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CHAPTER 6. 

PERFOFLAITE OF ROLLED  BOULDER CLAY FILL AT SELSET.  

6:1 Introduction 

Experience with fine grained impermeable boulder clays as 

fill materials at kuirhead (Banks: 1948), Knochendon (Banks: 

1952) and Usk (Sheppard & Aylen:1957) indicated that, when 

placed in an area of high rainfall, they were likely to present 

stability problems during construction. At the Selset dam 

boulder clay was the most economic fill material available. 

It was decided to base the design on the use of drainage 

blankets to aid the dissipation of excess pore pressures during 

construction. 

Details of they  design calculations and of the construction 

techniques are given by Bishop and Vaughan (1962) and Kennard 

& Kennard (1962). 

The main problem concerning the use of boulder clays as 

fill in an area of high rainfall is their sensitivity to 

moisture. A small increase in moisture content can lead to a 

large decrease in undrained shear strength and a similarly large 

increase in the pore nressurcs set up during construction. 

This is illustrated in Fig. 6:1. In fact a close control of 

the construction technique(1) and a compaction snecification 

which precluded the use of fill more than about 	wet of 

(1) The use of face shovels in the borrow pits was specified, 
which prevented large areas of clay being exposed to rain 
before being loaded. 
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optimum because it could not be compacted to the specified den-

sity of 950 of Proctor contributed largely to keeping pore 

pressures during construction down. 

A large number of piezometers were installed in the boulder 

clay fill between the drainage blankets to measure the con-

structive pore pressures and the rates of dissipation. Settle-

ment gauges were installed so that in-situ compressibilities 

could be measured. In this chapter the readings of these 

instruments are evaluated. 

There is one main difficulty in doing this. Apart from 

five piezometers installed experimentally in the top of the 

dam all the tips had low air entry value filters. As des-

cribed in chapter 3 this causes difficulties in interpreting 

the readings obtained. It will be assumed in general that the 

piezometers are recording pore water pressure, and that this 

uniquely defines effective stress. Possible anomalies and 

inaccuracies due to this assumption are discussed as they arise. 

Similar and sometimes more difficult problems arise in 

comparing the actual field behaviour with that predicted from 

laboratory triaxial tests, since low air entry value porous 

stones were also used in most of the laboratory tests. It is 

paradoxial that the performance measured with low air entry 

value tips agrees with the laboratory tests performed on a 

similar basis rather better than the performance measured with 

high air entry filters agrees with results of laboratory tests 

using high air entry value filters. 



Because of the low permeability of 	fill anC therefore 

the slow equalisation of pore pressure through it, and because 

of the isolation of the fill into layers by the drainage 

blankets, it is a pparent thLt the number of piezometers installed 

do not allow a precise analysis of stability in terms of dir-

ectly:.:..easured pore pressures. As an example, the two piez-

ometers F.1 and F.2., located at the seine level only 8 ft. 

apart horizontally, showed pore pressures of 34 and 17 ft. of 

water, respectively, at the end of construction. Clearly one 

tip alone cannot be relied upon to record a representative 

measurement. Thus it is much more important to establish 

from the field measurements that the design assumptions with 

regard to pore preseure 	up and dissipation arc not 

optimistic, and that ti-e generalised 'model' used in the 

design is correct. 

6:2 Properties of the Boulder Clay Fill. 

Properties of the clay fill are am.marised in Table 6:1. 

The results of various shear tests are given in Table 6:2. 

The undrained tests with pore -ressure measurement are these 

presented in terms of total stress in Fib. 6:1. It is most 

tro d able that the shear strength in terms of effective stress 

is higher than the indicated values of c' = 0-163 lb./ft.2  

and 0, = 	The tests on which these fic,:u,res are based 

wcre performed on clay whicl-  haC been stored in an air dried 

condition for LeveraI years. iliore recent tests on similar clay 
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at Balderhead have given ci = 160 , 450 lbi/fti2  and 01  - 28°: 

Who results of various consolidation tests are given in Figs 

6:2s These tests were performed with a back pressure so 

the measurement of pore pressures with the low air entry value 

filter should have been corrects Compressibilitie0 Measured 

in various tests are given in Figs 6:3. The effective stresses 

in the triaxial tests shown are likely to have been under-

estim:ted by the use of low air entry value filters. 

Various tests on the Selset clay are quoted by Hansen 

(1955) Blight (1961) and Matyas (1963). 

6:3 The Lmbanipent  Sections  

The embankment section is s:' :own in F. 6:4. The 

drainw?e blankets are located at 15 ft. centres, except where 

constructional expediency required closer spacing. This 

spacim was baseC on an assumed value for the coefficient of 

consolidation cv  of 1.5 ft.`/month. 

6:4 Instrumentation.  

The location of the piezometers in the fill are shown on 

Fig. 6:4. 

JD to ue end of 1957 vertical drains were constructed as 

well as tl:e horizontal drainage blankets. It had been thought 

that anisotropy of the fill might make these drains more 

(1) It is interesting to note that if c' = 0 and 0 = 26.50  then 
the factor of safety of the upstream slope at Selset during 
rapid draw down, would according to 	conventional analysis, 
'cc less than lt.O. (Bishop 	Vaughan: 1962b). 

147 



efficient than horizontal ones. Groups of niezometers were in-

stalled to check on this anisotropy. Group 1 was installed 

incorrectly and was abandoned. Group 2 was installed to 

replace Group 1 and Group 5 was installed in the layer above. 

No vertical drains were constructed in 1958 and 1959 and 

groups of three piezometers where placed in each leyer of fill 

between blankets on the downstream side. As s_-own on Fig. 6:4 

nearly all the piezometer tips were of the B.I.S. type 

illustrated in Fib. 3:5a. 

On the upstream side single tips were insalled. Many of 

these tips were incorrectly fabricated and were difficult to 

de-air. While high pore pressures could be recorded no 

consistent measurements of dissipation rates could be made and 

the records of these tips will not be considered here. 

The water level settlement gauges described in Ch.5 were 

installed es show:2_ on Fig. 6:11. 

Details 
of, 
 much of the instrumentation are described by 

_Bishop, Kennard & Penman (1960). 

6:5 Pore Pressure Records and Their Analzsis. 

Records of the pore pressures recorded by the various down-

stream niezometers in the fill are given in Appendix A. 

The eaustion governing' the build up and dissipation of pore 

pressure in one dimension in a soil obeying the Terzaghi con-

solidation equation can be written as follo,.;s. (Gibson:1958) 

cv 'Ytdi 	4 0(57 
Z) 	oe 

 

(6:1) 
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L., 

then 

(6:2) 

(6:3) 
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where 
	6 LI 	 in undrained loading. 

If it is assumed that 

In the analysis of pore pressures which follows, eqn. 

(6:3) will be assumed to govern the pore pressures in the fill, 

and numerical methods will be used to derive average values 

of cv 	end B which, over a specified pe..ziod of time, give 

a best fit to the actual field behaviour. The presence of 

the drainage blankets makes the problem. one-dimensional. The 

Problem of anisotropy will be considered later. 

The first step was to plot from the piezometer records the 

pore pressure distribution through a given layer at different 

times. Smooth curves were drawn to give a best fit to the 

plot of pore pressure against time for the winter seasons when 

no fill was being placed. Values were taken from these smooth 

curves for various times and plotted. to give the pore pressure 

distributions es shown in Fig. 6;5. The pore pressure records 

during placing: were not 'smoothed'. It will be noticed that 

there 	many inconsistencies  in the ooze pressure records of 

individual points and that they do not necessarily give a 

sensibly shaped ,ressue,_-.0 distribution t-r.rouh the layers. This 

may 'lee due partly to the various, errors of measurement 
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discussed in Ch.3, cut it is more likely 6.::7.e to the fact that 

the j_ez,ometer points ,::ere not usually placed directly one 

above the other, and therefore do not lie on the same drainage 

-oath. 

The records for each shutdown season we 	analysed first. 

During the shutdown season :.Yr" 	= 0 and eqn. 6:3 

becomes 

2. 
Cv  LI 	4-1.4 

 

(6:4) 

  

This may be written in finite afference form (Gibson & 

Lumbe:1953). If the distance between drainage paths is 

Divided into a grid of slpacinE 6)c, and at time t the values 

of u on three adjacent nodes of the grid EY0 u1  u2  and u3, and 

at time t 	u2 becomes 	then 

- LA 

-nd 

and eqn. 6:4 becomes 

v 	(L& -? 1.1 tut ) 
S 

and 
	

13 (U-3, - U.; s U1 	4.-   	(6:5) 

1' where CV S 

 

(6:6) 

  



if /7'.= 	(Gibson & Lumbl 1953 discussion) then 

5:. 

 

(6:7) 

 

Equation (6:7) can be. applied to any initial ncre press-

ure distribution to give t_-Ie nodal values after time n: St: where 

n is the number of times the equation is applied. 

T2-_e distance between drainage blankets was divided up 

generally into 10 to give the nodal spacing, and nore pressure 

Values at the nodes were determined from the pore liressure 

distri-Pution curves at to.e beginning to tho shutdown season. 

All average pore pressure between the drainage blankets 

was then calculated from the pore - )ressure distribution curve 

after time t. Eqn. 6:7 was applied to the nodal values a given 

number of times. For each new application of Eqn. (6:7) 

the average pore pressure between the drainage blankets was 

determined. 	interpolrAion the number of applications n of 

Eqn (6:7) (not necessarily a 1,!hole number) required to give 

ti-.e same average pore :,,ressure as that observed after time t 

could be found. Thus 

and 

)C. 2.  From eqn. (6,16) cv  = 

 

(6:8) 

 

 

(639) 
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Thus a value of cv  is derived which, used in eqn (6:4) 

Over time t, gives the same average degree of consolidation 

as is observed in the field. The same average degree of 

consolidation does not mean the same shape or the same maximum 

pore pressure. Schiffman & Gibson (1964) give worked examples 

of the shapes of pore pressure distribution curves for non-

uniform layers. These curves show that the maximum value for 

the non-uniform layer is usually not very different from the 

maximum value calculated assuming uniform properties. This is 

illustrated by the curves shown for group 2 in Fig. 6:5. 

This method can be used to obtain a value of cv  for the whole 

shutdown season, or for shorter periods. The fill placed at 

the bottom of group 2 was placed dry, and no pore pressures 

were measured during the first placing season. The results 

of the first shutdown season were interpreted assuming that 

d/Tinage took place into the dry fill a.-zd, tat the boundary 

lotween the dry and wet fill was at zero pressure. 

Values of cv  for each season are shown for each layer in 

Fig, 622 where they can be compared with the laboratory values. 

The field values are slightly higher than the laboratory values, 

but the laboratory tests were performed on some of the more 

plastic material. The values of cv  obscrved in the top of the 

dam are higher than elsewhere probably iocaude more material 

from the less plastic forth borrow pit was used higher up. It 

may be concluded that the agr,ement between the values of cv  

determined in laboratory triaxial tests under all round pressure 
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wAioeS 
agrees closely with the measured in the field. The variation 

of cv during the shutdown seasons is illustrated in Table 6:3. 

Table 6:3 shows tht the values of cv  do not show very con-

sistent trends, but generally they decrease during the shut-

down seasons. This can be accounted for on two grounds. 

Firstly, as the pore pressures drops the air in the soil 

occupies a larger volume and becomes more compressible. This 

leads to a lag in the rate of pressure dissipation (see Ch.9). 

Secondly, if as is inferred in Ch.3, the piezometers are tending 

to measure air rather than water pressure then as the pore 

pressure decreases the difference between the air and water 

pressures will increase and the air pressure will fall less 

rapidly than the water pressure. 

The analysis of pore pressure build up duriri construction 
.as 

is not easy as the analysis of dissipation rates. During the 

placing of fill pore pressure will change under the combined 

influence of the changes in total stress and of drainage. The 

analysis now discussed is intended to separate the Dore pressure 

change due to the change in total stresses from the change due 

to drainage. It should be noted that the Dore pressure change 

due to the change in total stresses so derived will not neces-

sarily by the sane as the change under undrained conditions, 

as drainage will continuously modify the response of the soil 

to changes in total stress. 

To make the analysis the values of cv  derived for the shut-

down seasons are used to estimate the average value of cv  which 
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would have controlled the rate of drainage during the construct-

ion season. This value of cv can be used in equation (6:3) and 

the value of B adjusted until a best fit is obtained between 

the pore pressure build up predicted by equation (6:3) used in 

a numerical calculation and that actually observed. 

Two methods of making the analysis have been used. The 

first is illustrated on Fig. 6:5. In this case a value of B 

is assumed, and equation (6:3) in finite difference form is 

used to predict the pore pressure distribution at the end of 

construction. Equation (6:3) in finite differenceNbecomes 

(Gibson:1958). 

t.1 	-t- 3 

 

(6:10) 

   

when (1,  - 

This equation can be applied in the same manner as Eqn. 

(6:7).Sbis the increase in height of the fill i time Si.% In 

Fig.(6:5) the pore pressure distribution for different values 

of Tare shown. The correct value of 
B 
 is defined as the one 

giving the same average pore pressure as that observed, and it 

is found by interT)olation. In the first season there is a 

difficulty in that the initial pore pressures are not known. 

In the analysis the initial values are assumed to be zero. 

This assumption is probably valid for pore air pressures, but 

the value of T determined in this way will be mailer than that 

referring to water preslures, for two reasons. Firstly, the 



pore water pressure - pore air pressure difference decreases 

as pressures rise so that core water pressure rises more 

guickly than the air pressure: Secondly the initial pore 

water pressures will certainly be lower than zero, and, since 

pore pressures will not be positive until some fill has been 

placed, the effect of drainage is overestimated. 

The problem of the build up of pore pressures while the 

layer is being placed is dealt with by the method suggested 

by Gibson(1958) using the solution for a layer being sedimented 

at a uniform rate. A typical pore pressure distribution 

calculated in this way for the end of placing of the layer 

is shown in Fig. 6:5. From the end of placing of the layer 

Lqn. (6:10) can be used in a numerical calculation. 

The alternative method of analysis involves the principle 

of superposition. It can be seen from eqn. (6:7) that if cv  

remains constant then any solution can be broken down into 

any number of parts each of which can be calculated separately. 

Thus the principle of superposition may be used. If there 

is an initial pore pressure at the beginning of a construction 

season, then the rate of dissipation of this pore pressure can 

be computed according to Eqn. (6:7). The construction of the 

dam can be represented by a series of 'steps'. It a step is 

of thickness & h then a uniform pore pressure fs u will be set 

up throughout the layer. 

,6L.1 	• 4)'") 

 

(6:11) 

  



The dissipation of each uniform pore pressure step is 

giVen by the appropriate standard solution of the Terzaghi 

consolidation equation (see, for instance, Taylor:1948). 

The solutions for the original pore pressures and for each step 

can be added together to give the final answer. Both the 

average pore pressure and the individual pore pressures 

can be predicted. The value of L operating over a period 

of time can be obtained by comparing the average pore pressure 

predicted with the measured average pore pressure. 

If the rate of construction is constant, or is 

sufficiently constant for this simplifying assumption to be 

made, then a standard solution can be produced. This is 

shown on Fig. 6:6. The method of using this solution to 

determine B is illustrated diagrammatically in Fi•. 6:7. 

sample calculations showed that the rate of placing during 

1958 and 1959 was sufficiently uniform for this simple tech-

nique to be used without involving sicnificant error. 

The value of f obtained from the analysis are shown in 

Table 6:4. In interpreting these values the state of stress 

in the dam must be considered. The value of r depends not only 

on the major principle stress change but on the change in shear 

stress. ;haring the early stages of construction the dam was 

wide co pared to its height, and stress conditions during the 

first two Placing seasons would have been approximately 

those of earth pressure at rest (K 0  ). These conditions 

might be expected to persist to a lesser degree into the 
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beginning of the third season. The values of B  for the first 

two seasons and the beginning of the third season are shown 

plotted in Fig. 6:8, where they can be compared with the 

values of B measured by Hanson (1953) in the laboratory using 

coarse filters, and with the value of Ba and Bw determined by 

Blight (1960) and Eatyas (1963) using high air entry valve 

filters. 
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Bw over the stress ra ge used generally refers to a decrease 

in suction due to an increase in ambient stress. Kenney's 

values were obtained under Ko  conditions but Blight's and 

Natyas values were obtained under isotropic stresses. The 

values of B obtained in the field agree reasonably with the 

values of B obtained using high air entry value tips. However, 

the pore water pressures indicated are much higher than those 

measured in the laboratory. If the piezometers aJe assumed to 

have measured pore air pressures then the values of La in the 

field is too high. Thus the pore presseres measured in the 

field are higher than either ti.e pore air or pore water 

-.)ressures which would be predicted by laboratory tests using 

high air entry value filters, and the anomalies discussed in 

Ch.3 are aT2parent. 



During the later stages of construction of 1959 shear 

stresses would have developed in the section. With dila-

tant fill an increase in shear stresses will lead to a 

decrease in pore pressure for the same majlr principle 

stress. This is illustrated by two triaxial tests in Fig. 

o:9. These tests were mace using low air entry value 

filters. Table 6:4 shows that this effect was more marked 

at the piezometers in the top of the dam, where the factor of 

safety against shear failure would have been lower. The 

effect was greatest in layer 5, which incorporated the 

interface between 1958 fill and 1959 fill and. which. was 

placed wetter than the fill elsewhere in the dam.(1)  

Piezometer 71 was at the centre of this layer end the pore 

pressure observed is shown in Fig. 6:10. The moisture content 

at point 71 was opt. + 1.5( 	The observed pore pressure has 

been approximately corrected for drainage. As can be seen 

the pore pressure increases rapidly during the early stages 

of construction, but as the shear stresses increase the rate 

of increase slows down. The factors of safety against failure 

trough point 71 was estimated to be a little greater than 

1.5 in te.uss of effective stress at the end of construction. 

The corrected value of Pore pressure at the end of con-

struction is shown on FiE. 6:9 plotted against overburden 

pressure. Reasonable agreement is obtained with the results 

of the triaxial tests. 

(1) It is probable that the layer at the piezometer was rather 
wetter than the figure of opt. + r: derived from the weekly 
average moisture contents. 
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It is of interest that the analysis of stability &.zainst 

sliding through Point 71 ave a factor of safety of 1.5 in 

terns of effective stress. An approximc.te analysis in ters of 

total stress using Taylor's coefficients (Taylor: 2.48) and 

using the strengths shown on Y-17. 6:1 with a rfoisture content 

of opt. + 	,:ives a factor of safety in terns of Cu, 011 of 

about 1.8 for the top of the downstream slope and 1.5 for the 

whole slope. 

6:6 Effect of Anistropy.  

As discussed previously the bottom two layers were drained 

horizontally by wall drains as well as vertically by the drainage 

blankets, and piezometers were installed to measure the effect-

iveness of the vertical drains. 

The pore pressure distribution horizontally between the 

wall drains for layer one is given by Bishop, Kennard and Penman 

(1960). The results for 1958-59 show that the influence of 

horizontal drainage had penetrated no more than 1C) ft. in 9 

months. The standard solution of the Terzashi consolidation 

equation shows that the centre of a layer is noticeably influenced 

at a time factor T of about 0.1. Thus for an infinitely thick 

layer 

where d is the depth of penetration of drainae at tiF2.e t. 



For a penetration of 10 ft. in 9 months; cv  = 1.1 ft.
2/ 

months 

With the. Value for c
v 
noasure vertically of 3 ft.2/r:onth 

then the depth of penetration would be 16.5 ft. and the con-

solidation_ 10 ft. froci the boundary due to horizontal drainage 

would be approximately 185. The influence cf horizontal 

drainage can be illustrated as follows: 

d(T = 0.1, t = 9m) 
V 

% consolidation 
(10 ft. from 
boundary) 

1.1 10 5 

3  16 18 

6 22.5 31 

9 28.5 44 

It can be seen that there is no evidence of anisotroy. The 

scatter of the experir:tental readings does not warrant a more 

exact analysis. 

6:7 Conlpressibility of the Fill and Settlement. 

The settlement records obtained with the water level settle-

meat gauges are shown on Fig. 6:11. Gau;;es Sl, 52 and S3 are 

vertically above each other and usin'; the measured average pore 

pressures in the layers and assumins that the vertical stress is 

eeual to the overburden pressure, then the fidd co=ressibilities 

can be derived. These are shown on Fig. 6:12. In measurinr: the 

field coapressibilities the settlements are only ,:leasured after 



the layer has been placed. Thus there is an initial effective 

stress in the layer at the time when settlements are first 

measured. A laboratory test under Co conditions at a similar 

moisture content is shown for comparison. The laboratory test 

is corrected to show the volume chanL;es and stress chances 

after the test had reached the same initial stress as the field 

layers.. 

If it is assumed that the field piezometers were measuring 

pore air pressures, then effective stresses would have been 

over-estimated, and the field compressibilities would be less 

than indicated. The settlement during the first shutdown season 

of the bottom layer by nearly 1.5- is of interest. A possible 

explanation is that the bottom 5 ft. of the layer was placed 

at least 2;2-', dry of optimum and the settlement measured durin,. 

the shutdown season may have been collapse settlement of this 

fill as it 'wetted up'. 

Apart from this apparent anomaly the compressibilities 

agree reasonably with the laboratory values and a relatively 

smooth curve is obtained irrespective of whether the effective 

stress change is estimated by a change in overburden pressure 

or by a change in pore pressure. 

Settlement of the dam after construction is shown on FiE7. 

6:13. This record is of the crest settlement marker which has 

settled most. Ultimate settlement of the crest of t-so clam. is 

complicated by the archini: effect of the puddle clay core 

(see Ch.E), and by the fact that the reservoir was filled before 



. h 

consolidation had taken place and thus the central part of the 

da:li will only consolidate to the long term steady seepage pore 

pressures.(1) 

The long ten:, equalisation of pore pressure shown by 

piesometers P.1 and P.3 is shown in Fig. 6:14. It can be seen 

that full equalisation to stead': seepage valueshas occurred in 

the top of the dam 	about 4 years after construction. If it 

is assumed that the further settlement of the core which is 

possible due to complete dissipation of pore pressures is 

controlled by the settlement of the boulder clay with a coef-

ficient of compressibility as measured in the field D
v 

= 

0.0004 in.
2/lb, then the settlement if complete consolidation 

took place would be 

162. 

	 (6:14) 

where 	= average pore pressure in core at depth h. 

The further settlement of the dam 120 ft. hich would be 

0.6 ft. This is well within the settle:aent allowance and 

would result in an ultimate excess level of the crest of 1.5 ft. 

(1) Unless the dam suffers a prolonged drawdown. 



6:8  Summary and Conclusions.  

1) Nearly all the field pore Pressures were measured with 

piezoneters with low air entry valve filters, and many 

of the laboratory tests were performed with similar 

filters. Thus there are difficulties in interpreting 

the results. 

2) The laboratory tests predict the field rates of dissip-

ation accurately. 

3) The pore pressure build up in each layer is consistent 

with the variations in water content. They are not con-

sistent with the test results obtained with high air 

entry valve filters. 

4) The effect of increasing shear stress on the rate of 

pore pressure build up is aeoarent towards the end of 

construction. 

5) There is no evidence of anisotropy in the fill. 

6) The compressibility of the fill measured in the field 

agrees with laboratory tests under Ko 
conditions. 

7) Full equalisation of pore pressures in the top of the 

core took about 4 years after completion. The ultimate 

settlement based on dissipation of the steady see-page 

pore pressures if the dam was i)erm2nently drawn down 

would be 0.6 ft. 

The seneral conclusion is that laboratory tests pre-- 

dieted the rates of dissipation accurately, but that in 



the present state of knowlede predictions of Dore 

pressure during construction az'e uncertain. 
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CHAPTER 7  

ANALYSIS OF THE BEHAVIOUR OF THE SOFT 

CLAY FOUNDATION AT SELSET  

A cross-section of the valley at Selset is shown in Fig. 

10:1. The centre of the valley contained alluvial gravel 

overlying boulder clay overlying sandstone. During the early 

construction period, it was discovered that the upper part of 

the boulder clay was soft, undrained shear strengths as low 

as 3 lb./in.2  being measured. The total thickness of boulder 

clay is typically between 25-35 ft. The engineering problem 

presented by this soft clay and its solution is discussed by 

Kennard & Kennard (1962), Bishop & Vaughan (1962a and 1962b) 

Serota (1963) and in the Contractors Record (1956). 

An extensive site investigation programme was carried out 

by means of trial pits and boreholes. These are shown in 

Figs. 7:1 and 7:2. Undrained strengths were determined by 

laboratory triaxial tests on undisturbed and remoulded 

samples, and by plate bearing tests on the sides of the pits. 

Fig. 7:3 shows a comparison between the methods. Fig. 7:4 shows 

the correlation between moisture content and undrained shear 

strength. A number of laboratory consolidation tests in the 

triaxial apparatus and triaxial compression tests with pore 

pressure measurement were carried out on undisturbed and re-

moulded samples. These tests are summarized in Table 7:1. 

The undisturbed samples were obtained by jacking the sampling 
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tubes horizontally from the trial pits. Values of the coe-

fficient of consolidation are shown plotted in Fig. 7:5. 

Values of the coefficient of compressibility are shown plotted 

in Fig. 7:6. Values of the coefficient of permeability de-

rived from the consolidation tests are given in Fig. 4:7. 

Assuming that the pore pressures set up are equal to the 

increase in overburden pressure, and that an analysis in terms 

of effective stress shows that 50% dissipation of pore 

pressure is required for a factor of safety of 1.5, then for 

a 30 ft. thick(1)  layer of boulder clay with double drainage 

and three equal placing seasons the cv  required is 4.5 ft.
2
/ 

month. For a factor of safety 1.0, 2.5 ft.2/month is required. 

The laboratory tests (Fig. 7:5) showed that this could not 

be relied upon, and double drainage is an optimistic assump-

tion. 

It was decided that the most economical and practical 

method of dealing with the soft foundation was to install sand-

drains. The design of the sand drain installation is 

discussed by Bishop & Vaughan (1962). The sand drains were 

constructed by driving a mandrel. The driving records were used 

as a check on the extent of the installation required, and 

this is shown in Fig. 7:1. The correlation between undrained 

shear strength and the number of driving blows is shown on 

Fig. 7:7, where the undrained shear strength was determined 

(1) The preliminary design analysis was based on a thickness of 
40 ft. 
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by tests in pits and on samples from boreholes, and on Fig. 

7:3 where the undrained strength was determined from static 

loading tests to failure on the shoe of the pile being driven. 

A total of 14 piezometers were installed between the sand 

drains (Bishop, Kennard and Penman, 1960) to measure the rate 

of dissipation of pore pressure and to enable the design 

assumptions to be checked. Details of these piezometers are 

shown in Table 7:2. The records of the pressures measured 

with them are shown in Fig. A.2 in the Appendix. 

Approximate analyses showed that the pore pressures were 

dissipating more rapidly than was expected, but as a check 

on stability a permanent check was made on the pore pressure 

ratios in the foundation. 

In the remainder of this chapter the records of these 

piezometers are analysed in more detail to determine the 

behaviour of the foundation. 

Records of deformations of the slopes were kept during 

construction, but difficulties were experienced due to the 

long sight distances involved. All that can be said is that 

such deformations were less than i in., on average, which was 

the accuracy of the observations. 

7:2 Consolidation Theory a: lethod of Analysis. 

7:2:1 Radial Drainage  

Radial drainage is assumed to be governed by the solution 

for equal vertical strain in any layer given by Barron (1948) 
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re  = 

r 	4 	re a  109 e 	- r rj-  
 (7:1) 

] 
ciez  F(n) a 

where de 
= dian. of cylinder with impermeable walls assumed 

to be draining to drain well, diam. dw. 

t-to 	G.)  
2 

U = pore pressure at radius r 
r - 

U = ay.  . pore pressure 

= Uo. e. 
X = - 8, Tr 

F(n) 
where U

o 
= average initial pore pressure 

	 (7:2) 

  

(7:3) 

  

a 
F(n)= 	°Cje(r) 	3  n-2-  

	

4r) a   (7:4) 

de 
dco 

T
r 

=   (7:5) 

dea 
From eqn, (7:1) the pressure on the outside boundary of 

IC 
the cylinder U is given by 

F(n pocse  (n) 
) 

	 (7:6) 

The initial pore pressure distribution (t = 0) consistent 
of 

with this solution is not uniform. A plot4  against Tr 
is 

given on Fig. 7:9. 
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Richart (1957) shows that eqn. (7:2) for equal strain 

agrees reasonably with Barron's alternative solution for 

free strain (Barron:1948). Since the two solutions represent 

limiting cases the theory may be expected to represent the 

actual consolidation process reasonably. There is one major 

simplification inherent in the assumption of the Terzaghi 

consolidation theory, and that is that no pore pressure 

changes are caused by changes in total stress due to differ-

ential strains during the consolidation process. 

In using eqns. (7:1) and (7:2) in the field each drain 

well can be assumed to have a zone of influence determined 

by symmetry and contained by boundaries across which there is 

no flow. These boundaries will not define a cylinder, however, 

and thus the use of eqns. (7:1) and (7:2) will involve an 

approximation. The wells at Selset were installed in a 

square pattern, and the piezometers were installed in the 

centre of the square patterns, equidistant from four wells. 

Thus if eqn. (7:6) is used the approximation lies in the 

assumption that the pore pressure at this point in the 

square grid behaves as predicted by eqn. (7:6). The accuracy 

of this assumption. has been checked by a numerical calculation 

using finite differences on a square grid subdivided into 64 

smaller squares and with a point sink in the centre. If the 

pore pressure at the outside corners is U**, then U* is defined 

by eqn. (7:6) and U** by the numerical solution, and they can 

be compared as follows:- 



degree consolidation due to vertical drainage 

It 
	

I I 	 I 
	

" radial drainage. 

where Li v  
uo 
Ur 
lio 
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* 	 ** 
U. * 

(Eon.7:61  n = 7.53) 
U 

(Eqn. 7:6) 
LA 

vow 
1.1 	Lk 	LA. 

(r•Jumeric al) (Numeric al) (Numeric al) 

100 87.5 1.142 100 91.3 1.095 

90 78.5 1.147 90 78.9 1.14o 

8o 69.0 1.159 8o 70.4 1.135 

740 60.3 1.16o 7o 70.4 1.135 

6o 51.5 1.164 6o 53.5 1.122 

It can be seen that the agreement is good. 

7:2:2 Vertical Drainage  

Vertical drainage is assumed to be governed by the Terzaghi 

equation. In analysing the pore pressure records the pressure 

at a point has to be considered. The variation of pore pressure 

with depth is shown in Fig. 7:10, assuming dissipation of a uniform 

excess pore pressure. Throughout the following argument the 

thickness of the layer between a drained boundary and an undrained 

boundary is given by D. 

7:2:3 Combination of Vertical and Radial Drainage.  

In the case where both vertical and radial drainage occur 

the two solutions can be combined (Carrillo:1942). 

r 
U 0 	LA o 	 t..4 

 

(7:7) 

 



7:2:4 Application of Theories to Analysis of Selset Sand Drains.  

As can be seen from Firs. 7:2 the sand drains at Selset were 

constructed in a layer of boulder clay of an averaue 30-35 ft. 

in thickness. At the piezoneters the depth of the drain wells in 

the boulder clay varied from 15-22 ft. 

In the case of partly penetrating drain wells there 

problems in predicting and analysing the behaviour at the end 

of the drains. Here equation (7:7) will not apply. In order 

to make an analysis the assumption was made that there was an 

impermeable boundary at the level of the base of the sand drains. 

Thus 

—ry 	cvv 
D z    (7:8) 

where D = depth of sand drains in boulder clay. 

The accuracy of this assumption can be estimated. Fig. 

7:11 shows the dissipation of pore pressure at a point of 

depth d in a layer of thickness 2.D in double drainage. 

Typically, in the analysis which follows, c = 5 ft.
2/ 

month. The effect of vertical drainage is estimated from 

t = 2 to t = 8 months. If d = 5 ft., then the proportionate 

decrease in U., duo to vertical drainage from t = 2 to t = 8 

months can be calculated from 	7:11 

cl/D 

0$/ (Az (A2  

0 

0.58 

0.25 

0.58 

0.5 

0.45 

0.75 

0.19 
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If D is assumed to be the mid-point of the layer rather than 

the bottom of the sand drains, d/D increases. The effect of 

vertical drainate Generally becomes greater. The effect can be 

estimated for the downstream piezoucters. 

13 14 15 16 17 18 

0 0.26 0.33 0 0.41 0.32 

50% 20% 20% 40% 15% 5% 

Piezoneter 

Proportionate change in 
effect of vertical cIrainage 
due to change in boundary. 

Total effect of vertical 
drainage on pore pressure 
decrease at piezometer. 

It can be seen that the contribution of vertical drainage 

to the total drainage is less than 20% except for tips 13 and 16, 

and that for these tips, which are shallow, varying D has little 

effect. The greatest effect is at point 15 where the total 

effect is 0.33 x 20 = 6.6%. This is regarded as a small error. 

The deeper boulder clay, being much more dense than the 

soft upper clay, probably has a lower permeability, and the 

assumption of an impermeable boundary at the level of the base 

of the drains may be correct. 

The deepest piozometer is 9 ft. above the level of the 

base of the drains, and so at the piuzometers it is reasonable 

to assume that radial flow occurs without the influence of 

the ends of the drains being significant. 



7:2:5 Analysis of Shutdown Seasons. 

During the shutdown season the rate of dissipation is con- 

trolled by 

(1) the Geometry 

(2) Cvr 

(3) C - vv 

(4) The pressure in the underdrain against which dissipation 

is occuring. 

It will be assumed that 

= C C vr 	vv" 

 

(7:9) 

 

The analysis is illustrated on Fig. 7:12. 

The steps arc as follows:- 

(1) A datum for excess pressures against which dissipation is 

occuring is assumed. 

(2) Radial drainage is assumed to be according to eqn. (7:6). 

Leaving out the star suffix for convenience and writing t_L %-

to indicate radial drainage. 

1.1 r 	= Constant x e Tr 

hence 1-t-t- 	
r (A Tr) = f Uri 

 

(7:10) 

 

A plot of LAI-2 	, against 4Tr  is shown on Fig. 7:9. 
Uri 
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(3) Vertical drainage is assumed according to the Terzaghi 

equation, and the effect of vertical drainage depends on 

as well as . An approximate allowance is made for this 

by assuming that an initial uniform excess pore pressure 

increase had occured at the middle of the placing season. 

Thus an approximate value is given to t1. It can be 

seen from Fig. 7:10 that this approximation might lead 

to the largest error when T1 is small. In this case 

the effect of vertical drainage is small. If-1  is 

larger then the semi-log plot of Uvagainst 1; becomes 

almost linear and an error in the assumed value of t
1 

will not significantly effect the results of the . 

analysis. Thus for an assumed value of d/D 

174. 

v 2 
v f2 (c4-1)/f da 	 (7:11) 

(4) Using equation (7:7) 

U r2  ,Livz 
LAI 	urlUvt 

and 	U2. 	f t 	ra.eaA 	52  (Ctici  E'lz) 	t2) 	 (7:12)
d  

and 	LI1 	ra - L    (7:13) 
ut, 	- 1. 

Equations (7:12) and (7:13) can be solved by trial and 

error, as follows:- 



(a) Assume a value for cv. 

(b) Calculate 	Cr'l 	and hence c . 
GI a' 

(c) Adjust and repeat until cv  - cr. 

(5) The same proces is repeated for t2--0-t3 

(6) The process is repeated for other datum values. 

(7) The complete process can then be repeated for subsequent 

shutdown seasons. 

(8) A value for the (Tatum L for each season must be estab-

lished. This is done by assuming that cv  varies as a 

smooth function of effective stress. The values of cv  

obtained in the stages (1) to (7) are plotted against 

effective stress and against the datum level. This is 

shown on Fig. 7:12 for piezometer No. 17. The datum 

level can then be interpolated which makes the cv  - 

plot linear. Where three seasons are analysed the datum 

level is selected which gives a smooth curve. The 

order of magnitude of the error in cv  if there is an 

error in datum level can also be estimated from Fig. 

7:12. 

The values of cv determined are shown plotted on Fig. 

7:5. It can be seen that the values of cv measured in the 

field are greater than those measured in the laboratory by a 

factor of about 3x. It was not possible to analyse the 

upstream piozometers during the second shutdown season. When 

the method set out in the preceding paragraphs was amolied it 

resulted in a much more rapid increase in cv  with effective 

175. 



stress than was observed on the downstream side or in the lab-

oratory tests. The reason was that during the second season 

water impounded between the cofferdam and the core of the dam 

with a fluctuating level. Thus there was no consistent datum 

against which the foundation was consolidating. The values of 

cv for the first season have been obtained assuming an inclin-

ation for the effective pressure plot equal to the average 

value for the downstream side. The datum levels calculated 

for the downstream side are shown on Fig. 7:13, as are the 

records of the long term equalisation of piezometers 13, 16, 

17 and 18. The drainage rate at point 16 was too great for 

datum levels to be determined with accuracy, but the geometry 

of the ground surface, the datum levels predicted and the 

long term equalisation levels are consistent for the other 

points. 

The assumption is made in the analysis that cv  = cr. 

The possibility of anistropy can be considered. In Fig. 7:14 

the values of cv  determined for the first shutdown season are 

plotted against the depth of the piezometers below the top of 

the boulder clay. The influence of vertical drainage decreases 

with depth. The result if anisotropy is assumed is calculated 

for a shallow point (10.13) and a deep point (Yo.18). Aniso- 

tropy (cv 	cr) should lead to a general decrease in the 

calculated cv with depth. There is no evidence for this, but 

the scatter of the results is such that a significant degree 

of anisotropy could exist without being detected. 
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As a complete check on the method of analysis it was applied 

to a pore pressure record calculated rather then observed in the 

field. Using principles of superposition similar to those out-

lined in this chapter the pore pressure was calculated for two 

placing and dissipation seasons, assumingd/D = 1/3 and 2/3, 

D = 20 ft. and cv  = 4 ft.
2
/ month. The method of analysis when 

applied to the result gave a consistent underestimate of the 

cv  assumed in calculating the pore pressures by 8% . 

7:3 Analysis of Pore Pressure Build Up 

During the placing of fill there will be pore pressure 

increases. These can be analysed in terns of the coefficient 

B 

St..1 
B -- 

S6; 

 

(7:14) 

 

and if crr = 15.h 

where 'Zc = density of fill 

h = height of fill above point under consideration 

 

u 
= 

S 

 

(7:15) 

 

During the placing season there will be a decay of pore 

pressure due to drainage and the increase due to construction 

must be separated from this decay if B is to be determined. 

This decay will be assumed to ve governed by equation 7:1 to 

7:8. The value of cr  which is relevant can be determined from 

Fig. 7:5 and from the average effective stress during the 
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placing season. 

The method of analysis used is to divide the placing season 

up into a number of equal time intervals. The placing of fill 

can be represented as a number of instantaneous steps of 

different magnitudes occuring at the mid points of the time 

intervals. If the principle of superposition is used each can 

be considered independently. 

If Stt is the pore pressure set up by a step 

(7:16) 

and at time 
	

tl  

Lyi 	• (Ur 
SU( 	t.'1 	1•1  

 

(7:17) 

 

where Ov/ andtW
/ 
 are the proportionate decreases in Dore 
LA 

 

press= due to vertical drainage and radial drainage in time 

tl. They can be calculated as set out in the preceding section. 

Fran eqns. (7:16) and  (7:17) 

(c4) 	(Ur) 	
..... (7:18) 

and 
	Li 	2 Slit !  

hence 
	27. SU, 	 ..... (7:19) 

Z-(tttilv)t iti 	Sk 
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If the second build up season is being analysed then there 

is an initial pore pressure at the beginning of this season. 

This can be considered as due to the decay of the pore pres-

sure set up by an instantaneous load placed at the mid point 

of the preceding placing season. The further decay of this 

pore pressure during the placing season can be calculated. 

The influence of radial drainage depends only on the time 

elapsed during the placing period considered, the geometry 

and the value of cv assumed. The influence of vertical 

drainage depends on the time factors -In/1  and Tva at the begin-

ning and end of the )lacing period considered. 

TUi 
	

(cv )0 < t < 
D 

Da 

If If at the end of the placing season considered this 

initial pore pressure has dissipated to a value U , then in 

ecn. (7d9) 2: E; 1= 

	

	'.vhore a third placing (006seros a - U l  .  

season is analysed the initial pore -oressure can be considered 

as entirely due to an instantaneous load placed in the middle 

of the second placing season. 

The method of analysis has been applied to piezemeters 

Nos. 18, 17 and 14. Piezometers 13 and 15 were discontinued 

at the end of the second season, and the rate of dissipation 

at piezometer 16 was too high to allow accurate analysis. 
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The results of the analysis are given in Table 7:3. The 

build up of pore pressure caused by fill not placed directly 

over the piozometer is illustrated. The ratio of the total 

corrected pore pressure increase to the total increase in 

overburden pressure is the same value of 1.1 in each case. 

In the first season when stresses would approximate to Ko  con-

ditions the ratios are lowest, the average value being 0.99. 

As shear stresses develop the ratios increase. 

Pore pressure build up under these conditions has been 

considered by Skempton and Bishop (1955) and by Bishop (1952) 

for a similar embankment at Chew Stoke. Skempton and Bishop 

assume that the foundation is in a state of simple shear. 

An average shear stress in the foundation is computed on the 

basis of the thrust of the puddle clay core. The vertical 

pressure is assumed to be the overburden pressure, and, in 

the state of simple shear assumed, the horizontal plane is 

the plane of maximum shear stress. With these assumptions the 

stresses at the end of construction are defined, and the change 

in Pore pressure during construction can be computed using 

pore pressure coefficients (Skempton: 1954). This is an 

undrained analysis. 

Drainage during construction is likely to modify both the 

pore pressure coefficients which apply and the stresses. The 

average shear stresses imposed on the Selset foundation by the 

thrust of the puddle clay core are 3.5 lb./in.
2 

at the end of 

the second season and 11 lb./in.2 
at the end of construction. 
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The effective overburden pressures in the foundation at the 

end of the second shutdown season are typically 50 lb./in. 2 

Under Ko consolidation conditions the horizontal stresses would 

2 
be approximately 25 lb./in. , and the shear stresses under Ko  

/. 
conditions would therefore be greater than 10 lb./in.

2  The 

factor of safety at tlie end of construction against shear 

failure through the boulder clay foundation was estimated to 

be 2.4. 

Since the shear stresses under Ko 
consolidation would have 

been greater than those imposed by the lateral thrust of the 

core the stress state in the foundation would not be simple 

shear. The foundation would approximate at the beginning of 

the third placing season to a clay normally consolidated under 

K0 conditions. Daring the third placing season there was 

increases in shear stress on the horizontal plane. Consider-

ing the equation (SkemTr)ten:1954) for a saturated clay subject 

to untrained changes in stress„ 

Liu t:5-3--  ÷ A ( 	— A 673 ) 

then if A> I 

zs.0 

and if 	A -< 
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In the third placing season the increase in pore pressure 

corrected for drainage is greater than the increase in over-

burden Pressure Zs6"; . There are two possible explanations 

for this. Either ,dam 	0"-v nd A>I or A.07>ACC./ 
	

due to 

rotation of the stresses during the construction. Since the 

average shear stress on the horizontal plans of thc foundation 

increases considerably during the last season the rotation 

of the stresses is probable. 

Since the total stress changes are unknown and can only 

be inferred as in the preceding argument, the pore pressure 

changes cannot be related to the shear properties of the soil 

satisfactorily. However, Table 7:3 shows that the total 

increase in pore pressure corrected for drainage is slightly 

greater than the increase in overburden pressure (1), at an  

ultimate factor of safety of 2.4. It is clear that under 

these circumstances a decrease in pore pressure due to the 

imposition of shear stresses towards the end of construction 

canmot be relied upon. 

(1) The undrained analysis at Chew Stoke gave a ratio of 1.12 
(Bishop:1952). 

182. 



7:4 Compressibility of the Boulder Clay Foundations  

ileasurement of the settlement of the boulder clay found-

ation was made at three points, these being the water level 

settlement gauge S.1 and the two instrument houses. The 

settlement records are shown on plc. 6:11. The derivation 

of compressibilities from these records is difficult, since 

the thickness of boulder clay which is consolidating is un-

known. An approximate estimate can be made. The driving 

records of the sand drains can be used to estimate foundation 

conditions. Table 7:4 shows such an estimate. The correlat-

ions of undrained shear strength with the number of blows of 

the mandrel per ft. driven and with moisture content are 

shown on Figs. 7:7, 7:8 and 7:4. It will be assumed that 
2, 

undrained shear strength (lb./in. ) equals the number of blows 

per foot. Thus the thickness of soft clay and its strength 

and moisture c.mtent can be estimated. The driving records 

at the upstream house show 13 ft. of soft clay. The records 

at the downstream house and. S.1 show that the soft clay was 

absent at these points. The compressibilities will lie in the 

range defined by assuming that the compression_ takes place 

entirely in the upper part of the clay or assuming it takes 

place in the whole thickness of the clay, which is on average 

30 ft. The time scale is Each that the latter is unlikely. 

The settlements of the instrument houses may overestimate 

compressibility, as the rigid houses may act as points of load 

concentration. The compressibility obtained for the upstream 
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house is shown on Fig. 7:6, where it may be compared with 

the laboratory values. The compressibility derived from 

the settlement of the downstream house is greater than the 

driving records would suEgest. 

The field compressibilities are of the same order as the 

laboratory comprossibilities. The difference between the 

coefficients of consolidation measured in the laboratory and 

derived by analysis of the piczometer records is discussed 

in Section 7:2:5, the field values being about 3x greater than 

the laboratory values. The difference could be due to 

differences in compressibilities or in permeebilities. The 

insitu tests discussed in Chapter 4 indicate that field 

permeabilities were higher than laboratory permeabilitios, 

but there is no evidence that field compressibilities were 

consistently lower than lzboratory comprossibilities. Thus 

the difference in the values of c
v 

is probably due to the 

differences in permeability. 
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(3) 

7:5 Summary and Conclusions. 

(1) Approximate numerical methods for analysing  thethe pore pressure 

records from the foundation piezometers are derived. These 

allow both horizontal and vertical drainacl:e to be considered. 

(2) The pressures against which the pore pressure at each 

Piezometer were dissipating are determined from the analysis, 

and they are in reasonable agreement with the geometry of 

the foundation and with the final equalised values. 

The values of the coefficient of c
v 

derived from the 

analysis are greater than those obtained from laboratory 

tests by a factor of approximately 3X. 

There is no evidence of anisotropy but this is inconclusive 

as the dissipation rate is dominated by horizontal drainage. 

When corrected for drainage the total pore pressure increases 

during construction were greater than the increases in over-

burden pressure. Itt a factor of safety of 2.4 the shear 

stresses applied to the foundation apparently caused an 

increase in pore pressure, rather than a decrease. Such an 

effect might be expected for a norr-lly consolidated clay. 

(6) The compressibility of the foundation could not be determined 

accurately, but it was of the same order as that indicated 

by the laboratory tests. Thus the factor of 3X referred 

to in (3) above is more likely to be due to differences in 

Permeability (See Chapter 4). 
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CEAPTER 8.  

THE BEHAVIOUR OF NARROW CORES 

AT SELSET AND BALDER HEAD  

8:1 Introduction  
49c  

The general advantages of determining total stress dis-

tributions in embankments are discussed in Chapter I. A 

narrow and flexible core may behave as a separate mechanism 

within the embankment. The determination of this mechanism 

by field measurements, allied to a theoretical analysis, may 

enable the stress distribution within at least part of the 

embankment to be inferred. Such stress distributions may be 

used to modify a limit analysis, and they add considerably 

to the understanding of the behaviour of the embankment. A 

narrow vertical core may 'arch' between its supporting 

shoulders. Theoretical solutions for this arching action 

have been derived for a perfectly plastic (0 = 0) material 

(Bishop: 1952) and for a frictional material (Nonveiler and 

Anagnosti: 1961). 

In principle, either compression of the core or lateral 

yield of its supporting shoulders causes the core to settle 

relative to these shoulders. Shear strength is mobilized on 

the boundaries of the core and the vertical stresses within the 

core are reduced, additional stress being mobilized in the 

shoulders. The reduction in vertical stress is accompanied 

by a reduction in the active pressure acting horizontally on 

the sides of the core: 

This active thrust can be calculated and in certain cases 

186 



a stability analysis can be made by considering the resistance 

of the shoulder to the thrust of the core. In this approach 

it must be assumed that the arching action cannot be de-

stroyed by pre-failure deformations. 

The foregoing comments show that the indication of 

'arching' action by field measurements is of considerable 

assistance to a rational analysis of stability. 

Measurements of arching action have been made by Lofquist 

(1951). Measurements of total stress are currently being made 

at the Mesaure Dem in Sweden and the Geseatch Dam in Austria. 

In this Chapter two cases are considered. The first is the 

narrow puddle clay core at Selset, where limited field 

measurements indicated that arching occurred. The second is 

the rolled boulder clay core at Balderhead, where muct more 

extensive instrumentation showed little evidence of arching. 
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8:2:1 Behaviour of the Puddle Clay Core at Selset 

The embankment section is shown in Fig. 6:4. Limited 

measurements of settlements and of pore pressures were made 

in the narrow puddle clay core. The puddle wee milled from 

the same boulder clay that was used for the rolled fill. 

The undrained shear strength of the puddle clay as placed 
2 

varied between 250 and 400 lb./ft. It was placed and trodden 

into a homogeneous plastic core in the traditional manner. 

The settlement measuring equipment is described in 

Chapter 5. The electrical equipment was cumbersome, and only 

infrequent readings were obtained. Shortly after the comm-

encement of the third placing season the tubes became 

blocked and readings were discontinued. It is quite probable 

that the flexible tubing distorted from the vertical and 

that settlements were therefore overestimated. 

The settlements measured are shown in Fig. 8:1. In 

drawing the settlement curves linear extrapolations have been 

used to the ends of placing seasons. Settlements of the 

rolled fill are shown for comparison. 

The settlements in the core were much larger than those of 

the fill. Little consolidation of the core is likely over the 

period of time considered, and since the puddle clay was 

placed at sufficiently high degrees of saturation to be almost 

incompressible, it can be inferred that these settlements were 

due to lateral yield. Settlements took place largely during 

the placing of fill, when increasing stresses might be expected 
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to cause lateral yield. The much smaller settlements while 

fill was not being placed indicate the small part played by 

consolidation. 

Pore pressures were measured at the top of the core. 

These measurements are shown in Fig. 82. At the moisture 

content and degree of saturation at which the puddle clay was 

placed, an increase in pore pressure nearly eaual to the 

increase in major principal stress could be expected, irr-

espective of the shear stress mobilized. Small initial 

suctions were measured. The top of the core was placed in 

less than three months, and little consolidation could have 

taken place. 

The major principal stress o7in a plastic core can be 

computed using the theory of Bishop (1952). 

cti) + 	-4) -Q+    

where CIA  is the undrained shear strength of the clay 

2a is the average width of the core above the point 
considered 

is the bulk density of the core 

Z. is tl:e depth of possible tension cracks at the 
upper boundary 

X anci 	are the coordinates of the point, y being measured 
from the tun of the core. 

The average undrained shear strength in the upper part of 

the core was330 lb./ft.2 The values of a-; at the piezometers 

according to eqn. (8:1) are plotted on Fig. 8:2, assuming that 

189. 



the mobilized shear strengths are 0220 -.ad 330 lb./ft.
2 
 Com-

parison of the pore pressure build up with the computed major 

principle stress suggests that a large part of the available 

undrained shear strength was mobilized in arching, with the 

consequent reduction of total stresses and pore pressures. 

Thus any analysis of the stability of the embankment should 

be consistent with this arching action. It would be reason-

able to compute the thrust on the sides of the core using 

Bishop's theory and assuming an undrained strength of 20G-

300 lb./ft.2  to be mobilized in arching. 

8:3 Behaviour of the Rolled Boulder Clay Core at Balderhead  

8:3:1 Introduction  

The Balderhead dam is situated approximately two miles 

from Selset. The Balder Valley at the dam site contains much 

less boulder clay than the Lune valley at Select, and the dam 

is constructed from Carboniferous shale, ripped and compacted 

as a rolled fill. There is a rolled boulder clay core 

designed to have a minimum width of 20 ft. and a maximum 

hydraulic gradient of 3. The core is drained by a vertical 

drain on its downstream side. In the centre of the valley the 

dam sits on alluvial gravel overlying hard cemented shale. On 

the North side of the valley the shale is covered by a 

deposit of boulder clay of a maximum thickness of 60 ft. 

Typical sections of the dam are shown in Fig. 8:3. 

Design calculations indicated that stability during 

construction would probably be controlled by the strength of 
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the boulder clay foundation. Thus yielding of the shoulders 

of the dam was most likely where it was constructed on this 

foundation. One of the factors controlling stability was 

the extent to which arching in the stiff boulder clay core 

would develop. Instrumentation of the embankment fill was 

concentrated on the section of maximum height, but limited 

instrumentation was installed in the core over the boulder 

clay foundation to determine the influence of this foundation 

on its behaviour. 

8:3:2 Instrumentation of the Core 

The location of the various instruments installed is shown 

in Fig. 814. The piezometer equipment used has been described 

in Chapter 3. Two problems reduced the value of the piez-

ometer installation. Firstly, delays in the completion of 

the instrument house meant that readings of the first piezo-

meters installed could not be obtained immediately, and neither 

could they be checked as they were installed. Secondly, a 

number of tips wore installed at the end of the second season 

with the joints between the nylon tubes and the piezometer 

tips incorrectly made. The wrong nuts and olives were used 

on the compression fittings. While the tubes were held in 

position the joints were not sealed. Thus measurement of 

pore water pressures cannot be relied upon. Tips numbers 

C.10, C.11, C.22 and C.23 may have been installed in this way. 

The readings obtained with the piezometers are shown on Fig. 

8:4. 



Settlements within the core were measured using the elec-

trical probe system described in Chapter 5. Two sets of tubes 

were installed, one at Ch. 1250 and one at Ch.750. The fill 

was compacted by hand around the vertical tubes. The main 

difficulty was the calibration of the cable used to lower the 

detecting coil. The levels of the various plates are shown 

on Fig. 8:5, together with settlement profiles determined at 

various times. Settlements of the individual plates are 

shown in Figs. 8:6 and 8:7. 

Settlements of the shale fill on either side of the core 

were measured using water level gauges at two levels. These 

gauges are described in Ch.5. Location of these gauges are 

shown on Fig. 8:4. A further gauge was installed in the down-

stream rolled shale fill to measure the compressibility of 

the shale away from the influence of the core. The settle-

ment measurements made with these gauges are shown on Fig. 

8:8. 

Partly to complete the instrumentation of the core and 

partly to investigate the techniques of measurement involved, 

pressure cells and lateral deformation gauges were installed 

in conjunction with the Building Research Station. The 

equipment is described in Ch.5. Five pressure cells were 

installed in one array as shown on Fig. 8:4. The lateral 

deformation gauges were developed at a later date and in-

stalled at a higher level. One of the lateral deformation 

gauges were installed in the section above the boulder clay 

192. 



foundation. 

The measurements obtained are given on Fig. 8:9. Oper-

ation of the pressure cell and extension gauge equipment 

was most satisfactory, and all the equipment is still funct-

ioning. 

8:3:3 Properties ef the Balderhead Fill Natcrials. 

The boulder clay was almost identical to that used at 

Selset. It occurred in small areas and three such areas 

were used to provide clay for the core. There were numerous 

local variations in grading and moisture content. It was 

originally specified that the clay should be placed at 

between 1 and 3.,/, wet of optimum. During initial placing it 

became auparent that the local variations made control 

difficult, particularly as proctor optimum moisture contents 

varied over a range of 	Subsequently control was based on 

plastic limit determinations. The boulder clay in the borrow 

pits was several j dry of optimum, and it was watered contin-

uously by hoses while being placed in 6 in. layers. Every 

surface was watered before the next layer was placed. Each 

layer wais compacted with a taperfoot roller. Some difficulty 

was exberienced in making the Contractor water systematically 

during the second placing season, and as shown on Fig. 8:4 

the water content fell for some time. Notwithstanding this, 

various trial pits showed that a homogeneous -.nd compact fill 

was being obtained. Clay placed againEt the foundation and 

against the concrete spearhead received extra. watering. 
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Comparison of moisture contents is difficult with boulder clays 

owing to the stone content. Water contents have been corrected 

by assuming the stones to have a moisture content of 3 ,(1): . 

The natural moisture content and the moisture content of the 

matrix after excluding stones above a certain size can then 

be related if the dry 'rt. of stones present is determined. 

Matrix moisture contents based on the same maximum particle 

size can then be compared. 

Correlations with the various tests made showed that on 

average 

w(proctor) = w (plastic limit) - 2% 

The scatter was between P.L. - 1,1- and P.L. 

On the basis of inspection of trial pits and the behav- 

iour of laboratory shear specimens the lower limit to the 

specified moisture content was changed to P.L. - 35, which 

it approximately Opt. - 1%. Compaction was specified as 98% 

of the density obtained in the standard compaction test at 

the same moisture content. 

In-situ steady seepage tests of the type described in 

Ch.4 made by Al-Dhahir on piezomoters C.4 and C.5 showed 

k = 6.5 x 10
-9 

cm/sec., cv  = 6 ft.2/ month. 

The rolled shale fill behaved basically as a free drain- 

ing granular material. The compressibility derived from 

settlement gauge S.F.3 is given on Fig. 8:8. Compression 

(1) This was checked by numerous measurements. 



occurred almost entirely during placing of fill. 

8:3:4 Discussion of Measurements on Section at Ch.1221. 

The variations in moisture content in the core confuse 

the interpretation of tilt: measprements. The properties of 

the boulder clay ere particul.a:!ly .=sitive to small changes 

in moisture content, T.n general, The; first and third seasons' 

fills were placed wetter than the second csason's fill. 

The moisture contents shown on Fig. 8:4 are based on weekly 

averages. 

The compressibility of the core as indicated by the 

differential settlements of adjacent plat,-.s is shown on 

Fig. 8;10. The compressibilities are determined at the 

various piezometers, and the locations arc shown on Fig.8:5. 

The compressibilities are expressed in terms of effective 

overburden pressure. Zero compression is taken as the point 

when the gauge length between the Plates were first establi-

shed accurately, and at this point there was an initial 

effective stress 	No correction 	aroulied. to the 

measured pore pressures to de; _-=e 	r 	o;Je pressv.res for 

the core, Such a correction 	have little influence on 

the cempressibilitics. The error in the compressibilities 

due to the use of effective -- rbviden nrssure rather then 

actual effective stress is illustrated in "fig. 8g11. The 

compressibility at the pressure cells is shown in terms of 

overburden pressure and measured vertical pressure. This 

effect probably decreases in the upper part of the dam. 
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The measurements of settlement were not sufficiently pre-

cise to define the compressibilities accurately. General 

trends are quite clear, however. The compressibilities vary 

with moisture content, the compressibilities being greatest 

in the wetter Darts of the core. The compressibilities may 

be compared with the laboratory end field curves for the 

Selset clay (Fig. 6;3). The Balcierhead compressibilities 

tend to be slightly greater for the same moisture content. 

The pressure cells installed show consistent readings 

between the two faces, with the exception of the cell 

measuring vertical stresses. Consistency between the two 

faces shows that zero drift, if it occurred, must have 

affected both faces identically. The two cells measuring 

horizontal stress had soil compacted against both faces, and 

the readings from the two faces agreed closely. The other 

three cells were placed on prepared surfaces (See Ch.5), and 

had soil compacted onto the uimer face. In the latter three 

cases the upper face initially read higher than the lower 

face, although for the inclined cells the difference was 

smell and in one case it subsequently disappeared. The 

difference between the faces of the horizontal cell increased 

until by the beginning of the second placing season it was 

10 lb./in.
2 

Subsequently it remained constant. The average 

of the two faces in the early stages of construction equalled 

the overburden nressure. At this time the shape of the dam 

was such that the overburden pressure should have been equal 
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the vertical stress. The calibrations discussed in Ch.5 

suggest that the cell should have been over-reading by 10. 

The upper face was over-reading by 20y, It is most probable 

that the large difference measured by the horizontal cell is 

a bedding error. The measured vertical stress will be 

taken as the average of the two faces, and at the higher 

pressures measured, there should be little error due to this 

assumption. 

The purpose of the inclined cells was to attempt to 

determine the principal planes. The dam has a reasonably 

symmetrical shape, and the measurements of settlement 

(Fig. 8:8) show no evidence of asymmetrical deformations. 

Therefore it is reasonable to except that on the centre line 

the major principal stress should be vertical. It is demon-

strated in Ch.5 t at if the. cell action factor is a function 

of the angle which the cell makes with the major principal 

plane, and if this function is known, then the stresses can 

be defined by three cells. At Balderhead there is a spare 

inclined cell. Theoretically, it is possible to define the 

stresses with four cells so that there is a minimum total 

error, using a best fit method. 

However, simple inspection shows that the rotation of 

stresses at Balderhead is small. In this case the cell 

action factors of the two inclined cells will be the same. 

The average stress should be equal to the corrected average 

of the inclined cells, and also equal to the corrected 
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average of the vertical and horizontal cells. The ratio 

between these two average stresses measured at Delderhead 

is shown in Fig. 8:12., in terms of total stress and in 

terms of effective stress. 

Buck (1961) (See Ch.5) quotes cell action factors for 

the Redsnaw cell in dry sEnd which give a ratio of 0.9(I) 

between the two average stresses as measured. It con be 

seen from Fir'. 8:12 that the ratio at Balderhead averages 

0.92 i s terms of total stress, but is rather lower ,Avon 

expressed in terms of effective stress. 

The rotation of the stresses can be estimated asprox-

imately if the measurements of both inclined cells are 

corrected by a factor such that the average stresses 

measured on the two pairs of cells are equal. In this case 

the adjustment for errors is made automatically, and the 

degree of rotation is simply estimated. This is illustrated 

on Fig. 6112. 

If no cell action factors Ere applied to C c  and 
9  

then the angle GEC varies between 10°  and 12°. Ifccis 

increased by 10 end 	reduced by 	then 0( decreases 

o 
from 21

o t
o li during the second and third -olacing season. 

This means that the major princial 	di-,),s downstream at 

anrrles of either 50 or 9e. Within the accuracy of the 

measurements, no rotation of stresses is indicated. 

(1) Itecording to Luck the major and minor 13rincipal stresses 
arc over and underestimated by eaual factors, and thus 
their average equals the average stress irrespective of 
the magnitude of the cell action factors. 
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Subsequently it will be assumed that 0745= 65 and 	- O 

and no cell action factors will be applied to the results 

unless otherwise stated. 

The difference between the overburden pressure and the 

measured vertical stress is related in Fib. 8:13 to differ- 
be 1•0., 	ri 

ential settlements4the core and the adjacent fill. It can 

be seen that increases in the difference are accompanied by 

increases in the differential settlements. Bishopts elastic 

solution for a dern with 3:1 side slopes shows that on a 

comparable point on the centre line the actual stress is 

approximately 87.; of the overburden pressure. The ratio at 

Laldezhead is 0.70 and the application of a cell action 

factor would make it lower. Thus some slight arching action 

in the core is indicated. 

Shortly after placement the measured horizontal stresses 

were greater than the overburden pressure. Subsequently they 

decreased. The intermediate principal effective stress 

COY is shown plotted in Fig. 8;14 as a ratio of CrAr 
I 

A systematic decrease from a value greatcl- than unity to a 

value of 0.42 is shown to occur with increasing CT. Tests bY 

Cornforth (1964) in the plane strain equipment at Imperial 

College indicate that during shear the ratio 01 	the 

coefficient of earth pressure at rest. Bishop (1958) suggests 

the empirical relationship Ko = 1 - Sin 0'. For the boulder 

clay Of = 28°  and Ko = 0.53. Tests on compacted samples of 

Selset clay in the triaxial apparatus gave values of 0.52 and 
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0.60. The valte measured at Balderhead is therefore low. 

However, the application of a cell action factor of 1.1 to 

C77,i and 0.9 to 43`;' gives a ratio of 0.51, which is in good 

agreement with Ko. 

To a first approximation, the value of GI measured at 

the pressure cells will to equal to the earth pressure 

exerted by the fill on the core. The angle of friction of 

the shale fill along an inclined plane is uncertain, but 

Probably lies between 35° and 45
o

• According to Bishop's 

empirical rule Ko = 1-Sin 0' and would lie between 0.43 and 

0.29. Values of 	(1)  fall from 0.72 at the end of 

the first placing season to 0.62 at the end of the second 

placing season to 0.51 at the end of the third placing season. 

If allowance is made for the slope of the dam decreasing 

the overburden pressure the last value is increased. Thus 

the pressure of the core is always greater than the 

pressure of the fill under Ko conditions, and lateral 

yielding of the core is to be ex7)ected. 

i stress oath derived from the pressure cell readings 

is shown on Fig. 8:14. The stross path from a typical 

consolidated-undraincd test on similar clay and a failure 

envelope from drained tes'5s is shown for comnarison. The 

effect on the stress path of applying cell action factors is 

shown. The effective stresses quoted for the pressure cells 

have been derived previously by subtracting the average pore 

(1) CY';'" = overburden pressure. 
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pressures measured by ties C.4 and C.5 from the pressure cell 

readin,ss. Cell 1/2 is nearer the tin recording the higher 

pore pressure, and if the pore pressure is assumed to vary 

linearly between the two tips, then the modified stress path 

shown results. Yeither modification basically changes the 

shape of the stress path, and they would in any case tend to 

cancel each other out. The undrained strength of the core 

under the stresses at the cells is estimated to be 30 lb./ 

2 
in. The stress path indicates that the full values of c' 

and X1  were mobilized when the shear stress reaches a value 

of about I of the ultimate undrained sheer strength. Sub-

sequently the stress path moves up the failure envelope, 

almost independently of whether the increases in stress are 

caused by further construction or by consolidation. Similar 

behaviour is shown by the laboratory test, in which the 

failure envelope is reached at about N of the ultimate 

undrained strength, arr,c'.'. at quite small strains. The field 

stressath is consistent with the probable lateral yielding 

of the core described in the last paragraph. 

The lateral deformations measured, expressed. as strains, 

are shown in Fi . 8:15. At the level at which the deform-

ations gauges were installed the fill was placed drier than 

elsewhere in the core, and therefore lateral deformations 

are not likely to be so great at other levels. It is of 

interest that when c' and 0' are fully mobilized at the 

pressure cells, the vertical strain or compression (Fig.8:10) 
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is 30: Fig. 8:15 indicates that the lateral strain should 

have been much less. Strains of this magnitude could be 

tolerated in many homogeneous embankments. The factor of 

safety in an effective stress analysis would be 1.0, and 

thus the measurements of total stress in the -3alderhead core 

support the argur:ents presented in Ch.2 and Ch.6 that the 

effective stress analysis of undrained stability may be con-

servative in certain conditions. 

The compressibility measured in the field at the 

nressure cells can be compared with that derived from Al-

Dhahirts steady seepage tests quoted in Section 8:3:3. 

These tests gave an average value of my  of 3.1 x 10
-6 

cm
2
/ gm 

at an effective stress of 30 lb./in.2  At this effective 

vertical stress a best fit to the field compression 

values shown on Fig. 8:10 gives my  = 4.8 x 10-6  cm2/gn. 

The difference is within the scatter of the field measure-

ments, and the stress change due to decrease in pore 

press1;re may be different from tat due to as increase in 

vertical stress due to construction. Taus the agreement is 

good. 

8:3:5 Discussiqn qfj2joELsurrilents on Section at Ch.750.  

Compressibilities derived from the settlements measured 

in the core are shown on Fig. 8:10. Comporison between the 

two instrumented sections are difficult, as the sections are 

of different height, as well as having different foundations. 

If the compressibilities obtained at the sane levels are 
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compared then the compressibilities measured at Ch.750 are 

greater than those measured et Ch.1250. This might be due 

to the yielding foundation, or it might be due to the 

difference in height of th.e sections. It can be seen from 

Fig. 8:10 that the compressibilities at Ch.750 arc similar 

to the cempressibilities at the bottom of the core at Ch.1250. 

However the clay at the bottom of the core at Ch.1250 was 

placed at a higher moisture content than that in the lower 

mart of the core et Ch.750. The effect of moisture content 

on compressibility is shown in Fig. 6:3. Thus the compress-

ibilities indicate greater vertical deformations in the core 

at Ch.750. 

Horizontal and vertical strains are compared in Fig. 

8:15. The horizontal strains measured at Ch.750 are larger 

than those measured at Ch.1250. However, the difference 

in the vertical strains is much larger than the difference 

in the horizontal strains. Thus according to these two 

comparable measurements extra lateral yield over the boulder 

clay foundation does not wholly account for the differences 

in compressibility. Spreading of the care is indicated at 

both cross-soctions. 

8:3:6 Summarz of Behaviour of Balderhead Core and Conclusions. 

(1) The pressure cells have behaved very satisfactorily, apart 

from a bedding error in the horizontal cell. 
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(2) The water level settlement gauges behaved satisfactorily. 

Dimensional instability in the cable prevented maximum 

accuracy being obtained from the electrical core 

settlement gauges. 

(3) The horizontal strain gauges operated satisfactorily. 

(4) Yo significant rotations of princile stresses were 

detected by the pressure cells. 

(5) Cell action factors similar to those suggested by Thick 

(1961) are indicated by analysis of the results. The 

horizontal cell over-read and the vertical and inclined 

cells ander-read. 

(6) The development of differential settlement between the 

core and the shoulders was consistent with the reduction 

in vertical stress in the core, and slight arching.  was 

indicated. 

(7) Consistent measurements of the intermediate principle 

stress were made, and the relationship 036/0t 1 = Ko 

corloborated. 

(o) Lateral defamation measurements showed slight spreading 

of the core, and this was consistent with the Pressures 

measured in the core and the possible .pressures which 

might be exerted by the shoulders without lateral yield. 

(9) The 'pressure cells defined a stress -oath which showed that 

c' and 01  were fully mobilized at small stresses and 

strains, and when only one nuarter 	the available 

untrained strength was mobilized. 
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(10) The compressibilities and lateral deformations indicate 

additional yield, of the core over the boulder clay 

foundation. 

(11) While slight archin aPparently develoed it was insuf-

ficient for any stability theory involvingplastic 

yield of the core to be valid. 

(12) huch more work needs to be done on the cell action 

factors for cells subject to rotating principle stresses. 
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CHAPTER 9 
STABILITY DURING 	WITH  
REFERENCE TO THE GLEN SHIRA DAM 

9:1:1 Introduction 

The influence of draw down on the stability of earth dams 

is discussed in Chapter 2. The behaviour of the upstream 

embankment fill during drawdown will depend on the properties of 

the fill before drawdown, on the changes of stress in the 

embankment and on the drainage from the embankment. The proper-

ties of the fill will depend on the soil type, the moisture 

content at which it was compacted and the amount of com-

paction, the stress history during construction, the amount of 

consolidation taking place during and after construction and 

the effect of impounding. 

For 'free draining' fills of coarse grading and high 

permeability(1)placed in the upstream slope of a zoned dam the 

analysis of drawdown presents no problem. During impounding 

water flows into the voids of the soil, and on drawdown it 

flows out. For analysing stability the shear strength can be 

estimated on the basis of drained shear strength parameters, 

the pore pressures being determined only by the reservoir level. 

For more fine grained fills excess pore pressures are left in 

the fill during drawdown, and the estimation of shear strength 

which is necessary to analyse the possibility of shear failure 

is a more complicated problem. This problem must be considered 

in planning the instrumentation of a dam to determine its 

behaviour during drawdown, and in interpreting the results of 

(1) Coeft. of permeability (LT 1)significantly greater than the 
rate of.drawdown. 
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such instrumentation. Given the properties of the fill before 

impounding takes place, the first thing that must be considered 

is the effect of impounding on these properties. 

9:1:2 Effect of ImpoundinR on Embanlenent Fill.  

In zones of fill in which construction pore pressures 

higher than the seepage pressures imposed by the reservoir 

still persist at the time of impounding, this will merely 

inhibit the drainage process, the construction pore pressures 

will persist and become, in effect, steady seepage pressures. 

In general, however, the pore pressures before impounding will 

be lower than those in the steady seepage state. Thus a 

swelling process goes on during impounding, with an increase 

in pore pressure and a decrease in effective stress. The rate 

at which this goes on and the time taken for steady seepage 

conditions to be set up depends on the swelling characteristics 

of the fill. 

The fill will be initially partly saturated and the 

increase in pore pressure on impounding will lead to an 

increase in the degree of saturation. The properties of partly 

saturated soils has been the subject of much recent study and 

the likely properties of the fill after impounding can be 

considered in the light of this work. References are given in 

Ch.3. 
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Experimental work by Blight (1961) and Iatyas (1963) 

suggests that even when compacted on the wet side of optimum, 

typical compacted dam fills have an air permeability much 

greater than their permeability to water, and that the air 

forms continuous piessames within the structure of the com-

pacted fill. 

If the degree of saturation is increased by adplying an 

all-round pressure to the sample of soil the permeability to 

air suddenly decreases, signifying that the air no longer 

exists in continuous passages but has become issolated in 

discrete and occluded pockets. The degree of saturation at 

which this occurs is typically 90-95%. In fills with positive 

pore pressures it is likely that this condition, or an approx-

imation to it, exists. Because of the capilliary difference 

the pressure of the air must always be greater than that of 

the water, and thus the air will be at a pressure considerably 

in excess of atmospheric. This state implies a degree of 

saturation at which the air Permeability is relatively low, 

and this implies that while the air may be continuous in 

local zones it is not continuous throuhout the fill. 

During impounding the pore water pressures in the upstream 

fill increase, and by the reasoning given above drainage of air 

is likely to take place until the degree of saturation increases 

to the level at which the remaining air becomes occluded. As 

the pore pressures increase further the occluded air is com-

pressed and as its pressure increases it dissolves progressively 
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in the pore water. A theory by which this process may be com-

puted, based on Boyles Law and Henry's law of solubility, 

has been riven by Hilf (1948) and Bishop (1957). This theory 

assumes that the air and water are at the sane pressure and 

since it gives reasonable arl7reement with field (Gould:1954) and 

laboratory (Blight:1961) measurements it indicates a tendency 

for tha air to exist in large 'bubbles' with a small capilliary 

difference, rather than small ones. Work by Donald (1961) on 

the stability of air bubbles in water demonstrates that small 

bubbles may be unstable, thus indicating the same conclusion. 

A limit is set on the size of the bubbles by the structure of 

the soil. 

While the reservoir is full some migration of the air 

trapped within the fill is likely. In zones where seepage is 

taking place air may be dissolved in areas of high seepage 

pressure and released from solution when the seepage water 

reaches an area of lower pressure. Trapped air will also 

diffuse through the water. Donald (1961) quotes a value of the 

coefficient of diffusion of air in water of the order of 

10-5 C172/sec. While local redistribution of air can be quite 

rapid (Donald:1961) such a value indicates that it would be 

many years before diffusion alone could achieve overall redis-

tribution of air from one zone of fill to another. This was 

illustrated by a simple laboratory test, in whicha U-tube was 

formed from 3/16 in. i.d. glass tubing. One limb, 3 in. long, 

was sealed, and the other 3 ft. lon;, was left open. The tube 
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was filled with water which had been allowed to equalise with 

water under room conditions, trapping an air bubble under a 

pressure of approximately 3 ft. of water in the short limb. 

The long limb was filled with sand grains to simulate a soil 

structure and to inhibit circulation of the water. No change 

in size of the bubble was observed during the six months the 

test was continued. 

It is also possible that in some fills slow Generation of 

;as occurs due to the organic content, or some other chemically 

active constituent. Penman (1956) reported that methane 

bubbles were obtained when the piezometers at the Usk dam were 

de-aired. The generation of gas within the fill would inhibit 

the increase of saturation on impounding, and might keep the 

permeability to air high. 

Where rapid impounding takes place adjacent to impermeable 

fill, zones with continuous air may bettrappedt by the wetting 

up of the surface of tlie fill. 

To summarise, the fill after impounding will thus have a 

mixture of water and occluded air as a pore fluid. These air 

bubbles are likely to remain stationary, and thus the pore 

fluid will have the flow properties of water but the compress-

ibility of the air bub les. As the seepage pressure increases 

the bubbles will become smaller and less compressible. At 

sufficiently high pressures they will disappear and the fill 

will become fully saturated (Bishop :1557. , Lowe:1960). However, 

as the Pressure reduces during drawdown the bubbles are likely 

to reappear. 

210. 



Eventually full saturation by migration of dissolved air in 

the seeping water and by diffusion will take place, but this 

rmy take many years. 

9:1:3 Chanj:es in Stres Imposed by Drawdown. 

The changes in stress durin drawdown are illustrated in 

Fig. 9:1. A typical element is shown in the upstream slope of 

the dam. Rotation of principal stresses is ignored. The major 

and minor principal stress 	, and ("3 are shown plotted as 

total stres.:Afull lines) and as effective stresses (dashed 

lines). Shear stresses on the diagram are proportional to the 

•displacement of a stress point from the line <-',c= Crj . 

Durins drawdown is reduced, and (3-.i is :educed by a greater 

amount due to the removal of the water load from the upstream 

face. The shear stress on the element is increased. Thus the 

total stresses change from those represented by point a to point 

b. If u
1 
is the seepage pressure the initial effective stress 

is represented by point a'. If the change of total stress due 

to drawdown is sufficiently rapid for there to be no drainage 

from the element, then the pore pressure change will be that 

due to the chnnL;e in total stresses. For a typically dilatant 

fill a reduction in pore pressure will occur to a value u
2 
and 

the effective stresses will change to b'. Due to this change 

in effective stress the element will undergo a strain. This 
strain may be divided into two components, an elastic recoverable 

strain and a plastic irrecoverable strain. If the drawdown 

has imposed stresses on the element such that its factor of 

safety against shear failure has become lower than at any time 
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during its previous history (i.e. the effective stress point b' 

has come nearer to the failure envelope than at any time 

previously) then relatively large plastic strains may be expected. 

If the factor of safety of the element is higher than sometime 

previously during construction, then to some extent the element 

is being, reloaded, and smsller plastic strains may be expected. 

If the element is now affected by drainage the point b' 

will migrate towards b and will coincide with b if the pore 

pressure becomes zero. The process of drainage may occur at 

the same time as the change of total stresses due to drawdown. 

In this case the effective stresses will change in some way as 

shown by the chain dotted line. 

On refilling the reservoir the stresses will return when 

seepage pressures are re-established to those given by a and a'. 

In this process the elastic strains will be recovered. 

During the next drawdown a similar process will take place, 

but the cane in pore pressure due to the change in stress 

(undrained drawdown) will be modified by the effect of the 

previous drawdown. It is, probable that a smaller drop in pore 

Pressure will result and the effective stress point c' will 

result as shown, indicatini: as slihtly lower factor of safety at 

the end of the drawdown. Drainage may modify the process as 

previously. Further plastic and elastic strains will occur 

during this second drawdown. After several drawdowns a 
occurs 

condition will arise in which reversibility/(at-0'-a1 ). In this 

case only elastic strains occur and these are recovered when 
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the reservoir is refilled. Further changes in behaviour will 

only arise fro changes in the soil la-operties due to an 

increasing deLn-ee of saturation, chemical alteration, etc. The 

above simple picture of behaviour is based on an idealised, 

regular and equal drawdown, and will be modified by an 

irregular operation cycle. However it is relevant in increas-

ing understandin of the problem.
(1) 

In relatively free draining soils the processes outlined 

above may be doninated by the chanje in pore pressure due to 

drainage. However, they remain true for all soils except those 

fran the voids of which the water completely drains as the 

reservoir is drawn down. 

2:1:4 Geueralised Apnroximate Equations Describing Changes in  
Pore Pressure on Drawdown.  

(a) Undrained Conditions.  

Skepton (1954) suggestel that the chaff e in pore pressure 

in a soil due to change of stress applied without drainaF,e could 
the 

be representeC. by / well known equation 

ALA 	(7, 4- A 	 (9:1) 

(1) Lo (1961) performed repeated loading tests on a normally con-
solidated saturated clay. He re=corded a prosressive increase 
in the pore 1:ressure as the n=ber of cycles increased in a 
:ianner aalo:7eous to that su:7:eested here. An interesting 
example of Plastic defonmtions of the upstream face of a dam 
with a permeable fill during first drawdown is given by 
Pinkerton and NcConnell (1964). 
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where A and B are empirical parameters depending on the properties 

of the soil and its hisotry, the magnitude of the stresses and the 

magnitude and direction of the stress changes. k.,&; and 

are the changes in the major and minor principal total stresses. 

The equation assumes a uni-pressure pore fluid. It has 

been sugested in section 9:1:2 that after impounding the up-

stream zone of fill which is of concern in drawdown has a con-

tinuous pore water phase in which occluded air bubbles occur. 

Under these circumstances effective stress is governed almost 

enitrely by the water pressure (Ch.3) and thus the pressure 

of the water only need be considered. 

The pore pressure parameters A and 3 may be used to define 

the pore pressure changes under undrained conditions described 

qualilatively in Section 9:1:3. They are thus dependent on the 

same factors of soil and stress history as are outlined in this 

section. For a saturated soil P):---L-k,  1. For a partly saturated 

soil, such as the upstream fill of a dam is 	to be during 

at least part of a drawdown, J4,  <1. 

(b) Drained Conditions 

Blight (1961) suc:gests generalised ecuations governing the 

consolidation of soils with two continuous pore fluid phases. 

If it is assumed that the pore fluid has one continuous pore water 

phase containing occluded air bubbles, then a si::plified solution 

can be obtained by assuming a pore fluid obeying Darcy's Law 

(like water) but having a compressibility due to the stationary 

air bubbles. 7111 solution can be derived in a non-rigorous form ;1": 

211-1-0 



olp•o• 	• (9.3) 

2 dimensions. 

Fig. 9:2 shows an element of unit depth in x y space. Both 

solids and fluid are supposed to flow into and out of this element 

with velocities as shown. The velocities are actual Dean 

velocities. For vertical equilibrium of the pore fluid, 

4- 	 (9:2) 

where p = pore water pressure 

).fc.)= der!sity of water 

dr.:.L; force exerted by soil structures on water. 

For horizontal ecr,:ilibrium 
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Usinc; Darcy's Law 

	 (9:4) 

 

(9:5) 

 

where n = porosity 

k = coefficient of permeability (assumed isotropic) 

Volume of flow into element in unit time (fluid T solid) 

 

(9:6) 

 



cfr- 
Volume of flowlof element in unit time (fluid + solid) 
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* '-' V--- i.) 	J 

	

._,... ,.! 	.- % %.,t + `'':\/`-. f -,, 	. 4., ,1 	b x 
J 

) 

1 - r"-•)( 	 s̀ 	Vc. 	
?cr. 
	(Ix) 	 (9:7) 

With incompressible soil particles but a compressible pore fluid 

Vol. inflow + chanze in vol. of pore fluid = Vol. outflow. 

Rate of chine in volumo of pore fluid = 

= t'o c ..7_12 .cox. 
r (9:8) 

whore vrA f = the compressibility of the pore fluid per unit 

volume of soil. 

Thus from eqns. 9:6, 9:7 and 9:3 

r 	4 	v))( 	 f..;  
t 	x 	' • 

.1 L'i() r . (9:9) 

From eqns. 9:2, 9:4 

-r 	n 
I  

 

(9:10) 

  

and 	eqns. 9:3, 9:5 

	 (9:11) 

Differentiating eqns. 9:10, 9:11 1  w.r.t. y and x 

%-% t-.., 	`?' 	r 	• 
(--. —r. 	i• 	7•:_c -'' ' 
-̀'' • t.; ?-:-- 	l< 	c.' %.1 _ 

•-•' 

 

(9:12) 

 



 

A. ) L.) 

 

(9:13) 
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If we substitute eqns. 9:12, 9:13 in eqn. 9:9 

we met 

ss. 	 4. 	 ;   (9:14) 

if 	displacement of trains in y dirn. 

thus 

hence 

J  

 

(9:15) 

   

where e = void ratio as a rieasure of density of packing in 

y Jima. 

Similarly 

=  
 (9:16) 

if we sup-voce that there is some compression coeft,n of the soil 

such that 

	 (9:17) 

where 	an effective stress chance due to chase in 

pore pressure, and m will depend on the initial state of stress. 



(9:19) 

Since 	(4.F, ctr.1 . 
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v, - 	 1-1-1 	 (9:18) 

Substituting ecn. 9:18, in eqn. 9:14 

	 (9:20) 

If we assume that for the increent concerned 

cY 	= 0 

Then substitutin eqn. 9:20 in eqn. 9:12 

  

Y_E i  

   

  

(9:21) 

  

   

where C 	- ur“.1 Cc •-  
0.1 	 Pc.. • 

Equation 9:21 is subject to the same incompatability of 

strains as is 'Lilo orc:?inar7 'TerzaGhif equ,ltion describing the 

consolidation process in two dinensions. When Inc.= 0 eqn. 9:21 

reverts to the Terzaghi equation. 



(9:22) 

The coefficient nIc depends on the volume of air trapped 

in the soil water, and can be computed by siy.rilar nethods as 

used by Hilf (1955), Bishop (1957) and others. It will depend 

on the pressure and on the difference between the air and water 

pressures due to capillarity. Fio. 9:5 shows the calculation 

of ni and its typical variation with prr:ssure, assuin that 

there is no capilliary difference. 

A more rioorous solution to the problem has been derived 

by Gibson (Matyas:1965), but for the purposes of discussinG 

drawdown eqn. 9:21 is simple and will suffice. The above 

equations are derived usino an adaption of the proof of the 

Terzachi ec,uation oiven by Gibson (1959b). 

(c) General Equation Cor:,binin Stress Chan es and DrainaF..es. 

Equations 9:1 and 9:21 can be combined. If we consider 

what happens in time interval St, then the chance in pore 

pressure due to the stress cnanGe, ti: FS  is Gavel by eqn. 9:1. 
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The chane in pore pressure due to drainae ;is Given by 

eqn. 9:21. 



Since 	-2%; 1  
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	 (9:24) 

Eqn. 9:24 is an i.ialised way of describinE pore pressure changes 

during drawdown. From their derivations A and 3 are functions of 

.- 2, and L , Cc-is a function of F and any volume chances. 

Thus all thse parameters are inter-related and ar2 not constant. 

For a given stress change a is likely to change more than c. 

in applyin:s. eon. 9:24 to an element it riust be assumed that 

v' 	and \ 	Predictable and constant after application. 

Stress redistribution during the process of consolidation and 

drainage may make this assum-otion an approximation. 

9:1:5 2xistin. i.iethods of Analysing; Dr.  wdown Conditions. 

Existinc- metods of drawdown analysis may be considered in 

the light of the foregoing discussion. 

There are two customary basic approaches to analysing draw-

down conditions. The first relates to wholly undrained conditions. 

In this case it is assured that the nermrlability of the fill is 

sufficiently low for no drLlinar3e to take place during drawdown. 

In the limiting case k = 0, c = 0 and eqn. 9:24 reduces to eqn. 

9:1. In practice 1: has some finite small value such that a 

solution of ecin. 9:24 would show that a small zone of soil 

adjacent to 	:11.-ainae boundaries would be affected. To obtain 

the pore procures after drawdown values for A,B,,c-must 

be assuiied, measured_ or coiaputed. Bishop (1954) formalised this 



a-c!-)roach in which he sucested usin:-  the simplified form of 

eqn. 9:1 (Skompton; 1954) i.e. 

	 (9:25) 

He sugestod two assumptions. 

(a) B = 1 (for whole stress chane during drawdown) 

(b) rS = weight of water relloved from vertically 

about point under consideration during drawdown. 

These assumptions are illustrated in Fig. 9:4. 

Similar assumptions have been made by the U.S.B.R. (U.S.B.R. 

Trealise on dams: 1951). Bishop (1964) has recently discussed 

the limitations of this a-yoroach. Testsperformed in the 

triaxial apparatus (Bishop: 154, Bishop and Henhel:1961), in 

which the stress changes were =de to•simulate those outlined 

in a section 9:1:2 for first drawdown, on samples of moraine 

through which water had been circulated to induce saturation 

indicated that>1 as shear failure was approached. However, 

the effect of repeated drawdown and combinations of drainage on 

were not investi:3ated. It is probable that ultimately A would 

ai)1;roach 1/2, the value for an elastic material in plane strain. 
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For wholly undrained conditions, as implied by eqn. 9:1, 

the pore pressures arc solely a function of the changes in 

stress. In this case it is possible to analyse shear strength 

in terms of total stresses, as is done in the well known St = 0 

analysis. The factor of safety as commonly defined is different 

for effective stresses than for total stresses. A useful 

discussion of 0 = 0 and effective stress analyses is given by 

Bishop and Bjerrun (1960). The use of total stresses for the 

analysis of drawdown is common in American practice, and a 

typical example is given by Lowe and Karafiath (1960). Lowe 

and Karafiath obtained contours of undrained strength for a 

zone of soil subject to undrained drawdown by preparing 

compacted samples in the triaxial apparatus and subjecting them 

to an anisotropic stress system and a back pressure which they 

compute to be appropriate for the supposed location of the 

sample in the dam. The undrained shear strength was then 

measured by increasing the deviator stress to failure. 

Hirschfeld (1960) discussed certain aspects of Lowe and Karafiath 

and suggested that it would be more appropriate to measure the 

shear strength by failing the sample by reducing the cell 

"D-2 c . 



pressure while maintaining the axial load constant. This is 

similar to the approach of Bishop (1954). This stress system 

would more nearly reproduce the stress changes taking place 

during drawdown. He suggested that the strength measured in 

the two different ways might be different, a conclusion corrob- 

orated by the work of Henkel (1959) on saturated clays. 

There should be no difference in principle between using 

total and effective stresses in analysing untrained drawdown, 

Provided that the differences in the definition of a factor of 

safety are accepted. Different methods of analysis may involve 

different assumptions as to the stress distribution within the 

dam, etc., and lead to different answers being obtained. This 

is considered beyond the scope of the present argument. The 

more nearly the laboratory test reproduces the stress history and 

degree of saturation of the element of the dam which is being 

investigated, the more nearly will the correct ultimate shear 

strength and pore pressure response of the soil be obtained. 

The influence of repeated drawdown, partial drainage while 

drawn down, and so on, i:ust all be considered if an accurate 

answer is to be obtained. The advantage of the effective stress 

analysis over the total stress analysis is that the assumptions 

of pore pressure may be checked by field measurement. However, 

as outlined in chapter 3, a Factor of Safety of unity based on 

effective stresses does not necessarily imply total failure. 

The second basic approach has been proposed by Reinius ( 1948), 

among others. A useful discussion of drawdown is given by 

Kellog (1948) and the ensuing discussion of the paper. The 
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assumptions are 

1) The soil skeleton is incompressible. 

2) The soil is saturated. 

If equation 9:24 is considered, assumption (1) means that 

A = 0, B = 0, c = +wand assumption 	(2) means that 

of  = oo . Thus eqn. 9:24 reduces to 
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0 
	 (9:26) 

This is the Laplace equation for steady state flow in two 

dimensions for an isotropic material. The application of this 

equation to predict the pressures set up in drawdown assumes 

that steady state flow is sot up immediately. A typical solution 

of eqn. 9:26 obtained by sketching as proposed by Reinius (1948) 

is shown in Fig. 9:7 

According to eqn. 9:24, when drawdown is completed and 

bai=  0 ; 6674 = 0, then the pore pressures will decay according 
ot 

to eqn. 9:21 until, in the limit, €=00, •-•R 	= 0 and the pore 

pressures are those given by eqn. 9:26. Hoover, a second factor 

is involved. The steady state solution according to eqn. 9:26 

depends on the boundary values. The upper boundaries to the 

solution are the upstream face of the fill and the upper flow 

line (capillarity being ignored). For the steady state solution 

to be maintained a supply of water at the boundary is required 

.trol1 points where flow into the boundary is implied by the 
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solution. This supply will not, in general, be available, and 

thus migration of the upper boundaries to the solution will 

occur. Approximate methods of computing this migration have been 

suggested by Reinius (1948) and Casar,Tande (1945). More rigorous 

mathematical solutions have been given by ll'rowzin (1961) and 

Brahma & Harr (1962), among others. 

Reinius (1948) estimated the errors introduced by the com- 

pressibility of the soil skeleton, and by the pressure of gas 

bubbles in the soil. He did this by assuming that the pore 

pressures in the fill change from the initial steady seepage 

values to these predicted by eqn. 9:26. He then considered the 

solution according to eqn. 9:26 to be divided into two zones, 

one into which no water could flow (the upper and inner part 

of the slope) and one from which water flowed across the 

boundaries. These zones are divided by the equipotential line 

which is normal to the upstream face. The rate of flow across 

this equipotential can be computed from the flownet. If the 

soil skeleton or pore fluid is compressible, then a volume of 

water is 'generated' within the upper zone and this can be com- 

puted from the changes in pressure in this zone. Thus the tine 

for this amount of water to flow out of the zone can be calculated. 

Reinuis suggested that this time would be the time taken for 

the solution according to eqn. 9:26 to be set up. Clearly a 

number of assumptions are involved in this approach and similar 

calculations can be made by applying eqn. 9:23. 



Reinuis made typical calculations for dons 10 metres and 

30 metres high, with a 2.1 slope, no underdrainage and an 

initial degree of saturation of 95%. A simple calculation can 

be made using eqn. 9:23 if it is assumed that one dimensional 

consolidation applies, and the drainage path d is equal to the 

height of the dam. mf 
can be calculated for the typical 

pressure range as on FiE. 9:3. If a time factor T = 2 is taken 

for full degeneration to the steady state, and 

Cla  

then td' 
the time for degeneration to take place can be cal- 

culated. Such values compared with Reinius values are shown 

in Table 9:1. 

Table 9:1  

Ht of dam. 	Permeability 	td 	t
d 

d 	lc 	(Reinuis) 	(Eqn. 9:23) 

10 metres 

50 metres 

10-2 

10
-4  

10
-6  

10 2 

10
-4  

106 
 

cm/sec. 43 min 	29 min 

4 

	

72 hrs. 	8 hrs.  

	

300 days 	200 days 

	

10 hrs. 	1.9 hrs. 

	

42 days 	7.9 days 

	

4200 days 	790 days. 



Considering the simplifying assumptions made the figures 

are very similar. For 90% degeneration to the steady state 

the analogy with one dimensional consolidation suggests that the 

times shown can be halved. As might be expected, therefore, 

the times suggested by Reinius arc slightly pessimistic. 
same 

On the/basis permeabilities can be calculated such that 

drainage has no effect. In this case we nay again use one 

dimensional consolidation theory. 

If D = depth of penetration of drainage. 

C.s 	t tA 	0.05 

If we arbitrarily make D = 10 ft. and if mf 
= 2 x 10

4 

in.
2/lb. (See Fig. 9:3) the values of to 

shown in Table 9:2 

are obtained. 

k cm/sec. 

to 

TABLE 9:2  

10
-4 10-6 10-8 

22 min. 	36 hrs. 	151 days. 

For drainage to penetrate 20 ft. the times would be 4 times 

longer. The times from Table 9:2 are compared with typical 

times from Table 9:1 in Table 9:3. 
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Table 9:3  

k 
	

to 	
t
d 

10
-4 

 cr_./sec. 	20 min. 	2-8 days 

10-6 
	

2 days 	200-800 days 

10
-8 	year 	60-240 years. 

The mriod of drawdown of a dam may well vary between 1 day 

and 1 year, depending on its purpose and mode of operation. It 

can be seen from Table 9:3 that with incompressible fills of 

permeability in the range 10
4 
- 10

-8 
 cm/sec, th-n for certain 

rates of drawdown the pore pressures may not be predicted on 

the basis of undrained theory (eqn. 9:1) or on the basis of 

drainage according to the Laplace equation (9:26). This range 

includes many of the natural sands, and morainic gravels which 

are commonly used as fill material. 

Reinuis also computed the lac clue to a soil compressibility 

appropriate to a lateraly confined sand under repeated loading, 

and he found it to be of the order of 1% of that due to trapped 

air. Whore plastic deformations of the soil occur the com-

pressibility of the soil structure would be much larger than 

this, and the lag due to the soil compressibility might be 

expected to be of the same order as that duo to trapped air. 

However, effective stress changes due to drain age alone are 

likely to represent reloading and in this case volume changes will 

be small. The larger plastic deformations which might accompany 
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changes of shear stress during drawdown are likely to be reflected 

in the values of A and B in eqn. 24 rather than in the value of c. 

9:21 Drawdown Measurements at Glen Shira Dam.  

The lower reservoir of the Glen Shira hydro-electric scheme 

in Argyleshire is impounded by two dams, one of which is an 

earthfill structure 53 ft. high. The layour of the dam is 

described by Paton (1956). During operation of the scheme the 

dam is subject to frequent drawdowns of a few feet, and shortly 

after impounding a drawdown test was conducted to determine a 

safe allowable drawdown rate. This test was described by Paton 

and Semple (1960). The reservoir was drawb down 30 ft. in 4 

days and the pore pressure changes in the upstream slope were 

measured. The implications of the results were discussed by Paton 

& Semple in similar terms to those presented in sections 9:1 tp 9:5. 

The 



pore pressures measured did not agree with those predicted on 

the basis of either of the two design methods summarised in 

Section 9:5. 

In 1961 (5 years after the reservoir was impounded) main-

tenance to the power tunnel caused the reservoir to be drained. 

Owing to the interest caused bj the original test a second 

drawdown test was arranged, and readings of pore pressure were 

taken during the emvtyini;7 of the reservoir and during its 

subsequent iii:poundinc by a team from Imperial College. The 

following is a discussion of these measureents, together 

with those of Scone ay.c1 Paton, and of their relevance to the 

general -)roblem outlined in Sections 9:1 to 9:5. 

9:2:2Details of the Dam Section.  

Details of the construction of the dam are given by 

Paton (1956). A section of the upstream side of the dam is 

shown in Fig. 9:5. The downstream slope is an average of 1 to 

3 and consists mainly o±  similar morainic fill to the upstream 

side. The dam has a central reinforced concrete core wall. 

The Diezometer measurements show 	pressures equivalent to 

full reservoir head are developed in the upstream side of the 

dam, while no pore pressure exists on the downstream side of 

the core wall. Thus the core is fully effective as an 

impermeable membrane. The instrumented section lies close to 

an old river channel, which was filled with rockfill. There-

fore the fill may be regarded as underdrained beneath the 



whole of the upstream side, a conclusion which is confirmed by the 

behaviour of piezoneter No. 10. 

The compacted morainic fill was taken from three borrow pits, 

which provided the fill for the zones shown in Fig. 9:5. Results 

of density tests on the fill are shown in Fig. 9:5. 

Typical gradings are shoun in Fig. 9:6. The moraine is a 

loose deposit derived frennica-schist and it contains many 

weathered and soft fragments. It is non-plastic. The soil 

properties of the moraine may be summarised as follows: 

(Paton and Semple: 1960, Matyas: 1963). 

Density and Moisture Content  

Av. placement: 124 lb./ft.3  - 15% (material ) 41n. 

Standard Proctor: 121 lb./ft.3 9 - 12% 

Permeability 

Laboratory Compacted at n/c = 16%0  k = 2 x 10-5 cm/sec. 

Shear Strenr-th 

CI= 0, 	,41= 360  

Initial Suction  

Compacted at m/c 15%, ua - uw = 2 p.s.i. 

Compressibility  

on first loading of sample compacted at m/c = 15% 

,11 = 4 x 10
-4 

in.
2
/lb. • y  
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Permeability Measured in the Field.  

At various times during the history of the piezoneter 

installation the tubes from the piezometers were allowed to 

discharge freely, and measurements of the water discharged 

were made. These discharge measurements can be converted to 

permeabilities (Hvorslev: 1951 and Ch.4). The results are 

shown in Table 9:4. 

Tip 

Jan. 

11ar. 

Feb. 

No. 

1955 

1956 

1955 2.3 

1 

2.3 x 10 5 

TABLE 9:4 
Permeability k cm/sec. 

3 	4 

	

1.3 x 10-5 	6 x 10-6 

	

x 105 	8 x 10-6 

	

2.1 x 10-5 	6 x 10-6 

10 

2.9 x 

2.9 x 

10-5  

10-5 

2 

9 x 10-6 

2.3 x 105  

The insitu permeability varies therefore between 6 x 106  cm/sec. 

and 2.9 x 10-5 cm/sec. 

9:2:3 Instrumentation and Field Neasurements.  

The piezometers installed had low air entry value filters and 

were of the type illustrated in Fic. 4:5a. Copper tubes were 

laid through the concrete core wall, and the polythene tubes were 

connected to the ends of these tubes. The joints with the copper 

tubes on the downstream side of the core wore within a vertical 

shaft which was intended to measure deflections of the core wall. 

The tubes were led from the shaft to the instrument house through 

a 6 in. dia. duct. Air tended to circulate through this duct and 



up the shaft, and thus a long length of tubing was subject to 

rapid temperature changes. Some fluctuations in the readings 

may be due to this cause. The pressures were measured by 3 mm. 

bore mercury manometers. During the previous drawdown test 

(Paton and Semple:1960) bourdon gauges were used. 

Two of the piezometers, Nos. 3 and 10, only operated on 

one tube, the other tube being blocked. A twisted connection 

in the instrument shaft caused a blockage in one tube of 

piezometer No.2, which was not cleared until the second day. 

The single tube piezometers were de-aired by forcing a quantity 

of water equal to the capacity of the system into the tube. 

The responses of the piezometers and their times of equal-

isation after de-airini! are shown in Fig. 4:3. Even after 

pressurising No.3, one of the single tube piezometers, full 

equalisation took only about 2 hours. Thus response was more 

than adequate for the rate of drawdown, and de-airing could 

be carried out during the drawdown test without interfering 

with the continuity of readings. 

The readings obtained during the drawdown test are shown • 

in Appendix A. It is assumed that the piezometers wore 

measuring pore water pressures. The readings from piezometer 

3 show a drop at the end of the drawdown which is difficult to 

explain except as a result of non-homogeneity in the fill. At 

various times during the test discrepancies between the pres-

sures recorded by the two tubes were noted, and the piezometers 

were then de-aired. The de-airing is indicated 	. When 
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the equipment was de-aired as impounding started considerable 

quantities of gas were flushed from the piezoneters. 

Measurements of settlement were made on the upstream 

face as the reservoir was drawn down. Weather conditions were 

generally poor and the settlement measurements were difficult 

to make, but the settlement of the upper part of the slope 

averaged 0.29 cm. to an estimated accuracy of + 0.05 cm. 

Assuming that the change in effective stress in the dam after 

the water load has been removed is due entirely to the 

dissipation of pore pressure, then the settlement can be used 

to derive a coefficient of compressibility. The value is 

3.3 x 10-5  in.2/lb. 

Factors of safety for the embankment as derived from a 

conventional stability analysis have not been worked out. At 

any particular reservoir level the pore pressures were lower 

than these measured by Paton Semple (1960) and thus the 

factor of safety would always have been greater than the value 

of 1.3 quoted by them. 

9:2:4 Discussion of the Results.  

The pore pressures which should result due to the Glen 

Shira drawdown can be predicted by the Bishop analysis or by 

the Reinuis analysis. This has been done by Widdis (1965) 

working under the authors direction. The Reinuis flow nets can 

be obtained by sketching and an example is shown in Fig. 9:7. 

Inconsistencies in the flow nets do not cause large errors in 

the predicted pore pressures. The effectof anisotropy has not 
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been considered. The pormeabilities deduced from the discharges 

of the piezometers show a range of 5x. Horizontal permeability 

is unlikely to exceed vertical permeability by more than this 

amount, and the effects of anisotropy should not be very great. 

According to Peinius the upper flow line, which is the 

zero pressure line which forms the boundary to the solution, 

will migrate downwards at a rate v 

v = k.i 
n 

i = local hydraulic gradient 

11 = porosity of fill. 

This assumes that capillarity effects can be ignored and 

that all the water drains from the soil above the zero pressure 

line. Assuming an average permeability k for the Shira fill of 

2 x 10-5  cu./sec., a porosity of 33% and a hydraulic gradient 

of unity then v = 5 cm/day. This would be negligeable but it is 

an over-simplification for relatively fine grained soils such 

as the Shira fill. 

Above the zero pressure line in such a fill there will be a 

capilliary zone. The suctions in this zone will increase 

vertically upwards and the degree of saturation will decrease. 

There is likely to be continuous air in much of this zone at 

atmospheric pressure. During drawdown the zero pressure line 

will again migrate downwards. Water will flow downwards from 

the capilliary zone until now equilibrium suctions are set up. 



This process will be complicated, but to a first approx-

imation the rate of migration of the zero pressure line will 

depend on the permeability to water of the capilliary zone and 

on the quantity of water which must flow for the new suctions 

to be set up. For a constant quantity of water the rate would 

be proportional to the permeability. Thus the relation of the 

rate of migration of the zero pressure line to the general 

rate ofof. drainage of the slope would be independent of 

permeability. However, for fills of progressively lower 

permeability and grain size a given change in suction requires 

a progressively smaller change in moisture content. Thus for 

less permeable fills the drop of the zero pressure line 

occurring during drainage becomes proportionately larger.
(I) 

If it is assumed that at Shires the migration of the zero 

pressure line was accompanied by a change in the degree of 

saturation accompanied by a change in the degree of saturation 

of the fill above it by 10% rather than 100%, the rate of 

migration would he 25 cm./day. This is 	negligeable, but 

for a less permeable fill the effect would become important. 

A bettor estimate of the rate oould be made by studying the 

suction-moisture content relationships for the fill. 

The measured pore pressures are compared with the predictions 

on Fig. 9:8 and Fig. 9:9. On Figs. 9:10, 9:11 and 9:12 the 

predictions and the measured values are plotted against reservoir 

level, the results of Paton and Semple (1960) being included. 

(1) This assumes that complete drainage of the fill above the 
zero pressure line never occurs. 
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The Bishop analysis assumes undrained conditions, and if the pore 

pressures are being reduced by drainage, then the pore pressures 

should always be lower than the Bishop prediction. At piezometers 

2 and 4 the pore pressures exceeded the Bishop prediction during 

the early stages of drawdown, and at piezometer 1 this condition 

continued until almost full drawdown. An approximate separation 

of the reduction in pore pressure due to change in stress (the 

Bishop analysis) from the change due to drainage can be made 

by inspection. The drawdown was made in a number of steps. 

During a 'step' of drawdown the rate of pore pressure decrease 

may increase for two reasons. 

(a) Change in stress. 

(b) An increase in drainage rate, which may not occur if 

the piezoneter is remote from a drained boundary. 

In the case of piezometers 3,4 and 5 there is no apparent 

increase in the rate of pore pressure decrease during the 'steps' 

of drawdown. Thus there is no reduction of pore pressure due to 

change of stress. Measurements at piezometers 2 and 10 are 

apparently dominated by rapid drainage. Piezometer 1 experiences 

the largest decrease in stress, and there is an increase in the 

rate of decrease during each step. An approximate method of 

separating the effect of stress changes from drainage is shown 

on Fig. 9:13. This method has been applied to piezometer 1 with 

the results shown in Table 9:5. 

27 



TABLE 9:5 

(5-"V 	 Ap, net 	E; 	gunci 
ft. 	ft. 	ft. 	ft. 

6 6 2.0 0.5 0.33 0.08 

6 6 2.0 0.5 0.33 0.08 

6 2.4 2.5 1.4 1.05 0.58 

7 1.6 260 0.7 1.25 0.44 

Average 	. d •55 	o• 9 

The value of B derived is small. A similar example of a 

small or negligcable value of B, 	impermeable fill, is 

given by Gilbert (1962). 

The measured pore Drua=ures are consistently hither than 

those predicted by the Reinius theor. during drawdown, and 

are consistently lower during impounding. Thus there is a 

lag effect, which implies small values for either c or c
f 
in eqn. 

9:24. The application of eqn. 9:24 to a two dimensional problem 

would be extremely tedious. A very simple approximation can be 

made if it is assumed that the problem is ono dimensional, and 

that B = 0. The solution is illustrated in Fig. 9:14. 

If one dimensional flow in the vertical direction is assumed 

at piezometer 1, then the solution can be applied. The drawdown 

level reached the upper boundary of the fill after 3i clays. At 

this time the piczometer showed an excess of 6 ft. above the 

equilibrium value indicated by the Reinius solution, and fcr 
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convenience this can be assumed to be the average value. 

The drawdown was 25 ft. Thus equalisation is approximately 

75% T = 1.2 and since 2d24-. 15 ft. 

C.0f 	580 ft.2/month. 
C+Cf 

If either C = oo or Cf 
= Do 

Values of m can be obtained as follows: 

	

k = 	3 x 10-5cm/sec. 	6 x 10-6  cm/sec. 

	

= 	1 x 10
-2in.2/lb. 	2 x 10 3  in.2/lb. 

These values of m are approximately 100x greater than the com-

pressibility of the fill indicated from the settlement measure-

ments. 

Thus the 'lag' recorded in the piezoneter measurements is 

due to compressibility of the pore fluid and not the compress-

ibility of the soil skeleton. The compressibilities above are 

rather greater than those shown on Fig. 9:3 but the difference 

may be due to the approximations made. 

For the given stress conditions 
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(9:27) 

 

For 	mf = 100, B =-11. 0.01 

Thus the very low values of B indicated by inspection of 

the piezometer reccrds is consistent with the settlement 



measurements and the lag in equalising towards the Reinuis sol-

ution. 

It can be seen from eqn. 9:27 that large volume changes 

of the soil skeleton would have to occur for B to become 

significantly large. These volume changes would almost 

certainly be plastic and irrecoverable. 

The value of Lif 
increases with decreasing pressure. Thus 

as drainage proceeds the drainage rate will decrease. The pore 

pressure records show that the final stases of equalisation 

are very slow. For more precise analysis a theory such as 

that of Gibson is required which will allow for the variation 

of mf 
with pressure. 

The behaviour of the Glen Shires dam during the drawdown 

test can be summarised as follows: 

1) The factor of safety was always higher than that which 

existed during the previous drawdown test. 

2) Settlement measurements indicated that the fill had a very 

low compressibility under the stress changes to which it 

was subjected during drawdown. 

3) Pore pressure changes due to total stress changes were 

negligeable, i.e. TT-2:0. 

1+) A significant lag in the response of the pore pressures 

to the changing drainage conditions was observed. This was 

consistent with the presence of occluded air bubbles in the 

pore water. Both the Reinuis Theory and the amended theory 

presented in Section 9:4 indicate that the presence of air 
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bubbles in a fill of the permeability of the Shirt moraine 

would have a significant effect on the drainage of pore 

pressures. 

9:2:5 Conclusions.  

The following General conclusions can be made in the light 

of the preceding discussion and field evidence. 

1) Any dam subject to regular drawdown should be designed to be 

stable without plastic and irrecoverable deformations. Only 

in the case of a dam subject to occasional severe drawdown 

might a strength be relied upon requiring plastic strains. 

2) The permeability of a wide range of fills is such that 

drainage during drawdown occurs. However, the permeability 

is too low for the gravitational flownets to be set up 

immediately, due to the lag effect caused by air trapped in 

the pore water. Generally the presence of this air and the 

criteria that only elastic strains are allowed will mean that 

changes in pore pressure due to changes in total stress will 

be small, i.e. B"- 0. 

Stability analyses might be made in terms of effective 

stress with pore pressures estimated from the application of 

eqn. 9:24 to the boundary conditions with A = B = 0 and C = 00  

m could be estimated from the degree of saturation obtained 

in soaking tests. The pore pressures could be estimated 

approximately by estimating lag in one dimensional drainage 

and modifying the pressures indicated from the Gravitational 

flow nets accordingly. This approach has been used in this 
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chapter. Alternatively a more exact two dimensional 

analysis could be made. In this case the method should 

allow for the variation of c, with pressure. i 

3) 	For most dams desi!::ned using the above method there 

would be a res,:rve of strength in a single severe and 

unrepeated drawdown, as plastic strains would occur and 

then b› 0. The evidence of the Shires drawdown test 

is that large plastic strains would be necessary before 

a significant drop in pore pressure would occur. 

4). 	The rate of migration of the zero pressure line which 

forms the upper boundary to the drainage solution may 

become relatively important in slowly draining soils. 

This is because the changes in suction which must acc-

ompany this migration will only require small change of 

moisture content and hence a small flow of water. 

5) 	In the case of impermeable soil from which no drainage 

during drawdown occurs the a-oproach outlined above cannot 

be applied. Lo (1961) performed tests on samples of 

saturated normally consolidated clay in which the pore 

pressure increased with the number of cycles of the same 

shear stress applied. Thus the factor of safety 

measured in the conventional manner decreased with the 

number of cycles. If some drainage occurs during the 

operation, of the reservoir, then some swelling of the 

fill may occur, and a further reduction in the factor 

of safety may occur due to a reduction in shear strength. 

242. 



In the case of some impermeable fills full seepage pressures 

may not develope unless the reservoir remains full over a very long 

period. In this case seepage pressure clue to a mean reservoir 

level might be used. 

There is a major need for more study of undrained shear 

strength. of partly saturated soils under cycles of decreasing 

stress. The presence of gas bubbles may greatly decrease the 

shear strength. Examination of existing fills would enable the 

decree of saturation in the field to be studied. Detailed 

examination of an impermeable fill subject to regular drawdown 

would be very helpful. 

If the value of B was as low as that indicated by the Shira 

drawdown, in an impermeable fill from which no drainage occured 

during drawdown, then a very flat slope would be required for 

stability. The infrequence of drawdown failures under these 

conditions suggests that either the degree of saturation is much 

higher or that some other mechanism plays a part in maintaining 

stability. 

6) For a case such as Glen Shira, where drainage occurs, it is 

possible to predict the maximum safe rate of drawdown from the 

results of a drawdown test. This can be done by the method 

outlined in (2) except that the actual value of cf  can be 

obtained by analysing the results of the drawdown test, 

as outlined in this chapter. The pore pressures which would 

be set up in a more rapid drawdown could then be computed, 

and the factor of safety determined from a conventional 

analysis. A relationship between rate of drawdown and safety 
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factor would then be determined. A factor of safety could be 

accepted which was equivalent to the maximum shear stress at 

which repeated stress cycles produce elastic behaviour. 

Thus the measurement of pore pressure can be used as a 

guide to the stability of the dam under varying drawdown rates. 

More measurements in dams subject to regular drawdown are 

required. 
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CHAPTER 10 

DEVELOP MNT OF . UPLIFT PRESSURES DURING 
II-Tel:HIDING OF SMSET RESERVOIR  

10:1 Introduction  

Selset reservoir is formed by an earth dam constructed in a 

valley which contains extensive r;lacial deposits of boulder clay. 

Aspects of the design and construction of the embardc:lent are 

discussed in Chapter 6, 7 and 8. Despite the construction of a 

concrete-filled cut-off trench, extended by a cement grout 

'curtain', si,;nificant uplift pressures developed in the solid 

rocks downstream of the dam during impounding, and relief wells 

were necessary to relieve these pressures. The construction of 

;:he embankment and the develotment of the uplift pressures have 

been described by Kennard and Kennard (1962) and by Bishop and 

Vaughan (1962). Sone details of the field instruments used for 

neasurinG the Pressures have been Given by Bishop, Kennard and 

Penman (1960). 

This Chapter describes the .;eology of the dam foundation 

and the cut-off i:eL-.sures constructed, and then gives details of 

the develcy3ment of the uplift ;pressures and of the relief wells 

which were necessary t control them. Finally, the implications 

of the uplift pressures are considered, with particular reference 

to the effectiveness of the cut-off. 

10:2 The Geoloy of the Dan Site 

The solid rocks beneath the dan foundation are part of the 

lin,estone series of the carboniferous. The site is located on 
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the Northern side of the Cotherstone syncline (Reading: 1957) and 

thus the rocks dip to the south at an ancle of approximately 10 

deg. 	sir:plified geoloj_cal cross section along the line pf the 

dam is shown in Fig. 10:1a. 

7Ie rocks consist of  alternating shales, sandstones and 

thin limestones cverlyinc the massive great limestone. This bed 

of limestone was ?flown t.:) outcrop within the reservoir, but only 

to a limited extent about 1 mile upstream of the 'Ia.:. No attempt 

was made to extend the cut-off into this stratul- The shales 

are laminated and have frequent fine fissures. Numerous borehole 

seepage tests on similar material at the nearby Balderhead dam 

have shown then to have bulk permeabilities in the region of 

- 10 4 - 10-5 cm/sec. The limestones, and to a lesser extent 

the sandstones, have more infrequent but such wider fissures, 

and perseabilities are therefore rather artificial concepts for 

these materials. However, site measurements sucgest that the 

sandstones 	be considered as havinc bulk permeabilities in 

the region 10-3  - 10-4  on/sec, and the limestones bulk permeab-

ilities in the region of 10 - 10 > cm/sec. 

The valley is blanketed extensively by deposits of boulder 

clay. This material contains occasional silt and sand lenses, 

but it is predominantly :)f a dense, clayey nature and it has 

a coefficient of pereability measured in situ in the range 

10
7 
 - 10 °  cm/sec. Properties of the boulder clay are riven in 

Ch. 6 and 7. It lies up to c0 ft. thick on the south side of 

the river and up to 40 ft. thick beneath the alluvial gravels of 

the river plain. On the north hillside it is rather thinner and 
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in one or two places at the foot of this slope it is missing 

alto:7ether. The bedrock is also known to outcror near Selset 

weir and in the river channel just upstrear:L of the don. 

10:3 See-ea-?e  PreJsures in the Rock before Construction  

As the underlyiny rocks at the dc!: site ale covered by an 

al-:.ost continuous blanket of relatively L,per:-:e:,ble boulder 

clay, the greunsl water flow can be considered to have been 

restricted entirely to then, exce:t wi ere rock outcrops or 

rupture of the boulder clay cover 	seepage pressures allowed 

the egress of water as spriniTs. Known outcrops of rock and 

sprin:s are shwcn in Fig. 10:2. 

The presence of springs at an elevation of between 1050 ft. 

c.d. and 1150 ft. o.d. on the south hillside shows that there 

the water table was near the surface. While no atteapt was 

Eade, durin,;. the original site investi::]ation, te neasure water 

pressures, e borehole on the south side of the valley (shown 

as d7 in FiL;. 10:2) whichpenetrated into the sandstone stratu 

(d) Fi. 10:1(a) showed a rest wate level of 978 ft. c.d., i.e. 

55 ft. above the valley floor. Unfortunately the original 

exploratory 'ecreholes were not plurjeed, nn subsequent :::casure-

teents of artesian pressures are subject to the fact that five 

boreholes in the valley floor were discharein considerable 

quantities of water and were acting as relief wells. A piez- 

eeter installed dewns,trea 	the 	near the toe of the 

south slope (B.23 in 	10:2) which records pressures in the 

thin ii72estene straturi (c), showed a piezoEetric level nearly 
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30 ft. above the river level 	the toe, and two piezoLleters in 

the valley floor (13.30 and 3.32 in Fic. 10:2) which were close 

to the oria:inal boreholes actin:; as relief wells showed artesian 

Pressures of 12 ft. above F.i.,roun level in the centre of the valley. 

It seems probable that, orisinally, artesian pressures of about 

20 ft. existed between the centre of the valley and the South 

hillside. On the ::orth side of the valley the water table would 

have been at or near the surface, the various springs and rock 

exposures serving to relieve any artesian pressures. The dip of 

the strata to the South may also have serv2d to reduce pressures 

on the North side of the valley. 

Thus the general picture is of Croune water flowinc in the 

store permeable bedrock beneath the boulder clay towards the 

various rock exposures and sprin7s which serve as natural relief 

points. Owing to the almost continuous blanket of boulder clay 

existin2 at the dr.J:t site, and hence the lack of these natural 

relief points, considerable =tesian pressures existed over most 

of this area. It is interestin to note that a si:]ilar phen=e1.,on 

occurs at the nearby Balderhead day: site. Here the relatively 

inper~ 	blanket is famed by a shale stratus :, lyin horizont-

ally eve:, a bed of saailstone. The sandstone is sore 50 ft. below 

the valley floor, which is forned by the shale. While the watur 

level in the sandstone is well below ,3round level in the sides of 

the valley, in the floor of the valley it is 40 ft. artesian. 

10:4 The Cut-off Construction.  

Details of the concrete-filled cut-off trench and of the 

.3reutini3 operations have been r;iven by Kennard:ICL Kennard (1962). 
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The concrete trench can be considered as effectively watertiZet. 

Beneath this '.rench the rocks were pressure-routed from a single 

row uf sreut holes. The extent of the trench aeei ef in Brout 

curtain is shown in Fin. 10:1b. 

The lie:its of te cut-off trench wore orij_nally determined 

by surposin_? the shale to be relatively impere2eable coiJpared 

with the sandstone and the liHestone. Thus it was taken down 

throuh the sandstone beneath '.he dam into the shale, aed it 

was extended into the south hillside to lengthen the seepage 

path of water passie,er round it, through the more permeable 

strata. Owing to the dip of the rocks it was not possible for 

water passin wholly throuch the more pereable strata to by-pass 

the north end of the trench. The c;rout curtain was considered 

as an extension of the trench and its limits deterAned by 

cuplyin the same principles. 

Greutief:, was initially frol:, holes at 40 ft. or 20 ft. 

spacin, and then fro:: Leter:lediate secondary-I -tertiary and 

eccasionally, Taarternary holes, until it was considered that a 

satisfactory reectien in ctuantitier.; injected in a particular 

stratum had been achieved. The final spacinc of 73.reet holes is 

shown in Fi. 10:lb. The rout was initiall injected as a 10:1 

nix, the water content bein:; decreased as srouting proceeded until 

a specified naxielur] injection -.;?ressure was reached. Occasionally 

a 1:1 sand-ceelent [...;rout was used where the injection preseure 

could eot he built un with cenent J,reut alone. The Jreut holes 

were extended by 10 ft or 20 ft stases and then .7routed, but as 

no packers were used the ,:rout was applied to the full depth of 

hole below the cut-off trench. The specified injection pressures 
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were increased with the depth of the hole, starting at 20 lb./in2  

in the first stage below the cut-off trench and increasiin by 

20 lb./in-  for each 10 ft. stage drilled thereafter, up to a 

=ximum preesure of 200 lb./in.-. 

A total of 2734 tons of cement and 320 tons of sand were 

injected into 379 __oleo of a total len:ith of 	427 ft. aecause 

of tan fissured nature of the rock 	quantities of ;;rout 

injected tended t vary erratically, a tertiary hole sometimes 

taki:1:; 	rably larger quantities of .:rout than the stages 

of the primary a:.d sec=dary holes adjacent to it. The grout 

also travelled considerable distances, on occasions emerging 

from an open ;. rout hole u1-2 to 100 ft. away from the point of 

injection. Nevertheless, there was a reduction in the average 

quantities injected as the hole spacing was reduced, the holes 

at 20 ft. centres taking 1.50 cwt/ft, the holes at 10 ft. 

centres taking 1.15 cwt/ft, and the occasional holes at 5 ft. 

taking 0.6 cwt/ft. So far as/is Dossible to estimate therl, 

the typical quantities of =out injected into the various strata 

are shown in Tal;:le 10:1, assunin,i; the grout injected always 

went into t:lo freshly drilled hole, and net into that part 

previously ;routed. fZecent work at tho Balderhead site has 

shown that thc -routing press=es used at Selset (Aorgenstern 

Vaugh-7: 1963) would lave been hi7h enough to fracture :any of 

the shale strata, and thus much of the grout injected into these 

strata would have gene into fissures actually caused or enlarged 

by the !;routing operations. After grouting, a number of water 

seepage tests were made, an  these are sunnarized in Table 10:2. 



25r. 

While there is evidence that at Selset the cement :;rout pene- 

trated at least 2C ft. either side of the line of grout holes in 

the _yore pen]eable strata, recent work (2.nbraseys, 1961 and 1963) 

has shove that the effectiveness of this penetration in producing 

a cut-off is suspect. 

10:5 Relief :leasures  a: 1d PiezcEeters Installed at the End of 
Construction. 

Durin construction of tile daE, uplift pressures were 

measured by the piezoneters 8.30 and 3.32 installed in the top 

3f the sandstone in the floor of the valley, and by the standpipe 

8.23 recording the pressure in the thin linestone (c) beneath the 

south hillside. (b.30 was discor.eiected, for a tine, but it was 

reconnected when the uplift pressures developed). 

As part of the measures taken to stabilize the southern 

hillside just downstreae: of the daE, which was u: active clip 

(Skceelpton and Brown, 1951), an ac it was constructed into the 

hillside. 17elief wells W.1, 2, 3, 5 and 6 were drilled at the 

toe of the slope and ale:es; the line of the adit, throuh the 

boulder clay to the roc:: surface. These wells were desined to 

be easily deepened if this proved necessary (Bishop and Vaughan, 

1952). 

011 tee north hillside it was felt the.t uplift pressures :1L;ht 

deela7e the floor of the spillway channel, and two 12 in. diaeter 

relief wells,.W.7 and W.6 were constructed.to observe and control 

these pressures. 

In order to de-water the sandstone and assist in the con-

struction of the cut-eff trench an 13 in. dianeter borehole with 
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a submersible p=p was constructed just downstreaE of the deepest 

part of the trench. Before being pumped this hole acted as a 

relief well, reducin the pressures leasured in 3.23, as well as 

those in 0.30 and E.32. During ezeperLeental -pumping there was 

an ipmediate response in 3.23 ( 1 ft. drop in half an hour), 

chowine; the interconnection between the sandstone being pumped 

and the thin liaestone in which B.23 recenrls. The de-watering 

hole was pumped at rates of up to 15,000 ee.1/11 dlerine; construct-

ion of the trench, and in 73 months the water level at 0.32 was 

reduced by 41 ft. After the pump was withdrawn the hole was not 

plugged, but was connected by a 1+ in. die:eeter cast iron pipe to 

the tailbay. It overflowed again 3 nontho after nueping stopped. 

10:6 The Developent of Uplift Pressures Durinf.; Ippounding and 
the Construction of Additional Pelief Wells. 

My the tirle that impounding cceimenced, the various pressure 

measurer.]ents showed that conditions had returned to sor.:ething 

like those obtainin before construction started. The flow and 

pressure :.easure1.2ents are shown in Fig.10:3. Between October 

1959 and February 1960 the reservoir level fluctuated between 

930 ft. o.d. and 930 ft. c.d. as the pipe-work in the tunnel was 

constructed. Frev the middle of February final i::pounding took 

Place and by April the reservoir level had reached 1020 ft. o.d., 

17 ft. ':elow tsp water level. The preseure shown in 3.23 responded 

quickly to the rise in reservoir level, and by Lpril was over 50 ft. 

above the valley floor, reasured in a stratum oily 63 ft. down. 

The flow free-, the de-watering borehole (which had tended to vary 

with rainfall) increased fro;._ about 150 ral/11 to about 40c,  011/h. 
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It is possible that the grouting operations had affected the rock 

adjacent to the borehole, otherwise nuch larger flows rAsht have 

been ex-oected. 

The water levels in the north hillside recorded in W.7 and 

w.8 rose by 11 ft. and 15 ft. respectively, and 11.7 benan to 

overflow. However, B.32 seeEed to have responded less rapidly, 

and the yield fro the adit and relief wells (and hence the 

pressure in the rock surface beneath the boulder clay in this 

area) had only .Elrginally increased. Relief reasures were put 

in hand at once and W.2, W.3 and W.5 were extended in turn down 

to the lieeestone as 4 in. diaeter holes. The flow fro this 

area was increased fron 700 gal/h to 7500 fnl/h Len the water 

level in B.23 dropped by 25 ft. 

The reservoir filled at the ez.d ef July 1960, and by the 

end of Ausust B.32 and B.30 (which was reconnected) were 

showinz pressures sane 45 ft. above the valley floor at the toe 

of the da:e, i.e. spree 80 per cent of the overburden pressure. 

:Is an jeerlediate relief neasure the well at the ceuth of the 

adit ('1.1) was extended through the lir:lee:stone towards the 

sandstone, until the voluee of water precluded further drilling'. 

This hole yielded 10,000 gal/?= sal:-. an imediate crop of 4 ft. 

way achieved in the preesures beneath the valley floor. At 

the sane tine ee-‘ observation borehele (0.1) was drilled in the 

south hillside 	a e,talpipe was ,,reted into this hole to 

record the water level in the sandstone (d). The rest water 

levels durinr drilling showed that at this tine the pressure 

in the lir estop c) was song 5 ft. leiher than that in the 

sandstone (d). These levels are illustrated in Fis. 10:4. 
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Finally a 12 in dia.ieter hole, W.9 was drilled at the down-

strew', toe of the dam. This hole yielded initially some 15,000 

gal/h falling to 10,000 gal/h. The uplift prersures beneath the 

dan were reduced by 50 ft. and the level in the observation hole 

by 25 ft. despite its remoteness from the relief works. With the 

ce,:Tletion of W.9 it was felt that the uplift pressures had been 

reduced sufficiently, a7.1d continued readings of the various 

piezometers have 	far shown no significant chanes in the 

seepage pattern. 

The Iperfon-lance of the dam foundation during i=oundinr: 

ca:. be sumarised as follows. The principal uplift durinL,  

impounding occurred beneath the area on the south side of the 

valley, where artesian pressures wore measured bef:.re construct- 

ion. These urlift pressures were sufficiently hih to Ave an 

unacceptably low factor of safety a.„7.int local failure of the 

embankment. The concrete cut-off trench and the grout curtain 

did not prevent ther;e -R),-essuros fro::, developing. One 12 in. 

diamieter relief well 5 ft. deep and four 4 in. diar eter relief 

wells of 220 ft. combined depth reduced the pressures to accept-

able values, a-:-Ld had a bene:icial efect over a wide area. 

Typical maximum an: steady levels for the various 2ieze:leters 

and sorehcles are shown in fig. 10:5. The total steady yield 

from all the relief works is 30,000 ,all/i. 

10:7 Possible Explanations of the Performance during Im,Doundinf- 

The Irelift erecourec might have been caused either by water 

flowing under the cut-off trench and throur-h or under the grout 
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curtain, or by water flowing fro:2 the south hillside, possibly 

Iron round the cut-off and through or round the :rout curtain. 

While all these :-::echanisns probably play a mart, the evidence 

seel.'s to su,::- st that water flowin fron the south hillside is 

the principal cause of the uplift pressures. 

3oreholes '2.7 and W.8 which a-Je relatively isolated fron 

flow from the south 	 which are vulnerable to water flowin;.: 
", 	 • • 

beneath the cut-off.shlowed a conparatively 	response 

to ii:_poundin-,:. Piezeneters T3.30 and L.32 which are closer to 

the south side, responded to i. .1:eundini; to a mich greater 

extent. 3:-rehole 23 responde to il:.poundin:; nore quickly and 

to a :3rcater extent than B.30 and .6.32, despite bein further 

fron the cut-off and recordin in a 1,Liner otratun. Since this 

c,tratun is apparently Rare pereable than the sandstone in 

which 3.30 and B.32 are located, a quicker res7)onse ni2;ht have 

been expected to water coin fro:.". the south hillside. On the 

conpletien of W.9 the level in the observation borehole showed 

a considerable drop. Were the water reachin 	conin2 fron 

beneath the cut-off, then such an effect on a borehole so far 

into the hillside would see unlikely. 

If flow fro:._ the reservoir round the cut-off into the 

down-strews area is considered alone, then the south hillside 

as a source 	water ca' 	'it be ex-elained. The effect of the 

cut-off on flow fro the reservoir can be estinated fron a two-

dL]ensional flow net, which ass=es flow throu:h the perneable 

strata such as the sandstone. The pressures on the centre line 

of the valley which are predicted fro7.1 ouch a flow net assuninE; 

flow round the concrete tre-hch and round the 	curtain are 
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shown on rig. 10:7. Even if the grout curtain is completely in-

effective the pressures indicated are still lower than those 

measured, and in particular the distribution of pressure indicated 

is inconsistent with that measured. However, if the high water 

table, which already existed in the south hillside, is considered 

then a different flow pattern emer,:3es. 

In order to estimate this pattern a siriplified two-ii:mensional 

model of similar L;eometry to the valley at Selset has been used. 

The :.mound water level has been assumed to be at the surface at 

an equivalent distance of 3000 ft. from the valley bottom, and 

continuous outcrops of rcc have beef. assumed in the reservoir 

and downstream of the dam in the approxiLate locations of known 

outcrops. The rock has ben assumed sym::etrical. ::_hus, the 

relief of pressure known to occur near the north hillside is 

icnored and the uplift pressures indicated by the model are 

hi:her than these actually measured. Despite these differences 

in mar;nitude, it is felt that the model :ives a reans of estim-

atinr:: the relative effects ci various combinations of cut-offs 

and relief wells. :lownet have 7Jeen constructei for various 

combinations using 'Telodcltos' conductin paper. 

Four flownets are shown in Fic. 10:6. Piz. 10:6 (a) shows 

the conditions with the reservoir full an.d nc cut-off or relief 

wells. Fief. 10:6(b) shows the effect of a cut-off exteudinT an 

equivalent 600 ft. into the hillside, i:T. 10:6(c) shows the 

effect of a relief well s:fste, only and Fi5. 13:6 (d) shows the 

effect of a cut-off and relief wells co:ibined. The uressure 

distributions alen the centre line of the valley are shown in 

Fi. 10:7. 
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As a check on the validity of these flownets as a method for 

Predicting the uplift pressures, the quantity of water inplied by 

the flownet 	flbwin2 in the bed rock can be compared with the 

quantity known to issue from the relief wells. In ii". 10:6 (d) 

a yield from the relief wells of 30,000 iml/h (the actual yield 

from all the relief wells at Select) implies an averase permeab-

ility of 5 x 10-3 cm/sec in a stratus: 100 ft thick. This is 

compatible with the known permeabilities of the rock. The flow 

of 30,000 Gal/h from the relief wells is grater than that 

which could be expected frop the direct catchment area feeding 

them, if based on Fi7. 10:6 (d). However, this quantity only 

requires an absorption of a quarter of the annual rainfall into 

a catchment of 1 square mile, which is not unreasonable. 

The effect of the simplifying assumption of uniform 

permeability in the bedrock can also be estimated. The 

pressures in the more permeable limestone and sandstones in 

the hillside are not likely to be as hi:-fh as the surface ';;ester 

table. Surface water will tend to flow down into then throuzh 

the less permeble shales, and out of then where they outcrop. 

As previously mentioned such a flow pattern has been measured 

at the adjacent T3aldernead site. Flownets can be produced as 

in Fig. 10:6, but with potentials at the southern boundary 

equivalent to a water level below Ground level. The distribution 

of pressure along the centre-line for a water level at the 

southern boundary 80 ft. below r•round level, and conditions 

otherwise the sae as in Fig. 10:6, is shown in _as. 10:7. 

While it can be seen that the pressures are lower in this case 

they arc still ciuch hiEher than those obtained by assuming a 
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uniform pressure drop fro:e the reservoir to t'lee outcrops down- 

stream of the dal:. Thus, 	flownets indicate that in a valley 

with a hid__ water table the cut-off, (even if it assue:7_ to be 

perfectly watertiht) can be expected to have only a very 

united effect on the Dressures dounstrean of it. 

Water fro:: , the reservoir and fro. the relief wells has 

been analysed on twe occasions, and the results of these 

analyses are divan in T.Able 10:3. The first an 	was ::.ade 

of sanIples taken on 7th Dece;.!ber, 1960, 10 nonths after iiepound-

in;s. If the water was cominc; from the reservoir then calcul-

ations based on the likely velocity of flow in tee rock su,::;e4st 

that this water would have already reached the relief wells at 

the tine that these samples were token. The analyses show a 

considerable and continuin difference in hardness between the 

saples taken fro;:. the reservoir and the relief wells. Since 

there is an increase in all the a_lutes deter:eined, it is not 

possible to say whether these solutes have been clisolved es 

the water flowed fro; the reservoir or whether they indicate 

;round water fro::e the adjacent hillside, e:,:cept in terLs of the 

rate at which the rock would be dissolved. It is of interest 

note that the total loss of solids in the water clischareeC1 

fro71 the relief wells is about 90 lb. per hr. The increase in 

dissolved celiac over these in the reservoir water would 

represent a nett loss fre the foundatf.on cf 60 	Cnly 

if flew were to be concentrated in a few channels would this 

rate of loss lead to an appreciable rate of increase of 

dischare. Thn rate of loss of solids does sow that under 

certain circustances drainage measures could block rapidly. 
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10:3 Conclusions 

Selset reservoir was constructed in a valley extensively 

blanketed with impemeable boulder clay, beneath wnich artesian 

pressures are keJwn to have existed 'efore construction. 

extensive cut-off consistin,; of a concrete-filled trench and 

a Grout curtain, failed to prevent potentially danGerous uplift 
pressures developinie in n.3 rock downstream of the dam. ri 

simple s7sten of deep wells relieved these pressures success-

fully. If the basic Groundwater pattern of the valley is 

considered, the ichavicur indicated by t::e field measurenents 

can be explained even if it is assumed that the Grout curtain 

is a completely effective cut-off. 

Thus, the effectiveness of the :routins in producinc; a 

zone of reduced perneability cannot be assessed. The 

experience at Selset corroborates the statement by Casarande 

(1961) that a "routed cut-off cannot necessarily be relied upon 

to control u-elift pressures downstream of it, and that relief 

wells are a siple, cheap and effective way of rJoinG this. It 

does suT7Gest, however, that in certain circu:-Istances this state 

of affairs nay be due to reasons other than inadenuate 

and that in plannin,13 a cut-off its effect on the Groundwater 

hydroloGy of the valley should be considered. 

It is important that where such a roblen exists the „round 

water pattern should be investi:ated by properly constructed 

-,:dezometers. The probable and actual influence of iFTpoundinc 

on Groundwater flow can then be deternined, and cut-off and 

relief r]easures can be constructed accordinGly. 



Strata 

I 

Typical range of 
grout takes in 
loth stases. 

Average takes in 
104.1-. stages. 

cwt. of cement (sand cwt of cement 

Shale 0 - 5 1 
Linestone (a) 0 - 211 +(56) 20 
Sandstone (b) 0- 240 20 
Ltineshone(c) 0 -2174062 30 
Sandsl-one(d) 0-326+071 15 
Limesfone CO 0-158+(91 20 

TABLE 10:1 -TYPICAL GROUT TAKES 

Tests in primary holes afler grouting 
Ch. of hole 

ft: 
Deplhof hole 

ft-. 
Leakage 
gall/m;r, 

Pressure 
117./ii,?- 

, Permeabilil-i3 k 
cm./sec 

+SO GO 11.0 

O
 0

1n
0
0
0
0
 

co
 cor- °N

eo
n
 

S.3x101 
541 126 5.6 1.2).10' 
521 60 6.0 
521 
562 

90 
60 

5.3 
64 

33(350i /00d--.555  

562 90 6.2 1.7x 101 
681 80 62 2:4x 10' 

Tests ii-) ongrouted 10 fl.. lengths below grouted lengltis 
in tertiary holes after adjacent primari.3 and secondary 
holes completed: 	generally ti 	sandsFone 

Ch.ofhole Cep+lofhole Leakage Pressure al-rneabilih3 k 
ct cl-  gall/mirA)  lb. /iill.  cm/sec 

2116 20 10 50 5s 10-4  
2116 30 20 50 I x10-3  
2.116 +0 10 50 
2126 20 25 100 

3 10; 
4g 10-5  
7: 0 2126 30 29 50 1 

2126 40 1.6 100 3;c 10 

(1) Difference between leshng before dncl after drilling 
TABLE 10:2 TYPICAL SEEPAGE TESTS IN GROUT HOLES 

TABLES 10:1 & 10:2 



Reservoir Wel 	14.1 Well W.9 
12:60 4:63 12:60 5:  63 12:60 4;63 

Carbonate hardness a s Gs Coy 33 31 248 196 315 260 
Non-Carbonale hardness as CQC03  6 13 — — — — 
Tolal hardness as CAC03 39 44 208 160 161 144. 
Calcium hardness as CaCO3 35 38 164- 126 86 109 
Magnesium hardness as CaCO3  4 6 44 34 75 35 
Dissolved solids e  105 °C 82 101 2.87 230 362 340 
Sodium as Na 245 45 24 19 76 82 
pH 7-0 7.1 71 74 74 74 

"TABLE 10:3 ANALYSES OF WATER FROM 5ELSET 
RESERVOIR AND RELIEF WELLS. 

TABLE 10 : 3 



	 South 

CH. 3043 CH.0 W.8 	W.7 	
Observation borehole 

Top of embankment 1044 A.0.12 	0.1 

Length of darn-3043 ft 

t'cic rim 20' C/C 	 	20.C/C— 
Some al 1VC/C 

TIM 	20 C/C 	 
Spacing of grout holes 

(61 

Shale Umeskine 
1.7irri-iejoT;; .L-----b 	a  
Sandslone 

Limestone 7—  • Base of 
grouting 

1100 

WOO 
900 
BOO 
700 

NAB 
(a) 

North 

O 

c) 
TT1 n1 
D0 

F 
Fs 

0 
"r1 

n 
o c 
-1 0 

z 



1,050 ft 0.D 
Top water level 

Max. 
levet 

Steady 
levels 

0.1 

W.8 
B.30 

B.32 B.23 
0 

W.9 overflows 
Ti 

1,000: 

950: 

• 
.00  
S. 

S. 

FIG. 10:2 PLAN 5HOV/1141 KNOWN ROCK OUTCROPS 
AND SPRINGS 

FIG. 10 5 TYPICAL MAXIMUM AND STEADY 
WATER LEVELS 

a) was. level reached crier partial relief. rnox.level reached Wore 
relief but 4.11131 reservciir level at 102.0 ft. o.o. 

FIG. 10: 	& 10:5 
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CHAPTER 11  

FiaLURE OF TEE VALLEY SLOPE DOWNSTREAM OF 
COD BECK DAM DUE TO MOUNDING THE RESERVOIR 

Cod Beck dam was constructed during 1949-53 and the 

reservoir was first filled during 1953. The Cod Beck valley 

contained several active slips and numerous signs of recent 

movements of the slopes, both in the Lias shales and in the 

glacial lake deposits which partly fill the valley and 

through which the present river channel has been formed. 

The extent of the lake deposits and the influence of the 

presence. of the reservoir on the general problem of slope 

stability were not appreciated at the time the dam was con-

structed. The dam was located at a point where the river cuts 

through the shale and where it has shale in both its banks. 

Old slips existed upstream and downstream of the dam (Fig. 

11:1) in the lake deposits. Only after construction of the 

dam had been commenced was it discovered that there was a 

pre-glacial channel filled with the lake deposits to the East 

of the dam (Figs. 11:1 and 11:2). Only a partial attempt at 

cut-off could be attempted through these lake deposits. 

During impounding and before the reservoir was filled, the old 

slip downstream of the dam was reactivated, and during 1953-

1955 active slipping occurred. Drainage measures were 

installed which were successful in stabilising the slip, but 

the drains deteriorated and further slips developed in 1961-

1962 and movements continued up to 1964. Various 
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exploratory boreholes have been sunk in the area in 1954.-

1955, 1961 and 1964, and measurements of seepage pressures 

in the lake deposits have been made. FUrther trench drains 

were installed in 1964. In this chapter the history of 

instability is reviewed. It forms a second example of the 

need for a proper understanding of the influence of 

impounding on the ground water regime of a valley. The 

field measurements which have been made are used as a basis 

for discussing various possible remedial measures, 

11:2 History of Instability and Events at the Site.  

Two old slips exist near the site of the dam in the 

glacial lake deposits (Fig. 11:1 and Plate 11:A). Mr. K.T. 

Bass, resident engineer at the dam, reported that movements 

of the downstream slip had occurred within the memory of 

residents of the valley. There is also a large slip in the 

shale on the West side of the valley below the dam (see Fig. 

11:1) which aparently has not been influenced by the 

construction of the reservoir. 

The dam was constructed with a conventional concrete 

filled cut-off trench. When the extent of the pre-glacial 

channel was discovered the concrete was stepped up and the 

lower part of the lake deposits have no cut-off through them. 

An attempt was made to grout the sand layers with cement 

grout, but this can have little affect. The extent of the 

concrete cut-off and the grouting is shown in Fig. 11:2. 
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The reservoir was impounded during 1953 and by November 

the level had reached 627 ft. 0.D. At this stage the old 

slip was reactivated and movement commenced. This move-

ment is shown in Plate B and Plate C. The initial tension 

crack is shown on Fig. 11:3, and the original profile (1) 

and that developed after 5 days of movement (2) are shown in 

Fig. 11:6. As can be seen from the photographs the slipping 

ground was wet, with water standing to ground surface in the 

hollows. 

After several months of movement the slip was described 

as a rotational slip over its upper part and a uniform flow 

of debris over the lower part. AS movement.continued 

internal erosion of the slope developed from near the top 

of the slope and to a lesser extent from lower down. 

During the summer of 1954 the top of the slope was 

trimmed back in sections, and an inverted filter constructed. 

This is shown as part of profile (3) on Fig. 11:6. The 

boreholes of the A, B, C series (Fig. 11:3 and Fig. 11:8) 

were also installed. It had been intended to construct 

trench drains in the lower part of the slope, but during 

1954 internal erosion of the lower part of the slope 

developed more extensively and a'mud run' was formed to the 

West of the slip (Fig. 11:3). This was despite the reser-

voir level being kept about 10 ft. down (Fig. 11:9). Pools 

of water formed as shown in Figs. 11:3 and 11:6, and water 

was observed swelling up into them. Sands, silts and clays 



then flowed down the slope. iL ranging rcd could be pushed 

Into the pools to its full depth with one hand. 

By February 1955 the profile (3) had been set up. The 

beam at the foot of the filter had been reduced to a width 

of 12 ft., and the face in the laminated clay and silt below 

it was between 15-20 ft. high at a slope of about 60°. 

During the summer of 1954 subsidary movements developed 

to the North of the main slip. By 1955 this North slip 

covered the area shown on Fig. 11:3. The movements here 

were not as dramatic as those occuring on the main slip 

but a second 'mud run' developed similar to the main one. 

Subsequently two trench drains were constructed in this area 

(Fig. 11:3) and these showed that over the length of these 

drains the shale was only between 5 and 10 ft. below the 

ground surface, and that the movement here was a superficial 

one. 

During 1955 it was decided to construct further drainage 

measures. A series of boreholes(1)  were sunk (Figs. 11:3 and 

11:10) and two typos of drainage were decided upon. 

1. Vertical drainwells K,L,MIN,O,P. These holes had varying 

filter arrangements, but generally a gravel filter around a 

3 in. dia. perforated 'asbestos' tube was used. The external 

dia. of the filter was 6 in. or 10 in. The drainwells were 

pumped by ejectors in a house at the foot of the dam, 

(1) These borcholes were numbered from 1 to 6 and are shown 
by single circles. 
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connected to the boreholes by Polythene tubing. The ejectors 

were run from the dam compensation water. 

2. Horizontal drainholes. Five holes were thrust bored from 

a pit at the base of the main slip, and three rotary bored 

from a pit at the base of the North pit (Figs. 11:3 and 11:6). 

These holes were 4 in. dia. and were lined partly with slotted 

casing and partly with up to 60ft. of plain casing at the 

discharging ends. Perforated asbestos pipes 2 in. dia. 

were used at the inner end. The drain pipes were lined with 

internal wire wound strainers over 	L. the length of 

slotted tubing. The location of these holes as shown in 

the drawings may not be 	accurate. 

A scheme for making the horizontal and the vertical holes 

intersect had to be abandoned. These drainage measures were 

installed in the period 1955-6. 1955 was a dry summer, and 

this, together with the drainage measures, caused the slope 

to dry out and become stable. The edge of the berm and the 

pools were made up with slag as shown in profile (4) in Fig. 

11:6. 

Regular readings of the flow from the various relief 

drains were started in 1956. In February 1957 the vertical 

holes were yielding 2.5 'gill/min. and the thrust bores under 

the mainslip a total of 1.6 gall/Min. By the end of 1957 

the yield from the vertical holes was negligible, and since 

then the suction arrangements have only worked intermittently. 
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By October 1960 the yield of the thrust bores under the 

main slip had decreased to 0.9 gall/min. and the flow from 

the bores beneath the North slip, which had never been groat, 

had also decreased. The reservoir refilled for the first 

time for 5 months after several weeks heavy rain and move- 

ment restarted. The edge of the beam dropped as shown by 

profile (5) on Fig. 11:6. A picture of this is shown in 

Plate 11D. Flow from the bore beneath the centre of the 

slip ceased entirely. The slope heaved about half way down, 

suggesting a rotational type of movement at the top. An 

attempt was made to balance the slip by gravel counter- 

weights, but in March 1961 a deep seated slip took place 

which by April 1961 had caused the profile shown as (6) in 

Fig. 11:6 to be set up (see also Plate 11E). Further move- 

ments have occurred up to the present time. The slip 

surface at the back of the last movement runs round into the 

North slip (Fig. 11:3). A peg on the lower part of the 

slope was surveyed between 1961 and 1964 and it showed 8 ft. 

of movement from its original position during this time, 

moving more or less evenly. By 1964 Manhole P had moved 

46 ft. down the slip from its original position. 

In 1961 a series of boreholes were drilled down the slip, 

and on the stable ground behind it. These boreholes are 

shown on Figs. 11:3 and 11:6. They are numbered la - 51 and 

are shown in plan by double circles. A larger dia. borehole 

for pumping tests was also constructed and this is shown as P.B. 
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Piezometers were installed in these holes and typical water 

levels with the reservoir full are shown in Fig. 11:6. In 

1964 three boreholes shown by double circles and numbered 

6A,711,8A on Fig. 11:3 were drilled nearer to the dam, and 

piezometers were installed in these holes. In both 1961 

and the 1964 boreholes several piezometers wore placed at 

different levels in some of the holes. Typical water 

pressures with the reservoir full are shown on Fig. 11:5. 

In 1964 trench drains up to 10 ft. deep were constructed 

over most of the slipped area. 

11:3 Solid Geology  

The Cod Beck valley lies just within the Cleveland hills 

of N. Yorkshire. The solid rocks in this area consist of 

sandstones and shales of the Lower Colite, and of the Alum 

shales of the up7)er Lies. The geological survey shows a fault 

which runs approximately N-S (see Figs. 11:1 and 11:2) and 

crosses the valley beneath the abutment of the dam(i.e. 

beneath the buried channel). The presence of this fault 

was apparently indicated partly by river bed exposures now 

drowned by the reservoir. It causes no siFnificant topograph-

ical features. The fault has a downthrow on the East, and 

thus the bedrock to the East is Estuarine sandstone while 

to the West it is the Alum shale. This geological inter-

pretation is corroborated by the borings made during 

construction of the dam, which showed sandstone beneath the 

drift to the East of the end of the dam, while to the West 
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and South of this point shale was encountered. 

To the West of the river channel the Alum shale is exposed. 

There is a large slip in the Alum shale in this area (see Plate 

11A and Fig. 11:1) and shear planes were exposed in the cut-

off trench on this side of the valley. The slip is of the 

order of 200 ft. high and has an average slope of about 1 in 

4i. Movement of this slip was reported as recently as during 

the 1930's, when a house being built on the slip was subject 

to damage during its construction. It is not wholly certain 

whether the shale through which the river has cut its new 

channel is in-situ, or has been involved in this large move-

ment. The evidence suggests that it is in-situ unless the slip 

is pre-glacial. Whether or not this is the case is probably 

not material, since the river has cut through a large zone of 

shale which is horizontally bedded and intact. Thus the 

shale in this area (which is involved in the stability problem 

on the East of the river) may be expected to have the proper-

ties of intact shale, even though it may just conceivably be 

part of a large translated mass. 

The shale cliff forming the West bank of the river below 

the dam is about 30 ft. high and stands at a steep angle, 

although the shale is friable and physical weathering by atmos-

pheric agents is quite rapid. Generally the shale is firm and 

well cemented. Even where the shale is shattered such as in 

the upper zones penetrated by boreholes 6,7 and 8, the frag-

ments are firm and well cemented. 
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The shale on the West bank gave considerable trouble 

when tunneling was attempted for the dam diversion, and the 

tunnel was completed in open cut. This is the area in which 

previous movements where known and where shear planes were 

exposed during excavation. 

The stability of the spur of shale between the pre- 

glacial and post-glacial river channels is of great import-

ance to the overall stability of the L.abutment. The prop-

erties of the shale may be summarised as follows:- 

a) Where previous movements have occurred and slip planes 

formed the shale may be unstable and only the shear 

strength appropriate to large strains in a medium 

plasticity clay may be relied upon. 

b) Judged on the behaviour of the shale exposed in cliffs 

above the river, there is no automatic tendency for such 

slip planes to develope with time under high shear 

stresses, as is the case for overconsolidated, fissured 

clays such as the London clay, where progressive failure 

develops. These cliffs suggest that the reliable long 

term shear strength of the shale is high, at least under 

moderate stresses. 

c) There is no evidence to suggest the pre-existence of 

shear planes in the shale of the spur. This shale has not 

been involved in any of the failures which have occurred 

on the East bank of the river, and the old pre-reservoir 

slips occurred where the shale spur was low or absent. 

268. 



There is strong evidence, therefore, that the shale 

has a long term shear strength adequated to sustain the 

relatively low stresses imposed on it in the critical area 

of the East abutment. This is discussed further in section 

11:6. 

There is a thick zone of 'boulder clay' on the side 

of the old pre-glacial channel (Sections 11-11, B-B, 

This material is hard and dense, and consists mainly of 

hard shale fragments in a clayey matrix or crushed shale. 

In some zones fragments of sandstone also occur. There is 

no sharp transition from the 'boulder clay' to the shatt-

ered shale beneath it and it may be presumed to be a 

ground moraine. It is not fissured. 

This material does not appear to occur to any extent 

in places where its properties are likely to significantly 

influence long term stability, but its reliable long term 

shear strength should be high and adequate to the stresses 

imposed on it. The shale and the boulder clay have there-

fore been treated together as representing a stable base tc 

the less stable water laid deposits above them. 

The Ilium shales are known to contain feruginous zones, 

and whore water drains from the shales at the site, a red 

rust like deposit occurs. Where drains are used in the 

Shales potential deterioration and blockage by these de-

posits must be considered. Levels of the shale and 'boulder 

clay' in individual borcholos are shown on Fig. 11:3, and a 
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general picture is given by the various sections. On Fig. 

11:4 contours of the surface of the shale 'boulder clay' spur 

are shown. 

11:4 Glacial Lake Deposits and Upper Gravel.  

The ice of the Post glaciation pased down the Vale of 

York and down the East coast of Yorkshire, leaving the Cleve-

land Hills and Yorkshire Moors uncovered. A series of 

glacial lakes and overflow channels were formed between the 

i.eb end the high ground. The development of these overflow 

channels is described by Kendall (1902) and in the the Geo-

logical Survey Regional handbook of the area (1958). Such 

a lake is shown as having existed in Skugsdale, north of 

Code Beck, and a brief study of the topography suggests that 

a similar lake existed in the Cod Beck-Oakdale Beck valleys, 

with an overflow channel through Scarth Nick where the present 

Osmotherly-Swainby road runs. This overflow would have a 

given a final top water level to the lake of about 725 ft. 

O.D. 

Sands, silts and clays were deposited in the fresh water 

lake, and these have suffered erosion since the ice receded. 

No attempt will be made here to discuss the sedimentary 

histbry of the deposits or their detailed properties. They 

will be divided into such sub-divisions as seem relevant to 

the problem of the stability of the Last abutment, and they 

will be discussed on this basis. The sub-divisions are based 
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on the various boreholcs sunk between 1954 and 1964, and on 

the history of instability in the area. They are shown on 

the various sections, and as contours on Fig. 11:4, to-

gether with the borehole data on which these contours are 

based. A section across the pre-glacial valley is shown in 

Fig. 11:2. 

Old borings sunk during the construction of the dam 

indicated that gravel or boulder clay occurred on the top 

of the shale. This was not encountered in subsequent bore-

holes in the deep part of the pre-glacial channel. Above 

this the laminated deposits have been laid down in a 

gentle through mirroring the valley. This is shown by the 

contours of the top of the 'lower sands' in Fig. 11:4, and 

by the projection of the 1955 inreholes plotted in Fig. 11: 

10. The lower part of the lake deposits contain numerous 

layers of loose fine and medium sand and silty sand. This 

lower zone is described as the lower sands. While those 

layers are probably continuous they clearly vary widely in 

thickness from place to place, The major thicknesses of sand 

are shown plotted in Fig. 11;10. There are many other lay-

ers of lesser thickness. A number of the thicker sands occur 

at the top of the lower sands. The 1955 borehole water 

levels (Fig. 11:10) and subsequent piezometer readings have 

shown that the seepage pressures tend to be highest et the 

top of the lower sands. While there may be slight differ-

ences in the pressures between sand layers it is reasonable 

2710  



to assume that the top of the lower sands acts as an aquifer. 

There will be different overall horizontal permeabilities 

in different parts of this aquifer due to the different 

thicknesses of the sand and the difficulty of commun- 

ication from one sand layer to another. 

There are various reasons for supposing that the top 

of the lower sands, with its thicker sand layers, is the 

critical horizon in the lake deposits from the point of 

view of the stability of the East abutment: 

1) The geometry of the initial slope failure in 1953 and 

of the later deep seated movements in 1960 and 1961 

suggests that the failures took place on a plane close 

to this horizon, where high pore pressures would have 

existed. 

2) The drainage borehole to Manhole P and piezometer 3Ain 

the main slip became blocked at depths of 21 ft. and 

20 ft. below ground level respectively (see Fig. 11:6). 

I.ssuming these holes to have been blocked at the failure 

plane, then this plane would be located at about the 

level of the top of the sands. 

3) Mr. I.G. Wilshaw reported that where the shallow trench 

drains installed in 1964 cut through the failure zone to 

the Forth of the slipped area, failure was occuring on 

the top of the sand. Failure is also likely on clay 

layers within the sand. 

4) Where internal erosion and 'mud runs' have developed, 
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their level has been such as to suggest that the main 

eroding agency iA water from this horizon (Figs. 11:3 

and 11:6). Thus the top of these lower sands has been 

taken as a reference strata and the water pressures at or 

about this level have been plotted as a piezometric 

surface ( Figs. 11:4, 11:5 and 11:6). 

Above the sand bearing deposits lies a thick zone of 

laminated red-brown clays and silts, with only occasional very 

thin sand layers. This material is shown in Figs. 11:5 and 

11:6 and in Fig. 11:10. A typical section of this material 

is shown in Plate 11:F. 

Above the laminated clays and silts, there is another 

zone of clays and silts but containing sand layers similar 

to the lower zone. These are the upper sands. Water levels 

in this zone fluctuate markedly with rainfall and have little 

influence on the stability of the slopes. This influence is 

restricted to surface erosion lower down the slopes caused 

by water running from these sands. There is also the 

possibility of this running water causing a high local 

water table, particularly whcre the ground may be broken, 

and this high water table causing local instability. Where 

suitable drains lead this water off the slope the upper sands 

do not present a stability problem. 

Above these upper sands and on part of thc slopes there 

is a layer of loose clayey gravel containing some sand 

pockets. The origin of this material is obscure. Its 
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Presence has a major influence on the stability of the 

slopes, and its presence on the slope adjacent to the 

dam may well have inhibited movement in this area. Its 

weight and high shear strength prevent superficial fail-

ure and it acts as a filter to the material beneath. 

Local wet areas on this slope (Fig. 11:3) may be due to 

surface water running out of the gravel, rather than to 

water from the sand layers. According to the distribution 

of water pressures in the top of the lower sands, water 

should be running from them in this area. Drainage details 

in this area are uncertain but Er. I.G. Wilshaw reported 

hearing running water in the drainage tunnel which runs 

up the toe of the den towards this abutment, and which 

is at present inaccessible. Alternatively, the shale-

boulder clay spur may come sufficiently high in this 

area to 'cut-off' the lower sands (Section C-C, Fig.11:5). 

11:5 Development of Seepage Pressures Downstream of The Dam. 

Some of the implications of the development of seepage 

pressures in the Last abutment of the den have been discussed 

in the preceding section. The basis picture presented is 

as follows. Water may flow through the bed-rock beneath the 

lake deposits. The laminated lake deposits will be much more 

permeable in the horizontal direction than in the vertical. 

Within the lake deposits there are two zones of high horiz-

ontal permeability due to the presence of sand layers. 

These are the upper and the lower sands. At the top of the 
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lower sands is a zone which contains more sand layers, in 

which the water pressures are higher than those lower down, 

and which seems to be of principal importance in con-

trolling the stability of the abutment. 

There is little information available about the seepage 

pressuesin this abutment before the reservoir was 

impounded. i wash borehole sunk about 1951 at the end of 

the dam showed a tendency to collapse at a depth of about 

580 ft. 0.D. This would coincide with the level of the 

top of the lower sands, as shown by later borings. At a 

level of 568 ft. a drop in water level in the borehole 

(which was cased) from an unsteady level of 21 ft. (608 ft. 

0.D) to 42 ft. (587 ft. 0.D.) was recorded. The latter 

presumably represents the water pressure in one of the main 

sand strata in the top of the lower sands, and if this is 

the case this pressure was very much lower before impounding 

than afterwards. The second piece of information is that 

a borehole towards the East end of the section shown in 

Fig. 2 showed artesian flow from the sandstone bed-rock. 

T he seepage pressures developed after impounding 

have been measured in a number of borings described in 

Section 11:2. The boreholes sunk in 1954 were designed A, 

B, and C and their locations are shown on Fig. 11:3. The 

A boreholes where sunk through the uTiper sands. A 

slotted casing was used through the sands and a plain 

casing was used through the upper gravels. The a, holes 
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were drilled down to the lower sands and the plain casing 

was taken down to the laminated silts and clays separating 

the two sand zones (Fig. 11:8). Thus the A holes would be 

measuring the water pressures in the upper sands and the B 

holes those in the lower sands. The C holes were drilled 

into the lower sands, but the plain casing was only 

taken through the upper gravels. Thus the C holes would 

be measuring the average pressure of the upDer and lower 

sands. In fact it is likely that the slotted casing 

silted up rapidly and thus the C holes would have tended 

to measure the pressures in the upper sands. Detailed 

records were kept of the water levels in the boreholes 

over several months and these are shown in Fig. 11:9. 

Because of silting up and their large cross-sectional area 

the response of the boreholes to changes in pressure may 

have been slow. Borehole B.3 was filled to an excess 

head of 13 ft. and it only feel subsequently at a rate 

of 2 in/day (Fig. 11:9) However some at least of all the 

types of borehole show a clear tendency to vary with the 

reservoir level. Notwithstanding its slow response to an 

excess head B.3 shows the most fluctuation, the water 

level in it chancing so as to remain between 2 and 3 ft. 

below reservoir level. During this period the reservoir 

was kept at a low level and it was only fill for short 

periods. An attempt has been made to estimate the levels 

for reservoir full conditions for the B and C holes (these 
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levels referring wholly or in part to the lower sends) and 

this information is plotted on Fig. 11:4 alongside the 

appropriate boreholes. 

The second line of boreholes (Ncs. 1-6) were sunk in 

1955 on the line of the proposed vertical cirainwells, and 

records of waterlevels in those boreholes were kept. 

These boreholes and a summary of the water levels are 

shown in Fig. 11:10. This information is also presented 

on Fig. 11:4. 

The first piezometers (Nos. 11. - 5 were A) 	installed 

in 1961 in a line down the main slip. Typical water 

levels recorded by these piezometers for reservoir full 

conditions are shown in Fig. 11:6. The piezometers out-

side the slip (1 and 2), which are in the top and the 

bottom of the lower sand, show a variation with the 

reservoir level. They have also shown a general rise in 

seepage pressures in the top of the lower sands between 

1962 and 1964 of about 1 ft. The piezometers in the slip 

have not shown a tendency to vary with the reservoir, and 

these piezometers have been subject to damage and blockage 

by movement of the slip. The pressures recorded in the top 

of the lower sands are shown on Fig. 11:4. 

Further piezometers were installed in boreholes 6A, 

7A and 8A in 1964 nearer the dam. Typical pressures for 

reservoir full conditions are shown on Fig. 11:4 and on 

Fig. 11:5. The vertical drain wells had ceased to operate 
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in 1964 and those holes also serve as piezometers. The 

levels in them refer to the lower sands and are shown on 

Fig. 11:4. 

The pressures measured at the t)p of the lower sands 

from 1954-1964 show close agreement despite the time inter-

vals between the measurements. The only discrepancies lie 

in the levels measured in the 1954 C series holes, and these 

may well be measuring the pressures in the upper sands. 

iccordingly contours have been plotted on Fig. 11:4 for 

the pressure in the top of the lower sands, based on all 

the measurementsland the pressures represented by these 

contours have been plotted on all the sections. 

The contours clearly show the high pressures which 

exist downstream of the dam in this horizon. They also 

show that a tpromateryi of high pressure extends into the 

zone where the maximum activity has occurred. 

The pressures in the shales and boulder clay beneath 

the laminated lake deposits arc much lower than those in the 

top of the lower sands (Fig. 11:5). The pressures measured 

in borcholes 6, 7 and 8 suggest flow in the bedrock from 

North to South rather than from East to West, i.e. directly 

from the reservoir. The original borehole previously 

referred to at the end of the dam showed a water pressure in 

the bedrock equivalent to a level of 570 ft. 0.D. This 

measurement before the reservoir was impounded is in a 

roughly equivalent position to the bottom piezometer in 
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borehole 7 (Fig. 11:5). This piezometer now shows a 

level of 608 ft. 0.D. Thus there has been a significant 

increase in the pressures in the bedrock due to impound-

ing as well as in the lake deposits. 

Between May and December 1964, starting shortly 

after the installation of and first readings from Bore-

holes 6A, 7i and 81., the reservoir was drawn down by 18 

ft. This was, of course, accompanied by a period of 

low rainfall. The response of the various piezometers to 

this drawdown is summarised as follows: 

Borehole No. 

1 

Piezometer El. 
Ft. 

566 

Material at 
Piezomoter 

Top of lower 

Depress- 
ion 

of 
Drawdown 

sands 11 61 

538 Bottom of 
lower sands 8 44 

6 579 Top of lower 
sends 9 50 

541 Shale 3.5 19 

511 Shale 4 22 

7 612 Upper Sands 4.5 25 

582 Top of lower 
sands 15.5 86 

533 Shale 4 22 

8 588 Upper sends 7' 39 

519 Shale 5.5' 31 
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The sensitivity of the pressure in the top of the 

lower sands to a change in reservoir level, compared 

to the other strata, is clearly indicated. 

It is informative to investigate the increase in 

the seepage pressures that might have been expected to 

arise from impounding by using a technique similar to 

that used in explaining the behaviour of the Solset 

Reservoir on impounding (Bishop, Kennard and Vaughan: 

1964 and Ch.10). If the top of the lower sands is 

assumed to be a horizontal permeable strata between 

impermeable boundaries, if it is assumed to outcrop 

in the sides of the volley at a level of 580 ft. 0.D., 

and if the pressure at the boundary of the lake deposits 

and the rock to the East is assumed. to be 650 ft. 0.D. 

(i.e. ground level), then flow nets as shown in Fig. 

11:7 can be drawn for before o.hd after impounding. No 

floW has been assumed at the edge of the sand strata 

near the dam after impounding. The flow nets show the 

basic change in the ground water pattern, and indicate 

that an increase in the seepage pressures might be 

expected oven as far from the reservoir as the banks 

above Cote Gill. The pressures measured downstream of 

the dam are much nigher than those indicated from the 

flownet. The difference is of the order of 20 ft. At 

the end of the dem the old borehole indicated a pressure 

before impounding of 587 ft. 0.D. The flownet indicates 
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a level of 590 ft. 0.D. After impounding, however, the 

flownet indicates a pressure of about 610 ft. 0.D., 

whereas the measured pressure is about 630 ft. 0.D. This 

indicates that the increase in pressure on impounding 

may have been much greater than that indicated by the 

flownets. 

The reason for this is probably associated with the 

non-homogeneity of the deposits, and in particular with 

variations in the thicknesses of the sand layers. The 

response of the piezometers to the drawdown illustrates 

this. A response of 86',/, of the drawdown was observed 

downstream of the den. whereas if the sands were of 

unif= permeability the response should have been no 

greater than ”;. As might be expected the greatest re-

sponse occurs in the areas of highest pressure. Both 

the development of high pressures and the response to 

the drawdown can best be explained by supposing that there 
is a lens of thicker sands running along the line of 

piczometers 1 and 7, and extending North-East to a 

relatively free access to water from the reservoir. 

These thicker and more permeable sands would serve to 

'conduct' the higher pressures to the downstream area 

where they have been observed. 

Unfortunately, few of the boreholos sunk have been 

logged accurately, and thus it is not possible to deter-

mine the relative thicknesses of the sends over the site. 
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The measurements of seepage pressure can be summarised 

as follows:- 

a) High pressures developed in the top of the lower sends 

downstream of the dam after impounding, and in particular 

in the area where most active slipping has taken place. 

b) Limited evidence suggests that there has been a big 

increase in these pressures over these existing before 

impounding. 

c) Large increases in pressure have also occurred in the bed 

rock, but the pressures in the bed rock aro much lower 

than those in the lake deposits. 

d) The pressures in the lower and in the up2er sands and in 

the shale fluctuate with reservoir level. 

e) No large changes in the flow pattern have occurred between 

1954 and 1964, although changes of the order of several 

foot between 1962 and 1964 have been recorded. 

f) The pressures measured downstream of the dam responded 

to a drawdown during 1964 in such a way as to confirm 

the above conclusions. 

11:6 The Stability of the Shale fbutmonts. 

The stability of the shale and boulder clay spur which 

runs between the pre-glacial river channel and the present 

river channel, and which forms the East abutment of the dam, 

has been discussed in Section 11:3. It was suggested that 

this spur could be considered stable. The spur has functioned 

under the existing stresses and seepage pressures for 10 
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years. An analysis of this abutment based on laboratory 

tests would be uncertain. 

There is a history cf shear failures in similar 

materials, due to long term softening with time, and in 

view of the history of movement of the shale on the 

opposite bank of the river, the permanent stability of the 

spur cannot be relied upon with complete certainty. Shear 

failure of the spur would affect the lake deposits, and 

could initiate further movements in them of the type 

which have already taken place. Adequate drainage of the 

spur would increase the present factor of safety against 

shear failure, and would therefore provide a margin of 

strength available to set against any future reduction 

due to long term softening. 

Similar reservations must be held with regard to the 

stability of the West abutment, particularly in view of 

the number of old slips which exist in this area. Since 

impounding did not initiate noticeable movements it has 

been generally assumed that this abutment presents no 

stability problem. Progressive softening, etc., might 

cause movements at a future date. Yo lake deposits 

would be involved in such movements, and they would most 

probably be slow and preceded by finite and observable 

deformations. The establishment of proper reference 

Points on this abutment, so that such deformations can be 

observed and drainage measures installed as and if 

required would be prudent. 
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11:7 The Stability of the Lake Deposits.  

Shear deformations in the lake deposits will occur pre- 

ferentially along the clay layers. However, any deep 

seated movement must involve a shear plane cutting across 

the laminations. In view of the history of the stability 

of these materials the shear strength must be considered 

(a) before a shear plane has developed (the peak value) and 

(b) after a shear plane has developed and significant de-

formations have occurred (the residual value). The problem 

has been discussed in detail by Skempton (1964). All shear 

movements will be assumed to be drained. 

Shearing horizontally will take place along the 

weakest clay layers. The clay has been deposited in fresh 

water, and the study of thin sections by Tchclenko has 

shown it to have a dispersed and highly orientated struct-

ure. Since the clay in the shear zone will be only 

lightly over-consolidated, shearing in the horizontal 

direction may be expected to give a peak shear strength, 

with a relatively small decrease in the strength to the 

residual as deformation along the shear plane developes. 

Where shearing is caused other than horizontally, silt 

and in some cases sand layers will also be involved. The 

shearing will also be at an angle to the orientation of 

the particles. The peak strength for horizontal shear will 

therefore be much lower than the peak strength for inclined 

shearing. Once a shear plane has developed there will be 
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a reduction in the strength for two reasons. Firstly, 

the particles will orientate themselves along the line 

of shearing, and secondly the shear zone will become 

smeared with the more plastic clay through which it 

passes. Plate 11:G shows such a smear zone taken from 

one of the 1964 drainage trenches and probably from the 

shear plane which developed in 1961. For such a zone 

the residual strength is likely to be similar to that 

for a horizontal plane though a clay layer. 

I limited number of shear box tests were performed 

on samples of the laminated clays and silts and these are 

summarised in Fig. 11:11. [dl the samples were sheared 

horizontally and only two were sheared sufficiently for 

to demonstrate the drop in strength towards the residual 

value. ale to the geometry of the shear box the samples 

were sheared arbitrarily through a particular layer, 

rather than through the,: weakest layer in the sample. 

If it is assumed that the cohesion intercept c 1  is zero 

then the strengths measured can be represented by the angle 

of internal friction Ø.  The peak values measured vary 

between 32°  and 21°  depending on the nature of the layer 

which was sheared. The two samples which were taken some 

way towards residual values showed drops of from 32°  to 24°  

and from 24°  to 20°. 

The foregoing discussion means that once a shear 

plane develops in a slope, the strength along it will 
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decrease as movement occurs. The movements will continue 

until the geometry of the sliding mass has changed so as 

to reduce the shear stress on the plane to the reduced 

shear strength. Therefore large deformations may be ex.7  

petted once a shear plane has developed. 

The second form of instability to which the lake 

deposits are liable is the internal erosion of the loose 

sand and silt layers, Were such layers are exposed, for 

instance by a shear movement, the non-cohesive sands and 

silts will be erroded by the water which they contain, the 

clay layers will be undercut and will spell off and a peel 

of softened material will accumulate. This softened 

material will move down the slope both by transportation 

by the water running from the sand layers and as a shallow 

slide moving on shear planes which are at their residual 

strength due to large deformations. The water running 

down the slip will cause the water pressures in the 

broken debris of the slip to be high, and hence it will 

assist movomtnt. This process may load to a flatter slope 

than would be predicted on the basis of shear failure alone. 

The history of the main slip can be considered in the 

light of the foregoing remarks. 

1. 1953 •- Heactivation of the old slip by increasing seepage 

pressures primarily in the top of the lower sands. The 

old slip was at an angle of 17°  and assuming an old 

slil) plane to have been activated, and that the seepage 
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pressures before impounding were low, then a residual 

shear strength on this plane in the range 17°  - 20°  

might be expected. 

2. 1954 - Internal erosion of the sands in the slip scar 

after the stabilising vegetation cover had been removed. 

The 'mud runs' developed, and the slope became very 

flat lower down, with a steep undercut slope at the 

top. 

3. 1955-6 - Stabilisation of the internal erosion by 

drainage, and the subsequent making up of the slip 

with slag and the establishment of vegetation. 

4. 1956-60 - Progressive deterioration of the drainage 

measures. The previous natural drainage as erosion 

went on during 1954 would not 	inhibited by the make 

up of the slip and the vegetation cover. 

5. Due to this less effective drainage it must be 

assumed that the pore pressures become higher beneath 

the berm then they had been in 1954-55 and in 1960 the 

rotational slide in this area took place. 

6. This slip may have made drainage slightly worse by the-

smearing of the failure surface, the geometry became 

worse due to the dropping of the berm and a shear plane 

at its residual strength may have been caused below the 

berm, thereby reducing the passive pressure supporting 

the slope above the berm. Possibly due to a combin-

ation of these causes the further deep seated movement 
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occurred in February-March, 1961. These movements have 

continued up to 1964 presumably duo to the drop in 

strength with deformation of the shear plane. 

A small amount of internal erosion has occurred since 

1961 but this has never become serious and it has been 

inhibited by the cover of vegetation, which has remained 

intact on the lower part of the slip, and by various 

patches of gravel dumped on the slip to try and. stabilize 

the 1960 rotational slip. 

During 1962 an analysis of the 1961 slip was carried 

out on the Deuce computer using the circular slip circle 

method as described by Little and Price (1953). With 

water pressures assumed similar to those shown on Fig. 11:6, 

am, average 01  of the order of 270  was required for the 

sands, silts and clays for stability. A multiple wedge 

analysis of the 1962 profile shown on Fig. 11:6 assuming 

the failure surface as shown gives an average residual 

strength of 01  = 16.
(1) 

The average slope angle for this 

slope is about 4°. 

Typical slopes in the lake deposits below the dam are 

shown on Fig. 1. The natural slopes vary from 90 to 28°, 

the lowest angles tending to be on old slips. The lake 

deposits are unlikely to be similar in all those slopes, 

but general trends can be established for the slope 

(1) This angle is consistent with values quoted by Skempton 

(1964) for clays of similar plasticity to the clay 
layers in the lake deposits. 
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stability of these materials. 

Ignoring differences in the geometry of the deposits, 

the slopes should be a function of two factors. Firstly, 

they will be a function of the water pressures in the 

slope. Secondly, they will be a function of whether the 

slope is of intact material (in which case its !peak' 

strength may be expected to control stability) or whether 

it is an old slip (in which case its 'residual? strength 

may be expected to control stability). 

The seepage pressures will depend on where the slope 

is located in relation to the bedrock which is presumably 

supplying the water, and on the local characteristics of 

the sand layers in the lake deposits. The seepage press-

ures in the main slip below the dam since they have been 

measured have been equivalent to, on average, a standpipe 

level reaching the surface of the slip. This is approx-

imately r,. 0.5 where ra  = LI/v. h and u = pore-press- 

ure , 	= soil density and h - depth at which pressure 

measured. It is unlikely that seepage pressures in the 

natural slopes before the reservoir was impounded were 

higher than this, and it is likely that they would have 

been lower. Therefore it is reasonable to assume that the 

seepage pressures for the natural slopes have always been 

between CIL = 0 and ru  = 0.5. fin approximate stability 

analysis can be made usingfeauation for stability (Bishop 

and Morgenstern: 1960), 
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290* 

tan 0!  = 	tan g    (11:1) 
F 	1 - Ca sec 40,  

where (= slope angle 

For 	stability the safety factor F = 1. 

If it is assumed that the average 0' for the lake 

deposits lies between 27°  and 16°, the peak and residual 

values computed for the main slip, then the following 

limits can be computed for the slope angles. 

Slope angle (a 

= 

0= 27°  

joi= 16°  

0.0 0.5 

27°  13.50  

16°  
8o 

It can be seen that these slope angles cover the range 

observed for the natural slopes. The angles of the obvious 

old slips varied between 9.5°  and 17°  and the apparently 

intact slopes from about 20°  to 28°. The steeper slopes 

tend to be on the spur between Cod Beck and Core Gill, where 

seep:ge pressures should be lowest (Fic,:. 11:7). 

Thus it seems reascnablc to use these figures as a guide 

to stable slopes in the lake deposits. It must be emphas-

ised, however that the flatest slope of 8°, which is approx-

imately that at which the main slip now exists, has been 

derived by assuming that this slip is existing in about 

limiting-  eauilibrium. 



Ultimately the flatest slope would be governed by 

something close to the peak strength
(1) except for the 

development of internal erosion. This undercuts the 

upper part of the slopes and the steepness here causes 

the peak strength to be exceded, with either small scale 

failures the debris from which form a 'mud run', or with 

larger deep seated failures (probably more rarely) which 

undergo large deformations as the strength along the 

failure plane drops to the residual value. Since the 

sliding of the 'mud runs' will be governed by the resid-

ual strength, either way a slope governed by the residual 

angle is set up. 

11:8  Review of the Position at the Beginning of 1965.  
0 

The main slip is now at an angle of approximately 82 . 

Its history suggests that it has reached a condition of 

approximately limiting equilibrium. The drainage trenches 

constructed during 1964 have stabilised the surface and will 

prevent further erosion. They have apparently reduced 

seepage pressures in the zone of the slip by about 3 ft. 

Thus if no further work is done some further slow movements 

may be expected during periods of high rainfall, etc. but 

these would be unlikely to change the present position 

(1) It has been assumed throughout this argument that pro-
gressive failure does not occur in the lake deposits, 
and that initial shear failure is controlled by peak 
strength. This is corroborated by the steep natural 
slopes which occur. 

291. 



significantly. 

The North slip is still much steener than the main slip, 

being at an angle of the order of 14°  - 160. Since the shear 

movements have taken place in this area, it must be assumed 

that the stability is governed by the 'residual strengths. 

Thus considerable further movements of the material at 

present sliding in this area must be expected, unless a 

very substantial reduction in the seepage pressures is 

achieved. FUrther movement of the sliding material would 

leave a geometry in which a further deen seated movement 

might occur, with subsequent extensive movement of the 

second sliding mass rather as has occurred already in the 

main slide. Internal erosion would probably develop. 
has 

The history of the slip/shown that movement has been 

less serious in the North slip, probably due to the progres-

sively increasing influence of the shale towards the dam. 

However, if a worst assumption is made, then by a combin-

ation of sliding at the residual shear strength and of 

internal erosion a slope of 8°  may be caused ultimately. 

If the shale boulder clay spur is taken as a stable toe to 

such a slope, the slope would extend to within 30 ft. of the 

downstream toe of the dam. In view of the assumptions 

made this is an unacceptable risk. It is probable that 

movements as severe as this would not develop, but the 

possibility should be considered, and any further movements 

would cause continued uncertainty as to the stability of 

the abutment. 
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The development of fresh slips in the slope nearer to 

the dam is improbable. The slope is on average flatter than 

that which would be in limiting equilibrium with peak 

shear strengths assumed, and the gravel cover inhibits 

shear failure and prevents internal erosion. 

Thus possible future developments if no further work 

is done may be summarised as follows. Further limited 

movements may take place on the main slip, but these should 

not significantly change the present position. The trench 

drains have stabilised the surface, prevented erosion and 

marginally increased stability against deep seated move-

ments. Further movements of the upper part of the North 

slip are to be expected. The history of the slip suggests 

that these may be no more than a nuisance, but it is 

Possible that movement could extend close to the toe of the 

dem. Fresh slides closer to the dam are improbable. The 

shale-boulder clay sput on which the stability of the East 

abutment depends is apparently stable, but some reservations 

concerning this must be made. Similar reservations must be 

made concerning the stability of" theWest shale abutment. 

11:9 FUrther Remedial Measures. 

The preceding analysis suggests that the following 

remedial and control measures should be considered. 

1) A properly references system of survey points should be 

established on the West shale abutment so that non- term-

inating deformations of the abutment can be detected in 
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advance of large movements. These survey points should 

be surveyed at least once yearly. 

2) There must be some doubts concerning the stability of 

the shale-boulder clay spur which forms the lower part 

of the East abutment. The stability of this spur is 

important to the safety of the dam. It may be improved 

by other remedial measures proposed, but a considerable 

improvement would be produced by drainage. Such 

drainage can be achieved relatively easily by drain 

holes drilled horizontally or at an angle into the 

shale, and this should be done. 

3) It is possible that the North slip in the lake deposits 

will develop further and it could extend close to the 

toe of the dam. Remedial measures should be considered 

to prevent this. The following is a discussion of this 

problem. 

There are three methods which can be considered for 

stabilising a slope. Firstly the slope can be flattened. 

Secondly, seepage pressures can be reduced by preventing the 

flow of water behind the slope by a cut-off and thirdly, 

seepage pressures can be reduced by drainage. 

Flattening the East abutment would be difficult as the 

addition f material to the bottom of the slope would involve 

extensive and expensive culverts to carry the spillway water 

and draw off pipe, and excavation in the lake deposits would 

be difficult and risky and would lead to further internal 

erosion. 
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Whether a cut-off or drainage is used a criteria has 

to be established to determine the amount by which the 

seepage pressures should be reduced. This can be done using 

the approach to stability outlined in section 11:7 and 

eqn. 11:1 It can be shown.that for an increase in factor 

of safety of .6.F the decrease in pore pressure required 

is given by 

V-* 	d F. ban 16  
Ian 0 : sec' f6 ..... (11:2) 

Assuming that long term stability is governed by a 

peak 0' of 25°, then taking pore pressures at borehole 6A 

as an example, a decrease in seepage Pressure by 10 ft. of 

water would give an increase in F of 0.3. Such an increase 

would be acceptable by ordinary engineering standards. Such 

a reduction in seepage pressure would reduce r6, from 0.45 

to 0.30. Based on a residual angle 	of 16°  and the value 

of ru  of 0.30 the stable slope angle is 110 which is 

flatter than the present angle. Thus such a reduction in 
necessarily 

seepage i,ressures would not/stop moveMent of the existing 

North slip, but it would reduce its possible extension 

towards the darn. Thus a reduction in secp,ge pressures of 

at least 10 ft. in the top of the lower sands at boreholes 

6A and 8A is desirable. 

The use of a cut-off or drainage to achieve this 

reduction is discussed subsequently 
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11:10 Possible Construction of a Cut-Off. 

.. cut-off is a feasible method of reducing seepage 

pressures. The flow nattern in the East abutment is not 

sufficiently well defined to allow the influence of a cut-

off to be determined with accuracy. A few general points 

can be made. A cut-off would need to be taken into the 

end of the dam as far as the point at which the lower sands 

disappear (Fig. 11:2). The total depth of the lake deposits 

in the deepest part of the pre-glacial channel exceeds 

130 ft. This would involve a very deep cut-off. If the 

lake deposits were isotropically permeable, then a partly 

penetrating cut-off would be inefficient and of little 

use. However, the evidence so far available shows that 

the various sand strata do not interconnect and therefore 

they can be treated as separate thin aquifers. Further 

investigation would be needed in the vicinity of a cut-off, 

but it is most probable that it need only be taken 20 ft. 

into the top of the lower sands to effectively cut-off all 

the main send layers. The evidence previously Presented 

shows that pressuros in the lower part of the lower sands 

do not materially affect stability of the slopes, and that 

provided pressures in the main sand layers are reduced the 

slopes will be stabilised. On this basis the depth of the 

cut-off would average 80 ft. 

The length of such a cut-off in te full length of the 

top of the lower sands, running on the line of the Present 
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concrete trench, would be 600 ft. The effectiveness of a 

shorter length of cut-off can be considered. This can be 

done by determining the influence of the cut-off on flow 

nets of the type illustrated in Fig. 11:7. Since it has 

been demonstrated that the measured pressures differ 

considelably from those indicated by the flownets, this 

approach will only serve as a rough guide. 

cut-off turned downstream is slightly more effective 

in reducing pressures in the abutment, but it has the major 

disadvantage that it increases the seepage pressures 

d9wnstream of it. This would most probably lead to 

additional instability downstream of the present slip, and 

even in the bank above Cote Gill. A cut-off turned up-

stream along the lino of the present concrete trench does 

not suffer from this disadvantage and it is only slightly 

less efficient. The flow nets indicate that such a cut-off 

would eliminate 75% f the increase in pressure due to 

impounding even if only extending 2/3 of the way across 

the valley. Since the effect of impounding has been 

greater than the flownets indicate, it is probable that the 

effect of a partial cut-off would also be greater. Thus a 

cut-off 300 - 400 ft. long would probably achieve sub-

stantial a. c. adequate reductions in seepage pressure in the 

vulnerable areas. If construction of such a cut-off were 

started at the end beneath the dam, then its effectivness 

would be recorded by the downstream piezometers, and it 
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could be extended to achieve a specified reduction in see- 

page pressure. 

even though it could be restricted to the sand layers 

where it is required, alluvial grouting would form an 

uncertain cut-off. Chemical grouts would 'oe required. 

Any open excavation would be very difficult and expensive, 

and, provided that the necessary depth could be worked in 

the lake deposits, it is probable that the most economic: 

and effective form of cut-off would be a bentonite slurry 

trench. Such a trench need not be filled with concrete, but 

can be backfilled using the natural gravels and sands on 

the site by tipping them directly into the mud-filled 

trench. 

11:11 Possible Draine,Fe Measures.  

Diainage of the lake deposits is the most positive and 

effective method of stabilising the slope, provided that a 

suitable technique can be devised. Drainage should reduce 

pressures in the area where this is specifically required. 

The face of the slip has already been drained by trench 

drains, which have achieved a slight reduction in seepage 

pressures at depth. Ideally, drainage should penetrate 

behind the present failure surfaces. The smear zone which 

is almost certainly formed by these surfaces will increase 

the pressures behind them and reduce the effectiveness of 

superficial drains. The point at which deep drainage is 

both most practical and most beneficial is the area beneath 
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the existing manhole K. Drainage at this point would lead 

to a reduction in the pore pressures beneath the main slip, 

which would prevent further movement there, and it would 

significantly reduce the pressures beneath the North slip. 

While this might not prevent further small movements of 

the present North slip is should nrevent it extending to-

wards the den and at the worst it would make any internal 

erosion which developed much more easy to control by surface 

drains. It would give an overall increase in the stability 

of the abutment. The drainage should be located sufficiently 

farfrom the North slip that any local movements would not 

endanger it. 

The effectiveness of such drainage was illustrated by 

the success of the drains installed in 1955-6 in stabil-

isilv the slips at a steerer slope than now exists. The bulk 

of these drains were installed in the area in which the high 

pressures exist. The slips became active again when the 

drains failed. No measurements of seepage Pressures were 

made until the drains previously installed had partly 

failed, so it is not possible to say by how much the seepage 

pressures were reduced. Any new drains would influence the 

Piezometers now installed, and the old drainwells which can 

now be used as piezomcters. Thus an immediate and contin-

uous check can be made on their efficiency by means of 

pressure measurements rather than measurements of flow. 
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As with the techniques of construction of a cut-off 

techniques of drainage would require further comparative 

studies before practical proposals could be made. The 

following arc general remarks on possible techniques of 

drainage. 

The construction of trench drains deep enough to 

drain the lower sands would be very difficult and expen- 

Vertical drainwells have several disadvantages. 

Firstly, unless pressures arc artesian they have to be 

pumped, and if the pumpire arrangements break down, even 

tereporarilly, the drains become ineffective. This seems 

to have occurred with the vertical wells installed in 

1955-6. Secondly, a proper filter must be constructed 

round them. There is some evidence that the gravel 

filters used in 1955-6 became choked. 

Inspection of samples of the lake deposits show them 

to be composed of mah;y, mostly thin layers which vary from 

plastic clays to medium-fine sands. The silts and sands 

are mostly steeply graded. Under these conditions it is 

difficult to find a grading for a granular material which 

will act as both a filter and a drain. Typical gradings are 

shown on Fig. 11:12. These gradings were obtained from 

samples representing 5mm. thick horizontal slices, and thus 

some of the thinner strata are averaged together. Thus 

many of the actual gradings are steeper than those shown. 

300. 



It is usual to design a filter for which the D15 size 

is not greater than 5xD 85  of the filtered material, and 

the grading of which is of similar sha7)e. On this basis 

the coarsest material which can be relied upon to filter 

the finest grading shown on Fig. 11:12 is a coarse silt. 

While clays do not generally erode and therefore this may 

be a pessimistic design_ approach, the coarsest material 

shown, which is a medium fine sand, would filter nothing 

finer than a medium silt. 

Drain wells are usually constructed by placing a 

granular filter around a perforated liner tube. The 

filter serves as a filter and as a 7.)ermeable anulus to 

conduct water from the soil to the perforations in the liner 

tube. When a well has to be constructed in fine grained 

soil a double layer filte: can be used. Such a double 

filter requires a large diameter borehole and very care-

full:.construction technicues. At least a double filter 

is required to filter the lake deposits at Cod Beck. To 

act as a filter the external lay el' wmild have to be con-

siderably less permeable than_ the coarsest sand layers. 

Even with the thinest possible layer this would result in 

an inefficient drainwell, due to the head loss through the 

external layer. 

There is a possible solution to this problem. This is 

to use a mechanical filter, rather than a granular material 

packed round a liner tube. This will be discussed further 

in connection with horizontal drains. A mechanical filter 
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can be constructed which is of a sufficiently fine mesh to 

filter the finest of the layers, and which is so thin that 

the head loss through it would be negligible-. ii drawback 

would be that it would. have to be installed inside a casing. 

The withdrawal of the casing would leave an annular space 

into which the more erodable soil would. wash. The sand 

layers would wash in most readilly, ts fill the whole of 

the annulus, and this might result in the closing up of 

the sand layers near to the borehole, with a consequent 

loss in efficiency. 

It is theoretically possible to drain the drain wells 

downwards into the underlying rock, rather than rely on 

pumping. The effectiveness of this method would depend on 

the 7ermebility of the rock, and the seepage pressures 

in it. Fig. 11:5 shows that the pressures represent a 

piezometric level about the same as the top of the lower 

sands. Thus a well drained by this method could never 

drain the lower sands to sera pressure, and its efficiency 

would be much reduced. There is no information about the 

Permeability of the shale, but it is probably between one 

hundred and one thousand times less than the sand. As a 

first approximation, the length of well in the rock would 

have to be comparably greater than the length in the sand 

layers, and this is clearly impossible. If the permeability 

of the rock adjacent to the holes was increased. by hydraulic 

fracturing (see, for instance, Morgenstern and Vaughcn:1964), 
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a technique which is used for increasing the yield of oil 

wells, and if the rock was drained by horizontal holes to 

lower the pressures in it, then a working drainarze scheme 

might be evolved. This could only be proved by expensive 

trial drilling. 

horizontal nips drains have the important advantage 

that they are self draining and thus do not rely on 

mechanical arrangements for their continued effectiveness. 

Their principal disadvantage if the difficulty of establish-

ing a proper filter round them.. The loss of effectiveness 

of the horizontal drains installed in 1955-6 was probably 

the principal cuase of the reactivation of the slip. These 

drains were slotted steel tubes with an internal filter. 

The drains may have deteriorated from corrosion but more 

probably they became blocked by silt and fine sand. 

It was ronorted that a considerable quantity of silt 

and sand was washed down them shortly after they were 

installed. This would lead to the closing up of the sand 

end silt layers around the drains anda reduction in their 

efficiency. Thus a filter is required which prevents this 

loss of sand and silt. The same general problems of 

filtration exist as with vertical drain wells, except that 

granular filter materials cannot be used. If a mechanical 

filter is placed inside a slotted casing, then the snace 

between the filter and the casing will become packed with 

sand and silt and the effectiveness of the casing as a 
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will 
drainwellpe greatly reduced. A filter might re designed 

which would be removed and cleaned, but even if this were 

practical, each removal and cleaning' would result in a 

fresh load of sand and silt being washed through the casing, 

with the ultimate closing ul) of the sand and silt layers. 

The reliable effectiveness of the drain would still be 

that with the annulus between the casing and the filter 

packed with sand and silt. 

Thus, as for the vertical wells, the filter must be 

on the outside of its supporting tube. It is unlikely 

that a filter can be devised sufficiently robust to be 

drilled into position on the outside of the casing. 	The 

following is suggested as a tentative method for install- 

ire; a filter in the lake deposits inside a casing to be 

subsequently withdrawn. It will be assumed that a hole can 

be drilled through the shale spur towards the area to be 

drained. The length of such holes in the shale and boulder 

clay would be of the order of 100 ft. The feasibility of 

this ol)eration is of central importance to a horizontal 

drainage scheme. Oversize casing could be used through 

the shale and left in position if necessary. Beyond the 

spur cased hole into the lake deposits would be required. 

This hole might be required to extend at least another 

50 ft., and withdrawal of the casing suTiorting this length 

of hole has to be possible. It will be assumed that the 

casing in the lake deposits can be made at least 3 in. dia. 
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The holes should be drilled at a slope so that the ends pass 

at an angle through the top of the lower sands. 

A hard plastic (e.g. unplasticised P.V.C.) drain pipe 

can then bemepared which can be pushed into position inside 

the 5 in. casing. The plastic tubing should be such that 

its joints will pass up the casing with minimum clearance. 

The length to be drained should be perforated with numerous 

holes. Round this perforated plastic tube z coarse 

Plastic or non-corrosive filter material should be wrapped, 

Round the outside of this a fine plastic filter cloth 

should be wrapped. Such cloth is used in the milling 

industry -ad it is assumed that either singly or by a 

number of turns a thin filter skin can be formed of 

sufficiently small pore size to retain silt Particles. 

Cohesive clays do not normally erode unless mixed into a 

suspension and as a thin suspension cl:y particles would 

probably pass through the filter and out of the drain. 

Being thin the head loss through the filter skin would be 

negligible despite its fine pore size. The coarse filter 

would act as a collecting annulus and the water would pass 

into the ?lactic pipe. The filter layers could be secured 

with a suitable plastic binding taoe. Outside the length to 

be drained plain plastic tube can be used. 

When the casing is withdrawn a space will be left between 

the filter and the soil, and the soil will erode and 

collapse to fill this space. The loose sands should collapse 
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first and produce a permeable layer around the filter, In 

any case the main sand layers are of the order of lft. thick 

or more, and with a hole passing through them diagonally or 

horizontally a considerable length of the drain should have 

sand round it. The tendency of the sand strata to 'close 

up' due to loss of material into the annulus space should be 

must less than in the case of vertical wells. A sketch of 

the suggested arrangement is shown in Fig. 11:13. The 

design of the filter should be tested to see if it will 

retain a silt-sand slurry, which is what it will be reauired 

to do in the ground. Provided that the filter is effective 

deterioration of the drains after installation should 

not occur except by chemical action or precipitation. This 

would cause blockage of the filter and the drain pipe and 

would need to be studied. Long term deterioration and the 

need for replacement might have to be accepted. 

A tentative location for a group of holes of this 

type is shown on Fig. 11:4. The number of holes would 

depend on their success in penetrating the sand strata, and 

could be determined as the work proceeds from observations 

of the piezometers. A preliminary estimate could be made 

on the basis of six holes. Further simple standpipe 

piezometers to check the effectiveness of the drains could 

be installed by driving steel tubes. This should be done 

before any drain holes are constructed. 
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Drainage from the lake deposits and of the shale 

s.hould not share the same tube, as there is visual 

evidence that an iron stained sediment is deposited 

from the water from the shale. This might obstruct 

drainage of the sands, which is more important. Any 

erosion of lake deposits down holes through the shale 

*should be prevented. Additional drain holes should 

be drilled in the shale spur downstream of the dam. 

A scheme of five holes each 100 ft. long, is shown on 

Fig. 11:4. 

11:12 Relative Merits of Remedial Measures. 

Drainage of the shale-boulder clay spur should be 

undertaken. The relative merits of a cut-off or drainage 

for controlling stability of the lake deposits will depend 

to a considerable extent on practicability and cost, which 

will not be considered here. The other factors involved 

are summarised as follows. 

A cut-off on the line of the prc.sent trench through 

the complete depth and width of the lake deposits should 

reduce seepage pressures to values ap7:,roaching those before 

impounding, and so ensure stability. There is good evidence 

that a shallower and shorter cut-off would effect an 

adequate reduction in pressure. It is probable that a 

scheme could be developed whereby the extent of the cut-off 

was controlled during its construction by measurements of 
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the reduction of pressure. The effect of a cut-off cannot 

be precisely determined, and more boreholes on the line of 

it would be cLcuired. A cut-off should provide a term-

anent remedy. 

Drainage by vertical wells is unsuitable, as continuous 

pumping cannot be relied upon. Drainage of such wells 

downwards into the underlying rock is mossible but difficult. 

Horizontal drains would provide an effective and precise 

method of reducing pressures in the vulnerable areas. Pro-

vided that a proper mechanical filter is used the drains 

should not silt up. There is a risk of long term deterior-

ation of such drains by chemical action. Analysis of ground 

water samples should provide a guide to the severity of this 

risk. This risk would require evaluation along with the 

practicability and cost of the various schemes. 

Continued measurements of seepage Dressuros will 

determine the long term effectiveness of the remedial 

measurements. 
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11:13 Summary and Conclusions. 

The instability on the East bank of the Cod Deck down-

stream of the dam is shown to be due to high seepage pres-

sures mainly in the 'lower sands' of the glacial lake 

deposits infilling the pre-glacial river channel. The 

increase in these seepage pressures which has caused the 

instability was due to impounding the reservoir. Particularly 

high pressures exist where the instability has been most 

active. The abutment close to the clan is protected by a 

shale and boulder clay spur which runs between the nresent 

river channel and the pre-glacial channel, and by a layer 

of gravel on top of the lake deposits. By progressive 

movements the main slip has now reached an angle flatter 

than any natural slopes in the lake deposits, and even with-

out further remedial work future movements in this area 

should be small and acceptable. The North slip is much 

steeper and although the history of the slip suggests that 
future movements may be small and acceptable, the possibility exists that 
the North slip could extend by a mechanism similar to that 

of the main slip to within a few feet of the toe of the dam. 

Various measures are suggested for further consideration 

which should remove this risk, and also remove remaining 

doubts as to the critically important stability of the shale 

boulder clay spur. It must be emphasised that the dam was 

constructed in a valley with sides showing extensive and 

active instability both in the lake deposits and in the shale. 

The impounding of the reservoir must have generally in-

creased seepage pressures downstream of the dam and thus 



made these slopes less stable. Under these conditions 

further slow and progressive movements are always a poss-

ibility. Continued inspection of the valley, with check 

measurements of deformation and seepaGe pressures, are 

therefore recommended. 

X10„ 



11:A Aireal photograph of Cod Beck site during 
construction of dam. 

Plate 11:A. 



11:B View of initial slip during 1953-54 

Plate 11:Bc, 



11:C View of slip during 1953-54. 

Plate 11:C. 



11:E 	Slip during February-March 19 

Plates 11:D & 11:E. 
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11:F Section through laminated silts and clays. 

Plate 11:F. 
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11:G Shear zone in silts and clays. 

Plate 11:G. 
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APPENDIX  

DRAWINGS IN FOLDER 

A.1 Selset dam - typical pore pressure records for fill - 

Group 2. 

A.2 Selset dam - typical foundation piezometer records - 

downstream foundation. 

A.3 (Fig. 8:9) Balderhead dam - readings of pressure 

cells and deformation gauges. 

A.4 Glen Shira drawdown - pore pressure records. 
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