INTERNATIONAL SOCIETY FOR
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

SIMSG [} ISSMGE

s

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

107

FOUNDATIONS FOR THE .AGGERSUND BRIDGE, DENMARK

Vila11

L. BJERRUM,
CHR., OSTENFELD,

W. JONSON,
Copenhagen, Denmark

In the year 1942 a new highway bridge across
the Limfjorg was opened for traffic at Agger-
sund, in the northern part of the Jutland pe-
ninsula (see Fig. 1). The ground conditiomns in
the bed of the fjord are extraordinarily dif-
ficult 1), 2) for foundation purposes and a
thorough study of the characteristics of the
s0il was therefore fundemental in the selec~
tion of the correct design of the bridge.

In the following the soil conditions at
Aggersund, their influence on the choice of
the bridge design and the special pile inves-
tigation undertaken prior to and during the
erection of the bridge, will be briefly dis-
cussed.,

The geological classification of the solls
and their physicel characteristics were deter-
mined by Mrs. BE.L. MERTZ of "Denmerk's Geolog-
ical Survey".

The physical tests were carried out in
the laboratory for soil mechanics of the Dan-
ish Royel Technical College. The head of the
laboratory, Professor A.F. MOGENSEN, also as-
sisted in computing the settlement of the
southern earth sapproach.

GEOLOGICAL DESCRIPTION.

At the location of the bridge the fjord
is about 5-600 m wide, the depth of the water
being abt. 12 meters {see Fig. 1). The soil
conditions in and about the centre line of the
bridge have been thoroughly examined by a large
number of borings - mostly 43" dry borings -
and acurately plotted.

The upper stratum of the fjord bottom con-
sists of an alluviael fine sand with shells,the
thickness of which varies between 12 and 20
meters and is very loosely packed. Not until
a depth of 6-10 m below fjord bottom is reach-
ed is any apprecigble firmness and compactness
exhibited.

Below this deposit of fine sand, postglac-
ial, marine silt is encountered, a most char-
acteristic formation from the Litorina-Sea,
This leyer is very heterogeneous and stratifi-
ed with a varying content of clay, silt, sea-
weed, shell debris and fine sand (see descrip-
tion of strata Fig. 1l.). Due to the silt and
clay the formation is very loose, contains 45-
60% of water, and samples exhibit on compres-
sion great bulk reduction. As Fig. 1 shows this
this layer has its greatest thickness abt. 20
m below the south abutment.

Solid ground, a cretaceous clay, probably
of glacial origin, is not encountered until a
depth of 28-38 m below water level is reached.
Uppermost this layer is very stony and sandy
end compared with the overlying strata must be
considered stable.

Beneath the glacial deposits lies the bed-
rock -the chalk,- Notwithstanding that the
borings were carried down to considerable depths
and that chalk pits arefound on both sides of
the Sound, this formation was not reached.

BRIDGE DESIGN.

The poor bearing capacity of the soil was
the determining factor in the choice of bridge
design and method of comstruction.

The passage of shipping necessitated a
moveble span in the centre of the stream and
the considersble depth of water not inviting
the use of intermediate piers, it was decided
to design the bridge with a bascule-span of
30 m in the centre and 2 statically determinsie
90 m arch-spans at the ends. The approaches
were built as earth embenkments risi to 6 m
in height above sea level (see Fig. 1). The
bridge thus has 2 piers, where the depth of
water is 10-12 m and 2 abutments, where the
depth is 2-4 m.

On account of the durability and economic-

sl meintenence and also on aesthetic grounds
the arch-spans were constructed of reinforced
concrete. As this however would necessitate
large formwork with unyielding foundations, re-
quiring long and expensive piles, the main rein-
forcing of the arch-spans was erected as stiff
skeletons of rolled sections strong enough to
carry the formwork, scaffolds etc. (Melan con-
struction). These skeleton structures were built
at a shipyard end lightered to the site. During
pouring of the concrete, the spans were tempo-
rarily supported at the centre by a falsework
on piles, preloaded with sand, which was remov-
ed during the concreting (see later). The abut-
ments were built in place, founded on shorter
timber piles, while the piers were built on
shore as caissons, which were launched, sited
and sunk into position on to their foundations
of long reinforced concrete piles, cut off lev-
el with the bottom of the fjord. (A. Engelund’s
foundation method 3) ).

THE BRIDGE PIERS.

As the required precision of a bascule span
demands absolute unyielding supports, the piers
were founded on 38 x 48 cm reinforced concrete
piles carried down to solid ground, their points
being about 37 m under water level (see Fig. 2).
The plles, each weighing 14 t. were driven from
a pontoon piledriver with a 6 t hammer.

The bridge pier caissons were provided at
the bottom with an air-lock working chamber in
order to permit a solid concrete junction with
the pile caps 3). It was desirable to use a
minimum number of piles, in order to keep down
the dimensions of the piers.The pile loading
consequently being comparatively high, a test
of one of the vertical piles (see Fig. 2) was
made before concreting of the working chamber
took place.

4s counterpoise for the loading the ceiling
of the working chamber was utilized, i.e. the
deadload of the pier, which limited the test
loading to 120 tons.

The result of this test loading is shown in
Fig. 2. The stress diasgram for the pile is a
straight line up to a maximum load of 120 tons,
the settlement being only 2,7 mm. The ultimate
resistance of the pile will presumebly be about
500 tons, 425 tons friction and 75 tons point
resistance. These figures are estimated partly
from experience with test piles and partly from
several "modelpile experiments" in which by test
loading a "miniature-pile" driven at the bottom
of a bore tube the friction and the point re-
sistance at different depths were determined 5).
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Fig. 2 shows the distribution of the frictional
resistance in these experiments,

THE ABUTMENTS. (Fig. 3 and 4).

*Completely unyielding foundations for the
abutments would have called for reinforced con«
crete piles abt. 35 m long driven into the solid
glacial clay (layer III). A foundation of this
kind being, however, an economic impracticabil-
ity the abutments were founded on timber piles
abt, 16 m long, i.e. with about 1l4-20 m fineslit
below the pile points. The piles were thus re-
lied upon, by side friction to distribute the
reaction from the arch spans over so large an
area that settlement of the abutments caused by
compression of the soil beneath the pile points
does not exceed that allowed for in the super.
structure. By bullding the abutments higher than
design level it was possible to secure the re-
quired final longitudinael profile., This subject
will not be further dealt with here, as it will
be fully discussed in a special paper, now in
preparation.

The foundation for the abutments wes desig-
ned with 4 frontal rows of inclined piles to
take the reaction (abt. 620 tons), while a pile
trestle system in the rear, snchors the abutment
to the earth approach (see Fig. 1 and 4).

In both of the abutments one of the vertic-
al piles was test loaded. Fig. 2 shows the test
piles and their dimensions together with the re-
sults of the tests. As in the case of the test
pile in the southern bridge pier, the assumed
distribution of the frictional forces over the
sides of the piles is given. In loading the
test plle in the northern abutment failure was
not achieved. With a loading of 100 tons the
settlement of the pile was 22 mm. The ultimate
resistence of the pile was estimated at 150 tomns.

The test pile in the southern abutment was
loaded 4 weeks after driving and showed an ul-
timate resistance of 130 tons. Realizing that
the bearing power of the pile increases with
time it was decided to investigate this question
further. By re-driving the pile was "aroused"
and the following day again testloaded. The
bearing power had then decreased to 97 tons.

One week later the pile was again loaded
and exhibited a bearing power of 108 tons. The
result can be thus tabulated:
the age of the pile O week bearing power 97 t,

T= 0,45 kg/cm2

- - - - - 1 - - power 108 ¢,
= 0,50 kg/cm2
- - = - - 4 weeks - power 130 %,

T= 0,60 kg/cm2
During construction of the southern abut-
ment the test pile was carried up through the
abutment but free of contact with it (Fig. ?
shows the arrangement of the abutment with the
test pile). It is thus possible to compare the
settlement of the abutment with the settlement
of a single pile and at any time to testload
the pile anddetermine its bearing capacity at
progressive age periods.

In order to estimate the settlement of the
abutments an attempt was made to calculate,from
the test pile results, the stress distribution
in the earth beneath the pile points, caused by
the pile friction. On the basis of the friction
distribution shown in Fig.. 2, the stress distri-
bution on the earth layers around a single pile
was determined (the "pressurebulb"” 6)). Fig.3
showns the result for one of the piles in the
southern gbutment. The stress distribution in
the plane of the pile points (see Fig, 3) could
then be summated. As shown the piles have at a
depth of 16,10 m distributed the Eeaction over
an elliptical area of abt. I450 me, the stress
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distribution being "bell-shaped"” with a maxim-
um of about 0,14 kg/cme beneath the centre of
the abutment.

The Approaches.

The road approaches to the bridge were
built as 5-6 m earth embenkments with a crown
width of 11 m and a slope of 1, 5 : 1. It was
to be expected that these embankments would suf-
fer heavy settlement. To estimate the factor of
safety against failure and the compression of
the soft earth beneath, the stress conditions
under the embankment were calculated by Boussi-
nesques formula. Fig. 4., shows the longitudinal
and cross sections of the southern approach and
the stresses arisen.

It will be seen that the greatest shearing
stress is to be found in the upper sand layer
(layer I) at a depth of 8-9 m, On the basis a
settlement calculation was made, the compressib-
ility of the soil being determined upon intact
semples,

Fig. 5 shows time-settlement curves for 3
different cross sections of the southern approach
embankment. The curves were plotted from the lew
el readings of a number of settlement gauge rods,
built into the embankment, having base plates
resting directly on the fjord bottom. The dia-
gram also gives the loads of the 3 cross sections.

As shown the embankment was carried up 2 meters
above design level, to hasten settlement andthe
compression of the soft layers of fine silt in
order that the embankment should as far as pos-
sible come to rest before the building of the
abutments. The diagrem also indicates sufficient-
ly close conformity between the calculated and
the measured settlement.

The calculations assume the total weight of
the embenkment applied at once, while in reality
it proceeded verg slowly. It emerges from the
computations that less than 5 % of the settle-
ment is due to the sand layer (layer I) the re-
m:i:ing 95 % being due to layer II, the fine
s L]

Fig., 6 shows the settlement curves for 2
cross sections of the northern abutment.

Falsework supports.

As gbove mentioned the arch-gpans were
temporarily supported at the centre during the
concreting by timber falsework on piles.(see
fig. 8). There were 16 inclined piles ebt. 19 m
long, driven in groups of 4 at each of the four
supporting-points. The depth of water here was
about 8-9 m. The falmework at the top was form-
ed as a box, filled with sand, giving a pre-
loading of 330 tons representing the load due
to the newly-poured concrete. During the pour-
ing the sand load was successively removed en-
suring a constant pile load during the process.
The settlement of the supporting piles in rela-
tion to time is shown on Fig. 8. While concret-
ing the arches, no measurable settlement was
observable, but stress-measurements made at the
same time indicated that stresses in the chords
of the bridge were higher end in the web mem-
bers were lower than calculated. These facts
show that the supporting piles had not acted aa

a solid support, but had yielded, The load be-
coming thus somewhat reduced.

Test-site.

Close to the centre lin of the bridge
(see Fig, 1) a test site was sstablished with 9
driven piles. The purpose being to study the
actions of the friction piles in the soft bot-
tom of the f£jord, under untrammelled conditions
- i.e. laboratory tests on a larger scale (7).
Fig. 9 shows in tabular form the primary re-
sults of these tests. The ground conditions at
the test site were approximately similar to
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Ground conditions of the test site.Classification of the soil

Layer A 200 - 6,10 m below 0,0
Very fine sand with mud and
shells, postglacial,marine

100 % sand (0,2 - 0,06 mm)

0 % silt 0 % clay loss on
ignition 8 %,chalk-content 8%,
nnit weight 183, void ratio

£ = 0.89 (loose packing) -
1,08 (dense packing).

Layer B 6,10 - 11,80 m below 0,0
Fine sand with a little clay,
seawed shells, postglacial,ma-
rine 90 % sand (0,2 - 0,06 mm)
10 % silt and clesy loss on
ignition 0,4 %,chalk - content

2 %,unit weight 1,82,water -
content 27 - 35 %,void ratie

€. 1,20.

FIG.7,8,9

Layer C 11,80 - (21,0) m below
0
’
Greasy, muddy clay, with a
little sand, shells, postgla-
cial, marine 50 % 0,02 cm
abt. 25 % silt abt., 25 % clay
loss on ignition 2 - 8 %,chalk
content 4 - 11 %,unit weight
1,67,water-content 41 - 63 %,
void ratio &= 1,55,
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those on the centre line of the bridge. The
layers were, however, somewhat more loosely
packed. The water depth was 2 m and all 9 piles
were driven to 12,90 m below water level.

The 9 piles consisted of the following:
conical wooden piles @ 22-37 cm (planed)
c¢ylindrical - - @22 ecm n

- - - @37 cm "
cylindricel reinforced concrete pile @ 32 cm
rectangular - - - 26%x26 cm
c¢ylindricel steel pipe @ 26,5 cm.,

The pipe was emptied after driving and the
pile and resistence at the various depths mea-
sured by means of a piston @ 24 cm. None of the
piles were pointed at the lower end. A few
months after driving, the piles were pressure
loaded until failure occurred. Some weeks la-
ter the piles were put under tension, and im-
mediately thereafter again pressure loaded.
While the first experiment determined the fric-
tion-resistance plus point-resistance, only
friction resistence is effective in the tension
test and the closely following pressure loading.
Prior tests had established that the bearing
power of the pile was uninfluenced by age. It
was thus possible to calculate the friction
resistance and the end resistance and the aver-
age T and o values. Pig. 9 shows these values,
and it will be seen that the friction stresst
is independant of the cross sectional form and
the size of the pile. On the other hand T varies
with the pile material, being least for the
steel pipe and somewhat greater for the rein-
forced concrete pile than for the timber pile.
As could be expected T is greater for the con-~
ical piles than for cylindrical piles. The com-
puted o-values seem to show that the point-re-
sistance diminishes with the dimensions of the

HEFMDDD

point.

From the loading tests on the 9 piles it
is possible to judge the reliability of the
driving formulae for the soils encountered
(friction piles). Eytelwein's formula gives the
most a applicable results, while the Engin-
eering-News and Brix formulae give values 40-

60% 00 low.
These pile experiments made at the test
site are more fully treated in Chr, Ostenfeld's

"Tests with Piles" 5).
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RESULTS OF A SPECIAL LOADING-TEST ON A REINFORCED CONCRETE PILE, A SO-
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CALLED PILE SOUNDING; INTERFRETATION OF THE RESULTS OF DEEP-SOUNDINGS,

PERMISSIBLE PILE LOADS AND EXTENDED SETTLEMENT OBSERVATIONS

G. PLANTEMA
Engineer of City Engineers Dept., Sub-Dept. of Soil Mechanlcs, Rotterdam

SUMMARY

From investigations of deep-soundings,
length and toe-area of foundetion-piles can

gerformed in the field, the required
e concluded. A special pile-sounding

test has been made, whereby the toe resistance at various depths is determined,

eliminating at the same time the akin friction, and compered with the results of
deep-soundings., The test and its results are described in the following report,

anslysing the sounding-resistance with regard to ultimate bearing capacity (loss
of equilibrium) end ratio between load and penetration of a pile toe, which is

resting in sand layers. Extended settlement observations have been made and in-

creased settlement of the sand under the pile-toe registered.

1 INTRODUCTIORN:

) For pile foundations it is important to
know the depth to which piles must be driven
and what toe area is required for a certain
load. For this purpose the bearing capacity of
the subsoil, especially the sand-layers carry-
ing the <foundations, must be known. During
the last decade results from deep-soundings
have been used, whereby a cone of a sectional
area of 10 cm< 1s pressed into the earth (for

a description of the apparatus see 1) and 2).
The resistance of the come at various depths

is ascertained; the relation between depth and
resistance, plotted in a diagram will be an
ing%cation for the bearing capacity of the sub-
soil.

From this diagram the most favourable
foundation depth and toe-area can be determin-
ed, teking into account the negative skin fric-
tion and a factor of safety, It is hereby as-



