Narl 
overburden pressure, due 1.c3 arcking of ftle core . Lab. tests 
on compacted samples Show Cs 	Cv. 

TABLE 4:3 STEADY SEEPAGE TESTS ON 
FILL PIEZOMETERS 

TABLE 4:3 



in 

cm • 

13 16 17 18 
Lencark of 61;). 

In)0.144 factor 
Equitibrurri effect-1;e overbuiden ptessure 

Results of steady seepcsr  
Exams pressure applied 	 ;11cuaVer 
k 	 orn/sec. 16- 

CS 	 cm'./sec. ic 163  
4P /monk s 

ms 	 ovizigm x 167  

3110 
From analysis cF •fietasialipaliuraxak&  
cv ( range) ? 
cv (estimoled effectArt stress) 	f-tVitio4 
From tabora6n6  tests  
!fly 	 11). $164  

cm./sec 16$  

41 
015 
24 -I 
68 
3.1 
2.2 

45-88 
10 

11- 
143 

8•7-1 

41 
2.6 
5.1 

14 
52 
35 

14 
143 
91 

9 
35-53 

6 

10.2 
29 
6.6 

4.6 

46 
067 

29 
202 
76 

10 

124- 

115 

37 
1.1 
6.6 
19 
17 
12- 

3-6 
7 

4 
0.4 

TABLE 4:4 STEADY SEEPAGE TESTS ON 
FOUNDATION P1EZOMETERS 

TABLE 4: 4 



X F. 1  
130  

125 

Manometer read9 in 
X 	Preset-  pressure before valve opened . 

cm. 149 
Mon. 3 m.m . bore 

Tip N • 	Est in mei:3=k drop. 	ToVal drop 	Volume facl-or for tube (ec r. 4:2:13) 
cm 	 cm 	 CM 5/9m. /100 ff. of hke 

P1 	9.5 	 23-1 	 4.7x 10-+ 

23 	7.3 	 21.9 
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CHAPTER 5  

i:EASUREMETS OF DER)RIATION AID  TOTAL STRESS  

5:1 i'easurements of Deformation. 

This section contains a brief review of methods of meas-

uring deformation which are currently in use. The equipment 

which has. been used in the measurements quoted in the thesis 

is then described in more detail. 

Deformations of a point in or on a dam are generally 

considered to have two components. These are vertical deforn- 

ationsy or settlements, and lateral deformations. Deformations 

due to volume changes in the soil will occur largely as 

settlements. Lateral deformations will be due largely to shear 

stresses. 

External deformations of an embankment are usually 

measured by conventional survey techniques and they will not 

be discussed here. Bost mechanical methods of measuring 

internal deformations require surveying to locate the external 

reference point to which the internal measurement is referred. 

Two basic types of mechanical settlement apparatus are 

in use, one which requires the measuring system to be brought 

through the fill vertically and one in which. the measuring 

system is placed more or less horizontally. 

The first type of equipment is typified by the 

'cross-arm' type of equipment (D.S.L.R. Earth Hanual: 1960). 

An alternative system has been used at Selset and :alderhead 



(discussed later) in which the level of buried steel plates is 

detected by the change of inductance in a coil lowered down a 

telescoping plastic tube. Similar methods have been used in 

Germany (Schatz: 1964, Koenig and Ide1:1964)• Flexible shafts 

large enough for human access can be used to measure both 

settlement and horizontal deflections (for instance, Breth: 

1964). 

The measurement of settlement by instruments which can be 

placed horizontally avoids the problem of building vertical 

tubes into a dam. The most common system is the water level 

gauge. A wide variety of such gauges have been used. Orig-

inally they were used for precise measurement of building 

settlements. (Terzaghi:1958, Kjellman et al:1955). Systems 

involving continuous circulation of water have been used in 

Sweden and by French Engineers (Bernell:1964, Mallet and 

Pacquan:1955, Marty and de lontmarin:1955). Simple equalising 

systems have been used in Britain since Chew Stoke Dam 

(Skempton and Iishop:1955). The equipment used at Selset and 

Balderhead is described subsequnetly. A water level gauge 

travelling within a large tube to give a profile along the 

length of the tube is described by Laurier and Schober (1964). 

The use of a gauge in rockfill, where atmospheric air pressure 

throughout the fill eliminates the need for a se-palate air 

equalisation pipe, is described by Masking and Hilton (1963). 

The use of a sealed system and an elevated air pressure to 

allow the measuring point to be above the overflow level has 
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been described to the Author (Welch:1964, private communication). 

An alternative to the water level gauge system has been 

developed recently by the Road Research Laboratory (Irwin:1964). 

This is a sealed mercury filled system, in which the reference 

level is an electrical contact which together with the mercury, 

completes a circuit. A gas pressure is applied to push the 

mercury along the tube and make the circuit, and the out of 

balance pressure defines the level. The system is accurate 

and does not require the measuring point to be at exactly the 

same level as the measuring tip. It is being used on an earth 

dam for the first time at Kainji, Nigeria, under the direction 

of the Author. 

Lateral deformation gauges are of numerous types. Lateral 

deformations are often measured by inclinometer systems, in which 

the slope of a vertical or inclined borehole or tube is sur-

veyed and the horizontal deflection at any point computed. 

Details and measurement techniques for this type of equipment 

are described by Wilson (1958), Sherrard et al (1953), Cooling 

(1962), iarsal and Arellano (1964). Vertical settlements can 

also 	measured in some of these installations. The U.S.B.R. 

'cross-arm' equipment can be adapted for use as a lateral 

deformation gauge by a pulley system (U.S.2,R. Earth Manual: 

1960). Lateral deformations have been measured by a 'radio 

sonde' equipment similar to that described for the measurement 

of settlements (Lauffer & Schober:1964). An alternative method 

also involving the use of steel wire in telescoping tubing 
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laid horizontally has been described by Hoshing end. Hilton (1963). 

A similar device using 0.2 in. dia. high tensile steel wire in- 

side telescoping plastic pipe is being used at Kainji, Nigeria, 

under the direction of the Author. 

The use of electrical strain iauges measuring strains over 

short gauge lengths has been described by Marsal & Arellano 

(1964) who used a potentiometer system. Strain gauges using a 

vibrating wire system were used at Balderhead and these are 

described in a subsequent section. 

5:1:1  Measurement of Settlements Using an Induction Coil.  

In order to produce a simple, cheap and compact settlement 

measuring device for measuring the settlements in the puddle clay 

core at Selset, en experimental system was developed by the 

Building.  Research Station in collaboration with Dr. A.W. 

This is illustrated in Fig. 51 and consisted of a series of 

telescoping; 7)olythene tubes brought up through the fill. A 

steel plate with a hole in it wee placed over 	tubes at 10 ft. 

centres. The location of t-e plates was determined by lowering 

an electric coil down the tubes. The change of inductance of 

the coil as it passed each plate could be mea ured at the sur-

face. The cable on which the coil was lowered was calibrated, 

and the level of the plate in relation to the top of the tubes 

was determined. 



The installed equipment was much more compact than for 

instance, the U.S. .R. cross-arm equipment, which would have 

been difficult to accommodate in the narrow puddle core. Un-

fortunately it was difficult to install the tubing straight, 

as it had developed a permanent set in the coils in which it 

had been delivered. During the last placing season the tubes 

became blocked and readings were discontinued. The readings 

which were obtained are given in Ch.8. 

Similr equipment was developed for use at Ealderhead. 

Much harder unplasticised P.V.C. tube was used, in larger sizes 

to avoid blocking. The layout of the tubing is shown in Fig. 

5:2. This equipment was built into the rolled boulder clay 

core by hand compaction round it. Two sets of tubes were in-

stalled and both were completed to the full height of the 

embankment. Some slight difficulty was experienced in keeping 

the tubing in the centre of the core in the upper part of the 

dam, as compacting and placing plant could only travel on the 

upstream side of it, and sufficient deformation was caused to 

force the tube up to 2 ft. off line. 

With such equipment them are four possible causes of 

error. 

a) The accuracy with which the coil locates the plate. 

With the equipment described here this was about 

+ 1/8 in. 

b) The calibration of the cable which lowers the coil. 

The coil is freely sup)orted and the cable cannot 
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be tensioned as fan the wire in the U.S.B.R. cross-arm app-

aratus. Since a settlement is being measured to an accuracy 

of 1/8 in.or the end of a cable up to 150 ft. long in the 

case of Balderhead, it is important that it should have an 

accurate calibration and be non-extensible. Considerable 

difficulty was experienced at Balderhead while using standard 

twin cable, and it is probable that special cable coaxially 

wound onto a steel core should be used. 

c) If the tubing is distorted out of a vertical line the 

readings can be in error. This question is discussed 

by Koenig & Idel (1964). The seriousness of this error 

can be estimated if it is assumed that the tubing 

distorts into the form of a series of circular arcs 

so as to take up a wave form of wavelength 2L and amp-

litude Z. The error in a settlement reading is the 

difference between the distance along the bent tube 

and the straight distance. 

error 
L 

	

0.02 	negligeable 

	

0.04 	0.1? 

	

0.06 	0.22% 

	

0.10 	0.60 

It can be seen that small deformations can be tolerated, 

but then an appreciable error may be caused et the base of the 
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settlement tubes. Keonig and Idel quote an error of 14 cm. in 

an apparent length of 47 m. A survey of the tube showed that it 

was distcrted out of line more or less uniformly by an amount 

of about 3 m. This gives a 2,-/L value of 0.064 and an error 

according to the foregoing table of 17 cm. The maximum error 

can be observed if there is a separate control level on the 

bottom of the tube, or if the inclination of the tubing can 

be measured with an inclinometer. Obviously a combined settle-

ment and inclinometer tube is to be preferred if possible since 

more information is obtained for virtually the cost of one 

installation. A more simple method would be to use a water 

level gauge or similar at one or two levels to check on the 

error. At Balderhead an approximate control was provided by 

the concrete cut-off wall on which the bottom plate was set. 

The concrete wall was founded in bedrock, and it would be ex-

pected that settlement of this wall would be small. The 

settlements indicated for the end of c nstruction are 0.36 ft. 

for gauge S.C.1 and 0.25 ft. for gauge 	Since some 

settlement would have occured the errors must be less than these 

figures. The results from, these gauges are given in Ch.8. At 

any given time the settlement measurements repeated to within 

+ in. 

d) The fourth possible error lies in the fact that for 

each measurement the top of the tubes must be surveyed 

as a reference point. 



5:1:2 Water Level Settlement Gauges - Equalisation Theory.  

Water level settlerr,ent gauges of a simple non-circulating 

type have been used both at Selset and at Balderhead. The 

measurements are given in Ch.6 and Ch.8. 

Fig. 5:3 shows a diagrammatic representation of the gauge 

system. The equation for the rate of fall of the water level 

in the standpipe can be calculated as follows: 

For a small bore tube under a low pressure gradient the 

flow will be viseous (see Section 3:2:7) and the average velocity 

of flow will be given by Poiseuiliels equation 

(319L cia ‘Ak  

 

(5:1) 

 

If the system is incompressible, then the water in any 

increment of time which flows along the tube and overflows is 

equal to the quantity of water which flows out of the standpipe. 

cik r4 	
1-

4 

 

(5:2 ) 
4 

 

Tf t is the time taken for the level to fall from t to t, 

and su.bstituting eqn. 5:1 in eqn. 5:2 then 

c-4 	1-r d 	- h 	. t 1  
32. It .1.. 	4 

 

(5:3) 
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and 

h h r 
i }1 - 	32-0 L.D 

	 (5:4) 
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thus 	 (5:5) 

where
r d4N ---- p_i --,i    (5:6) 

3 E ri 

or   (5:7) 

() 

This is the equation of the falling head seepage test in 

an incompressible material. 

We can also define an equalisation time 

E 
N 

 

(5:8) 

 

where 	= final error/initial excess level in standpipe. 

A typical calculation would be 

= 0.01 (L in. for 1 ft. out of balance) 

For nylon tube 0.107 in. T.D. 250 ft. long, for a standpipe 

0.25 in. T.D. at 150 

N = 4.77 x 10-3  sec.-1  

e= 16.1 min. 

This approach is useful in designing the equipment and 

in estimating the time required for equilibrium. There is a 

limit on t17'e size to which t'e standpipe can be reduced, as if 

it is too small the meniscus is difficult to read. 



Prediction of Final Level from Rate  of Equalisation. 

From eqn. 5:4 

N 

and 	T\1 • 	- N k   (5;9) 

Thus if eDn is plotted against h a straight line should 

result which gives h 
	

from the intercept when S1-1 	= 0. 

ar 

5:1:3 Water Level Settlement Gauges - Practical Experience.  

The following is a discussion of the equipment which was 

used at Selset and subsequently modified and used at Lalderhead. 

The settlement head used at Selset is illustrated in 

Fig. 5g4. They were made from standard U.4 sample tubes. 

The system consisted of three tubes. These were a-k in. N.B. 

heavy duty polythene tube to act as a drain from the settle-

ment head, a similar tube as an air vent to ensure that the air 

within the head was Lt atmospheric pressure, and a 3mm bore 

polythene tube connected to the overflow orifice for making the 

actual reading. As a precaution against damage this tube was 

duplicated, although measurements were only made with one tube, 

the other Being a reserve. In the instrument house the 3 mm. 

bore tube was connected to a glass standpipe via a valve 

assembly so that de-aired water could be supplied to the system 

and so that it could be drained. 
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Readings were taken by first flushing the system with de- 

aired water then the standpipe was set at an excess level. The 

valve was opened and this level was allowed to equalise. There 

are two methods of determining the settlement reading. The 

first is to wait until equilibrium is established, the second 

is to perform a falling head test. The theory is outlined in 

Section 5:1:2. 

Laboratory tests made during the development of the Balder-

head equipment showed that the main source of error with the 

equipment was the meniscus which formed at the overflow orifice. 

Constant pressure seepage tests through the system showed that 

the continuous farming of the meniscus as droos of water were 

discharged at the orifice was equivalent to a small back pres-

sure over and above the orifice level. When discharge from the 

orifice was very slow the pressure variation depending on the 

state of formation of the drops was significant and led to an 

erratic equalisation curve. Over a few hours the drops would 

disappear. Because of this effect the level predicted from the 

falling head tests would usually be a little above the final 

equalisation level. In the field the picture is more confused, 

because there may be long term temperature changes, diffusion 

and lecLage from t e sastem, and evaporation, and the final 

equalisation level may creep slightly. If the system is leak-

il4e then the only method of obtaini= a result may be by an 

equalisation test, but normally the final equalisation level 

after a specified equalisation time which can be calculated , 
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and checked in the field is adequate. Periodic equalisation 

tests then check that the system is behaving correctly. 

The measurements at Selset were adeouate for engineering 

purpose, except for one difficulty which occured with gauge 

S.4. With this gauge the differential settlement between the 

settla-!ent head and the standpipe was such that the fall on the 

drain and air equalisation tubes disappeared. The polythene 

tubes used had been delivered coiled, and it had been found 

impossible to lay them flat in the trenches. Either through 

condensation or leakage or through incorrect operation the air 

equalisation tube contained water. At this stage erratic and 

non-repeating readings were obtained. It was deduced that the 

water in the undulations in the air tube was forming a series 

of water manometers, and the pressure in the settlement head 

was not atmospheric. It was found that pumping air round the 

system with a foot pump would not clear the water as the air 

by-passed the water in the large diameter tube. After pump-

ing', however, a different settlement reading would be obtained, 

as the air pressure in the settlement had had been changed. 

The system was then blown out with compressed nitrogen from a 

cylinder, and the larger volume of gas dispersed the water and 

blew it out as sray. Consistent readings were then obtained. 

The results of two falling head tests performed after blowing 

out are given in Fig. 5:5. They show consistent boheNiour, 

except, as mentioned previously, the level after ene day had 

fallen 0.4 in. below that indicated by the equalisation tests. 



Improved equipment was developed for the Balderhead Dam, 

which, it was hoped would overcome some of the difficulties 

experienced at Selset. The settlement head is shown in Fig. 

5:6. This was buried in a concrete block as at Selset. A 

duplicate system of overflows was decided upon, so that 

measurements would be partly self checking. 2.8 mm. bore 

nylon 11 tube was used for the overflow leads. 	in. 

unplasticised P.V.C. tube was used for the drain and air leads, 

as it was considered that the disadvantage of making site 

couplings was outweighed by the advantage that the tubes would 

lay flat in the trenches. One of the drawbacks with the 

equalisation tests at Selset had teen that the initial rapid 

drop in level in the standpipes had made accurate readings 

difficult to take. In an attempt to overcome this the tops 

of the standpipes were made 3/8 in. bore, while the bottoms 

were * in. bore. The equalisation test was thus in two parts. 

Subsequent practical experience showed that this was rather 

academic. Plate 5:1 shows the gauge panel, which was mode to 

be eaGily adjustable in level. 1]bre consistent readings have 

bLen obtained with-. this equipment than were obtained at Selset 

(see Ch.3). Agreement between thG duplicate systems has usually 

been to within 0.1 in. Theoretically, if the settlement head 

is settling faster than the stand..ipe, the standpipe level will 

always .iJe. correct. Lxpecience at Balderhead showed that this 

could not be relied upon as difference between the level before 

and after flushing and equalising could -0e as much as 0.5 in. 
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Similarly, it should have been sufficient for an equalisation 

test to fill the standpipe without flushing the tube. Occas-

ional erratic readings were obtained at Balderhead when this was 

done and it was made standard practice to flush the tubes before 

a reading was taken. If frequent readings axe reuired this 

should not be necessary. A slight disadvantage in doing this 

be that water at a different temperature is introduced 

into the system. However, simple calculations show that 

temperature variations within the system are not likely to lead 

to errors of engineering significance. 

Fig. 5:7 shows two equalisation tests on one o± the 

Balderhead instruments. These were made 6 months apart. The 

different gradients for the two different diameters of the 

standpipe can be seen. The valves of F. for the two slopes 

are 6.60 x 10-3  sec.-1  and 3.16 x 10-3  sec.-1. The ratio 

between them 	equal to the difference in cross-sectional 

area of the two parts of the standpipe. 

5:1:4 Leasurement of Strain with. Vibrating Wire Strain Gauge  
Extensometer. 

Lateral stiains in the core at Laleerhead were measured 

by an extensometer developed by the l!uildin,g Research Station 

for this purpose. A drawing of this extensometer is shown 

in Fig. 5:8. It measures between two steel joists 6 ft. apart. 

In principle it consists of a telescoping tube. The elongation 

of the tube extends a spring which in turn loads a 7)roving 

ring. The small deflection of the proving ring is measured 
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by a vibration vire strain gauge. The vibrating wire equip-

ment is well proven in field installations and this equipment 

was already in use on the site. Ueasurements made with the 

extensometer are shown in Fig. 8:9. 

5:2 2•Icasurement of Total Stresses. 

The significance of measuring total stresses is discussed 

in Ch.2. A useful summary of total stress measurement is given 

by Arthur (1963). 

host commonly, total stresses are measured by pressure 

cells by measuring the deflection of a rigid diaphragm which 

is in contact with the soil. Usually the diaphragm is fixed 

at its edges. hull deflection systems can be used but 

various studies of the deflection of the diaphra071 which can 

be tolerated without influencing the accuracy of measurement 

(for instance Woodman:1955, Trollope & Currie:1960) show that 

null systems are not necessary for field measurements. 

The cell is calibrated to relate deflection of the dia- 

phragm to pressure. i:ydrostatic pressure is normally used for 

this purpose. 

Leasurenent of the deflection of the diaDhrari7ms can be 

made in a number of ways, for example: 

(i) Lydraulic Systems (Rowe et al:1961, T'ranz:1950. 

(ii) vibrating wire strain gauges (Ward:1955, /ient1958, 

(iv) Pneumatic Systems (ihramaratna:1961). 
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(v) Llectrical inductance or capacities strain L.auges 

(Rowe:1954). 

(vi) Electrical resistance strain .:awes (Plantema:1953, 

	

Redshaw:1954, 'joodmant1955, Arthur 	7oscoe:1961, 

CoolinE:1962). 

(vii)Pcizoelectric crystals (Whiffin 	orris:1962). 

Pressure cells are most frosuently used for measuring.  

stresses on the boundaries of soil masses. For instance they 

may be used for measuring the total earth pressures on a tunnel 

or on a retaining.  wall. In such cases the cell can be built 

into the face of the structures, and if the cell diaphragm 

is sufficiently rip.id and of similar roughness to the struct-

ure surface, then correct readings of pressure will be recorded. 

It is assumed with most cells that shear stress everted on the 

diaphram does not influence the calibration for normal pres-

sure. 

If is is desired to measure internal stresses in a soil, 

hen a pressure cell must be embedded in the soil. If it were 

	

:oossible to construct a pressre cell havin:. 	ssae stress 

strain characteristics as the soil, then stresses would be 

measured correctly. This is not possible, and tIlus the 

presence of the pressure cell cruses perturbation of the stress 

field around it. The pressures measured are not the pressures 

which would have ey_isted if the cell were not present. 
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It is generally assumed that the requirements for diaph-

ragm deflection are t'r.e,  same for an embedded cell as for a 

boundary cell. For practical purposes cells ere made rigid, 

md the problem of calibration becomes -Cce influence of a rigid 

inclusion on the stresses in the soil. The problem of an in-

clusion in an elsstic media has been studied extensively. 

Coutino (1944) considers the stresses around a spherical in-

clusion, and his solution for an inclusion which is rigid com-

pared to the media in which it is installed is used extensively 

in ti.:e measurement of stresses in rocks by plugs installed in 

boreholes (for instance, Roberts et al: 1964). Askegaard (1963) 

considers the stresses on an eliptical inclusion, using the 

theory of Eshalby (1957). Askegaurd also gives 	results 

of model tests on small cylindrical cells installed in an 

elastic media. kTproximate theories for cells shaped like 

flat cylinders and subject to an uniaxial stress system are 

developed by _last (1943), Taylor (1947), If_onfore (1950), 

Peattie 	Sparrow (1955) and Allwood (1956). The analyses and 

tst data 7f Taylor, lonfore and Deattie and Sparrow s-igest 

that over-registration of 10;:o would result for a pressure all 

of the shape used at Balderhead (described later), reading on 

the central Part of the face. 

The influence of the other stresses can be estimated from 

Askegaards 	his analytical solution agrees with the 

estimate of 10% over-rsistration quoted above, and both his 

analysis and his model tests allow the effect of stresses in 
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the directions parallel to the Plane of the cell to be assessed. 

Analysis and model results are reasonably consistent. 

The results of Askegaerds model tests a2:e shown plotted 

in Fig. 5:9, assuming that the measured stress 	is correct 

for C.: =, Cr; 	C 	. It is of interest that the influence of 

and0-.' on the reading is less if the cell reads on the 

whole face. This is in conflict with the reouireraents of 

honfore (1950) and Peattie and Sparrow (1954), who suggest 

that to avoid over-registration a cell should read on its cen-

tral area only. 

Whiffin and Horris (1962) describe the calibration of a 

cell similar in shape to those used at Dalderhead in silty 

sand. Over-readins: of stress by 105r1: was confirmed for cells 

measuring the major principal stress. 

The preceding discussion is concerned with cells measuring 

the major principal stress, and the analyses are based on 

assumptions of elasticity. The deformations around a large 

pressure cell in the field are not likely to be elastic, and 

measurements other thaa:_ that of the major principal stress will 

be required. 

In an embankment dam complete definition of the total 

stresses at a point will generally be repuired. If _,lane strain 

is assumed then. the direction of the intermediate principal 

stress is known and this stress can be measured with one cell. 

Three measurements of stress a:co reauired at known orientat-

ions in the other plane to define the stress at the point. 
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Theoretically two of these measurements could be of shear stresses, 

but it is much easier to measure normal pressures only. In an 

elnbankment the stress gradients  are likely to be small compared to 

the size of the pre -:sure cells, and the pressure cells can be 

considered to me sure pressures at a point. 

Little work- has been carried out on the calibration of press- 

ure cells orientated 	directions other than in tle major principal 

plane. A limited amount of work has been done by .hick (1961 and 

1963) who calibrated small pressure cells (Redshaw: 1954) inside 

large triaxial samples. These cells were 	in. thick, 1 in. dia. 

and the pressure was measured over a central area in. dia. Euck 

defined a 'cell action factor' F as the ratio between the reading 

in soil and the reading when calibrated in a fluid. The cells 

were embedded in Redhill 1 E1  sand, which was 70r, fine sand and 30% 

medium sand. Cells Were buried in the triaxial sample to measure 

the major principal stress, the minor principal stress and the 

stress on planes at 45°  to the major planes. Duck (1961) quotes 

values of F as follows: 

S 
F 
	

1.0E_ 	0.92 	0.91 

The value of F = 1.08 agrees with 	over-reading: of 10r. 

recorded by Whiffin and 1.7orris (1962). 

If cell action factors for a given type of cell can be de-

fined, and if it is asui:ned that they are a unicue function of the 

orientation of the cell with. respect to the principal planes and 

independent of the stress history, then a simple analytical 



acoroach can be applied. 

If three cells are used and placed at angles to each other 

as shown in Fig. 5:10, then the angle between the axis of t-e 

cells and the direction of the principle stress is defined by 

OC/2, and cell action factor F = 	f( oC) 

 

(5°10) 

 

If 
	= pressures measured on cells a, 	c then 
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C 	) 

 

(5:11) 

 

Since the orientation of the cells is known 

(5:12) 

and if r is the radiuE. of the stress circle and Cri;,.= average 

stress, then 

r, 
0 	y  c 	Cc,  s C 

 

(5:13) 

 

In eons. 5:12 and 5:13 the: are 5 unknowns and 5 equations and 

a solution ( en be obtained. 

In the simplifying case where 

 

(5:14) 

 

then the solution becomes 

ta rr 0:: a t" 	P 

P  if: it 

 

(5:15) 

 



and the orientation of the stresses is defined. 

The value of cYc.Aand the values of f( :D( a,b,c) used in eqn. 

5:11 must be consistent. In practice they can 1.e made so by a 

trial and error procedure. 

It may be considered -.-2.visable to include a spare cell in 

the array in case one cell fails. In this case equations 

5:11, 12 and 13 can be rewritten, and t': ere is 1 redundant 
equation. 

If we consider that each equation has an error ea,b,c,d, 

and that 

t"T•-• 
0- y , C 	o 	c.: , ..... (5:16) 

then we have 7 equations and 10 unknowns. 

It should be possible to proceed by defining 3 minimising 

equations for ea,b,c,d, but with the present lack of knowledge 

of cell action factors this is not worthwhile. In order to 

examine the consistency of the readins of the cells it is -)os-

sicle to consider that only one cell is in error, cud to 

consider the error <,.s occur 11E in each cell in turn. Examined 

on this basis the error in normal stress is numerically the 

some for eac cell. The ran ;e of au Iles ca]i be calculated using 

equction 5215. 

It is numerically convenient to aportion the errors of 

reading in prportion to the cell action factors. As a 

simplified example the rea,anEs of the Dalderhead cells can be 

considered. 
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14 0. 

On 1/10/64 the rcadincs were as follows : 

a (5/6 ) 
	

b(3/4) 	c(1/2) 	a(7/8) 

92.5 	73.7 
	

56.8 	67.2. 

cl 	p 

 

(5:17) 

 

From the above figures (uncorrected) ect= 10.4 

The scatter of angles is as follows: 

abc assumed correct 

bcd 
	it 	 it 

cda 	It 

dab 

averae,ec:/-• = 7o 

0 = + 6.6° 

sa = -15.6° 

cca = _26.6° 

- 6.40 

If 	= 	= 1 - x 

and :F; 	= f(X
bcd 

= 1 + x (1) o;c 2 d 	, ,  

and 	E 	( 	) Pc (~+7) —Pc\ (1"•x) 

and 	= 0.06. 

In this case a unious ant:lc of C4(a is defined 

= -60 

(1) Bucks work shows tht where cell a 	t-17e z,aor prin- 
cipal stress it over-reads by ap:)roxi7ately the same amount 
as the cell reading minor princi)F.1 stress E,nd the two 
inclined cells under-read. This is F.SF,12Mee, here, and also 
that cell a is approximately in the idajor -:princi-')al plane. 



It is clear from the preceding discussion that if deter-

minations of total stress in embanhments are to be made much 

more research into cell action factors is required. The present 

lack of knowledge is such that a simplified aT.proach has been 

used in Ch.8 t discuss the results of the Balderhead pressure 

cells. The equations given are well conditioned for the deter-

mination of both the magnitude and direction of the principal 

stresses, particularly if one cell is oriented close to a 

principal plane. Thus cell action factors need not be 

determined with great accuracy for field measurements of an 

adequate engineering accuracy to be obtained. 

5:2,1 Pressure Cells as Used At Balderhead 

Boundary pressure cells using a stiff diaphragm with a 

vibrating strain gauge anchored to measure the deilection of two 

pillars mounted at the points of contraflexure have been develo-

ped during colloboration between the luilding Research Station 

and the '.1..orwegian Geotechnical Institute 	1962). This 

configuration has two adventaAes. The deflection of the pillars 

mgnifies the deflection of the diaphragm, and the mounting of 

the vibrating wire pai:allel to the diaphragm enables it to be 

accommodated in a flat cell. 

When the instrumentation of the Balderhead core was planned, 

the desirability of making total stress measurements was con-

sidered. The Tiiilding Research Station were asked whether they 

would undertake to provide the equipment and assist with 

observations, and during discussions the principle of mounting 
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back to back two cells of the type already developed for mount-

ing on sheet pile was evolved. The advantages of this system 

are that the resulting cell is symmetrical, cL.d provided that 

the two cells are joined securely, the rigidity of the encastre 

mounting of the diaphragm is ensured. 17easuring pressures on 

both faces means that the cell is 1L.rgely self checking against 

bedding errors and sero drift, and. an  average reading is 

obtained at little extra overall expense. 

The Building Research Station developed the cells illus-

trated in Fig. 5:11. The y)roblem of corrosion of sealed cells 

becomes severe when long term measurements are required. 

Diffusion of E:as or vapour into or out of the cell also causes 

another problem, since the total pressvre is measured relative 

to the air pressure inside the cell. To 	these problems 

the 	cells have permanent circulation of dry nitrogen 

through them. The nitrogen is circulated up a small bore 

nylon tube and returns through a in. Y.B. heavy duty 

'Alkathene' tube which serves as a sleeve for the electrical 

cable and the nylon tube. 

l-fore installation the cells were wraTJed in greased 

tape to prevent external corrosion. The merits of using such 

tape are uncertain, since it means that shear stresses in the 

soil cannot be transmitted to the cell. The effect of this 

on the cell action factor is unknown and should. be determined. 
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The three cells which were placed with one face in con-

tact with the original ground. had a bed formed for them by 

careful excavation. This bed was finally made plane by 

vibrating a steel plate of the same diameter- as the cell against 

it. Clay at the same moisture content as the rest of the core 

was compacted round the cells usinc initially :and proctor 

hammers in shrouding tubes, then club hammers and then pneumatic 

compactors. 

1.43. 



5:1 Standpipes for Balderhead water level gauge. 

Plate 5:1. 
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