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The use of model testing for foundation settlement 

L'utilisation des essais sur modèle pour le tassement des fondations

U.HOLZLÔHNER, BundesanstaltfürMaterialforschung und -prüfung (BAM), Beilin, F R G

SYNOPSIS: Analysis of test results showed that true model tests are hardly possible for footings on 
sand because the displacements relevant to practice are too small and because artificially and 
naturally sedimented deposits differ essentially. Therefore small-scale tests are used here to 
establish simple models for the calculation of settlements and larger displacements of footings 
on sand.

INTRODUCTION

Model testing means transforming data measured 
at small-scale models to the prototype by using 
certain scale factors . This scale model ing usually 
is not applied to footings on sand. Small-scale 
footing tests may have another purpose, however: 
they shall reveal the essential mechanisms govern
ing footing behaviour and they shall help to 
establish simple conceptional models of the 
footing-soil system, which can be applied to the 
prediction of settlements or failure loads.

A simple conceptional model for the footing- 
soil system has two features: it has a simple 
load-displacement relationship and the soil 
ground is governed by only one quantity having a 
dimension. The load-displacement curve of a 
footing up to failure and beyond shows that no 
simple model can map the process over the whole 
range. By restricting ourselves to the range 
from zero to peak load, which is the range of 
practical interest, we can hope to find a simple 
model.

For linear material the displacement w of the 
footing is proportional to load q. Analogously

w - q B B | 1 (1)

holds if the stress-strain relation is given by

of = Eij • *j 8 = 1 ,  (2)

see the Appendix. The exponent B refers to the 
components of o . Eq.(2) must be valid at least 
in that soil region that contributes the dominat
ing part to the displacement of the footing.

A simple model of the soil ground should have 
only one quantity having a dimension. An example 
is Boussinesq's half-space, the only dimensional 
quantity being Young's modulus E. Another simple 
model is used for the calculation of failure 
loads on sand, unit weight y being the only 
dimensional quantity. This limit load analysis 
does not permit the evaluation of displacements; 
Dietrich's (1977) psammic half-space, however, 
is a continuum mechanical model with the unit 
weight as only dimensional quantity. The pre
dictions of the two "archetype" half-spaces of 
Boussinesq and Dietrich differ essentially be
cause of the different dimension of the respec
tive governing quantity.

E y

B = 1 8 > 1

Figure 1. Evolution of simple half-spaces.

Figure 1 shows that there are also simple models 
of the soil ground jWhose only dimensional quan
tity H has the dimension

[H] = F • L-2-“ 0=o=l (3)

lying between that of unit weight and that of 
stress. Holzlôhner (1984,1985,1987) has shown 
that H can be interpreted differently: H may be 
thought of as some stiffness quantity E increas
ing with depth z, or H is combined by

H = T^o^l-o 0=a=l (4)

of y and particle strength ok. This is essentially 
the concept of Dietrich and Arslan (1985) and 
Hettler and Gudehus (1985). Their models are non
linear (B>1) whereas linearity is assumed with 
the stiffness concept. In the following, test 
results are presented and compared with the 
various simple models.

CONE INDENTATION

If a sand body behaves as a simple half-space, 
can be tested by using the most simple "footing", 
the cone of Figure 2. The cone is especially 
simple because it has no dimensional quantity. 
The penetration w into a half-space of sedimented 
sand depends by

w = f ( Q , H ___ ) (5)

on load Q, module H and some dimensionless quan
tities such as vertex angle, relative density, 
angle of internal friction and friction coeffi
cient between cone and sand. Applying dimensional 
analysis yields
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w2+ttH = const, or Q - w2+° (6)
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Figure 3. Cone penetration into medium sand, 
vertex angle 60°. Test 11,12 and 13: Dr =ll%, 
test 34: Dr =75%.
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Figure 4. Cone penetration into medium sand.
Test 39: vertex angle 135°, Dr=75%; test 8,9,40: 
135°,11%, test 44: 30°,85%, test 33: 30°,75%, 
tests 13,14,32: 30°,11%.

This is a very strong prediction because it 
holds whether the stress-strain relationship, 
Eq.(2), is linear or not.

Cone indentation tests display the predicted 
behaviour, see Figure 3. In this logarithmic 
plot the exponent l/(2+o) equals the slope of 
the straight line. The evaluation of a is easier 
if the load divided by the displaced mass of 
sand is plotted against the penetration, see 
Figure 4. Thus the slope is °-l. The values of “ 
were found to be between 1 for slender and 0.5 
for stout cones, see Holzlóhner (1987).

These tests indicate that footing-soil systems 
do exist where the reaction of the sand can be 
described by only one dimensional quantity, 
namely H. If cone indentation results are to be 
transferred to footing behaviour, the ratio of 
the displacement of the footing to its diameter 
should roughly equal the ratio of cone penetra
tion to the diameter of the sectional area of 
the cone in the level of the initial surface of 
the half-space, Dietrich et al. (1982).Therefore 
very stout cones must be used and even then the 
results are comparable only to highly loaded 
footings.

SHALLOW FOUNDATIONS

The displacement w of a shallow foundation de
pends by

w = f (q, B,H, <*, 0 ,  . . . ) (7)

on average contact pressure q, foundation breadth 
B, modulus H and the two exponents o and B. The 
dots represent dimensionless quantities as rela
tive density, frictional properties and side 
ratio of the contact area. Applying dimensional 
analysis yields

w = fi (
HB

(8)

In contrast to cone indentation further simpli
fication can only be obtained by assuming a spe
cial load-displacement relationship. Substi
tuting Eq.(l) gives

HB
(9)

Before comparing this prediction with tests and 
observations we should define the load and dis
placement ranges of practical interest. The 
settlement of usually loaded footings rarely ex
ceeds 1 % of the breadth of the footing. This 
range is called "range 1". In the case of highly 
loaded footings, displacements up to 10 % may be 
of practical interest. This "range 2" is also 
investigated by cone indentation. Settlement 
prediction is related to range 1. Here, the 
linear load-displacement-relationship is gener
ally accepted, Burland & Burbridge (1985), Tinoco 
(1983). Holzlòhner (1984) has shown that this 
procedure is related mechanically to the half
space whose stiffness increases with depth, see 
the left of Figure 1. The modified psammic model 
on the right is suited for range 2.

Figure 5 shows traces of tests that are nearly 
linear over a large load range. In this logarith
mic plot a straight line would confirm the form 
of Eq.(9) where 0 would be the slope. The tests 
5 and 18 have been carried out very carefully. 
Two ranges can be distinguished corresponding to 
range 1 and range 2. With the diameter of the 
model footing of 18.4 cm the bounds of the two
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Figure 5. Footing penetration into medium sand 
of different relative density. Test 41: 85%, test 
35: 75%, test 42: 55%, test 5,18,36: 11 %.

ranges are 1.8 mm and 18 mm, respectively. The 
entire load-displacement curve can be described
by

w
B Hn B i

+ (- ■) (10)

Figure 6. Load plate tests on sedimented sand 
bodies (symbols see Table 1) and on natural soil 
grounds of different compressibility grades 
(Latin numbers) for load-plate diameters of 0.25m 
to 0.4 m after Burland & Burbridge (1985).

where the indices indicate the respective range. 
For test 18 the value of &2 is 1-9, for a more 
thorough evaluation see Holzlohner (1987). Ob
viously, small-scale tests mainly map range 2, 
the range of modified psammic material. Range 1 
can only be investigated by very accurate meth
ods .

This applies even more to centrifugal tests. 
Krebs Ovesen (1979) has carried out tests with a 
load plate diameter of 5 cm on sand with average 
grain size of 0.5 mm. Thus, the entire range 1 
equals one grain diameter. In this range, Krebs 
Ovesen's tests gave no reliable results. The 
quantities related to range 2, however, can be 
evaluated from these tests very well: »2=0.85 
resulted from a series of tests with different 
prototype diameter. For a more thorough evalua
tion see Holzlohner (1987).

Eq.(10) explains the fact often observed with 
tests that large footings seem to behave more 
linearly than small ones do. For the same q the 
term q/B is smaller for large B than for small 
B. As 02>1 an<i “l!!a2/ the first term of Eq.(10) 
increases relatively to the second term with 
increasing B. This trend is displayed in Figures 
6 and 7 (see next section): the curves for 
smaller load plates are bent more strongly than 
those for larger load plates are.

NATURAL AND ARTIFICIAL SEDIMENTS

One of the technical means of model testing is a 
sand raining device. This device is suited to 
produce a sand body with defined density and 
with an initial stress field depending only on unit 
weight. Though it has often been used as the ex
perimental equivalent of the average natural 
soil of sand, there are some systematic deficien-

Figure 7. Load-plate tests as in Fig.7 but with 
load-plate diameters of 0.7 m to 1.2 m.

cies which are displayed by a comparison of tests 
on artificial and on natural sand deposits.

Burland and Burbridge (1985) give three dia
grams with which the actual soil ground can be 
classified by load plate tests. Figs. 6 and 7 
reproduce two of these diagrams being valid for 
small and large load plate diameters. The load 
plate tests are to be carried out on the bottom 
of shallow and broad excavations; that means 
there is no influence of the remaining lateral 
soil and little influence of preloading. The re
sults of various investigations, as compiled in 
Table 1, are compared with the curves of Figs. 6 
and 7.

Some remarks to Table 1: As the various load- 
displacement-curves are similar to the ones in 
Figs. 6 and 7, the curves are represented by only 
one pair of values. The results pertaining to 
small loaded areas (up to 0.5 m x 0.5 m) are 
plotted in Fig. 6, the results of larger areas 
in Fig. 7. For the centrifugal tests of Krebs 
Ovesen the diameter of the prototype footing is 
indicated.

In Figs. 6 and 7 the Latin numbers indicate 
the compressibility grades defined by the N-value
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Table 1. Test results of Figures 6 and 7

Diameter or Bitoed- relativ Symbol Reference Test
Side lengths ment Density No.

m m Dr % - -

0,1784 0 75 + Holzlohner (1987) 35
0,1784 0 55 X Holzlöhner (1987) 42
0,20 0 34 0 Hggestadt (1963) 1
0,20 0 85 □ Ejgestadt (1963) 2,3
0,10 0 85 V Hettler & Fig.14

Gudehus (1985)
0,5 x 0,5 0 54 A Mihs & Weiß(1971) 1/la

1,0 0 85 + Breth (1976) 1
1,0 0,40 85 X Breth (1976 ) 3
1,0 0 dense 0 Krebs Ovesen(1979)H,L,P,

0,5 x 2,0 0,30 54 A Mohs & Weiß(1971) 1/9
0,5 x 2,0 0,30 54 V Mihs & WeifM 1971 ) l/9a
1,0 x 1,0 0,50 37-53 a DIN 1054,Nov.76,Tab.1
1,0 x 1.0 1,00 37-53 0 DIN 1054.Nov.76.Tab.1

of the Standard Penetration Test (SPT). Grade I 
means N >60, grade II N=41-60. The higher the 
grade, the weaker the soil; grade VII means N<4. 
It should be expected that the tests on dense or 
medium dense sand map in the range of low com
pressibility. They lie, however, in the range of 
the high compressibility grades V to VII.

The reason for this unexpected result most 
probably is the sedimentation process. Only Muhs 
and Weiß (1971) have deposited the sand in layers, 
which have been compacted. Their results map as 
expected. Fig. 7 also includes the permissible 
foundation pressures of DIN 1054, which have 
been increased by 2 0 %  for square areas. These 
pressures pertain to the displacement of 10mm, 
the maximum value for medium dense sand. Fig. 7 
shows that Breth's test N o .3, densely sedimented 
sand, required less pressure to produce a dis
placement of 10 mm than was at most to be expect
ed on medium dense sand according to DIN 1054 . 
As DIN 1054 has proved successful in practice, 
one can only conclude that tests on sedimented 
sand bodies are ill-suited to improve quantita
tive prediction of settlements. Natural sand 
grounds are produced by sedimentation followed 
by thousands of years of ageing: changing over
burden pressure, varying ground water level, 
micro seismic and the very long elapsed time. 
These effects are not simulated by sedimentation 
techniques ; may be they are better reproduced by 
depositing and compacting layers.

CONCLUSIONS

True model tests of the footing soil system are 
not possible because of two reasons: The range 
of displacement relevant to usual settlement 
problems is so small that it cannot reliably be 
evaluated with small-scale tests and the arti
ficially sedimented half-space cannot model na
tural homogeneous non-preloaded soils.

In spite of that, model tests and settlement 
observations are very useful. They are the basis 
of conceptional models of the footing-soil 
system.

In this paper the interesting range of dis
placement has been divided into two parts: Range
1, the range of settlements, w/B typically 1% 
and range 2, the range of greater loads and dis
placements, w / B < 1 0 % .  For each range a simple 
conceptional model has been presented. In general, 
total displacement is the sum of two parts cor
responding to the ranges.
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APPENDIX

Proof of Eq.(l): Let q be the load vector, o and 
E the produced stress and strain fields, respec
tively. Only proportional load variation

q 1 = c ■ q (A.1)

is considered. I assume the statically possible 
stress

o' = c-o ( A.2 )

to be the produced stress. Inserting Eq.(A.2) 
into Eq.(2) yields

e ' = c®e (A.3)

As the strain field e satisfies the compatibility 
conditions and e' differs from e only by a con
stant, e ' also is compatible. Therefore o' and 
e' are the solution of the boundary value problem 
considered. For geometrically linear problems,

w ' = c®w ( A. 4 )

follows from Eq.(A.3) which yields Eq.(l) by 
virtue of Eq.(A.l).
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