
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


S U B - S E C T I O N  IV b

13

HAMS ANT) T.KVTTKS

|Y ^  1 SOME FACTOBS INVOLVED IN THE DESIGN OF A LABGB BARTH DAM IN THE THAMES VALLEY

ALAN W. BISHOF, U.A., A.M.I.C.B.

Lecturer in Civil Engineering, Imperial College, University of London

1. INTBODUCTION.
Walton Beservoir No. 1. is situated' to 12» 

south of the river Thames between Molesey and 
Walton-upon-Thames. The proposed embankment is 
approximately 14,300 feet in length and has a 
maximum height of 30 feet.

The underlying strata consist of flood 
plain gravel of an average thickness of 15 to 
20 feet overlain by a foot or more of top soil 
and, over one quarter of the length of the em
bankment, by a bed of brick earth which has a 
maximum thickness of 6 feet. Within the gravel 
itself there are lenses of 'bungum', a soft 
plastic clay, up to 4 feet in thickness and 70 
feet in width. Beneath the gravel lies a thick 
bed of London Clay which has been proved to a 
depth of 100 feet at two points on the line of 
the embankment. Normal ground water level is 
only a few feet below the surface.

The embankment (fig. 1.) is to be con
structed of a rolled gravel fill, with a puddl
ed clay core wall which is carried down as a 
cut-off to key into the London Clay. This stra
tum forms the impervious bed of the reservoir.

and Golder, 1942, Bishop 1946) and in unpublish
ed records indicate that during construction, 
and with the orthodox methods of placing, a 
shear strength of about 1.4 lb/per sq. inch 
will be obtained . Consolidation, slight drying 
and thixotropic hardening may more than double 
this strength, but as the effect on the factor 
of safety is small and involves an uncertain 
time factor, it is omitted from this analysis. 
The iensity of London Clay puddle at its normal 
moisture content (42-45%) is 110 lb per cubic 
foot.

b) Brick Earth.
This is a stratum composed of layers of dirty 

sand and brown or mottled sandy clay, and will 
consolidate rapidly on being loaded. Hepresent- 
ative values taken from a cross section in pit 
220 are:
Sandy Clay. (Brick Earth Stratum).

L.D. av. - 55# varies from 49% - 68%
P.L. av. = 18% varies from 15% - 21%

From equilibrium tests in shear box,

Newljrn Datum

Walton reservoir No I Proposed embankment.cross section 42

FIG.1

2. SITE INVESTIGATION AND LABOBATOBY TESTS.

The great frictional strength of well grad
ed gravels meant that possible failure zones 
would largely be confined to the puddle core 
itself, the thin strata of brick earth and bun
gum, and the London Clay which borings else
where in the Thames Valley had shown to be much 
softer near the surface than was expected. Data 
is available from other reservoirs on the shear 
strength of London Clay puddle after placing, 
and the natural strata were examined in detail 
by 19 boreholes, and 5 trial pits, Details of 
the strength variations in the London Clay have 
been published elsewhere. (Bishop 19/,7).

The investigation led to thé following con
clusions:

a) Puddled Clay.
Values of snear strength and index proper

ties obtained in other investigations (Cooling

c - 3.6 lb/per square inch.
0 - 2 0 ° .

The density is taken as 120 lb per cubic foot, 
and submerged density - 57 " " " "
Water Content - 20 - 30%

Samples were obtained from this pit from 
beneath a section of filling tipped 5 years 
earlier, and a comparison was made (Figs. 2 a&
b) between values of shear strength predicted 
for that over-burden load from the measured 
values of c and 0 , and values measured by im
mediate triaxial tests on the same samples. It 
is interesting to note that the actual strengths 
are in quite good agreement and tend to be 
slightly higher on the average.

c) Bungum.
This proved to be a difficult stratum to sam

ple, as it occurs only in infrequent lenses in
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B.

Comparison of actual strengths in brick earth 
stratum under partially constructed embankment 
with values calculated from equilibrium shear 
tests. (pit 199-220)

FIG.2
the gravel and may be thinner than the length 
of a sampling tube. It is a plastic ten&ceous 
grey bue clay merging into sand on each side 

L.L. - 31%
P.L. - 16% 
m/c - 16 - 20% 
c - 1.8 lb/sq. in 
0 - 25°

(average of 3 samples).

d) London Clay.
This is an overconsolidated silty clay with 

L.L. of 53-90 and P.L. of 17-34 and water con
tent 21-32, usually termed 'stiff-fissured', 
although in the upper zones, where a consider
able degree of softening has accompanied the 
pressure release due to the erosion of overly
ing beds, the compression strength may be as 
low as 10-20 lb. per square inch. There are 
considerable variations in strength both hori
zontally as well as vertically, but these do 
not obscure the general strength-depth relation
ship which can be related to the geological 
history of the stratum. (Bishop 1947) (Fig. 3). 
It is important to note that the coefficient 
of variation was almost the same for one pit 
where the samples lay within 30 feet of each 
other horizontally as for the whole site. This 
justifies the use of average values of strength 
in the stability analysis. The slightly lower 
strengths in Pit 218 may be accounted for the 
fact that the clay here was covered by the least 
thickness of gravel overburden.

As it was clear that a satisfactory em
bankment could not be constructed on clay of 
such low strengths as obtained in the upper 
zone, the effects of consolidation were examin
ed. Samples 4 inches in diameter and l£ inches 
in thickness were consolidated in a large oedo- 
meter under loads of 1-y and 3 tons per square 
foot, and standard 3 inch x 1-J- inch diameter 
test specimens built up of three layers cut 
from the fully consolidated samples. Immediate 
triaxial tests were then carried out in the 
same way as with the natural samples.

This technique was adopted as correspond
ing most closely to the conditions to which the 
sample would be subjected. Shear box tests could 
not be recommended as in fissured clays the re
sults become most erratic. The results are given 
in Fig. 4 and show that a substantial increase 
in strength is obtained with consolidation.
This fact is of the utmost importance at this 
site, and it will be seen later that without it 
the proposed embankment could not be safely con
structed.

These samples were cut with.their axes 
vertical, and the failure planes, which were on

B I

(a)

SAMPLES FROM WHOLE SITE

(b)

SAMPLES FROM PIT 218 ONLY

Depth No. of Average Coeff.of No. of Average Coeff.of
¿¡amples Strength Variation t5 amples strength Variation

Ft. lb./sa.in lb./sa.in

0- 1 38 18 25% 19 16 20%

1- 2 49 23 18% 17 19 26%

2- 4 77 29 38% 19 23 42%

4- 8 65 49 30% 13 4-5 35%

8-12 86 58 36%

12-16 46 74 35%

16-20 32 69 29%

23-27 12 73 30%

30-60 43 71 42%

75-105 23 99 33%



C o m p r ession strength ib./sq.in.

Variation of compression strength with depth 
Á11 vertical samples (471 tests)
Immediate 'triaxial tests-lateral pressure 
•30 Ib/sq in.

FIG. 3

the average inclined at 56° to the plane of the 
major principal stress, were therefore also in
clined at this angle to the horizontal plane in 
which the major part of any failure surface 
would tend to lie. x ) As there was the possib
ility of lower shear strengths in this direc
tion due to horizontal laminations, cores were 
also taken with their axes inclined to the ver
tical so as to allow the. failure planes to coin
cide with any horizontal planes of weakness. 
Those showed a drop in strength of 28% when con
solidated under the average weight of the em
bankment, but as the samples were consolidated 
in an oedometer this pressure was no longer 
normal to the laminations', and the strength 
will give a rather conservative facter of safe
ty. As, however, only a few cores were obtained 
in this manner, the stability analysis is work
ed out in detail on the normal test results 
3hown in Fig. 4. and the maximum effect of lam
inations estimated on a percentage drop in the 
clay strength.

In Fig. 5. these results are plotted as a 
relation between shear strength (taken as \  
compression strength) and effective pressure*
It will be noted that until the effective pres
sure. It will be noted that until the effective 
pressure under which the clay is reconsolidat
ed reaches a value A in Fig. 5» (which varies 
with its initial strength) no corresponding 
increase in strength occurs. It is difficult 
to account for this on disturbance and remould
ing effects alone, and it seems to be more con
sistent with considerable residual lateral pres-
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C o m p r e s s i o n  s t r e n g t h  I t y i q . i n .

- - -  "  "  “  3 Tons./ sq .f t .

Variation of compression strength with depth- 
comparison of natural and consolidated 
vertical samples from pit 216[(test6 on 13 cores) 
Immediate triaxial tests-lateral pressure 
30 lb/sq.in.

FIG.4

Shear strength plotted against effective pressure 
for a range of depths.

FIG.5

sures produced by pressure release in a vertic
al direction on a heavily consolidated stratum. 
On unloading it would be the horizontal stress, 
now the major principal stress, which would 
control the strength, and a gain in strength on 
reconsolidation in an oedometer would only be
gin when the applied vertical pressure exceed
ed this. The residual lateral pressure cannot 
exceed the vertical pressure by a stress great
er than the compression strength, and values 
estimated from Fig. 5 are in agreement with 
this.

x) The worst plane given by the 0 - 0
analysis, although giving the correct factor 
of safety, does not give the actual failure 
surface



year.
e) Gravel.

ïhe gravel stratum, although rather sandy, 
is fairly well graded. In the embankment good 
grading will be further ensured by the mixing 
of any segregated layers in excavation and 
placing. Density measurements of the natural 
stratum were not very satisfactory, and gave 
values which could not be repeated by compac
tion in the laboratory. Angles of friction were 
measured in a large Bhear box (Bishop 194Ô) tor 
the more sandy material, and values up to 4-5° 
for dense packing were obtained. Based on the 
densities obtained in the laboratory and in 
rolled gravel elsewhere, the following values 
are taken:
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The coefficient of consolidation is 10 ft?/

In situ gravel

Density submerged 
Above water level

Boiled gravel fill 0

Density as rolled 
(partly saturated) 
Density, submerged

0 - 43°

- 79 lb/cu.ft.
- 130 lb/cu.ft.

43°

135 lb/cu.ft.

80 lb/cu.ft.
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Analysis of failure in London clay surface

FIG.6

A. failure in the London Clay.

a) Analysis of Lateral Slide.
The principal type of failure to be consider

ed in design is that due to the pressure of the 
soft clay puddle core causing the embankment to 
slide horizontally against the shear resistance 
of the upper zone of the London Clay and the 
passive resistance of the gravel at the toe.
For the clay core and the London Clay the im
mediate shear strength is used, i.e. it is as
sumed that no water content change would take 
place during failure, and the analysis is there
fore a "0  - 0" analysis as described elsewhere. 
(Skempton 1948).

The active pressure is calculated on the 
assumption of a tension crack of maximum depth 
h0 - . Integrating the lateral pressure

below this depth, and including the factor of 
safety in the shear strength term, the lateral 
force P^ is obtained » H - 2 s0H/F,

where F ia the overall factor of safety.
At the toe the passive resistance of the 

gravel is obtained by finding the plane CE which 
gives the minimum value to the resistance F. It 
will be seen from the force polygon that part 
of this resistance Pg is due to gravity alone,

and the remainder Fp is due to friction, and it

is only on the latter that a factor of safety 
should be allowed.

3. STABILITY ANALYSIS.

i.e. Pô
PG *

IE
F

The worst condition will occur when the 
ground water level rises to the surface under 
flood conditions, as it reduces.the weight of 
the gravel wedge, which ia only partly compen
sated for by the water pressure 4" 011 tlie 
plane AB.

At any point in the London Clay the in
crease in pressure due to the embankment can 
be calculated and from the curves in Figs. 4 
and 5 strength - depth profiles can be plotted 
(Fig.7) i.e. for no consolidation (MQ NQ) and

full consolidation (M^ N-̂ ) in Fig. 7&. To find

the degree of consolidation at any depth and 
time, curves have been plotted (Fig. 8) on the 
assumption that consolidation goes on in the 
upper layer as if it were the upper surface of 
a thick layer with a uniform load increment 
throughout its depth. (Terzaghi and Frohlich 
1936). Taking the minimum construction time 
for the embankment as 2 years, with a uniform 
increment of load, it can be shown that from 
the completion of construction onwards the 
percentage consolidation is the average over 
a period of 2 years from t to t + 2 years 
where t is the time after the completion of 
construction.Putting these values in Fig. 7 
curves NQ etc. give the strength-depth

relationship from the end of construction on
wards. The minimum value Xg etc., must be used 
in each case.

The worst plane would actually pass 
through the points X© ...... but for simpli
city it iB assumed to lie at the surface BC in 
all cases.

The total resisting force is then obtain
ed by summing the forces along BC.

By equating forces we obtain the factor 
of safety, the position of CD being chosen to 
give the lowest value. The results may be 
plotted as a factor of safety - time curve 
(fig. 9).
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Degree of consolidation(Thick layer with 
drainage at upper face;load increment uniform 
throughout depth)

FIG. 8
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b) Discussion of Uethod.
An analysis of a failure of this type has 

not been published but a check on its accuracy 
can be obtained by analysing the stability of 
a similar type of dam which failed during con
struction in a soft surface stratum before con
solidation had taken place. (See Cooling and 
Golder 1942 for details of the dam). This gives 
factor of safety of 0.8, and indicates that 
the method is conservative. If in this case 
50% of the shear strength is assumed to be 
mobilised up the sides of the core as a form 
of 'arching', the method gives a factor of 
safety of 1 .0. Without further evidence, how
ever, such an allowance could not be made in 
design.

The total horizontal force acting outwards 
on the plane AB can be calculated by other 
methods for comparison:
I with the full active pressure of the core 

- 200 x 10* lb per ft. run.
II with the active pressure if reduced by 50% 

side shear - 155 * 10? lb per ft. run
III with the active pressure of the gravel + 

water pressure when the reservoir is full, 
acting outwards « 134 x 10* lb per ft. run

17 the horizontal thrust on the centre line in 
a homogeneous embankment calculated on elas-

0 1 2  3 «
T im e a f t e r  Co m p let io n  o f  C o n s t r u c t i o n  in Yea r s

Increase of factor of safety with time 
(cross section 42 outer bank)

FIG.9

tic theory xa) » 118 x 103 lb per ft. run 
This indicates that the core-wall itself 

creates the largest disturbing force, and that 
in this type of embankment other methods of 
analysis may be misleading, 
c) Results.

Taking the normal values of strength as 
given in Figs. 4 and 5, and giving the lower 
limit values based on the estimate of complete 
failure on laminations in parentheses , the 
following results are obtained xb):
OUTER BARK. Cross Section 42 flooded at the 

toe.
At completion of construction F « 1.62 
After 3 years F - 1.77
Final p = 1 .7a
If no consolidation had been 
allowed for F - 1.04 (0.85)
(See Fig. 9).
xa) Unpublished work by the Author using 

Southwell's Relaxation method, 
xb) 3 significant figures are given for pur

pose of comparison. They do not indicate 
an absolute accuracy.
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INNER BANK. Cross section 42.
At completion of construction F - 1.65 (1.28) 
If no consolidation allowed for

F - 1.05 (0.83) 
Reservoir filled, full softening 
allowed for at clay surface F - 2.50 (1.94) 
Rapid draw-down to level of 
inner 'beam, full softening F - 1.33 (1.03) 
Rapid draw-down to level of inner 
■beam, 50% softening F - 1.52 (1.16)

d) Conclusions.
The lowest factor of safety is obtained on 

the inner slope of the embankment when the 
reservoir is emptied. This is due to the ef
fects of consolidation under the inner slope 
being reduced by the uplift of the water; some 
softening would take place, but the amount can 
only be estimated. In view of the conservative 
nature of the method, and the fact that such 
failure would not be catastrophic, the factor 
of safety is considered to be satisfactory.

B. Failure in the Brick Earth Stratum.

A similar analysis can be made for the 
brick earth stratum, but allowing full con
solidation owing to the greater coefficient of 
consolidation, and short drainage paths.

Results.

OUTER B A M . Cross Section 42.
Full consolidation F = 2.12

INNER BANK. Cross Section 42.
Full consolidation F = 2.04
Reservoir filled, full softening F - 2.68
Rapid draw-down F = 1.50

C. Failure in a Lense of Bungum.

extent and location could only 
uneconomically close borings,the 
a complete lense underlying the 
considered, both at the top and 
gravel stratum.

As their 
be found with 
worst case of 
embankment is 
bottom of the

Results.

INNER BANK. Cross Section 42 
¿apid. draw-down, lense
at upper edge of gravel F » 1.44
Rapid draw-down, lense
at lower edge of gravel F = 1.46

D. Failure in Gravel Slope due to Rapid 

Draw Down.

This is unlikely in view of the permeable 
nature of the fill and the usual rate of draw- 
off. However taking 0 = 43° and = .33 (Void 
ratio), and using the relationship that where 

is the limiting slope and p is the specific 
gravity of the particles (» 2.70)

P -  1tan«;
P-+- £

i.e. tanoi = .524 
i.e. a 1.9.:1 slope is just stable 

For the loosely tipped material 0 - 36° £-.61
i.e. tan a  » .373 

and the limiting slope ■ 2.68 : 1
This indicates that the inner slopes are - 

in any case safe against rapid draw down (at 
3 : 1)

4. SUMMARY.

The satisfactory construction of the 
proposed earth dam for Walton Reservoir was 
found to depend on the behaviour of a thin 
soft zone at the top of the London Clay. A 
site investigation, laboratory tests and a 
stability analysis have been carried out with 
this end particularly in view, and indicate 
that its construction and stability when in 
use are dependent on the gain in strength due 
to consolidation under the weight of the em
bankment itself, but with a controlled rate of 
construction the factor of safety will be 
satisfactory. Its stability against failure in 
the other strata has been examined and is also 
satisfactory.
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