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Abstract: In the calculation of structural reliability often variation of material characteristics and action
effect is considered. The accuracy of reliability assessment depends on how precisely it is possible to grasp
statistical concepts of material characteristics and action effect. In this paper author would like to discuss
the fact that concerning foundation structures the highest variation in reliability assessment is not caused
with material characteristics or load effect but in the model of soil-structure interaction itself. Above
mentioned problem is demonstrated in the example of strip foundation / foundation slab.
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1. Introduction

In buildings, the foundation structures are required to transfer all load components from the upper
construction onto subsoil. Typically, attention is paid to the transfer of the vertical load components which
is applied in the direction of Earth’s attraction. The interaction between various types of environment has
been discussed for several years. In order to define the state of stress more precisely, in particular that of
foundation structures, it is essential to define, on one hand, how rigidity of the foundation structure
influences the settling process and, on the other hand, how rigidity or elasticity of subsoil influences
internal forces within constructions. First works about this topic include those written by Gorbunov-
Posadov, Winkler and Pasternak (Cajka, 2008).

Application of numerical methods in practice started upon launch of computers. A general variational
method for analysis of building constructions — Finite Element Method (FEM) — has been developed in
detail by now. Several scientists were dealing with a surface model, the best known being a multi-parameter
model of subsoil processed by (Kolai and Némec, 1989). Authors dealing with the state of stress in subsoil
caused by vertical and horizontal forces include (Poulos and Davis, 1974). The other theory of soil—
structure interaction and subsoil—foundation contact tasks were investigated (Abdel Rahman and Edil, 1991;
Qian and Zhang, 1993; Reitinger and Svejda, 1998; Provenzano, 2003; Katzenbach, Schmitt and Turek,
2005; Cajka, 2003, 2005; Cajka and Manasek, 2005; Souli and Shahrour, 2012).

2. Foundation slab with stiff walls

Pregnancy of various models and stiffness of foundation in the foundation—subsoil interaction system was
solved by the authors software in the example below taken from (Reitinger and Svejda, 1998). The software
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MKPINTER (Cajka, 2010) is based on FEM with thick slab theory (Mindlin, 1951), numerical integration
(Davis and Rabinowitz, 1956) and nonlinear elastic half-space modified by means of the structural strength
of the soil (Cajka, 2003, 2005, 2008).

Let us assume a foundation slab on subsoil. The slab is reinforced longitudinally with stiff walls. The
subsoil is modelled by means of 3D FEM as a linearly elastic half-space. But non-linearity is not taken into
account and the structural strength is not modified.

Dimensions and loading data are evident from Fig. 1 which was taken from (Reitinger and Svejda,
1998). But there is a correction in the Poisson’s ratio for concrete and clayey subsoil which were evidently
confused with each other. Results of the published solution are in Fig. 2.

The published example (Reitinger and Svejda, 1998) deals, for purposes of comparison, with an
interaction task where a slab is located on a half-space and on Winkler’s subsoil. The modulus of subsoil,
k=1250 kN-m”, was chosen in such a way so that subsidence in the defined 4 point could be same for the
both models.
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Figure 1. Foundation slab with longitudinal walls
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Figure 2. Internal forces in the transversal direction obtained by solution of a slab in a subsoil model with 3D elements and in a

Winkler’s subsoil model according to 1
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Figure 3. Deformation of the slab and settlement of subsoil vs. structural strength of the soil in subsoil of a contact element —

without iterations
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Contact stress, IntPoint=8 (0 iteration)
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Figure 4. Contact stress vs. structural strength of the soil in subsoil and depth of the deformation zone if a contact element is used —
without iterations
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Figure 5. Contact stress vs. structural strength of the soil in subsoil and depth of the deformation zone if a contact element is used —
9™ jteration
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The same example can be used for an iteration task consisting in a slab on an elastic half-space which is
modified by means of the structural strength of the soil pursuant to CSN 73 1001, CSN EN 1997-1 and
CSN EN 1992-1-1.

A typical representative of the mentioned parameters of the subsoil is clayey soil, F4 class, with solid
consistence. The reference value of the modulus of plasticity is Eqr= 4 — 6 MPa. Poisson’s ratio is v=0.35,
volumetric weight is v=18,5 kN'm™ and the coefficient of structural strength of the soil in subsoil is
m = 0.2. The calculation was also carried out for other coefficients — m =0.1; 0.3; 0.4 and 0.5 — which
model various rigidities of the subsoil. The coefficient which approaches zero for m = 0.01 and 0.001 model
the subsoil of a standard linear elastic half-space.

If the deformation and state of stress in soil environment are modelled by means of 3D finite elements
and if a sufficiently big domain is chosen, the results should be same as those calculated from explicitly
derived relations.

The solution to a 3D task of a linear elastic half-space is among few tasks which have been derived
from general equations of the theory of elasticity and fulfil all conditions applicable to solutions in a closed
shape.

Thus, the Finite Element Methods as well as the approximate numerical method should have, or at least
should converge to, same results for the task if the 3D element should be regarded as a correctly derived
element. If the domain of the 3D subsoil (or 3D subsoil, in case of a planar task) is made smaller the results
are different for 3D FEM elements because the domain and, in particular, the depth of the domain are
chosen by estimates. This situation indicates well presence of non-compressible subsoil (such as rock)
which corresponds to the specified zero deformations on the lower edge of the area. In other cases, the
scope of the domain should be determined by calculations.
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Figure 6. Transversal moment vs. structural strength of the soil in subsoil and depth of the deformation zone if a contact element is
used
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Results of the FEM interaction method are clear from Fig. 3 to Fig. 6 where development of the subsoil
settlement and deflection of the slab is plotted for calculations without iteration (0™ iteration step). The
figures also show development of the contact stress for the initial (0™ iteration) iteration and for the last
iteration step (9" iteration) and development of bending moment in a slab for various rigidities of the
subsoil. The used contact element (Cajka, 2003, 2005, 2008) satisfies non-linear deformation properties of
subsoil pursuant to CSN 73 1001 and European Standards CSN EN 1997-1 and CSN EN 1992-1-1.
Solution results achieved with the structural strength coefficient being close to zero (m = 0.01 through
m = 0.001) correspond to a big deformation zone. The solution with non-real settlement and moments
converges towards results of iteration of a slab on a linear elastic half-space (without influence of
structural strength of the soil) and, in turn, towards the solution achieved if FEM 3D elements are used in
line with (Reitinger and Svejda, 1998).

3. Convergence towards the exact solution

As it follows from general formulation of FEM, theory of integral computations and accuracy of numerical
integrations (Davis and Rabinowitz, 1956), two key factors affect the convergences towards the
theoretically exact solution of the stress and deformation in the foundation- subsoil model (Cajka, 2008):

— division of the construction into finite elements, the applied slab theory and the degree of the
approximation polynomial of the element (the convergence of the slab),

— approximation accuracy of development of the subsoil settlement and stress which is influenced by the
number of Gaussian integration points. The number of the Gaussian integration points determines the
degree of a polynomial which approximates development of stress in a linearly elastic half-space (the
convergence of subsoil).

The convergence of a slab element towards the exact solution has been verified for a freely supported
slab without any subsoil. An even continuous load and a single load in the centre of the slab were
considered. It follows from the comparison of the results with the exact solution from the literature that the
solution converges in accordance with the FEM theory.

Accuracy of the numerical integration in calculations of the stress and settlement of the half-space was
tested in reference examples which were confronted to data available in the literature. Comparison
calculations indicate that an acceptable technical accuracy is reached when 6 integration points are used.

Because development of the contact stress influences deformation of both the slab and subsoil, it is
clear that the division of the construction into finite elements affects directly description of the contact
stress development in the subsoil. The more finite elements are used, the more accurate is the contact stress.

In each iteration step, it is possible to check vertical balance as a difference in the sum of the load and
the resulting force (the integral) of the contact stress. The more iteration steps are used, the lesser is the
difference.

The fineness of the FEM network division influences also calculations of the stress and settlement of
the half-space because the network divides the domain of the loaded half-space which is being integrated
into partial sub-domains where the individual increases in stress caused by the elements should be added
up. The more elements are available, the less integration points are needed for the same accuracy (Cajka,
2008). From the mathematical point of view, this finding results also from the characteristics of the
composite integration formulae in integration of partial intervals and FEM convergence. New possibilities
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of FEM solution and decreasing the time for solvers and integration procedures offer the methods of
parallel programming (Konecny, Brozovsky and Kiivy, 2010).
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