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Deformation around foundations in relation to loading rate
Deformation prés d'une fondation en fonction du rythme du chargement

CH. VEDER, Prof. em., Dr.Dr.h.c.,; Graz Technical University, Graz, Austria
F. PRINZL, Dr.; Graz Technical University, Graz, Austria
E. BAUER, Dipl.-Ing.; Graz Technical University, Graz, Austria

SYNOPSIS Practice has proved that at a relatively high rate of loading ground failure will occur
and that at a very slow rate of loading a depression will develop (Boussinesqg's Stress Distribution).
However, if loading is carried out at a moderate rate, the so called "effect of concentrated load
settlement" sets in, meaning that the ground adjacent to the settling foundation will show very little
or no heavings or depressions. This deformation behaviour in relation to the rate of loading has been
investigated for all three types, by model tests with an idealized soil and simultanecus calculations,
as described below. To achieve the "effect of concentrated load settlement" is of greatest importance
especially where buildings are in the vicinity of the loaded area or underground lines, and therefore

a ground failure or the formation of a depression must be avoided under all circumstances.

INTRODUCTION

The load of a foundation may cause deformations
of the soil surface in the immediate vicinity of
the construction. These deformations can be basi-
cally classified as three different types:

Type A - a load applied at a high loading rate
causes a ground failure.
B - a load applied at a moderate loading

rate causes the so called "effect of
concentrated load settlement".

Type

C - a load applied at a slow loading rate
causes a soil deformation owing to stresses
following Boussinesq's Equation.

Type

As explained in the following, the occurrence of
either Type A, B, or C depends mainly upon the
loading rate and only secondly also upon the
magnitude of the load.

Types A and C are fairly well known and researched
but this is not the case for Type B (Breth, et al,
1975). To close this gap in the investigations,
Type A and B were simulated in the laboratory with
idealized soil models, with simultaneous calcula-
tions.

MODEL TESTS IN THE LABORATORY

For the investigations with an idealized soil
model a special container with the inner dimen-
sions 520x360x100 mm was constructed. The bottom
and the side walls were made of steel tube welded
in U-shape; for the front and the back a 20 mm
thick plexiglass panel was fixed water-tight to
this frame. The actual height of the soil used in
the model was approx. 30 cm. The load was applied
with a rigid filter plate (80x100 mm), hanging on.
a loading device with a counterweight.

The objective was to observe the deformations on
the surface as well as at points within the soil.
The surface deformations were registered by

direct measurements immediately below the plate,

with a gauge. The surface deformations outside the
plate were determined by analysing photographs.
For the measuring points within the soil layer,
horizontal threads were strung horizontally in

the container before the soil was filled in;
before starting the test they were loosened again.

For the test silt was used, which was filled at
the liquid 1limit, whereby vibrations and a careful
tamping were necessary to prevent voids. Then the
whole suface was preloaded with 1 KPa and the soil
allowed to settle for two days. After this period
the load application was started. To avoid a
drying out of the soil, the water table was kept

1 - 2 cm above the soil surface.

The silt used in the tests had the following
properties: grain size 2™ = 12%, & 6 &™ = 24%,

< 20 gem = 50%, == 60 4™= 90%, e = 0.96, Q3 =
2.75, V¢L8= 37%, W@ = not possible,
k = 5x10"°m/s, c' = 0, j" = 32" .

CALCULATIONS

The numerical analysis was performed with the
program system MISES 3 developed by TDV (Pircher,
1984) and put at the disposal of the Graz Techni-
cal University for research purposes.

Regarding the soil behaviour during load applica-
tion, one has to differentiate between instant
deformation and longer-term consolidation. Secon-
dary deformations are not taken into account in
this analysis. In fully water-saturated soils no
volume changes take place at the time of load
application, so that Poisson's ratio Y &0.5

can be used for the calculations. If a higher
loading rate is chosen, so that the soil reaches
in some zones shear strength, then also plastic
deformations occur, causing a ground failure

when the critical load is surpassed.

The soil behaviour in the undrained phase was
simulated by an elastic/ideally plastic law
(Sagaseta, et al, 1979). The criterium of Mohr-
-Coulomb was chosen as liquid hypothesis. Thus the
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shear strength of soils can be expressed in a
simplified manner by the basic law

T, = C'+(6’-u.w)ia-‘nfl

If the total load is reached very quickly (Type
A), then practically no consolidation has taken
place yet. Major plastic deformations set in and
ground failure occurs. In the undrained, unconso-
lidated state the soil has in this phase practica-
ly no inner friction, so that only cohesion can
be assumed in the calculation.

When a medium loading rate is chosen (Type B),
then the heaving of the ground surface at the

time of load application is more or less com-
pensated by the subsequent settlements due to
consolidation. In this case a change in the
strength properties of the soil after each loading
step was assumed.

The marginal conditions of the model test in the
container were chosen for the mathematical model.
The problem can be seen as "two-dimensional" and
a plane strain can be assumed. The bottom of the
solid loading plate is rough, hence a horizontal
displacement of the soil is not possible.

INVESTIGATION RESULTS

The results of the qualitative investigations,
which also include previous findings, are the
following:

Type A Ground failure due to high loading rate.
(Fig. 1 and 2).

The soil deformation subjacent and adjacent

to the foundation body have long ago been investi-
gated and described (Terzagi, 1946). A main
characteristic is that the subsoil below and
besides the load is displaced laterelly by the
well known wedge shape. This displacement creates
two zones of radial shear and at the outer edges
two passiv Rankine's zones. The settlements are
relatively high.

Figure 1 shows this phenomenon
tainer model. It is remarkable
depression on the surface next to the foundation
body, a phenomenon that is not reflected in the
theoretical considerations. But otherwise the
photograph clearly shows the wedge below the
foundation and the lateral displacement as well
as the resulting heaving of the subsoil.

in the glass-con-
to observe the

In the plastic calculations no state of equilib-
rium is achieved (Fig.2). In the model test (Fig.
1) the continuous plastic deformations are stop-
ped, owing to the test conditions.

TABLE I - Legend for Figures 1 to 4.

Final vertical threads
Wedge-shaped zone

1 Original ground surface a Final stress

2 Final ground surface b Total settlement
3 Water table c Loading rate

4 Loading plate d Loading time

5 Original horiz. threads e Steps of loading
6 Final horiz. threads

7

8
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Fig. 1 Type A Model Test - the state of equilib-
rium is not achieved.

a = IN/cm?, b 36.7 mm, ¢ = 1step/min, d =
e = .125 4+ .125 + .25 + .5N/cm2.

3 min,

Type C Low loading rate.

A relative slow loading rate leads to a deforma-
tion of the ground surface; that is a stress-
strain phenomenon that can be calculated after the
well known Boussinesqg's Equation. These results
are of importance in view of the settlement be-
haviour of constructions in the vicinity of a new
foundation.

Type B Medium loading rate (Fig. 3 and 4).

A loading rate that is neither too high nor too
low causes the so called "effect of concentrated
load settlement”", meaning that the foundation body
sinks under the load into the soil. The deforma-
tion of ground surface is relatively minor, espe-
cially close to the foundation, and no heavings
or settlements occur. The structures in the vici-
nity are not affected, as would be the case with
the heavings of Type A or the settlements of Type
C. The deformation process can be described as
follows: Immediately after the application of the
load, the settlement tendency of Type C sets in.
This tendency is counteracted by the deformation
of Type A (displacement) and therefore no sett-
lement of the ground surface around the founda-
tion occurs in spite of the fact that the founda-
tion body has sunk considerably (Fig. 5 & 6).
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Fig. 3 Type B Model Test
a = 1N/cm2, b=13.1mm, ¢c = 1 _step/12 hours,
d = 84 hours, e = 8 x .125N/cmZ2.

a=1N/cm?
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Fig. 4 Type B FE-Calculation

a = 1N/cm2, b = 11.1 mm.
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1 Original ground surface

2 Elastic and plastic deformations of the
undrained loading phases

3 Ground surface after partial consolidation

Fig. 5 Ground failure starts: large lateral heavings of ground surface from high loading rate.
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Fig. 6 Effect of concentrated load settlement:

Case History I - Salzburg-Kasern
(Veder, Prinzl, 1983)

A bus depot was to be constructed near Salzburg
(Austria) on a site of approx. 20000 sgm. Light
steel constructions of the type also used for
hangars were foreseen for the garages and the
maintenance and repair shops. The three-storied
administrative building was to be built of re-
inforced concrete and brickwork. Consequently,
the service load varied strongly between the
different areas, from 0.04 to 0.065 MPa for the
hangars to about 0.07 MPa for the office build-

1 Original ground surface
Undrained loading: elastic and plastic deformations

3 Fully drained: Final ground surface

narrow settlement hollow from moderate loading rate.

ings. The traffic load on the areas surrounding
the buildings was assumed with 0.065 MPa. Owing
to these deviating load pressures and due to

the fact that the bottoms of the building faund-
ations will rest at different depths, consider-
able differential settlements had to be antici-
pated. Therefore it was mandatory to select a
foundation alternative by which differential
settlements in the building and traffice areas
are avoided.

For topographical reasons, the bus depot had to
be constructed on very poor subsoil; see borelog
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Veder, Prinzl, 1983. Assuming a permanent ser-
vice load of 0.065 MPa, the objective was to con-
solidate the subsoil so that practically no sett-
lements ~ and in particular no differential sett-
lements - would occur when the bus depot is in
operation. To this end, it was decided to conso-
lidate the whole area with a load of 0.15 MPa.
This by 0.085 MPa higher load than the service
load remained on the site for approx. 270 days,
then the overload of 0.085 MPa was removed. The
settlements measured until spring 1984 amounted
to only several millimeters.

The settlements taking place during the over-
loading period in 1979 corresponded with the cal-
culated values. The excavation surface, mainly
identical with the surface of the lake clay,
settled under the full load of the fill of 0.15
MPa by ~ 10 cm in the NE-area to -~ 100 cm in the
SW-area.

Attention also had to be paid to possible soil
deformations outside the construction site on
account of existing buildings, e.g. at a distance
of about 20 m stands an old house in partly poor
condition, showing numerous cracks. Therefore
loading activities had to be paced so that such
buildings do not suffer damages. A too high loading
rate would have caused a ground failure and
heavings, a too low loading rate the well known
deformations and settlements.

By way of a field test, a very quick loading
operation was carried out at the edge of the
construction site, in a place where no damage
could be done, and a ground failure was induced
on purpose. By this test the upper limit of the
loading rate was determined and an appropriately
reduced loading rate was used for applying the
consolidation fill for the whole site.

In effect, practically no settlements but some
heavings were caused by the overloading. Regar-
ding the buildings, it could be established that
the construction activities did not affect them
at all.

It is obvious from this case history that con-
siderable damages could have occurred if the
proper loading rate had not been chosen. This in
turn proves the great technical and economical
value of the "effect of concentrated load sett-
lement” of the Type B.

Case History II - Selzthal
(Gobiet, Goriupp, 1978)

Near Selzthal, about 200 km NW of Graz, Austria,
the freeway "Autobahn A2" leads through a rather
large area with very soft soil with basically the
following structure: O0-5 m silty peat, 5-13 m
sandy silt, 13-15 m sandy gravel, 15-24 m sandy
silt, gravel, and sand; artesian ground-water
level 3 m above ground surface.

It was evident that with normal filling operations
the fill would sink strongly into the soft soil
and that the foot of the embankment would spread
uncontrollably. In order to avoid this, horizontal
concrete slabs were placed parallel to the road
axis and rigidly connected with horizontal anchors.
As the height of the embankment fill increased,

it sank into the soil like a solid body.

In addition, care had to be taken that the ground
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surface parallel to the embankment, where sensi-
tive high-tension masts were situated, would not
suffer damaging deformations, i.e. that neither
heavings occur as in the case of ground failures,
nor depressions develop from settlements. Both
occurrences were avoided by carrying out the
filling operations as follows:

Loading rate 0.1 m/d
Loading height 5.4 m after 80 4

Duration of load application 225 4
Removal of the embankment crown after 315 4
Height of removed fill 1.5 m

Final load pressure under embankment body 70 KPa
Settlement during filling 2.7 m
Settlement after removal of overload 5 cm
after 1 year (no surface deformations beyond
distance of 8 m from embankment body)
Maximum ground surface deformation
until spring 1984.

1 mm/y

CONCLUSION

When loading of a shallow foundation is carried
out at a moderate rate, the so called "effect of
concentrated load settlement” takes place. Through
the rate of loading the ground around the foun-
dations shows very little or no heavings or de-
pressions. This is of greatest importance where
buildings in a poor state of conservation are in
the vicinity that may not be disturbed.

Further investigations are, of course, under way.
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