Zeitschrift: IABSE congress report = Rapport du congres AIPC = IVBH

Kongressbericht
Band: 2 (1936)
Rubrik: VIIl. Research concerning building ground

Nutzungsbedingungen

Die ETH-Bibliothek ist die Anbieterin der digitalisierten Zeitschriften auf E-Periodica. Sie besitzt keine
Urheberrechte an den Zeitschriften und ist nicht verantwortlich fur deren Inhalte. Die Rechte liegen in
der Regel bei den Herausgebern beziehungsweise den externen Rechteinhabern. Das Veroffentlichen
von Bildern in Print- und Online-Publikationen sowie auf Social Media-Kanalen oder Webseiten ist nur
mit vorheriger Genehmigung der Rechteinhaber erlaubt. Mehr erfahren

Conditions d'utilisation

L'ETH Library est le fournisseur des revues numérisées. Elle ne détient aucun droit d'auteur sur les
revues et n'est pas responsable de leur contenu. En regle générale, les droits sont détenus par les
éditeurs ou les détenteurs de droits externes. La reproduction d'images dans des publications
imprimées ou en ligne ainsi que sur des canaux de médias sociaux ou des sites web n'est autorisée
gu'avec l'accord préalable des détenteurs des droits. En savoir plus

Terms of use

The ETH Library is the provider of the digitised journals. It does not own any copyrights to the journals
and is not responsible for their content. The rights usually lie with the publishers or the external rights
holders. Publishing images in print and online publications, as well as on social media channels or
websites, is only permitted with the prior consent of the rights holders. Find out more

Download PDF: 18.04.2026

ETH-Bibliothek Zurich, E-Periodica, https://www.e-periodica.ch


https://www.e-periodica.ch/digbib/terms?lang=de
https://www.e-periodica.ch/digbib/terms?lang=fr
https://www.e-periodica.ch/digbib/terms?lang=en

VIII

Research concerning building ground.
Baugrundforschung.

Etude des terrains.



Leere Seite
Blank page
Page vide



VIII 1
Soil Studies for the Storstrom Bridge, Denmark.

Bodenuntersuchungen fiir den Bau der Storstrem-Briicke
in Dianemark.

L’auscultation du terrain pour la construction du pont
Storstrom, Danemark.

A. E. Bretting,
Chief Engineer, Christiani & Nielsen, Copenhagen.

Introduction.

In this paper are to be mentioned the soil studies carried out in connection
with the oonstruction of the Storstromsbridge, Denmark, built in the years

1933—37 for the Danish State Railways.

The substructure now nearly completed has been carried out by Messrs.
Christiani & Nielsen, Copenhagen. Messrs. Dorman, Long & Co., Middles-
brough, England, have carried out the superstructure.

The Storstremsbridge will carry a single track railway, an automobile road
and a foot-path over the Sound “Storstremmen’”, thus providing a connection
between the islands of Zealand and Falster.

The bridge will be abt. 3200 m long and have 51 piers. In “Storstrommen”
the average depth of water is abt. 8 m; the piers are generally founded at a
depth of 2—3 m below bottom, directly on clay. Maximum foundation depth
at level + 16 m.

The soil consists of glacial clay of varying consistency, under which the chalk
is found in greater depths as seen on the longitudinal section. Fig. 1.

On account of the great number of piers and the relatively small variations
in the depth of water in the bridgeline it has been possible to standardize the
methods of construction for the greater part of the piers.

Where the clay on which the piers are founded, is of sufficient resistance.
the pilt was pumped dry, and the foundation slab and the pier shaft concreted
in the ordinary way. Where the bottom was weaker the foundation slab was
concreted under water, whereupon the water was pumped out, and the pier
shaft concreted in the dry.

Only the first method of construction will here be discussed in details, as it
imposed the greatest stresses on the clay of the bottom and on the steel sheet
piling which served as a cofferdam for the lower part of the pit. Further this



1484 A. E. Bretting

method has been of special interest on account of the rapid execution of the
work (one pier generally completed up to level +3 m in less than a month)
and the possibility of measuring during the execution of the work the stresses
set up in the steel sheet piling.

This method has herétofore been employed for 24 piers and without exception
with satisfactory results.
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Geological Section. 5) clay w. sand.
1) mud. 6) clay with sand and stones.
2) sand and gravel. 7) clay with limestone and stones.
3) chalk. 8) clay with limestone.
4) clay. 9) clay with stones.

Fig. 2 shows how a floating ring-shaped steel cofferdam, a so-called unit,
is used for the upper part of the pit. The unit has been towed to the site of
the pier in question and lowered by means of water ballast on short wooden
piles driven in advance along the contour of the unit.

The outside wall of the unit corresponds to the elliptical contour of the
foundation slab. A steel sheet piling has been hung in advance along the outer
circumference of the unit, and this sheet piling is driven under water by means
of a Mac Kiernan Terry hammer till the upper end of it is just above the lower
edge of the unit. The wedge shaped joint between the outside of the unit and
the steel sheet piling is tightened by means of a continuous hemp rope, water is
pumped out, the joint automatically tightening itself, sometimes helped by
divers, and the bottom is laid dry so that excavation of the foundation can take
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place. During excavation one had the opportunity to check the stresses in the
steel sheet piling and the resistance of the clay in the bottom of the pit.

No bracing at all was employed. The unit itself was designed to take the
entire water pressure on its outside and also the reaction from the top of the
steel sheet piling.

The lower end of the piling was solely supported on the clay bottom.

Ausschachlung
Fouille
Excavaltion
Fig. 2.

Foundation by use of Unit.

When the excavation was finished the foundation slab was concreted against
the steel sheet piling, which remained in the pier as a protection against scour.

The inside wall of the unit served as a form for the bottom part of the pier
shaft, which was concreted only up to 3 m below water level. When the concrete
had hardened the unit was removed and re-employed for another pier of the
same type.

That part of the pier shaft which was between 3 m below water and 3 m
above water was constructed on a slipway as a reinforced concrete caisson,
without bottom, covered with granite ashlar on the outside.

This caisson was lowered in the water by a carriage running on the slipway
and suspended between two barges and thus towed to the pier site and lowered
in exact position. Previously an asphaltic tightening material had been placed
on the top of the pier at level + 3 m; the water could immediately thereafter
be pumped out and the caisson filled with concrete.

The upper part of the pier shaft was concreted in the normal way inside
steel forms.

The statical conditions of the sheet pil'ing were as described above extra-
ordinarily clear, especially as the deflection of the sheeting caused an open joint
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to be formed on the outside between the piling and the clay, so that the water

pressure must at the time of failure be reckoned to act right down to the
bottom end of the sheeting.

This condition was considered at the breaking limit of the structure, and
the steel sheet piling was designed to resist this water pressure, including a certain
margin to allow for high water conditions, at stresses near the yield point of
the steel.

The resistance of the clay could of course not be ascertained with so much
accuracy as that of the steel sheet piling and a factor of safety of abt. 1,5,
therefore, was introduced in the values found for the shearing strength of the
clay on the basis of laboratory tests with the cone-apparatus described below.

Borings and Sampling Operations.

Before the type of foundation was decided upon and the steel sheet piling was
designed more than a hundred borings were made at the site of the piers and
several samples of the soil were taken at each boring for testing in the
laboratory.

The boring operations themselves were executed in the ordinary manner as
wash borings from a large barge carrying a set of boring apparatus at each
end, so that two borings were made at the same time.

A detailed record of all the boring operations were made, stating the boring
velocity under different conditions, exact depth of samples taken etc.

In order to get the samples, which were taken at short intervals, as
undisturbed as possible a special hydraulic clay sampler was designed. Fig. 4
shows this clay sampler in details, while the general arrangement for the
sampling operations is seen on Fig. 3.

The clay sampler is designed to take samples of abt 48 mm diameter.

It consists of a steel cutting tube lined with a thin brass tube in which the
sample is introduced during the operations. This cutting tube is connected to a
piston moving in a cylinder of abt. 76 mm inside diameter. In the centre of
the cylinder is a fixed guiding rod ending in a bottom plug, which acts as a
piston in the brass tube, when this tube, together with the steel cutting tube
and the main piston, is moved downwards in the cylinder by means of water
pressure acting on the upper side of the main piston. The water under the
main piston will escape through the centre bore in the guiding rod.

To operate the sampler it is connected to pressure pipes as shown on Fig. 5,
screwed tight together by means of conical threads, and lowered in the casing
tube seen on Fig. 3, with piston locked in its top position and the lower end
of the cutting tube flush with the bottom plug, until this reaches the bottom.
Soft material left on the bottom is thus displaced.

Then a clamping piece is bolted on to the pressure pipe and connected to
the loading beams bolted to the casing tube. These beams are loaded by sand
boxes or pig iron supplying the reaction to the pressure needed for the cutting
out of the sample.
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Now water from the pressure pump is led through the pipe into the cylinder
and causes the piston to move so that the cutting tube will penetrate into the
ground and cut out a sample of clay.

When the piston reaches its bottom position, which is observed on the mano-
meter of the pump by a sudden increase in the pressure, the piston is automati-
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Sampling operation with hydraulic clay sampler.

1) Cap with air valve. 8) casing pipe.

2) socket. 9) coupling.

3) clamping piece. 10) hydraulic pressure pipe.
4) from force pump. 11) hydraulic clay sampler.
5) 2 — 5/8" bolts. 12) sand boxes (or pig iron).
6) 2 — 3/4°° bolts. 13) loading beams.

7) 2 — 1" bolts. 14) flocr level of barge.
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Fig. 4.
Hydraulic clay sampler.

Hydraulic clay sampler, Detail.
Note: Piston shown in bottomn position.

Explanations: 21) Force piston body.
1) Main cylinder. 22) Piston bottom.
2) Cylinder extension. 23) Spring loaded lockingbolts.

3) Screw cap. 24) Clay sample cutting tube.

4) Central tightening plug

8) Cylinder head. 26) Hexagonal head.
9) Escape valve. 27) Top position of piston.
10) Non-return valve. 28) Hemp packings.

14) Piston top. 29) Entrance for pressurc water.

" M——

25) Detachable clay sample container.
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cally locked in its position and the sampler is lifted to the deck of the barge,
the screw cap is removed and the tube containing the sample detached.

The consistency of the sample is determined immediately on the site by means
of a simple cone-apparatus called spring-scale-cone, whereafter the brass-tube is
sealed with caps and adhesive tape at both ends and sent to the laboratory for
further testing.

The clay sampler is designed for a normal working pressure of max. 50 atm.
corresponding to a total pressure on the cutting tube of abt. 2 ts.

It was found that the samples taken by this device were considerably less
disturbed than samples taken by instruments of more simple design, intended
to be driven into the ground by blows with a hammer.
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Joint in hydraulic pressure pipe.

Laboratory Test.

The samples were tested by the author at the Structural Research Laboratory,
Royal Technical College, Copenhagen.

In the laboratory were made the ordinary tests of water content, plasticity,
shrinkage and liquid limit, specific gravity, granulometric composition, com-
pressibility, permeability, and resistance of cylinders. An apparatus for direct
shearing test was not available, but some direct shearing tests were made for
a check at the “Laboratorium fiir Schiffbau und Wasserbau” in Berlin.

The main tests of the consistence of the samples were made by a cone-
apparatus devised by the author in 1930, as will be described in detail below.

Further all samples were examined geologically by Mrs. E. L. Mertz of the
Danish Geological Survey.

The clay at Storstremmen is a glacial boulder clay with a considerable content
of chalk, as much as abt. 500/.

At greater depths is often found diluvial clay and diluvial sand with varying
content of clay. These diluvial strata are less resistant than the boulder clay and
are characterized by the extreme sensibility against disturbance.

9% E
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By remolding of the diluvial clay the resistance generally will be reduced to
15—2500 of the resistance of the undisturbed sample.

The water content of the boulder clay ranges from 10—1504 of the weight
of the dry substance and for the diluvial clay from 18—2609).
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For boulder clay the shrinkage limit is found at 8—100),
the plasticity limit at 10—130/, and
the liquid limit at 20—220.
Characteristic curves of granulometric composition are shown on Fig. 6.
Also a number of compression tests were made. One example is shown on
Fig. 7.
On account of the small water content of the boulder clay on which most of
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the piers are founded, the settlements of the piers were expected to be very
small, which has been confirmed by levelling of some of the piers.

The cone-apparatus employed for testing the consistency of the clay is shown
on Iigs. 8 and 9.
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Time-compression and -expansion diagrams.

The 600 cone fixed on a vertical rod is loaded with various acts of weights,
from 0,3 kilos to 12 kilos, and screwed down until the point just touches the
surface of the clay.

The brass tube containing the sample is cut with a saw, so that the sample
during the testing operation is surrounded by the brass-ring.

The micrometer screw on the top end of the apparatus is adjusted, the cone
with its weight released and the penetration measured by the screw.

The test is made with different weights on the cone and several readings for
each weight. The average penetrations y in mm are plotted against the weight
G on double logarithmic paper, the weights as abscissas and the penetrations as
ordinates, as shown on Fig. 10. The results closely approximate a straight line,
and for the same type of clay the inclination of this line against the axis is
found to be nearly constant.

The consistency K of the clay is defined as the weight of the cone Wthh
gives a penetration of 10 mm.

The results follow the law

94*
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For the boulder clay of Storstremmen n is on an average =

A. E. Bretting

The consistency K can be expressed as
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The advantage of this apparatus is that the great weights give penetrations
easy to measure with the necessary accuracy, and that errors caused by the
existence of small stones in the samples are easily eliminated, when a greater
number of observations is taken. q

The observations were plotted as shown in a few examples on Fig. 11.

Tests were made with undisturbed clay as well as with remolded clay.
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Results from tests with cone apparatus.

On the diagrams are further shown the results obtained with the spring-
scale-cone on the site. This apparatus is designed by Mr. O. Godskesen, C. E.
By comparing the results obtained by the spring-scale-cone with those obtained
by the above mentioned cone-apparatus, it was found that the spring-scale-
cone on an average gave consistencies abt. 400/ higher.

It seems that the samples tested immediately after the extraction had a
higher consistency than that found later on by the same method in the labo-
ratory. probably on account of internal swelling.

During the practical execution of the piers the author was, however, not
under the impression that the results found in the laboratory were too un-
favourable such as was supposed at the start.
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Typical consistency diagrams.

1) Consistency determined at the site (Spring scale cone).

2) Consistency determined in the laboratory.

3) Watercontent in per cent of dry substance.

4) Reciprocals of boring velocity.
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It therefore seems that a similar swelling must have taken place in the clay
of the bottom, when the pit was pumped out and the clay relieved of the water
pressure. It appears that the speed of the work was of importance, and that
the resistance of the clay decreased when the pit by some reason or other was
kept dry longer than usual.

A series of comparative tests was made in the laboratory to determine the
relation between the cone-consistency and the cylinder-resistance. The number
of these tests can hardly be considered sufficient for this purpose, and further
investigations are considered desirable.

The cylinder tests were, however, carried out with a slow increase of the
load, so that it must be supposed that the internal friction has been more or
less effective.

In the structure, where the pit was kept dry only for a short period, this
can hardly have been the case, and it was assumed by the calculations that only
the cohesion of the clay determined its resistance, and that internal friction
could be neglected.

According to the above mentioned cylinder tests the breaking strength d in
kilos/cm? of the cylinders was found on an average to be about:

d=0.5-K (K consistency in kilos).

Neglecting the friction, the shearing strength of the clay ought to be

e=205-d
and consequently

c=0.25 . K.

Practical experience showed, however, that this value of the shearing strength
was too high. This can be explained partly by the slow speed of the cylinder
tests, and partly by the fact that the clay in the pit probably will be more or
less disturbed during the pumping out of the pit.

The deformations of the steel sheet piling were considerable, so that at least
the upper part of the clay supporting the wall was disturbed during the
pumping out.

Tests with completely remolded samples showed that the consistency was
reduced to abt. 450/p of the consistency of undisturbed samples.

By the practical calculations the shearing strength of the clay was therefore
only taken at

c=0.1"-.K,
which value was proved by the check measurements of the sheet piling to be
fairly close to the actual resistance.

In the opinion of the author the cone test employed on impermeable clay
will express the cohesion of the clay. On account of the great speed of the test
the effect of internal friction can be neglected, so that results agreeing with
the shearing strength observed in actual practice will be obtained.

The ratio between cohesion and consistency can, however, not be considered
constant, but must be determined for each special type of clay.

Statical Calculation of steel sheet piling.
A simple method of calculation was sought for determining the necessary
driving depth of the steel sheet piling under the foundation level, so that the
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shearing resistance of the clay was not exceeded, and for finding the corre-
sponding bending moments in the sheet piles.

According to what is mentioned in the introduction the dimensioning was
done under the assumption that the sheet piling was curved inwards just to the
bottom end, and that the full water pressure, including a margin of 1 m for
high water conditions, was acting from the outside in the full height (fig. 12a).

Under these circumstances the limit of the resistance of the clay must be
supposed to be reached, and the bending moments in the sheeting to be a
maximum. In the calculations were introduced a shearing resistance (cohesion)
c=2/3-0.1 K; a safety factor for the clay of 1.5 was thus intended.
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Fig. 12.

Calculation of steel sheet piling.

Inside the sheeting, the water pressure in the voids of the clay must decrease
from the full value existing at the bottom end on the outside to zero at the
foundation level. For the sake of simplicity this variation is taken according to a
straight line, as indicated in Fig. 12b, which shows the pressure exerted on
both sides of the wall, and the difference between them.

The gradient of pressure will be:

_v4d v
G—T——l"rq

i. e. the interior buoyancy in the clay is equal to the ordinary statical buoyancy

multiplied by (1 +-;—).
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Under the resultant water pressure the sheeting will press against the clay.
Sliding is supposed to take place along planes of rupture under 459. Considering
a sliding wedge, BDE in Fig. 12¢, this is seen to be subjected to the following
external forces: The horizontal reaction Q from the sheeting; a vertical force
G = weight of wedge minus buoyancy; the cohesion cm }' 2 acting along the
plane of rupture DE and an unknown reaction N perpendicular to the same
plane DE.

As the specific gravity y of the clay in the actual state of moisture can be
taken as 2.2 (specific gravity of water =1), it is found that

G :1121[2.2—(1+%)}=m2 (0.5_72%).

Fig. 12d shows the force polygon and by projection on a line parallel to the
plane of rupture, it is seen that

Q m® (06 d)+cn1V§

Ve V3
or
Q=2cm—+m? (06—2—d)
The intensity of the pressure at the depth m is found by derivation:
dQ

hence for m = o0, q = 2¢ and for m =d, q =2c—v +124d
Fig. 12 e represents the diagram of the resultant loading on the wall.
Taking moments about A:
1 h? h?v
=t Lav(h 5

=20cd(h+ _2_)_? d(v—-124) +5 2 d), which gives
h? (3v —h) — 1.2d2 (3h +2 d)

) 6d(2h+d) )
Projection on an horizontal line:
h »
R::h(v——Q—)-—d(2c—-v+O.6d)- ()
The bending moment at the depth x <h below A is
My=Rx—(v—h) )‘CT — é« x* which is a maximum for
xo = — (v—h) + V(v—h)? + 2R provided x,<h, (1)

in which case
1 38

2
Mpax = R x, — (v—h) "7 — & %o (V)
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The bending moment at a distance x’ < above C is found

My=—02x%+ x‘z(c — % + 0.6 d) which is a maximum for
X'y == _13 (c — % + 0.6 d), provided x‘, < d. V)
This gives |
M'max = 0.1 x',2. (VI)

‘The latter formula is to be used when x‘,<d and this condition will be

fulfilled when (%)3 >5(+— %)

The formulae (I)—(VI) may be represented graphically introducing the ratios

e, i af el
o)

'h
v

c . ) d :
(—h—) rectilinear with (F) for (~h~) — constant.

and thus writing the formulae:

h™ 2 (La).

LA . PR Y (ITa)

e . v d
rectilinear with — for -—— = constant.

R
h? h h

For %ili.e. for (%)3 g5(i——i)

ek A T T S

) =5 ) (va)

————— +06| (Va)
Rectilinear for — == constant.

M’ max . (x‘o K
g =01 T) : (VIa)
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In Fig. 13 are plotted the curves or lines expressed by the formulae
[a— VI,

These curves have been used for designing the sheet piling for the various
piers.
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Fig. 13.

Diagram for design of steel sheet piling.

Measurement of Actual Stresses in Steel Sheet Piling.

The cross section of the steel sheet piling was in all cases that of Krupp

No. III, generally fabricated from ordinary mild steel. Where long piles were
needed and the bending moments were high Chromador steel with an ultimate
tensile strength of 5800 kg/cm2 and a yield point of 3600/cm2 was employed.

During the excavation of the pit the bending stresses were ascertained to

get an idea of the exactitude of the assumptions made regarding the resistance
of the clay and the basis upon which the statical calculations were made.

As some of the sheet piles might be bent during driving, it would have been

useless to employ gauge lines laid out on the piles before driving.

As an expedient the curvature of a great number of the piles was measured

and the mean value of these curvatures was assumed to express the stresses
produced by water pressure etc.

Further the inclinations of the piles were measured by a clinometer.
The apparatus employed is illustrated on Fig. 14, which probably is self-

explanatory. When held against a pile the gauge dial will show the rise f
of the pile on a length L equal to 1.50 m.
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2

b1

8 1.

The radius of curvature p =

The bending moment M = El where
o

E = elastic modulus and I = moment of inertia.

Substituting the values for L, E and I and eliminating p, we find M =
12.8 - f, where M is expressed in tm and f in mm.
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Fig. 15.

Results from check measurements in pier Nr. 39.
I and III are results from measurings betwn. El. — 6.90 m and El. — 8.40 m.
Il and IV are results from measurings betwn. El. — 7.65 m and El. — 9.15 m.
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All the results from the 24 piers where measurements have been taken are
compiled in the table below (Fig. 16).

It should be noted that the theoretical opax and the corresponding o, at the
point where measurements were taken are worked out with the correct water
pressure but under the same conditions of support as was employed when
calculating the dimensions of the sheeting. As a safety factor of abt. 1.5 has
been used in fixing the shearing resistance of the clay it is likely that the
bottom end of the sheeting to a certain degree will have been fixed during the
measurements and that the assumptions for the calculations will not be quite
correct.

As a rule the actual stresses should be expected to be less than the theoretical
ones. It would certainly be of interest to figure out more accurately the theo-
retical stresses under conditions of support more similar to the actual ones,
in which case a better accordance would without doubt be found. This can be
done without difficulty, and the author has the intention later to carry through
such calculations.

It is, however, supposed that the results found will nevertheless be of interest
as similar measurements have probably heretofore very seldom been carried out.

In some cases the stresses found by the check measurements were con-
siderably lower than expected. This, of course, may be explained thereby that
the bottom conditions were really better than supposed on the basis of the
laboratory tests, but it may be mentioned that some of the piers where this
has taken place had unusually long sheet piles, and the excavation at the same
time was carried out with extraordinary speed, for which reason the plastic
deformation of the clay had hardly had time to reach their maximum value. In
several cases the author received the impression that the stresses ran higher
when the work was, for some reason or other, extended over a longer time.

Summary.

The standardized method of construction for the foundations of the Stor-
stromsbridge in Denmark is described.

New hydraulic clay sampler for the extraction of undisturbed samples of the
subsoil described.

Method of testing consistency of clay by new cone-apparatus described.
Consistency in kilos K, weight of cone G in kilos, penetration of cone y in
mm depend on equation
n

K=G- (5’) .

'y

For clay of Storstremmen n = 1.75.

The cone consistency of fat clays is thought to express the cohesion of the
soil without regard to the internal friction.
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For the clay in question practical experience makes probable the following
relation:

¢ = 0.1-K (c in kg/cm2, K in kg).

Statical calculation of steel sheet piling is explained. The clay is supposed to
be frictionless during the short period where pit was laid dry. Diagrams for
finding driving depth and maximum moments of steel sheet piling established.

Measurement of actual stresses in sheet piling carried out during excavation
of pit.

Results compared with theoretical stresses.
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Subsidence in Bridge Constructions on the German State
Arterial Roads.

Setzungsbeobachtungen an Briickenbauten
der Reichsautobahnen.

Observations d’affaissement sur les ouvrages d’art du réseau
allemand d’autostrades.

Dr. Ing. L. Casagrande,*

Berlin.

1. Introduction.

Early recognising the importance of examining the character of the soil, the
General Inspector of the German highways board, soon after taking up his post,
ordered that the soil was to be rested with respect to its carrying capacity according
to the most modern views of earthwork mechanics, before any new sections of the
state motorcar highways were started. In the course of 1934, each of the separate
head offices entrusted with the work of constructing the state motorcar highways
received its own testing station for the purpose not only of investigating the con-
dition of the ground under the highways, but also of allowing, from suitable tests
of the soil conditions under the intended structures, a decision to be made regarding
the most suitable type of foundations or bridge systems. Accordingly, the soil
testing stations are equipped with apparatus which allow the compressibility and
permeability of soil samples in their original state to be determined, and conse-
quently the probable amount of settling to be expected. Apart from the convenience
of being able to form an approximate idea of the magnitude of the probable settling,
the purpose of such an investigation of the soil, in consequence of the great number
of works of all kinds which are to be erected in the future for the state motorcar
highways on similar soil, consisted mainly in:

1. classifying the upper strata in the whole of Germany, with regard to its carry-

ing capacity and compressibility,

2. checking the theory of settling used in calculations, by comparing the theore-

tical settling with the settling actually occurring,

3. the possibility of obtaining greater economy when designing new bridge

structures.

The second and third points depend closely on each other, since the obtaining
of greater economy in construction is necessarily conditioned by the figures used
when calculating the amount of settling.

* Vocabulary for illustration texts at end of article.

9% E
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The engineers and geologists employed in the soil testing stations of the state
motorcar highways have had only slight opportunity to attend courses on “‘earth-
work mechanics’ in their student days, since hitherto only a few technical colleges
include this subject in their curriculum. This circumstance, also the great diffi-
culty in obtaining assistants, and last but not least the speed at which the work
had to be carried out, make it easy to understand that the investigations on settling
for the works hitherto completed are to a certain extent incomplete. In spite of that,

09,55 Gelenk

Fig. 1.

the amount of information now available has already allowed interesting con-
clusions to be drawn, and the purpose of the present report is to mention them and
to evaluate them.

34249
2
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s

Fig. 2.

11. Theory of the prediction of the amount of settling through pure compression of
the subsoil.

Compactness of a soil is conditioned by its porosity. It is thereby assumed that
the separate particles of the soil and also the water, may be regarded as compa-
ratively incompressible. Reduction of porosity and the-squeezing of water out of
the voids, go hand in hand. The more permeable the soil, the quicker can the moi-
sture contained in it be expelled, i. e. the quicker will it be compressed by a super-
imposed load. In the case of sands, this process takes place almost immediately,
but in the case of more compact soils (clay, loam, etc.) it may last even for years,
depending on the permeability and thickness of the layers. Between the two extremes
of sand and compact clay, the number of different kinds of soil is very great and
consequently also the number of different rates of settling to be expected.
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A further important factor is the degree of compressibility of the soil. Sands
possess little compressibility; clays, in consequence of their much greater volume
of voids, possess great compressibility. If, therefore, a sand sample and a clay
sample are loaded to the same extent, the clay will generally be compressed more
than the sand. Thorough investigations have been made by Terzaghi! concerning
the influence of the shape of the particles, as well as of the structure of the ground.

g M2

The compression test gives answers to two questions: -
1. to what degree the soil sample could be compressed under a given load, and
2. at what rate the compression takes place.

90,69
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Fig. 4.
It would lead us too far to enter more into detail concerning the question of pre
dicting the amount of settling. Terzaghi and Frohlich have dealt thoroughly with
the question of compression of clay soils in a recently published work?2, where they
give simple formulae and tables for the degree and rate of compression.

\\\X“*

N\

v K. v. Terzaghi: ,,Erdbaumechanik®, Vienna 1925; ,Festigkeitseigenschaften der
Schiittungen, Sedimente und Gele‘‘, Auerbach und Hort, Handbuch der Mechanik, Vol. IV,
Leipzig 1931; ,,Ingenieurgeologie‘‘, Redlich-Terzaghi-Kampe, Vienna and Berlin 1929.

* K. v. Terzaghi and O. K. Frohlich: , Theorie der Setzung von Tonschichten®, Leipzig and
Vienna 1936.

95
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I11. Observations made on the settling of a number of bridge structures on the German
motorcar highways.

Although, in consequence of the circumstances mentioned above, only a com-
paratively small number of predictions of settling could be calculated from the
laboratory tests carried out on corresponding soil samples, the not yet complete
analyses of the settlings show, however, a certain agreement between the calculated

s
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///
Fig. 5

and the observed values, which is exact enough for practical purposes. In this
connection it is remarkable that the predicted amount of settling based on theory
is always greater than the amount actually observed. In some cases the difference
attained a maximum of 1009, i.e. instead of 100 mm as calculated, the actual
settling was only about 50 mm.

The following examples contain only the most essential data required to allow
the examples to be understood and compared. Diagrammatic sectional sketches
of structures and subsoil, as well as graphic representations of the measured sett-
lings, have, owing to the space available, been given foronly the most interesting cases.

5247

Fig. 6. Fig. 7.

1. Work No. 128, km 265.885, Hanover Office. Reinforced concrete two-bay
cantilever girder with suspended girders (Fig.1). Spread footings on deep compact
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clay (409% < 0,002 mm, natural water content about 319]), mean foundation
pressure 1.4 kg/cm? below abutments and piers. Completed June 1935, settlings
in April 1936 were maximum 54 mm for the abutments and 56 mm for the pier.
Calculated settling 100—150 mm total. Settling still continues, no damage.

Fig. 8.

305 o TR
/ /7 fmigerSchIqﬂ‘//

2. Work at km 28.5, Cologne Office. Two steel plate continous girders each of
6 bays on reinforced concrete piers, total length 540 m, bay lengths each 45 m.
Spread footings on stiff clay up to 6 m thick, under which irregularly deposited
beds of gravel and marl, also rock. Completed December 1935, maximum settling
of the piers 52 mm, last measurement in March 1936. Settling still continues, no
damage.

. N
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3. Work at km 38.982, Dresden Office (Fig. 2). Reinforced concrete deck girders,
2 bays each 14,4 m span. Spread footings on very plastic siltlike clay up to 12 m
thick, natural water content 16.0—21.39, flow limit 29.9—56.3%, rolling limit
15,7—18.8%,. Foundation pressure about 1.5 kg/cm? for abutments and 1.0kg/m2
for piers. Completed August 1935. Predicted settlings about 150 mm for abutments
and 60 mm for piers, actual settlings about 46 mm for abutments and 25 mm for
piers, last measurement August 1935. Settling has stopped, no damage.
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4. Work W 26, km 48.425, Halle Office. Fixed arch (vaulted culvert), Spread
foundations on soft clayey silt about 1.50 m thick, under which sand. Foundation
pressure 2.75 kg/cm2. Completed February 1936, predicted settling about 95 mm,
actual settling 50 mm. Settling has stopped.

nwo ,,\i\ |

5. . Work No. W 45a, km 15.135, Halle Office. Closed reinforced concrete frames,
spread foundations, foundation pressure about 1.1 kg/em?, subsoil 8—10 m sandy
clay, under which sand. Completed November 1935, predicted settling about
220 mm, actual settling 140 mm. Settling still continues, no damage.

PR ] M

6. Work at km 40.584, Stuttgart Office. Vaulted culvert, spread foundations
on 1.30 m sand, under which soft clayey silt (valley loam), natural water content
439%, flow limit 549, rolling limit 319. Foundation pressure about 1.5 kg/cm?2.
Completed December 1935, actual settling to April 1936 about 280 mm. Settling
still continues.

7. Work No. 66, km 89.515, Konigsberg Office. Two plate girders, each 16 m
span. Spread foundations 1.4 kg/cm? on alternating layers of compact and siltlike
clay; compact clay: natural water content 35—37%,, flow limit 57—679%,, rolling
limit 24—269,; siltlike clay: natural water content 25—309,, flow limit 35—389%,,

Fig. 11.
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rolling. limit 13—239,. Completed July 1935, actual settlings about 35 mm for
abutments, 70 mm for piers, last measurement August 1935. Settling still continues.

8. Work No. 228, km 323.030, Hanover Office. Three-hinged arch, 14 m span,
spread foundations on deep loess (fig. 24), foundation pressure 2.6 kg/cm?, com-
pleted June 1935, settling to April 1936 about 40 mm. Settling stopping, no dam-
age (fig. 3).

9. Work No. 229, km 323.538, Hanover Office. Three-hinged arch, 14 m span
(fig. 4), foundation pressure 2.6 kg/cm?2, spread foundations partly on sandy loess.
Completed August 1935, settling to April 1936, about 23 mm. Settling stopping,
no damage.

10. Work at km 89.255, Munich Office. Reinforced concrete 3-bay deck girder,
central bay as Gerber girder, outer spans 8,40 m, inner 11.80 m (fig. 5). Floating
pile foundation (Franki piles) about 10 m long, mean foundation pressure 1.1kg/cm?
below abutments, 1.4 kg/cm?2 below piers. Subsoil coarse sand and fine gravel, under
which silt and siltlike clay (fig. 25). Silt: natural water content 339, flow limit
36%, rolling limit 279,. Siltlike clay: natural water content 329, flow limit 389,
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rolling limit 279,. Completed December 1935, predicted settling for abutments
about 120 mm, for piers 90 mm, actual settlings to April 1936, for abutments about
125 mm, for piers about 60 mm. Settling still continues (fig. 33).

11. Work at km 77.695, Munich Office. Reinforced concrete 3-bay deck girder
(fig. 6). Foundation: one abutment and one row of piers each on continous found-
ation slab, Franki piles 9 m long (floating pile foundation). Foundation pressure
at its lowest edge about 1.1 kg/cm?, subsoil consists of silt over 40 m deep, natural
water content 34—649,, flow limit 35—729], rolling limit 8 —289%, permeability
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3.7 X 105 to 1.3 X 10~*cm/min. (for distribution of particles see fig. 26). Com-
pleted May 1936, predicted settling about 470 mm, actual settling to May 1936
about 500 mm. Settling still continues and damage is apparent (fig. 34).

12. Work at km 89.213, Munich Office (fig. 7). Reinforced concrete slab, 8.70
span, mean foundation pressure about 1.50 kg/cm?2, subsoil coarse sand and fine

gravel, under which fine sand, under which silt and siltlike clay (fig. 27); pile fon-
dations to upper edge of silt. Silt: natural water content 33—369;, flow limit 369,
rolling limit 279, siltlike clay: natural water content 329, flow limit 389, rolling
limit 279%. Completed December 1935, predicted settling about 200 mm, actual
settling to May 1936 about 150 mm (fig. 35). No damage.

. Gesafldem o/ - ._ i
(fvﬂ/yaﬁja;%e‘ .
Fig. 15.

13. Work at km 78.246, Munich Office. Reinforced concrete deck girder, 13 m
span (fig. 8), pile foundations (Franki) about 10 m long, mean foundation pressure
1.5 kg/cm2, subsoil sand and gravel, under which fine and coarse sand, under which
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Fig. 16.

clayey silt (fig. 28): natural water content 19—329%, flow limit 31—399, rolling
limit 16—249,, permeability 2.6 x 10-7 to 1.1 X 10~¢ cm/min. Completed August
1935, predicted settling about 250 mm, actual settling to end of March 1936 about
60 mm (fig. 36), no damage.
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14. Work at km 86.455, Munich Office. Reinforced concrete deck girder with
13 m span (fig. 9). Abutments on Franki piles about 10 m long, mean foundation
pressure 1.3 kg/cm?, subsoil silt layers intercalated with fine sand to 20 m depth,
under which compact marl (fig. 29). Silt: natural water content 32—549%, flow
limit 32—519%,, rolling limit 27 —389, permeability 1.1 x10-% to 4.0 X 10-5 cm/min.
Completed October 1935, predicted settling about 350 mm, actual settling to May
1936 about 230 mm (fig. 37). Settling still continues, slight backward inclination
of abutments (in consequence of embankment filling).

15. Work at km 61.863, Munich Office. Reinforced concrete deck girder with
11.1 m span (fig. 10), abutment foundations on common slab, pier foundation with
wood piles about 8—11 m long, mean foundation pressure 1.0 kg/cm?, subsoil
silt with thin veins of sand, depth not ascertainable; silt: natural water content
24—329,, flow limit 30—339,, rolling limit 15—229,, permeability 2 X 10-¢cm/min.
(for distribution of particles see fig. 30). Completed November 1935, predicted
settling about 350 mm, actual settling to May 1936 200 mm (fig. 38), settling still
continues, no damage.

nB.a

Fig. 18.

16. Work at km 88.695, Munich Office. Plate girder with 56.66 m span (fig. 11).
Foundation of the abutments on wood piles about 8 m long, mean foundation pres-
sure 2.0 kg/em?, subsoil clayey sand and gravel, under which sandy silt in parts
very soft (fig. 31); natural water content 32—489,, flow limit 23—439%), rolling
limit 22—419,, permeability 8 X 107 to 4 X 10-% cm/min. Completed July 1936,
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predicted settling of eastern abutment 900 mm of western abutment 500 mm,
actual settlings average 300 mm (fig. 39), settling still continues, abutments have
inclined backwards (in consequence of embankment filling).

Fig. 19.

17. Work at km 65.179, Munich Office. Reinforced concrete deck girder of 9.80m
span (fig. 12), spread foundations on silt (fig. 32) intercalated with fine sand to a
great depth, mean foundation pressure 1.8 kg/cm2. Completed July 1935, pre-
dicted settling about 350 mm, actual settling 280 mm to May 1936 (fig. 40), sett-

Fig. 20.
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ling still continues, slight backward inclinations of the abutments and opening of
the construction joints. :

18. Work No. 32, km 43.8, Berlin Office. Two-bay girders of each 15.3 m span
(fig. 13), spread foundations on drift-marl (sandy clay), natural water content 159,.
Mean foundation pressure 2.5 kg/cm2 Completed December 1935, predicted sett-
ling 80—100 mm, actual settling about 12 mm to December 1935, settling stopping,
no damage.

P & H JRT

19. Work No. 33, km 44.6, Berlin Office. Two-bay girders of ecch 18.7 m span
(fig. 14), spread foundations on thin sandy gravel bed, under which drift marl of
great thickness. Mean foundation pressure 3.0 kg/cm2. Completed March 1936,
predicted settling about 10 mm, actual settling to March 1936 about 14 mm. Sett-
ling stopped, no damage.
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20. Work No. 102, km 6.928, Berlin Office. Four-bay girder, total length 46 m
(fig. 15). Spread foundations on drift marl: natural water content 12.49,. Mean
foundation pressure 3.0 kg/cm2 Completed November 1935, predicted settling
about 20 mm, actual settling about 5 mm to January 1936. Settling stopped, no
damage.

Fig. 22.

21. Work No. 104, km 9.628, Berlin Office. Four-bay girder, total length 49.5m
(fig. 16). Spread foundations on 3 m fine sand, under which drift marl: natural
water content 129, mean foundation pressure 3.0 kg/cm2. Completed November
1935, predicted settling about 20 mm, actual settling to January 1936 about 5 mm,
settling stopped, no damage.
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Fig. 23.

22. Work No. 111, km 16.553, Berlin Office. Deck girder of 9.8 m span (fig. 17)
Spread foundations on drift marl: natural water content 10.7%,, mean foundation
pressure 3 kg/cm2 Completed November 1935, predicted settling about 20 mm,
actual settling to January 1936 about 15 mm. Settling stopped, no damage.

23. Work No. 115, km 20.560, Berlin Office. Girder bridge of 13 m span (fig. 18).
Spread foundations on drift marl: natural water content 14.79,, mean foundation
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pressure 2.5 kg/cm?. Completed July 1935, predicted settling about 60—80 mm,
actual settling to January 1936 about 16 mm. Settling stopped, no damage.

24. Work No. 15, km 19.942, Konigsberg Office. Four-bay girder, total length
55.8 m, spread foundations on drift marl, mean foundation pressure 2.5 kg/cm?
for abutments and 3.0 kg/cm? for piers. Completed January 1935, actual settling
to August 1935 about 5 mm. Settling stopped, no damage.
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Fig. 24.

25. Work No. 16a, km 21.658, Konigsberg Office. Girder bridge of 4.50 m span,
spread foundations on drift marl, mean foundation pressure 2.5 kg/cm2. Completed
April 1935, actual settling about 15 mm. Settling stopped, no damage.

26. Work No. 157, km 52.555, Ko6nigsberg Office. Closed frames with 6.0 m span,
spread foundation on 2—3 m sand layer, under which drift marl to very great
depth: natural water content 15—279%,, flow limit 27—349,, rolling limit 18 —209%,.
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Mean foundation pressure 2 kg/em2. Completed August 1934, actual settling on
average about 120 mm to August 1935. Settling stopped, steps formed at the
construction joints (in consequence of inequalities in filling).

27. Work No. 14, km 19.400, Koénigsberg Office. Two-bay girder, spread founda-
tions on drift marl with intercalations of clayey fine sand, mean foundation pressure
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2.5 kg/em? for abutments, 3 kg/cm?2 for piers. Completed November 1934, actual
settling to August 1935 about 12 mm. Settling stopped, no damage.

28. Work No. 13, km 18.6, Koénigsberg Office. Two-bay girders with each 14.3m
span, spread foundations on 1.50 m clayey fine sand, under which alternating layers
of clayey fine sand and drift marl. Mean foundation pressure 2.5 kg/cm? for abut-

Sond o Sehlaf? Schiamn

- grob mitsl o grob Fein grob Join (7o)

€% .\\\\\

. NN

w AN

o NN N

w A DD

2 \ \ \\ \\

. NSNS

0 \ \ =

0 Zome 5 [%; a 1] 2 7,006 ‘lzf agy
Fig. 26.

ments, 3.0 kg/cm? for piers. Completed November 1934, actual settling to August
1935 about 10 mm. Settling stopped, no damage.
29. 5 works without exact designation of position, Stettin Office. Spread founda-

tions on drift marl, mean foundation pressure 2.8—3.0 kg/cm2. No settling and no
damage.
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30. 9 two-bay deck girder bridges, Stettin Office. Spread foundations on drift
marl, mean foundation pressure 2.5—4.0 kg/cm2 No settling and no damage.

31. 3 two-bay deck girder bridges, Stettin Office. Spread foundations on 2—3 m
clayey sand, under which drift marl mean foundation, pressure 2.65 kg/cm?; no
settling and no damage.

32. 3 two-bay deck girder bridges, Stettin Office. Spread foundations on 2—3 m
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clayey sand, under which sand layers of great depth. Mean foundation pressure

2.2—2.5 kg/em?2, actual settlings between 0 and 5 mm, no damage.

33. Work No. 8, km 12.63, Konigsberg Office. Reinforced concrete frame of
15.4 m span on reinforced concrete piles 4—6 m long. Subsoil siltlike and clayey
fine sand and gravel. Completed June 1935, actual settling to June 1935 about
10 mm. Settling stopped, no damage. -
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34. Work at km 69.122, Dresden Office. Continuous girder on 4 supports, spread
foundations 2.5 kg/cm? on clayey sand: natural water content 219, flow limit
359,, roHing limit 30%,. Completed in August 1935, actual settling to August 1935,

about 4 mm. Settling stopped, no damage.
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35. Work No. 155, km 48.262, Konigsberg Office. Five-bay girder (plate-girder)
140 m long, 2 outer bays each 25 m and 3 central bays each 30 m span. Spread
foundations, mean foundation pressure 2 kg/cm? for abutments and 3 kg/cm? for
central piers. Foundations of central piers constructed between sheet iron piling.
Subsoil sand layers, in parts slightly clayey, in 10—14 m depth drift marl. Com-
pleted September 1934, actual settling about 5mm. Settling stopped, no damage.
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36. Work No. 337, km 408.0, Hanover Office. Gerber girder over 6 bays, total
length 190 m (fig. 19), spread foundations on layers of sand and gravel, first left-
hand pier on pile foundation, as there is local appearance of clay and peat. Mean
foundation pressure at abutments 1.5—1.7 kg/cm?2, at piers 1.5—3.0 kg/em2. Com-
pleted March 1936, actual settlings of abutments 16 mm, of piers 15 mm, of the
first lefthand pier 19 mm. Settling stopped, no damage.
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37. Work No. 252, km 334.7, Hanover Office. Three-bay deck girder, outer bays
each 12 m, central bay 21 m span. Subsoil gravel and sand to a great depth, under
which clay (fig. 20), mean foundation pressure at abutments 1.4 kg/cm?2, at piers
1.5 kg/cm2. Completed August 1935, actual settlings at western abutment between

Sand Mo Sehlult Schiona

1:: grod mifte/ Sfon grob Jon grod Jen (Ton)
24 ~
w — NN

| ) AN
o AN
“ NEANNN
: ANYAN

2 \

4

20mm a5 az qr 0,05 802 0,006 0.002 a.000

Fig- 3' ’

22 and 100 mm (roller bearing was lifted), at eastern abutment between 20 and
45 mm, at piers average 15 mm. Settling stopped, no damage (great settling of
abutments conditioned by filling in behind the structures).

38. Work No. 18, km 19.431, Berlin Office. Two-bay girder with each 19.7 m
span (fig. 21). Spread foundations on sand layers of various size of grain, mean
foundation pressure 2.5 kg/cm2. Completed February 1936, predicted settling about
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10 mm, actual settling up to February 1936 about 10 mm. Settling stopped, no
damage.

39. Work No. 7, km 4.863, Breslau Office. Two-bay girder with Gerber hinge
over the central pier, each 15.35 m span (fig. 22), spread foundations on loam and
deep sand and gravel, peat under the righthand outer pier at a great depth. Mean
foundation pressure at outer piers 1.5 kg/cm?, at central pier 2.0 kg/cm2. Completed
October 1934, outer piers turned outwardly on the average of 45 mm (March 1935),
righthand outer pier also settled about 30 mm. Settling stopped, no damage.
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40. 13 girder bridges, Stettin Office. Spread foundations on partly very fine sand
up th 12 m deep, mean foundation pressure 2.5 kg/cm2. No settling and no damage.
41. Work No. 79, km 241.380, Hanover Office. Three-hinged arch of 14 m span,
mean foundation pressure 2.7 kg/cm? (fig. 23). Subsoil sand layers of varying den-
sity, under the lefthand abutment somewhat clayey, therefore foundation on piles
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there. Completed April 1935, actual settlings western abutment 4 mm, eastern
abutment (lefthand) 15 mm to March 1936. Settling stopped, the northern arch
shows signs of cracks. ,

42. Work at km 7.167, Frankfurt-on-Main Office. Reinforced concrete frame with
19.55 m span, reinforced concrete rammed piles 10—11 m long, subsoil 5—10 m
sand-gravel, under which stiff clay (in part sandy), mean foundation pressure
2.2 kg/ecm2. No settling and no damage.

43. Work at km 7.292, Frankfurt-on-Main Office. Reinforced concrete three-bay
girder, central bay with suspended girder of 31.2 m span, side bays each 8.6 m.
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Mean foundation pressure 2.1 kg/cm?2, side bays designed as frames with conti-
nuous slab between sheet piling. Subsoil 5—10 m sand-gravel, under which stiff
clay (in part sandy), no settling and no damage.

44. Work at km 6.849, Frankfurt-on-Main Office. Reinforced concrete frame with
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12.6 m span, spread foundations on 4—5 m sand-gravel, under which stiff clay
(in part sandy) of great thickness: natural water content 15—219, flow limit
25—509,, rolling limit 9—159,. Mean foundation pressure 2.2 kg/em2. No settling
and no damage.
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1V. Summary and conclusions.

In order to make things clearer, the essential data for a comprehensive judge-
ment of the separate works are given in tabular form (tables 1—4). The soils in
question may be practically classified in four groups, — clay and loess, silt, drift
marl, sand and gravel (in part clayey). When the average settlings corresponding
to these four groups are compared (table 5), — the separate values being, for the
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sake of simplicity, referred with the help of the theoretical settling curves quite
roughly to the moment in which the greatest part of the movements is effected, —
here also, in spite of the unequal influence, a number of factors such as thickness
of layers and foundation pressure are found to bear a certain relation to each other.
In order to prevent misunderstandings, however, it is necessary to call particular
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attention to the fact that the comparisons made in Table 5, and consequently also
the conclusions deduced from them, refer solely to soil conditions found in Germany.

Of the 72 works on which observations have been made, about half rest on drift
marl and about one third on sand-gravel beds of considerable thickness. As can
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be seen from Table 5, the settlings amounted to 0—20 and 0—10 mm respectively
for the two groups of soil mentioned. Control calculations have later shown that
the factor of safety against the abutments and piers breaking through the foundation
ground, with the maximum foundation pressures of 4.0 and 3.0 kg/cm? respecti-
vely, lies between 4 and 7. The slight settlings, together with the high factors of
safety, would justify higher specific foundation pressures being adopted on beds
of drift marl or sand-gravel. Assuming foundation pressures of 6 and 5 kg/cm?,
the factors of safety would still be 2 and 3 respectively, with only an inconsiderable
increase in the settlings. Uniform settling with the adoption of considerably higher
figures does not cause any damage; this is proved by the works built on clayey
soils, in which settlings up to 200 m could be observed within a comparatively short
time. Where damage has occurred, as for example outward inclination of the abut-
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