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ABSTRACT: Geotechnical design depends on parameters got from field investigations. Therefore the devel-
opment of subsoil models for assessing the behaviour of the subsoil has a strong influence on the reliability of
geotechnical structures. The contribution deals with an adaptive improvement of soil models using geostatis-
tical methods, demonstrated for a data set of a simplified practical example. Starting with subjective interpo-
lations based on two data sets from a preliminary a detail investigation, the influence of additional integrated
geotechnical model assumption is shown. In a next step further regionally information are integrated into the
model. This given soil information are necessary to calibrate the results on any location in the field using the
smoothing splines method. For a virtual machine footing the influence of the generated model precision on
the dimension of an assumed square size isolated machine foundation is analysed. The uncertainties and
spread of all characteristic quantities in the limit state function, an equation for determine the skew position of
the footing, is taken into account. Using the Monte Carlo Simulation for uncorrelated values, the reliability of
the isolated foundation is determined. Finally, the different predictions of the adaptive modelling are com-

pared with the real soil conditions at the site.

1 INTRODUCTION

One of the most essential tasks of geotechnical engi-
neering is to develop a geological model of the sub-
soil. With different techniques we make a limited
number of observations and measurements and we
draw scientifically defensible conclusions from
them. Based on different field monitoring data we
have to build up a geological model of the site con-
ditions, describing the layers, kind of soil, mechani-
cal properties as well as the spatial variability of
those parameters. The reliability of such a model is
fundamental for all decisions during design proce-
dure. Thus, the interpretation of field data requires
insight into the geology, its properties, details and
anomalies but also experience with foundation engi-
neering and construction practice. In the stage of site
investigation we usually deal with two typical prob-
lems (i) very few observations and measurements
due to limited budged and (ii) only rough informa-
tion about the structure of the building, the quantity
and location of loads. Therefore we have to build up
the geological model in a more or less adaptive
manner, using successive steps of investigation as
well as geostatistical methods for controlling, sup-
porting and improving the interpretation. These
steps should be demonstrated with a simplified prac-
tical example.

For planning a new large industrial plant, the un-
derground was investigated at a stage with less in-
formation about the structure, the number and size of
the machines, their loads and their foundations. Fig-
ure 1 shows a map of the machine hall with some
possible areas for the machine placement. From a

preliminary course of investigation, using hand
driven auger drillings, dynamic probing and some
core drillings, we got general data about the subsoil
of the overall area. This step delivers level 1 infor-
mation. In a detailed second level focussed on the
machine hall we carried out some more and deeper
core drillings and a couple of static cone penetration
tests in a systematic screen. All points of investiga-
tion are marked in figure 1.

Evaluating and assessing the test results the sub-
soil surround the machine hall can be subdivided in
3 relatively homogeneous layers with a more or less
random stratum: A thin upper silty clay with a soft
consistency, a second layer out of a stiff clay reach-
ing down to 8 —14 m and under that until a depth of
70 m a sandy clay with a very stiff and hard consis-
tency.

The data of the different steps of exploration are
used for an adaptive modeling of homogeneous pro-
files with help of geostatistical methods. Thus we
can demonstrate the influence of limited investiga-
tion to the reliability of the prediction. At least we
can use this certain levels of prediction to design a
virtual isolated footing in the centre of the machine
hall in a probabilistic manner. To compare the pre-
diction under certain levels of information with the
reality, the virtual footing was placed at a point of
investigation without using this real data in the proc-
ess of prediction.
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Figure 1. Arrangement of preliminary and detailed excavation/
Placement of the foundations

2 HOMOGENEOUS PROFILS

Starting with a subjective estimation of a general
homogeneous profile on the base of the preliminary
and the detailed investigation the homogeneous pro-
file is specified in the single adaptive steps sup-
ported by geostatistical methods under consideration
of scattering values. The scattering values and its
uncertainties are integrated trough a wide range of
repetition in the numerical computation. Every pa-
rameter set is different from each other. Every quan-
tity is determined by there characteristic value, the
standard deviation and the statistical distribution
(SCHONHARDT 2002).

At first the homogenous profile was estimated
subjective using the results of the preliminary inves-
tigation. After that the data set has been extended
trough the data of the cone penetration. This leads to
a new homogeneous profile. The reliability of both
data sets shall be equal, so that no weighting factors
a necessary for bringing together the different field
investigations.

The next adaptive step will take the results of the
level 1 investigation. By using geostatistical meth-
ods on the base of variographie and universal
kriging the homogeneous profile for the foundation
was determined more precisely.

In the next step this soil model was extended
trough the data set of the detailed investigation.

In a further step of the adaptive modelling a consis-
tency proving method was integrated. Here addi-
tional regional information in form of a given ho-
mogeneous stratification is necessary.

Finally the different created homogeneous predic-
tions are compared with the real soil profile on the
foundation place. This information is derived by a
separately static sounding.

3 PROCEDURE OF MODELLING

The results of the preliminary investigation are used
for a first soil model. The subjective arithmetically
estimation of the thickness for each homogeneous
layer is mostly too safe. The single estimations of
the layers thickness are built into a 3d-soil model.
The strata of the homogeneous surfaces are pre-
sented in table 1.

Table 1. Strata of the layers, using the preliminary investiga-
tion [m]

stratum stand. deviation
Layer 1 129,94 1,648
Layer 2 127,83 1,361
Layer 3 119,76 2,036

Specifically characteristic properties will be only
conditional considerate. In the neighbourhood of the
foundation we have only a low density of informa-
tion. The second level of investigation improved this
weak point.

From the new greater data set we derived in a sec-
ond estimation a new set of the absolute heights of
the homogeneous layers (table 2).

Table 2. Strata of the layers, using the preliminary and the de-
tail investigation [m]

stratum stand. deviation
Layer 1 130,22 1,274
Layer 2 127,94 1,329
Layer 3 117,89 3,193

The evaluation of the results presented in table 1 and
table 2 shows that the surfaces form layer 1 and
layer 2 are similar. The stratum of the layer 3 is dif-
ferent. The difference is expressed in the standard
deviation of the arithmetical determination. Both es-
timations contain uncertainties, because internal
trend and the anisotropic behaviour within the dif-
ferent data are not considered.

A third estimation using geostatistical method
takes the anisotropy and trends into account,
CHRISTAKOS 1992. The result is an improved 3d-
soil model. Internal computations are necessary to
distinguish between local drift and global trend. The
drift function is indicated by a linear combination,
which extended the normal universal Kriging matrix.
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Figure 2. Drift function implemented in Kriging matrix
SCHAFMEISTER 1999

The analysis of the data shows that there is a global
trend and different drifts. The trend can be imposed
by fluctuated values. In addition there is an anisot-
ropy direction in the area. Every research area has an
own anisotropy ratio a;:az:asz. In opposite of the
trend is expected value is equally, but the spatial
correlation is different. The spatial range in the
variogramm computation differs. The anisotropic
soil can be seen as an ellipsoid soil model, figure 3.
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Figure 3. Anisotropic and isotropic soil model simplification

The prerequisite for geostatistical computations is
the isotropy, CLEMENS 1995. The main isotropy
direction here is determined to 350° NNW. There-
fore the actual soil properties must be transformed
from the ellipsoid to the unit sphere.

After during that on the base of the whole date
population from all levels using the self developed
software application GEOSTAT a fourth and fifth
homogeneous soil profile is generated. The homoge-
neous profile for the foundation place calculated in
this manner, is given in table 3 and table 4 columns
1 and 2.

Table 3. Strata of the layers, using the preliminary investiga-
tion combined with geostatistical methods [m]

stratum standard stratum standard
deviation |[consistent] | deviation
[consistent]
1 2 3 4
Layer 1 129,73 1,251 129,21 1,148
Layer 2 127,48 1,040 127,06 0,929
Layer 3 118,22 1,810 118,18 0,950

stratum standard stratum standard
deviation |[consistent] | deviation
[consistent]
1 2 3 4
Layer 1 129,60 1,412 129,16 1,507
Layer 2 127,44 1,100 126,99 1,411
Layer 3 119,38 1,460 118,22 1,220

Table 4. Strata of the layers, using the preliminary and detail
investigation combined with geostatistical methods [m]

The sum of thickness of the modelled layers differs.
To guarantee the consistency is it necessary to in-
volve further information. An additional given ho-
mogeneous profile will be integrated in the soil
model using the method of smoothing splines. The
thickness of the single layers will be corrected be-
fore they are put together in the model, figure 4.
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Figure 4. Exemplary use of the smoothing splines method as
matrix adaptation scheme in GEOSTAT

The uncertainties and spread of the characteristic
quantities consider by a wide range of single realisa-
tions. The inserted smoothing splines method has to
satisfy two conditions.
- each homogeneous layer have to exist in the
research area
- the homogeneous layer may not intersect

The sixth and seventh generated soil model based on
this mentioned algorithm. The results at the mod-
elled location are presented in table 5 columns 3 and
4. For the results in column 3 is used the reference
profile from table 4 and for column 4 the reference
profile from DS 1.

Table 6 shows a summary of the strata of the dif-
ferent homogeneous layers (L1-L3). Column 1-4
present the adaptive soil modelling. To prove the
quality of the single simulation results on the foun-
dation location column 5 shows the result of the
measurement.



Table 5. Summary of the strata of the different soil models at
the location [m]

prelimi- | detail ex- |detail ex- | detail ex- | reality
nary ex- | cavation | cavation | cavation
cavation consistent | consistent
1 2 3 4 5
L1 129,62 130,74 130,18 130,78 130,70
L2 127,46 127,75 127,28 127,47 127,45
L3 119,42 115,02 116,45 112,95 112,70

The geostatistical determination of the homogeneous
profile, column 2, has a good validity in layer 1 and
layer 2 to the reference profile, but the result is not
consistent. The difference in the thickness from
layer 1 to 3 can be expressed [15,72m — 18,00m| =
2,28m. This difference is not a measure for the
quality of the geostatistical soil model.

The additional homogeneous profiles, like men-
tioned before, improved the estimation. The results
get better with the increasing quality of the addi-
tional information, the inputted homogeneous pro-
file. So the estimated stratum of layer 3 in column 3
is not better than in the steps before. Is it possible to
integrate a reference profile in the near of the planed
foundation location, reproduce the soil model a good
agreement with the in-situ situation, column 4 and 5.

A geostatistical 3D-Model on the base of a given
data set can be uses only for limited expressions for
chosen single location. In the model important in-
formation to the trend and isotropy behaviour in the
research area are integrated. These are not enough
for expressions to small locations in the field. The
additional integrated reference profile can improve
the results regionally.

The results of this adaptive improvement used to
design of an isolated machine footing at the refer-
ence point. The uncertainties and spread of inte-
grated parameters will be involved by using a high
number of realisations. As numerical model we use
the Monte-Carlo Simulation (MCS).

4 DETERMINATION OF CHARACTERISTIC
QUANTITIES

4.1 General

From the results of the cone penetration tests and the
static sounding tests the resistance parameter qc; is
derived. The sounding results have been evaluated
every 25cm and they have been summarized in one
data set to one parent population.

Intermediate values are linear interpolated. As a
result the in-situ soil is subdivided in three homoge-
neous layers, the homogeneous profile. For settle-
ment analysis it is necessary to distinguish between
the shear modulus for small strains and for normal

strains, because the dependency between the resis-
tance parameter q.; and the shear modulus G, exist
only for small strains (figure 5 and figure 6). The
Young’s modulus E, the stiffness modulus Eg and
the shear modulus G are linear dependent.
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Figure 5. Ratio between tip pressures qc of CPT and the shear
modulus G, for small strains ROBERTSON 1997
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Figure 6. Ratio between tip pressures qc of CPT and the shear
modulus G, for small strains IMAI/TONOUCHU 1982

The shear modulus can be transformed into the
young’s modulus and in the stiffness modulus using



a predefined Poisson’s ratio v. For all calculations
we used an uniform ratio v = 0.35.
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4.2 Characteristic Quantities

The data included in the different adaptive model
steps are combined to a parent population. The char-
acteristic quantities are determined by the scheme of
Eurocode 7 (EC 7) and SCHUPPENER 1999. Un-
der the assumption of normal distributed data the
scheme is shown in figure 7.
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Figure 7. Determination of Characteristic Quantities

Without outliers and eliminated trends in the data set
the characteristic quantities, the corresponding mean
values and standard deviation are shown in table 6.

Table 6. Characteristic Quantities and statistical parameter for
shear modulus G, and the stiffness modulus E;

Layer 1 Layer 2 Layer 3

(Sﬁif‘)ra\/[/l‘]’\‘]i/‘i‘j]s Gol 25017 | 32300 | 115540
Eix]/ [T 7.532 4.870 31.401
(SE;%)D/[IE/?;}E]GO 23.253 32.600 | 121.225
Eix]/ BT 5317 4.840 34.456
E“%ﬁg%%“g;%; 108.323 | 139.859 | 500.288
o e 261 21. 135.
Eil/ Bl 32.613 087 35.966
:“_flffgsg;\go_ﬁmlus 1,0210° | 7,1510° | 2,00-10°
o o 2,92:10° | 1,16:10° 4107
(V) Elx] /B | 2 16107 16,5410
characteristic
Quantity Eq, 98.407 | 136.063 | 486.590
[MN/m?]

On the base of statistical tests the data sets are nor-
mal distributed. The density functions in the numeri-
cal simulation haven’t a left side or a right side
boundary. The randomly used parameter set for each
calculation step is determined from the whole range.
This assumption is possible, because the relation be-
tween the mean value E[X] and the accompanying
standard deviation E[x]? is

E[x] - 3- E[x?> 0

The probability, that negative values will be simu-
lated is less than 0,01%.

The following calculations of the skew position of
the isolated foundation will use the characteristic
quantities. Inside the Monte-Carlo simulation of the
limit state function the random values will be deter-
mined using the mean value and the standard devia-
tion of each involved data set.

5 FAILURE PROBABILITY OF FOUNDATION
5.1 General

For the design of the isolated machine foundation
the bearing capacity and the deformation capability
is to investigate. In this example we look for the ul-
timate serviceability limit state and define the skew
position tana as limit state.



5.2 Limit state function

The technical guidelines demand a small skew posi-
tion. As limit state function we use the following
settlement equation.

f o (f,—f)
— b 1 i i-1
Sm"r‘Sx o, |:E | +Z E ; :|

(4)

The constant immediate settlements s,, are not of in-
terest. The limited state is defined to tana < 0,008.
The function can be simplify for the determination
of the skew position to

b
s, =—-tana
2
b My x.1 o (fx,i_fxlfl)
=-_. . +
2 b3 I: m,1 ; Em‘i (5)

For g(1/Eni)<0 the construction fail and for
g(1/Em;)= 0 the construction is reliable.

5.3 Stiffness modulus

The stiffness modulus and the shear modulus are e-
lastic parameters and depend on the present strain
state, YAMASHITA 2000. It is to decide between
the stiffness modulus for small strains E,, and the
stiffness modulus for normal strain E; SIMONS
2000.

With the relationship in figure 5 and figure 6 the
stiffness modulus for small strains can be deter-
mined. As a function we use a bilinear relationship,
figure 8. The reference stiffness modulus, deter-
mined in laboratory tests, is labelled as Ep min.
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Figure 8. Empirical Relationship between the stiffness modulus
and elastic strains SCHONHARDT 2002

The skew position of the foundation depends on the
present stiffness modulus. The maximum of elastic
strains is directly under the isolated foundation, so
that the bilinear function reduced the stiffness
modulus higher than in deeper layers. Therefore the
homogeneous layer 1 and 2 are subdivided in 20 sec-
tions. For universal calculations we use a software
application, developed on the professorship of foun-
dation engineering. This program considers the
characteristic quantities and the statistical parameter
set of each data set.

5.4 Failure probability

The permitted failure probability pr is subjective.
Therefore we used the recommendation of
Deutsches Institut fiir Normung 1981. On the base of
safety classes the safety index [ is classified.

Table 7. Safety index [ and the corresponding failure probabil-
ity for predefined safety classes

limit state safety classes
1 2 3
deformation 2,5 3,0 3,5
6,21- 107 1,35-10° 1,35-10"*
bearing 4,2 4,7 5,2
capacity 1,34- 107 1,30-10° | 9,98-10"

The failure probability is determined with the MCS-
method, because the implemented variables are not
correlated.

The value depends on the formulation of the limit
state function g(x), the statistical parameter of the
integrated variables, especially of the standard de-
viation Gg(x), and on the analytical or numerical cal-
culation method SCHONHADT 2002.
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For a given failure probability of p=1,35-10" 10
realisations M are necessary. To improve the preci-
sion on the factor 10, 100 times more simulations
are to do.



F; A
e
/ D .
Y, e ﬁ precision

D — constant variable

S
! 10"

&
T == ===

S B S Y

4 0 10000 50000 100000

B
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number of realisations M, MULLER 1979

5.5 Example

For example we consider a square sized spread ma-
chine footing loaded with

- one axial moment m = 500 kNm

- centrically vertical load n =1.200 kN

The surface has a stratum of 127,50m. We have as-
sumed that no ground improvement will be done. In
table 8 the necessary foundation dimension for a
quadratic geometry are summarized.

Table 8: Dimensions b of a quadratic shallow foundation in
dependency of the adaptive ground modelling and the devia-
tion of the single results to the reference location in Table 6.

prelimi- | detail in- | detail in- | detail in- | reality
nary in- | vestiga- yestigation| vestiga-
vestiga- tion |consistent tion
tion consistent
1 2 3 4 5
b 2,630 2,605 3,205m | 3,530m | 3,450m
A 23,8% 24,5% 7,2% 2,3% 0,0 %

These foundation dimensions are determined by 10°
realisations using the different prediction of soil
modelling. In this example the incomplete knowl-
edge of the real strata and stiffness of the layers lead
to an underestimation of the necessary dimensions to
guarantee the allowable relative settlements. The er-
ror is expressed in terms of linear difference of the
footing size.

6 CONCLUSION

Because of the genesis the description and model-
ling of the in-situ soil is complicate. Therefore the
characteristic quantities of the soil are containing

uncertainties and spatial variations. Due limited
budgets there are often only few data from soil in-
vestigation. Ground models, based on small data
sets, will produce inadequate estimations.

With the use of geostatistical methods we can pro-
duce better estimations between the given data set
than with interpolation. A homogeneous profile at
certain location can be determined.

An important aspect for using geostatistical mod-
els is the determination of anisotropy and the trend
behaviour. Without this knowledge all estimations
could not be better than a subjective estimation of
expert.

The presented 3d-homogeneous model contains
information to correlations between the integrated
quantities, the regionally distribution, the anisotropy
and the trend behaviour. Nevertheless this model is
inconsistent to the reference results. Therefore the
method of smoothing splines is additional inte-
grated. The comparison of model results with the re-
alistic profile is able to improve the estimation of the
homogeneous model. Alternative there exist other
polynomial methods. The use of them depends on
the actual boundary conditions.
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