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In-situ stresses in overconsolidated clays relative to depth
Contraintes ‘in-situ’ en argiles sur-consolidées (en fonction de profondeur)

K. SCHETELIG, Darmstadt, FRG
E. FRANKE, Darmstadt, FRG

SYNOPSIS In a 300 m thick Tertiary sequence of clays at Frankfurt the horizontal in situ
stresses were investigated in function of depth by pressuremeter and laboratory tests. The earth
pressure was directly measured by a MENARD probe. Ko-values determined by these tests complied

at least approximately with overconsolidation ratios OCR obtained by oedometric tests with
samples from corresponding depths of 5-40 m. The results indicate Ko—values dependent on depth

as expected, reaching 1-2 at the surface and decreasing to (1 - sin ¥ ) = 0,6 at 40-50 m depth.
The soil mechanical and geological conditions at Frankfurt are compared with the London clay.

At Frankfurt a maximum overburden of 120 m in the average can be re-constructed by stratigraphi-
cal methods} in London a higher overburden has to be assumed on account of jointing and random

fissures.

AIM

At Frankfurt numerous high-rise buildings and
tunnels were constructed which affect the sub-
grade up to depths of 40 m. For computations
of the deformation behaviour the development
of appropriate models is necessary which des-
cribe the subsoil by a reasonable system of
parameters, one of which is Ko dependent on
depth.

In the London basin under similar geological
conditions K -values of 3-4 were measured

close to the surface which decrease with depth
(SKEMPTON 1961, BURLAND 1982). Corresponding
investigations were performed at Frankfurt,
too. The relation between Ko, OCR and depth is

shown schematically on Fig. 1. Close to the
surface Ko may exceed 1 due to the reduced

vertical load relative to the maximum overbur-
den and Ko may reach a maximum value Kp. With

increasing depth Ko decreases in dependence on
OCR (therefore named Ko(oc)) finally approa-
ching Ko(nc) = 1 - sin ¥ remaining constant
for depths being great in comparison with the
overburden eroded in the geological past.

The aim of the investigation was to study in
the Frankfurt subsoil the dependence of Ko on
depth approximated by

KO(OC) = Ko(nc) VOCR =1 (Z) (1)

following e.g. SCHMIDT (1966), ALPAN (1967).
Geological and soil mechanical methods were
used for this investigation independently in
order to compare the results of both. The
Frankfurt area yielded favourable conditions
for this program, because the maximum height

z of the overburden in the geological past
could be evaluated by means of a stratigraphigc,
paleogeographic and tectonic analysis. The
300 m thick formation is well known and scarce-
ly faulted. Orogenesis or any folding has
never taken place, an ice cover never existed
and any other disturbances, e.g. dissolution
of salt or gypsum in the deeper subsoil do not
occur.

OCR=
:Y(Z¢AZ)

Y-z

345 6 788910

z=depth below ground
level

2+A2z maximum overburden

Y= bulk density
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OCR=overconsolidation
ratio

zZ/Az
FPig. 1: Relation between K , OCR and Depth

DETERMINATION OF K oE 1)

oc) BY PRESSUREMETER TESTS

The horizontal in-situ stress 6; shown on Fig.

3a could be directly measured and using the
known vertical component G, =y=z
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Fig. 2: Typical Test Result of Pressuremeter
Tests

1
Kogoc) = 6v

was derived (see Fig. 3b). Point p, of Fig. 2

can be identified as horizontal stress 6h
(after MENARD 1957, BAGUELIN et al (1978).
At Py @ sharp bend indicates that the stress

release of the borehole wall is "repaired".
Therefore, further displacements meet with con-
siderably increasing resistance (p:>p°).

This procedure yields realistic results in
stiff clays (WROTH 1976). The point P, in

question (Fig. 2) can be controlled by drawing
the creep velocity in relation to each load
increment A p. At that point where the creep
velocity reaches its minimum, p = P, is indi-

cated too. Ko-values increased towards the sur-
face and exceeded 1 up to maxima of about 2.

2)

oc) USING OCR FROM OEDO-

DETERMINATION OF Kos
METRIC TESTS

It is well-known that the determination of the
maximum geological overburden by the load-
settlement-curve of compression tests is diffi-
cult and uncertain. Mostly a distinct break
between first- and re-loading cannot be recog-
nized. The maximum overburden can be more pre-
cisely determined by the relation of the creep
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velocity in secondary compression (see Fig. 4).
Of course in the zone of G\ max extremely
small and uniform load increments are to be
used.

In this way the observed (obs OCR)-values were
determined)for samples of the same depths, for
1
which Ko§oc
tests.

) was measured by pressuremeter

COMPARISON OF THE RESULTS OF PRESSUREMETER
AND OEDOMETRIC TESTS

From the Ko§;3)— values of Fig. 3b the (cal1
OCR)-values of Fig. 3c and from the (obs OCR)-
values of Fig. 3c the K_ gc)-values of Fig. 3b
were calculated using equ. (1). In addition
(cal2 OCR)-values were calculated by

ca1? ocr = (2+a2)¥ (2).
¥
The corresponding curves were drawn in Fig.
3¢, assuming tentatively different values for
the height of the geological overburden a z.

From Fig. 3c it can be seen that max. yaz
must have been between 0,5 and 1,2 MPa, i.e.

for y = 20 kN/m the maximum overburden comes

to 25-60 m and for y'= 10 kN/m°> to 50-120 m.
But it has to be mentioned that the piezometric
water level and its variation in the geologi-
cal past is not known. Additionally, it has to
be reported that 6, -values in equatlon (2

were calculated on account of & 20 kN/m-

and that the pressuremeter tests were done in

a dry borehole. More information and more re-
search are necessary concerning these ques-
tions.

Deviations between Koégg) in Flg
3b and between the (obs OCR)- and the (cal'
OCR)-values in Fig. 3c, respectively, charac-
terize the accuracy previously reached. This
accuracy may be improved by a greater number
of tests. However, the results previously ob-
tained already allow the conclusion that Ko

at about 40 m depth approaches 1 - sin ¥ and
increases towards the surface up to 1-2. In
the following these soil mechanical test re-
sults are compared with geological investi-
gations.

COMPARISON OF GEOLOGY BETWEEN THE FRANKFURT
AND LONDON BASIN

At Frankfurt the Permian bedrock is overlain
by a 300 m thick sequence of clays, silts,
sands and limestone intercalations, deposited
under marine, brackish and freshwater condi-
tions. The general geological conditions and
the tectonic setting are to be seen from Fig.
5-8. The paleogeography and the earth

history could be well re-constructed because
of local tilting, some flexures, various horst
and graben structures and a permanent erosion
during Upper Tertiary and Quaternary so that
formations of different ages are exposed close
together.
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Fig. 3: Comparison of Results of Pressuremeter and Oedometric Tests Dependent on Depth.

Reference to Fig. 3:

a) calculated 6¢r=yl and G, from pres-
suremeter test

b) K )= 1 sin ¥

o(nc

1) i I
KoSoc) using 6, from pressuremeter test

K (2)\ calculated with equ. (1)
olocy using (obs OCR)-values of oedome-

tric tests
c¢) (obs OCR) from oedometric test
(cal1 OCR) calculated with equ. (1) using

(1) _
Ko(oc) values

(cal2 OCR) calculated with equ. (2) using
assumed values of yAzZ = 0,2
0,5 ... 1,2 MPa for comparison

Tectonically, Frankfurt is located at a
crossing of a SW-NE striking Paleozoic de-

pression south of the Taunus and the N-S stri-

king Rhine graben, widening since Oligocene

with an average velocity of 1 mm/a. The graben

depth is about 2000 m. In the N-S direction
additional shear stresses were encountered.
Due to the Horloff-Dieburg graben in the east
(see Fig. 5) Frankfurt represents a horst

structure dipping 3° NW towards the Rhine gra-

ben and the northern depression. Generally,
the subsoil can be characterized as tectoni-
cally weakly stressed. It may be assumed that
the vertical and horizontal in-situ stresses

Alah/h)
log(T,/T)

Oy max o
OCR:

Béd 2 1

a) Creep Velocity in Secondary Compression
Related to Effective Vertical Stress.

Ah
h

log T, /T, 1=
logT, logT, logT

b) Example of the Time-Settlement Curve of one
Load Increment

Fig. 4: Determination of the Maximum Geological
Overburden after MURAYAMA/SHIBATA

(1958)

maintained permanently principal stresses. A
temporary inclined state of the stress ellip-
soide would have resulted in more frequent and
stronger tilting, flexures or folds. The ero-
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sion of the original overburden did not change
this state of stress except the fact that to-
day close to the surface the horizontal compo-
nent is greater than the vertical one, i.e.
K. > 1.

o

On account of a stratigraphic, paleogeographic
and tectonic analysis the maximum geological
overburden of 50-200 m (Fig. 8) increases from
west to east, i.e. from younger to older for-
mations. The results of this geological eva-
luation correspond satisfactorily to the soil
mechanical investigations. The comparison in-
dicates that the assumption of a permanent
piezometric water level close to the surface
and therefore &v =442z yields more confor-
ming results. But, considering this comparison
it has to be mentioned that certain differen-
ces between soil mechanical and geological in-
vestigations on in-situ stresses may originate
from the relaxation of clays under stress re-
sulting in a permanent adaptation of the fabric
to the corresponding state of stress. There-
from the highest values of maximum overburden
are to be expected from geological investiga-
tions., All samples of soil mechanical tests
were subjected to the relaxation during the
geological past. With oedometric tests this
affect is increased by additional relaxation
during the test period. From pressuremeter
tests medium values are to be expected (see
Fig. 3c).

At Frankfurt deviations from the general stress
distribution occur in areas of karstification
of limestone interbeds and presumably also
above recently developing faults in strain and
shear zones. Geological indications on such
zones are open joints even in stiff clays or
open bedding planes. In such areas increased
settlements above tunnels and greater displace-
ments of the tunnel roof indicate reduced K_-
values up to figures <« 1. °
The soil mechanical investigations were direc-
ted on the clays, their fraction of fines <« Zﬂ
comes mostly to 35-75%. Minimum contents of
<24 up to O were found in the marine Oligo-
cene clay. In the brackish and limnic Miocene
clays the fraction <2« exceeded throughout
50%. The average mineralogical composition can
be seen from Table I.

TABLE I
MINERALOGICAL COMPOSITION OF THE
TERTIARY CLAYS AT FRANKFURT
Mineral (%) Oligocene Miocene
marine brackish
lime 15-32 0-5
quartz 10-30 20 (max. 40)
kaolinite 10-30 0-10
montmorillonite and
mixed layers 0-15 50-70
chlorite 10-20 10-15
mica 10 2-5
gypsum - mostly O
(max. 20)
feldspar, pyrite,
organic matters 5 0-10
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The different content of swelling clay min-
erals in Oligocene and Miocene 1s caused by a
different composition of the source area and

Sprend- b

.\
A\ linger

¢ i '\\\\\Ir
o < Q\\U

Lo 2 4wl

k ‘:’2 ,/‘{ ODEN - 1

" E WALD

3
A ’- .'_L___“(,-
b 4 km

Fig. 5: Tectonic Situation around Frankfurt

an occasional hypersaline facies in the 01li-
gocene. Thereby, montmorillonite is altered
into chlorite. The extreme content of mont-
morillonite in the Miocene results from large
volcanic effusions in the eastern surroun-
dings.

The quantitative analysis is based on 5 selec-
ted samples which were tested by a differen-
tial-thermo-analysis and a subsequent mass
spectrographic analysis (ETH Ziirich) as well
as about 20 half-quantitative analysis (on
account of height and width of the X-ray peak)
with consideration to the grain size distri-
bution of the silt and clay.

The cation-exchange-capacity comes to 11-45
meq/100 g dry sample, the lower figures were
determined in the Oligocene clay, the values
in the Miocene vary from 23-45 meq.90% of the

cations are Ca** and Mg++.

A cation loading of -0,23 and 0,35 per half
element was determined which explains the
tendency of swelling and shrinkage.

The London clay was deposited in a widely ex-
tended and very uniform marine basin. There-
fore also the sedimentation and the minera-
logical composition of the London clay does
not show any specific differences along the
geological profile. Also diagenesis and tec-
tonics are uniform in the whole London basin.



6: Geological Map of Frankfurt
(Schematic)

Fig.7: Geological Cross Section (W-E)
(Schematic)

Fig. 8:

Geological Maximum Overburden

The composition of the marine Eocene London
clay corresponds to the brackish Miocene Hy-
drobia formation at Frankfurt. But it has to
be mentioned that in the London clay about 10%
montmorillonite or mixed layers, respectively,
are uniformly found whereas at Frankfurt the
content of swelling minerals may change every
meter, an effect of the rapidly changing sedi-
mentological conditions in the smaller and
rather isolated basin. Nevertheless, these
different geological and mineralogical con-
ditions do not affect the in-situ-stresses,

as pressuremeter tests have demonstrated. Also,
the cation exchange capacity and cation load-
ing do not indicate specific differences bet-
ween the London and the Frankfurt clay.
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The decisive difference is of course the earth
history. At Frankfurt a maximum geological
overburden of 50-200 m was encountered. In
London this figure cannot be directly deter-
mined by geological investigation. But on
account of soil mechanical tests an overbur-
den in the order of magnitude of 300 m is
estimated (SKEMPTON 1961).

At Frankfurt jointing is mostly not developed
and the clay appears as a homogeneous soil.
Contrary in London major Jjoints, several me-
ters long and wavy random fissures of 10-40 cm
length and dipping 0-30° occur. From compari-
son with highly overconsolidated Mesozoic mud-
stones in Germany it may be derived that such
random fissures originate from the de-conso-
lidation of highly over-consolidated clays or
mudstones because of exceeding the strength
close to the surface. The major Jjoints and

the random fissures are geological indications
on the considerable overburden of the London
clay and the high in-situ-stress resulting
therefrom.

CONCLUSIONS

The results presented herein illustrate that

a combination of adequate soil mechanical and
geological investigations enables a determina-
tion of the in-situ-stresses being satisfac-
tory in view of practical engineering purposes.
Provision may be a more or less constant in-
situ-stress field during the whole geological
past, producing permanently + horizontal and
vertical principai stresses and corresponding
homogeneous petrographic fabric of the soil.

In view of pressuremeter tests the soil must
be so stiff, that at the borehole wall no
irreversible failures take place during the
drilling. Only in soft clays a self-boring-
pressuremeter can be used.

At Frankfurt the interstratification of clays,
silts, sands and even hard and jointed lime-
stone interbeds and the diagenesis of these
rocks do not have affected the Ko-values in a
recognizable manner. Also the influence of
the relaxation of the clays is slightly con-
sidering the high overburden during the
geological past of about 10 Mio. years.

According to several observations in tunnels
at Frankfurt in-situ-stress measurements may
be an adequate method to obtain early in-
formation on recently developing faults or
any atectonic displacements below the founda-
tions. This agrees with indications from
seismically active areas. Such observations
are of interest for soil mechanics and geo-
logy as well.
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