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THE GEOTECHNICAL PROPERTIES OF A DEEP STRATUM OF POST-GLACIAL CLAY AT GOSPORT

A.W, SKEMPTON M,Sc,, A.M.I.C.E., F.G.S.
University Reader in Soil Mechanics and Assistant Proffessor at Imperial College,
University of London.

1. INTRODUCTION.

In 1942 following the collapse of e
steel sheet pile wall in the Royel Clarence
Yard at Gosport, the Admiralty requested the
Bullding Research Station to report on the
causes of fallure and to advise on the re-
design. Three borings were made, in the po-
sitions shown in Fig. 1. and they revealed
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about 60 ft. of soft, post-glacial clay,over-
lying the Bagshot Sands and London Clay. A
number of undisturbed samples of the soft
clay were obtained and tested in the labora-
tory. The results show that this stratum con-
sists of a normally consolidated clay (as de-
fined by Terzaghi 1941) in which the shear
strength and preconsolidation load increase
with depth in a regular manner. This increase
in strength and pre-consolidation load would
be expected from general soil mechanics prin-
ciples, yet the author does not know any other
published examples giving complete data on a
normally consolidated clay stratum.

In contrast, however, there have been
descriptions of several cases where a bed of
cley which might be expected to be normelly
consolidated has shown no regular increase in
strength with depth (Terzeghi 1941, Casagran-
de 1944 (a) and 1944 (b)).

Consequently the present results are publish-
ed in order to show that the expected behavi-
our of a normally consolidated cley can be
observed in nature. If this conclusion is ac-
cepted it follows that the other published
results relate to strata which are not true
normally consolidated clays, and that there
must be a reason for their apparently anomal-
ous behaviour. Casagrande (loc.cit) has sug-
gested one possible reason, involving the
drying of the clays to depths of 30 or 40 ft.
below their surface. Whether this is correct
or not, the Gosport clay et least shows the
necessity for some such explanation of the
anomalous strata, and discounts the assumption
that an approximately constant shear strength
with depth is the standard behaviour pattern
of geologically recent clays.

2. GEQOLOGY.

From the borings made in the Royal Cla-
rence Yard and from the records of several

wells in the neizhbourhood the geological
section shown in Fig. 2 has been prepared.The
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Geological Section

FIG.2

Bagshot Beds and the London Clay are of Ter-
tiary Age. Overlying these deposits there is
a thin bed of peat. A sample of this peat,
from Borehole No.3 was submitted to Dr. H.
Godwin F.R.S. for pollen analysis. He found
(Godwin 1945) that the peat was of Pre-Boreal
age; Zone IV in the British classification.
At this period, about 9,000 or 10,000 years
ago, the sea was substantizlly lower than at
present. Various submerged peats around the
coast show, however, that shortly after Zone
IV peat was formed , a comparatively rapid
rise in sea level took place and the soft
clays found in meny of the estuaries were
deposited during +this period., The marine
transgression was probably almost complete
by the end of Boreal times, roughly 7000 years
ago; since when only minor oscillation have
occurred, with a generasl slight rise in sea
level. Bvidence from a peat surface at Amber-
ley Wild Brooks, not far from Gosport,(Godwin
1943) suggests that the transgression has not
increased during the past 2000 years.

The Gosport clay is therefore post-glac-
ial in age; deposited mainly if not entirely
during the Boreal transgression,

Therefore there cen be no doubt that it is
fully consolidated under its own weight. In
about 1890, however, a fill was placed on tke
clay, in the area of the borings, to + 6 0.D.
and in 1936 the fill was raised by another
two feet.

3. BORINGS.

The boring and sampling operations were
carried out by Messrs.Soil Mechanics Ltd.,un-
der the supervision of Mr. H.J.B.Harding and
the author. The boreholes were 6 ins. diame-
ter, lined with casing tubes, Undisturbed
samples were taken at the depths shown in
Figs. 3,4 and 5 with the tool described by
Cooling (1946). This has a diameter of 4% in.
and an area ratio of 23%. Visual examination
showed that distortion of the samples was
limited to the outer 1/10 inch, although some
slight disturbance of the clay is inevitable
in sampling owing to the change in stress con-
ditions.

In addition, small samples were taken at
about every 2 or 3 ft. in depth, for determin-
ation of water content and Atterberg Limits.

The author also took two samples of the
cley (samples F and G) where it was exposed an
the foreshore, at low water mark. Here the
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1 ’ tent. The relation between liquid limit and
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e fergzl somyie for 1 \ liquid 1limit clays, is typical of that given
TS by Casagrande (1947) for inorganic clays.
Bore no. 3
5. PARTICLE SIZE.
FIG. 4 Mechanical analyses were carried out on
four samples, all from Borebole No.l. The re-
sults are given in Table II.
TABLE II
Liquid | Fine sand | Silt clay H O HE Cl
Semple |I5ait | .2-.06 mm | .06 ~ <.,002 mm | ,2_°
loss loss
«002 mm
1 -2 71 2.9 48.3 42,6 5.9 0.3
1-3 65 6.1 44,7 37.6 5.4 6.2
1-5 82 (0] 27.8 50.9 2.6 |18.7
l1-6 98 0.3 22.9 59.0 9.7 8.1

clay wes very soft, and the samples were ob-
tained by carefully pressing into the clay a
thin welled tin tube 5 ins. diameter and 15
ins. long. This tube had an area ratio of only
4% and the samples were not visibly disturbed
in any way.

4, ATTERBERG LIMITS AND WATER CONTENT.

Water contents were determined on every
test specimen and on each of the small samples,
Atterberg Limits were determined on at least
two snd in some cases on every test specimen
cut from the undisturbed samples and on each
of the small samples.

The results ared plotted in Figs.3,4 end
5. Averasge values and totel ranges are given
in Teble I (excluding the foreshore samples).

These results show a definite correlation
between liquid limit and clay fraction, typical
of marine cley (Cooling 1946). They mlso show
that the liquid limit is influenced more by the
clay fraction than by the organic content

(H0; 10s8)
6. MINERAIOGY.

The four ssmples on which mechanical ana-
lyses had been made were submitted to Dr.
Nagelschmidt for X-ray analysis. For the whole
clays he found chiefly quartz snd calecite, the
calcite content corresponding roughly with the
HC1l loss glven ln Teble II. For the clay frac-
tion all the samples were similar and consist-
ed of 50 - 70% Illite snd 30 - 50% Halloysite.
There was a general and low-angle scattering



due either %o organic matter or amorphous in-
organic material, No montmorillonite was found.

7. SPECIFIC GRAVITY.

Specific gravity determinations were car-
ried out on seven samples. The average value
was 2.67 with a range of 2.62 to 2,70.

8. OVERBURDEN PRESSURE.

In Figs. 3, &4 and 5 the effective over-
burden pressure before placing the fill is
shown as & dotted line. The effective over-
burden pressure, if consolidation under the
£ill had been complete, is also shown. In cal-
culating these pressures the following den-
sities have been adopted.

f£ill sbove G.W.L.
£ill below G.W.L.
black clay and stones)below 47
grey clay )G.W.L. 42

Consolidation under the fill, at the time
of sempling, cennot be complete, however,and
the effective overburden pressure has there-
fore been calculated from the theory of con-
solidation (Tarzaghi and Frohlich 1936),Tests
showed a reasonably coanstant coefficient of
consolidation equal to 0U.004 cm?/min, and using
this value it is an easy matter to estimate the
effective pressure at any depth. The results
are shown by the full lines in Figs.3, 4 and S5

105 1b/£t3
65

9. PRE-CONSOLIDATION IOAD.

Consolidation tests were carried out on
five samples from the boreholes and on the two
foreshore samples. Representative p - € curves
are shown in Fig. 6. These are typical of un-
disturbed soft clays with a moderately high
initial water content and an estimate of the
pre-consolidating load can be found by the

raphical construction suggested by Casagrande
%1936). In Table III these values are compared
with the calculated effective overburden pres-
sure; and also in Figs. 3. 4 and 5, they are
plotted on the same graph as that relating
overburden pressure to depth., It will be seen
that a reasonable agreement is obtained, pro-
bably within the range of accuracy of the con-
struction and the ineviteble slight disturb-
ance in sampling.
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The two foreshore semples gave definite
pre-consolidation loads, which are assumed to
be en indication of the capillary pressures
existing in the clay at a depth of about 8 inms.

The correlation between calculated and ex-
perimental pre-consolidation loads for the
bore-hole samples is good evidence for the con-
clusion that the stratum is a true normally
consolidated clay.

10. DECREASE IN VOID RATIO WITH OVERBURDEN
PRESSURE.
Owing to the veriations in liquid limit

TABLE IIT
N e = T
W LL |PL |LL -w Pressure Pressure
IT- L (Casagrande)
7 ins. |77 75 (29 |- .05 - 0.093 t/f42
9 ins. (74 81|30 | + .14 - 0.095
1-2 | 21 ft. [54 69 |25 34 0.37 t/£t° 0.28
l1-6 | 61 60 100 |36 .62 1.24 1.22
3-2 | 19 52 71 |28 S 0.34 0.30
3-72 | 56 60 86 |33 .49 1.05 0.84
4 - 2 1?7 59 81 |32 45 0.32 O.44
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with depth a plot of water content (or void
ratio) agalnst overburden pregssure would be of
no value. Consequently the consistency index
(LL-w)/(LL-PL) was calculated for each sample
and the water content was then found which
gave this same consistency index with aversge

11. SHEAR STRENGTH.

Triaxial compression tests carried out
under different lateral pressures with no wa-
ter content change during the test showed an
angle of shearing resistance equal to zero.
Typical results are given in Table IV.

TABLE IV
Semple 3 - 2 Sample &4 - 3
1L = 82 PL = 29 LL = 107 PL = 36
O o - Oy w Om o - Sx w
2 2 2 2
0 1b/in' 2.90 1b/in' 6l 0 1b/in 4,7 1b/in 70
20 2.94 58 10 4,3 68
40 2.88 59 20 5.1 73
30 4.8 68

liquid and plastic limits of 80 and 30 res-
pectively. In this way the variations were
smoothed out,

The void ratio (water content x 2.67/100)
calculated in this manner is plotted against
overburden pressure in Fig. 7. As would be ex-
pected there is a considerable scatter, but
the general decrease in void ratio with in-
creasing pressure is quite definite.

The results are in good agreement with data
on ogher clays of a similar type (Skempton
1944),

Fortunately sample G from the foreshore
and sample 4-2 both had a liquid limit almost
exactly equal to the average value of 80, and
results of the consolidation tests on these
samples can therefore be compared directly
with the data in Fig. 7.

Referring to Fig. 6 it will be seen that
a "corrected" primary p - € curve has been
drawn through the two points corresponding to
the natural void ratio and pre-consolidation
load, and parallel to the experimental pri--
mary curve. This represents an attempt to ob-
tain, as far as a leboratory test is concern-
ed, a true primary p -& curve for the clay.
The "corrected™ curve is plotted in Fig. 7 and
it is, rather surprisingly, found to agree
well with the observed data. It is considered
that this result constitutes a second indic-
ation that the clay is normally consolidated.

IThe curves in Fig. 6 are also of interest
in that they show that the primary curve of
Sample 4~-2, which was taken from a depth of
17 ft., is an almost exact continuation of the
Primary curve of sample G. A comparison of this
nature is not often possible, owing to the rare
chance of finding two samples of the same
stratum with the same liquid limit and with
such widely differeat pre-consolidation loads.

In contrest a p - & curve obtained from
a consolidation test carried out on the clay,
remoulded with an initial water content equal
to the liquid limit, lies well below the point.

These results show that a test mede on
the undisturbed clay, in the natural state in
which it was deposited, corresponds closely
to the actual consolidation under pressure in
the ground, and that its structure is not
seriously affected by the test.

Pressure-Void Ratio Relatiomship.
FIG.7

Shear strength is therefore equal to one-
half compression strength and it was determin-
ed by carrylng out unconfined compression tests
on at least two specimens from each sample. In
about half the samples the compression strengths
of the clay after remoulding was elso measured.
The results are given in Tgble V. Remoulding
index equals the ratio of remoulded to undis-
turbed strength.

In Fig. B(a) shear strength is plotted
againat calculated overburden pressure and, in
Fig. 8(b) against pre-consolidation loasd. In
both cases there is an approximately linear
relationship, represented by the equation

¢ = p. tan 159 = 0.27 p.
where 159 is the angle of shearing resistance
of the clay.

This linear relastionship is a third in-
dication that the clay is normally consolidat-
ed. So far as the author is aware, Fig. 8 is
the first published information on the in-
crease ln strength with overburden pressure
obtained from fleld data on a thick stratum
of clay.

The variation of strength with depth is
shown 1n Figs, 3,4 and 5. The increase with
depth is quite obvious, and is especially ap-
perent when it 1s remembered that the fore-
shore samples had a strength of only about
100 1b/ft 2,
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TABLE V
Consistency Calculated | Pre- |Shear Remoulding
Overburden | con- |Strength | Index
Semple Pressyre sold [1b/ft
w LL | PL | LI=W | 1b/ft Load
: IT-rT 1b/£t2
- 75 | 73 | 27 | .06 - - 70 -
-2 [77 |75 | 29 | -.05 - 210 90 -
-3 |72 [ 77 | 27 | +.10 - - 120 0.23
G 75 | 74 | 28 | +.02 - 210 85 O.24
1-2 |5 | 73| 29 o4l 830 630 190 0.47
l1-3 |49 | 66 | 27 o4 1050 - 225 0.51
1-4 |57 |76 | 30| .41 1390 - 325 0.41
l1-5 15182 34 .65 1970 - 595 0.45
1-6 (62|98 | 40| .62 2780 2730 735 0.51
3 -2 |58 (82| 29 .45 760 670 210 -
=3 |55 |77 (27| .43 960 - 160 -
3 -4 |62 | 94| 33 .52 1230 - 245 -
3-6 |5 (71| 28] .49 1910 - 390 -
3-7 |55 | 86| 33| .58 2350 1880 840 -
3-8 |70 |127 | 50 74 2920 - 975 -
-2 | 63 | 96 | 35 5S4 710 980 260 43
4 -3 (69 (107 | 36| .53 940 - 340 40
Sh'°°° 5 The effect of remoulding seems to decrea=
PR with increasing strength.For the very 'soft fore-
A | e shore samples the remoulding index is about
500 a—" 0.25, while for the deeper samples taken in
- o the borings the index is about 0.45. It will
o °,/1;’5’ at once be asked whether this is not simply
o° due to disturbance during sampling from the
. 1% ta"g borings. Some slight disturbance is,of course,
© Sve fooe 1700 <ede 1500 3ooo inevitable but the stability calculations on
Calewldled  Fffedtve Overburden  Iyi" the embankment failure, described in the fol-
lowing section, show that the drop in strength
in the borehole samples is unlikely to be more
than 10 per cent.
In the author's opinion the true re-
lation between shear strength and overburden
1000 pressure allowing for this possible disturb-
Shear ance may be
Strenalh ¢ = p. tan 170 = 0.30 p.
1o f* | but is it improbable that the angle of shear-
$00 L—] ing resistance could be appreciably higher.
=]
L] 12. EMBANKMENT 'FATLURE.
ﬁE&E:;T The embankment shown in Fig. 1 and in
) 500 Teoo ISoe Tooo T500 Toen Fig. 9 was built in 1910 to a height of 8 ft.

/Pre -Con:ol\'lal’{on

Load  IM/ft!

Relstion between Shear Strength and Consolidation
pressure.

FIG.8

But immediately on reaching this height it
-subsided catastrophically. It was rebuilt
successfully by forming a gravel toe simul-
taneously with the formation of the bank.

In Fig. 9 the contours of shear strength
have been drewn from the data in Fig. 8, and
an analysis of staebility has been made on the
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@ = O Analysis of Embankment Failure
Min. Factor of Ssfety = 0.93 3
¥ for strata above L.W, = 105 £b/£%

FIG.9

@ = O assumption (Skempton 1948). It will be
seen that the minimum factor of safety is
0.93. The correct value should be 1.00 and it
is therefore possible that the average
strength of the clay has been underestimated
by about 7 per-cent. This can probably be at-
tributed to slight disturbance of the samples,
as mentioned above, but in general the evid-
ence provided by this failure lends support
to the values of shear strength as measured
in the laboratory, and the maximum effect of
disturbance is probably not in excess of 10
per-cent.

13, SHEET PILE WALL FAILURE.

The snalysis of the sheet pile wall was
rather complicated but the result is in agree-
ment with this conclusion.

l4, CONCLUSIONS.

a) The following results show that the deep
stratum of soft, post-glacial, clay at Gos-
port is normelly consolidated.

1) the experimentally determined pre-consolid-

ation loads are of the same order as the ef-

fective overburden pressures throughout the
depth of the stratum

2) the primary p-ecurve derived from consolid-

ation tests on the clay as deposited in its

natural state agrees with the p-frelation de-
duced from overburden pressures and water con-
tents on samples taken from the boreholes.

3) shear strength is directly proportional to

overburden pressure, and hence also to pre-

consolidation load.

b) Shear strength ¢, corrected for possible
disturbance on sampling, end overburden
pressure p are related by the expreasion
¢ = p tan 179 = 0.30 p, where 17° is the
angle of shearing resistance of the clay.

c) The clay is moderately sensitive to re-
moulding, the sensitivity decreasing with
increasing strength.
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