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Abstract

The paper presents an influence problem of the rotational flexibility of supporting joints on steel frames behaviour. A sub-
stantial part of the paper is devoted to, neglected in the engineering practice, issue of rotational flexibility of the foundation-
subgrade system. This problem was analyzed on the assumption that the foundation in the form of a rectangular rigid punch 
rests on a homogeneous medium of finite depth. Suitable analyses of the foundation were done using several subgrade models: 
Winkler’s model, elastic half-space (in the classic approach) and with the use of the boundary element method, as well as 
HS model (hardening soil) by application of the finite elements method. The phenomenon of rotational flexibility of footings 
resting on a soil subgrade was analyzed within the linear range. It was shown, that the practical assessment of rotational stiff-
ness of footings resting on subgrade can also be performed by using simple methods (e.g., based on the Winkler’s model). 
The presented evaluation methods of the whole flexibility supported joints were used in the static and stability analyses of 
the certain steel frame. The presented results confirmed a significant influence of the flexibility of the supporting joints on 
the steel frames behaviour.

Keywords Steel frames · Semi-rigid joints · Static analysis · Stability analysis · Soil-subgrade interaction

1 Introduction

Due to their economic advantages, semi-rigid frames are 
often a subject of both empirical and theoretical research. 
Numerous papers have been published so far concerning 
semi-rigid joints (e.g., Chen et al. 2011; Kozłowski 1999; 
Lorenz et al. 1993), as well as frames constructed with them 
(e.g., Chen et al. 1996; Dhillon and O’Malley 1999; Galea 
1987).

It has to be noted that the European standard code for 
steel structures design (EN 1993-1-8: 2005) contains rel-
evant guidelines which allow to calculate steel frames taking 
into account the flexibility of internal joints (e.g. beam-to-
column joints). However, in case of external (supporting) 
joints, composed of a column base and foundation embed-
ded in the soil, the standard code (EN 1993-1-8: 2005) only 
allows to define the flexibility of simple column bases.

The herein mentioned standard, as well as other Eurocode 
parts lack guidelines for calculating the rotational flexibility 
of foundation embedded in soil. Due to this, flexibility of 
foundation-soil system is usually ignored in practice. Adopt-
ing the frame supporting joint in the form of a rigidly fixed 
foundation in soil raises some objections, because such type 
of support does not take into consideration the unavoidable 
rotation of foundation as a result of fixing moment. This 
phenomenon always leads to certain redistribution of dis-
placements and internal forces in frame.

It is worth mentioning that the problem of soil-structure 
interaction is a well-known phenomenon. There are numer-
ous articles on this subject (e.g., Bull 1994; Selvadurai 
1979), which describe the problem in many aspects. How-
ever, the literature on this topic lacks accessible, ready-to-
use procedures which could be directly applied to the practi-
cal design of the steel frames with semi-rigid joints.

This paper attempts to assess the influence of foundation-
soil subgrade system flexibility on statics and stability of 
unbraced steel frames.

Firstly, an extensive analysis was carried out of the foot-
ing foundation response resting on Winkler’s subgrade and 
on the elastic half-space subgrade. Calculations for the 
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foundation-subgrade system were also performed using 
numerical methods such as the boundary element method 
(BEM) and the finite element method (FEM). Next, all the 
used calculation methods were compared and their practical 
usefulness was evaluated.

This paper analyses influence of the rotational foundation 
stiffness on the statics and stability of the frame using a certain 
unbraced steel frame as an example. The obtained solution 
results significantly show that the foundation-soil interaction 
in frame structures is of great practical importance.

The remarks and conclusions presented herein may, accord-
ing to the author’s belief, be applied particularly in practical 
design of semi-rigid steel frames.

2  Sti�ness of Frame Supporting Joint

Let us consider the typical, semi-rigid supporting joint 
of frame, subjected to the normal force N and the bending 
moment M.

It can be observed that the total stiffness of that joint is com-
posed of two stiffness kinds (Fig. 1a): stiffness S1 of column 
base connected to footing foundation and the footing foun-
dation embedded in soil. The considered supporting joint of 
frame can thus be mapped using the model composed of two 
semi-rigid joints (Fig. 1b).

The rotational stiffness of each component in the supporting 
joint can be described according to the relation

If both semi-rigid joints are located close to each other, 
then, based on Fig. 1b, it is easy to define the equivalent 
stiffness S of the whole supporting joint in the elastic range 
(S1 = const. i S2 = const.).
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A graphical interpretation of M − ϕ characteristic for the 
individual components of the supporting joint was presented 
in Fig. 2. It can be easily seen that the equivalent stiffness S 
of the analyzed supporting joint is always smaller than the 
stiffness of each of the support components.

The problem of determining realistic stiffness S1 of semi-
rigid column bases is a well-known issue, discussed e.g. in 
Ermopoulos and Stammatopoulos (1996, 2011). Also the 
Eurocode 3 (EN 1993-1-8: 2005) contains certain proce-
dures regarding assessment of stiffness and resistance of 
semi-rigid column bases.

Evaluation of supporting joint stiffness S2 causes a lot 
more problems in practice. There is little information in the 
literature about analysis and design of steel frames concern-
ing the way of determining this kind of stiffness. Among 
few papers discussing this problem which the author knows 
about, the following papers can be mentioned (Eröz et al. 
2008; Galambos 1959; Pałkowski and Krystosik 2011; 
Stamatopoulos 2012). It should be noted that the current 
European standards also lack guidelines for determining the 
rotational S2 stiffness.

The correct determination of both S1 and S2 stiffness 
requires considering the normal force N activity. In case 
of S1 stiffness the standard (EN 1993-1-8: 2005) contains 
appropriate procedures taking into account both value and 
sign of N force in calculations.

When determining the rotational stiffness S2 of footing 
foundation the combined action effect of normal force N and 
bending moment M may cause relatively high stresses under 
foundation. It can lead to a significant reduction of the soil 
deformation modulus E0, which in turn affects decrease of 
the total foundation-soil system stiffness. The reduction of 
stiffness S2 can also be caused by partial uplift of the founda-
tion from subgrade as a result of the normal force N acting 
on a large eccentricity e (M = Ne).

To sum up, it can be stated that if in the ultimate limit 
state of structure, the limit stresses in soil are not exceeded, 
as well as the maximum value of eccentricity e do is not 
overstepped, then stiffness S2 can be determined using the 
following presented methods.

Fig. 1  Semi-rigid supporting joint: a the real joint, b the model of 
semi-rigid joint Fig. 2  M − ϕ characteristics of supporting joint
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2.1  Relation M − ϕ for the Footing 
Foundation‑Winkler’s Subgrade System

Winkler’s model is the simplest single-parameter model of 
soil subgrade. An assumption has been made in this model 
that the foundation is supported on an infinite number of elas-
tic elements that are arranged vertically on a horizontal non-
deformable surface (see Fig. 3).

A constant parameter that represents stiffness of the sub-
grade under the foundation is the subgrade reaction coefficient 
ks [kN/m3]. Representation of response of the complex nature 
of the foundation-subgrade system by means of one parameter 
is a certain simplification, whereas accuracy of the solution 
obtained depends to a great extent on the properly applied 
value ks.

Determining the elastic rotational stiffness S2 of eccentri-
cally loaded rectangular foundation can be defined by a simple 
formula (El Naggar and Allotey 2003):

Among many various relations used to define the subgrade 
reaction coefficient ks a very good estimation, in case of eccen-
trically loaded footing foundation, is obtained from the for-
mula (Gorbunow-Posadow 1956):

where E0 is the soil deformation modulus, A is an area of 
foundation, and the coefficient ω, that depends on α = L/B, 
is described with the following equation:
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The rotation angle ϕ value for a stiff rectangular foundation 
that has been eccentrically loaded and rests on Winkler’s sub-
grade can also be determined using Taylor’s formula (Bowles 
1997):

where m is a parameter that depends on foundation dimen-
sions, calculated from the equation:

After simple transformations of the Eq. (6) may create a 
formula for footing foundation rotational stiffness:

This equation was successfully used by the author for prac-
tical calculations of frames with semi-rigid supporting joints 
(Pałkowski and Krystosik 2011).

2.2  Relation M − ϕ of the Footing 
Foundation‑Elastic Half‑space

Formulation of a closed solution that would describe behav-
iour of the foundation resting on elastic half-space is possible 
only in few cases. For example, Borowicka (1943), using Fla-
mant’s solution presented functions that described distribu-
tion of stresses and displacements of an eccentrically loaded 
strip foundation for a planar problem. In his paper (Borowicka, 
1943) he also presented a solution for a spatial problem of an 
eccentrically loaded circular punch (see Fig. 4). This relation 
looks as follows:
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Fig. 3  Scheme of the footing foundation-Winkler’s subgrade system Fig. 4  Displacements of an eccentrically loaded circular punch
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On the basis of Eq. (9), and after substitution of Ne = M, 
one can get a formula for rotation of a stiff circular founda-
tion caused by the moment:

One may easily get from formula (10) a relation for rota-
tional stiffness of a circular footing foundation:

The Eq. (11) can also be used to assess rotational stiffness 
of a rectangular footing foundation resting on elastic sub-
grade. For this purpose, in formula (11) circle radius r 

should be substituted with 4

√

BL3
/

3� expression.

Another example of a relation that can be used to calcu-
late the rotational stiffness of rectangular foundation is e.g. 
Gazetas’ formula (Gazetas 1991):

where Iy is the moment of inertia of the footing foundation 
area.

2.3  Relation M − ϕ of Footing Foundation‑Elastic 
Half‑Space System from BEM

An effective method for solving problems of foundation 
interaction with the elastic half-space can be achieved by 
applying the boundary element method (BEM), which is 
frequently used, along with the fine element method (FEM), 
in practical calculations.

Obtaining the result, which is presented as an integral 
equation in BEM, requires assumption of certain fundamen-
tal solution. In case of elastic half-space, such a solution will 
be the Bousinessq’s equation (1872). Usage of the equation 
allows to formulate the researched problems by physical val-
ues i.e., displacements and forces (Aleynikov 1996). Thanks 
to this, complex engineering problems can be defined and 
solved in a fairly easy and efficient way.

Determination of elastic rotational stiffness for eccen-
trically loaded footing foundation resting on half-space, in 
terms of BEM, was performed using SOFISTIK software 
(SOFiSTiK 2011).

The foundation-soil subgrade system was modelled as a 
rectangular rigid punch composed of eight-node solid brick 
elements resting on the boundary surface of the half-space 
(see Fig. 5).

In the modelling process uneven division of the boundary 
surface was applied. The elements mesh was made denser at 
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the edges and corners of the foundation i.e., in those places 
where stresses concentrate.

This allowed reducing the number of displacements of 
the analysed model that were searched for. Connection of the 
nodes at the setting level between the footing foundation and 
half-space edge was accomplished by unilateral constrains 
that would carry only compression.

The pressing-in loads and those rotating the foundation 
model were represented by surface loads applied to the top 
foundation surface. The calculations were performed by 
application of the incremental-iterative method.

2.4  Relation M − ϕ of Footing Foundation‑Subgrade 
System from FEM

The finite element method (FEM) has been the most effec-
tive tool for solving complex engineering problems for many 
decades. Currently this method is a well-known and rec-
ognised tool used in design of complex civil engineering, 
aquatic engineering, and shipbuilding and aviation systems 
as well as in many other fields of science and technology.

Dimensions of soil bulk relating to the smallest founda-
tion side B have been adopted in FEM analysis of interac-
tion between the footing foundation-soil subgrade systems—
this is illustrated in Fig. 6. This allowed to get results that 
would only slightly differ from those which would have been 
obtained for theoretically infinitely big soil volume.

The zone of contact between the foundation and subgrade 
was modelled by applying discrete elements carrying only 
compression.

To minimise the number of unknown displacements, half 
of the foundation-subgrade system with properly considered 
boundary conditions (see Fig. 7) was directly analysed. Fur-
thermore, uneven division of the model into finite elements 
was used to discretize more intensely those elements, in 
which concentration of stress occurs.

The loading method and calculations were applied in the 
same ways as in BEM analysis.

Fig. 5  Model of footing foundation resting on half-space surface
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HS (hardening soil) model was used in the FEM calcu-
lations (Benz 2006). This model takes into account such 
phenomena as variability of soil stiffness, plastic flow 
effects, and soil volume changes during compression–com-
paction or dilatancy, or compaction during compression. 
The plasticization process and isotropic hardening associ-
ated with it are controlled by a maximum of four plastic 
surfaces. Additionally, in HS model it is important to give 
consideration to the non-linear relations between the stress 
condition in the subgrade and its stiffness. Using relevant 
power expressions, values of the following moduli were 
made conditional on effective stress; this pertains to the 
primary loading modulus—Eoed, E50, and unload–reload 
modulus—Eoed. This allows illustrating the response of the 
building—subgrade system taking into account non-linear 
relationship σ − ε of soil in the area of large, and partly 
small, strains.

3  Analysis of Rotational Sti�ness 
in a Rectangular Footing Foundation

Based on the presented subgrade models and described 
computation methods, a parametric analysis of rotational 
stiffness for selected footing foundations resting on soil 
subgrade was performed. Stiffness was determined for 
various proportions of footing foundation sides α = L/B 
within the range from 1/3 to 3, with preservation of the 
same surface area A of 2 m2 (see Table 1).

Averaged, experimentally defined, geotechnical param-
eters of subgrade profile (Larsson 2001) and values deter-
mined in BEM and FEM models (see Table 2) were used 
in calculation.

During the calibration process of soil parameters the 
results of experimental test PLT (plate loading test) were 
used (Larsson 2001). They were performed on stiff square 
foundation featuring side length of 1 m. Comparison of the 
PLT test with numerical calculations of settlement for the 
foundation is illustrated in Fig. 8.

As one can easily note, the real soil subgrade responds 
as elastic continuum in case of small stress values. For 
this reason displacements calculations of foundation can 
be herein obtained with the use of linear subgrade models 
(e.g., Winkler’s soil model, elastic half-space).

However, causing in the soil relatively large stresses 
leads to the appearance of nonlinear strain increase. In 
such cases the analysis of foundation-subgrade system 

Fig. 6  External dimensions of the analysed soil bulk

Fig. 7  Footing foundation model

Table 1  Listing of foundation 
dimensions in projection � =

L

B

1

3

1

2

2

3

1 3

2

2 3

L (m) 0.816 1 1.155 1.414 1.732 2 2.449

B (m) 2.449 2 1.732 1.414 1.155 1 0.816

Table 2  Soil subgrade parameters

Soil parameters defined in tests (Larsson 2001)

 Soil weight � 20.9 kN/m3

 Internal friction angle φ 32º

 Cohesion c 12 kPa

 Poisson’s ration v 0.25

 Lateral pressure coefficient ko 0.5

Parameters defined during the calibration process

 Modulus E0 65 MPa

 Modulus E50 24 MPa

 Modulus Eoed 24 MPa

 Modulus Eur 120 MPa

 Power index m 0.3

 Failure factor Rf 0.95

 Reference pressure pref 100 kPa
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is much more difficult, yet possible by applying methods 
and models which take into account the physical nonlin-
earity of soil. For this purpose the incremental-iterative 
FEM analysis can be applied with the use of advanced soil 
model, e.g. HS model.

The objective parametric analysis was carried out, ver-
tical load applied at the foundation level was assumed as 
N = 400 kN, which is equivalent to the averaged value of 
the bearing pressure q0 = 200 kPa. To compare, the maxi-
mum value of the bearing pressure calculated according to 
(EN 1997-1: 2007) for the analysed foundations is approx. 
800–900 kPa. It can therefore be assumed that the obtained 
results for adopted loads and in the range of small founda-
tions rotations are reliable for all used models and methods.

The deformation modulus E0, being a measure of soil 
stiffness, was used in calculations of stiffness S2 for foun-
dations resting on the Winkler’s subgrade, half-spaces in 
classical form and BEM. The remaining deformation moduli 
were used in FEM calculations.

While performing calculations by application of FEM, 
the initial stress state in the subgrade was taken into account 
in accordance with the formula �(z) = � z , whereas in the 
other cases a weightless subgrade models were applied.

Determined values for the rotational stiffness S2 of footing 
foundations for the analysed ratios α = L/B are presented in 
Table 3.

Examples of relations M − ϕ foundation-subgrade sys-
tems were graphically illustrated in Figs. 9, 10 and 11.

Comparison of footing foundations stiffness S2 for sides 
proportions of α = 0.5 and α = 2 was presented in Fig. 12.

Based on the presented analysis results one can easily 
see a fairly obvious dependence of the foundation-subgrade 
system stiffness on the footing foundation dimensions, i.e., 
the higher the L/B ratio, the larger the rotational stiffness of 
the foundation.

Application of numerical methods (BEM and FEM) in 
solving the foundation-subgrade interaction problem allowed 
to verify the results obtained from simple formulae (3), (8), 
(11) and (12). By analyzing the obtained results in detail 
it can be seen that on average, the smallest values of rota-
tional stiffness S2 were obtained using formula (3) whereas 
the largest ones—using the FEM method. The differences 
between the stiffness extreme values amount to approx. 40%. 
It is worth noting that the average differences between the 
results originating from application of FEM and from for-
mula (8) are smaller and amount to slightly more than 20%.

Fig. 8  Comparison of q − δ relations obtained for various subgrade 
models

Table 3  Values of S2 stiffness 
[kN m/rad] � =

L

B

1

3

1

2

2

3

1 3

2

2 3

Winkler’s subgrade

 S2 acc. to (3) 2.03 × 104 2.53 × 104 3.05 × 104 4.09 × 104 5.60 × 104 7.08 × 104 9.95 × 105

 S2 acc. to (8) 2.39 × 104 3.02 × 104 3.61 × 104 4.70 × 104 6.27 × 104 7.84 × 104 1.11 × 105

Elastic half-space

 S2 acc. to (11) 2.13 × 104 2.89 × 104 3.59 × 104 4.86 × 104 6.59 × 104 8.18 × 104 1.11 × 105

 S2 acc. to (12) 1.70 × 104 2.45 × 104 3.17 × 104 4.56 × 104 6.57 × 104 8.51 × 104 1.23 × 105

BEM

 S2 2.21 × 104 3.03 × 104 3.74 × 104 5.03 × 104 6.91 × 104 8.76 × 104 1.54 × 105

FEM

 S2 2.64 × 104 3.75 × 104 4.42 × 104 5.68 × 104 7.63 × 104 9.70 × 104 1.36 × 105

Fig. 9  Characteristics of stiffness S2 determined for Winkler’s sub-
grade from formula (8)
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In summary, it can therefore be stated that the computer 
methods used in the analysis confirm a high usefulness of 
equations presented in the work, in particular formula (8). 
These equations, according to the author, can be success-
fully used in practical evaluation of footings foundation 
stiffness.

4  A Numerical Example of Steel Frame 
Analysis

Influence of rotational flexibility of the supporting joints 
on behaviour of steel frame was presented on a certain 
example. The static calculations were performed using the 
second-order elastic analysis, while the stability calcula-
tions were made with the use of the eigenvalues method 
of matrix stiffness. Both kinds of analysis were performed 
using the SOFISTIK software.

The subject matter of calculations is a single-storey 
frame with flexible supporting joints (see Fig. 13). Those 
joints take into account both the stiffness S1 of column 
base and the stiffness S2 of footing foundation-soil sub-
grade system.

Data: P = 120 kN, H = 20 kN, S355 steel, elasticity modu-
lus of steel: E = 210 GPa, frame beam: IPE 400, frame col-
umns: HEB 240, foundation concrete: C 25/30, soil subgrade 
parameters: sandy clay, cohesion of soil: c = 15 kPa, internal 
friction angle: φ = 32°, E0 = 40 MPa, v = 0.25.

In the adopted frame system, static analysis was com-
menced with an assumption that all frame joints are stiff 
(case I). Calculation results for this case, in form of bend-
ing moments distribution and values of the top frame beam 
displacements, are presented in Fig. 14a.

The force system acting on more loaded support is shown 
in Fig. 14b; values of the forces are: MEd = 136.2 kN m, 
NEd= 308.6 kN, VEd = 91.1 kN. For those forces respec-
tively, column base (see Fig. 15a) and footing foundation 
(see Fig. 15b) were designed in accordance with standards 
(EN 1993-1-8: 2005) and (EN 1997-1: 2007).

The foundation was designed in such a way so that 
obtained force system acting on the footing foundation 
(assuming linear distribution of bearing pressure) would not 
cause uplift of foundation surface from the subgrade. With 
this assumption made, value of stresses under the footing 
foundation centre is equal to 19%, and under more heavily 

Fig. 10  Characteristics of stiffness S2 determined by application of 
BEM method

Fig. 11  Characteristics of stiffness S2 determined by application of 
FEM method

Fig. 12  Graphical comparison of stiffness S2 for sides proportions of 
α = 1/2 and α = 2

Fig. 13  Analysed frame static diagram
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loaded footing foundation edge—38% of the ultimate bear-
ing pressure qu = 899 kPa.

During the course of supporting joint design, rota-
tional stiffness of both components were determined: 
S1 = 38.86 × 103 kN m/rad and S2 = 40.61 × 103 kN m/rad. 
It is easy to see that in the analysed example stiffness of 
foundation-soil system (S2) is very close to stiffness of col-
umn base (S1).

Designated stiffness of supporting joint components were 
used in the static analysis, where the influence of stiffness S1 
and stiffness S2 of supporting joints (case II) were separately 

considered. Results of this analysis were presented in Fig. 16 
(values in brackets refer to calculation of frame with stiffness 
S1 taken into account).

Analogous calculations of the frame were made with 
the use of equivalent stiffness S of the whole supporting 
joint (the total influence of stiffness S1 and S2 was taken into 
account; case III). Stiffness of the whole supporting joint, 
calculated according to (2) amounts to S = 19.86 × 103 kN m/
rad. Results of the static analysis with taking into account 
the equivalent stiffness S of the supports are presented in 
Fig. 17.

Taking into account the rotational flexibility of support-
ing joint in structural analysis caused obtaining more realis-
tic values of internal forces and displacements in the frame. 
First and foremost, values of moments decreased consider-
ably in cross-sections of columns adjacent to supports. In the 
right, more loaded column, values of the bending moments 
decreased by approx. 39%. Horizontal displacements of the 
frame beam increased by 60%.

Based on the newly obtained forces acting on the right 
column supporting joint: MEd = 83.7 kN m, NEd= 311.1 kN, 
VEd = 78.5 kN, and based on the guidelines of standard (EN 
1997-1: 2007), new dimensions of the footing foundation in 
its projection were defined as: L = 1.5 m, B = 1 m, e0 = 0.3 m 
(see Fig. 15b). For smaller dimensions of the footing founda-
tion the maximum value of the ultimate bearing pressure was 

Fig. 14  Results of static calculations: a distribution of bending 
moment [kN m] in frame (case I), b force system acting on the right 
support

Fig. 15  Supporting joint: a col-
umn base, b footing foundation
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qu = 936 kPa. The calculated values of stress under the centre 
of gravity and at the edge of foundation compressed zone 
were approx. 23 and 44% of qu respectively. The change 
of forces system acting on the supporting joint and adop-
tion of the smaller dimensions of footing foundation caused 
reduction of stiffness to the values: S1 = 35.67 × 103 kN m/
rad, S2 = 25.10 × 103 kN m/rad and S = 14.73 × 103 kN m/rad.

Static calculations for the frame of updated supporting 
joints stiffness (S = 14.73 × 103 kN m/rad) caused a further 
redistribution of internal forces and displacements (case IV). 
Results of the analysis are shown in Fig. 18.

Subsequent reduction of the footing foundation dimen-
sions had no significant influence on further change of inter-
nal force values in frame. For this reason, the calculations 
were stopped at this stage.

Apart from static calculations the stability analysis of the 
considered frame was also performed, but loaded only by 
two vertical forces acting on top corner nodes of the frame 
(see Fig. 13).

To determine the values of critical forces Ncr in frame 
columns the eigenvalues method of matrix stiffness was 
used. Values of the effective length coefficient μ of columns 
(Lcr= μh) were calculated using formulas:

where EI is column stiffness and h is height of frame column.
Results of the analysed frame with rigid joint (case I) 

and frame with semi-rigid supporting joints (case II, III, IV) 
were presented in Table 4.

The calculated value of the critical force Ncr in frame 
columns with semi-rigid joint (case IV) is 39% lower than 
the value of that force in frame with rigid joints. This fact 
causes 28% increase of the frame’s effective column length 
with semi-rigid joints.

5  Summary and Final Remarks

The paper discusses the issue of rotational flexibility of the 
footing foundation-soil system and influence of that flex-
ibility on steel frame behaviour.

The first part of the study presents assessment methods 
of the linear foundation-subgrade system stiffness, using 
various subgrade models for this purpose. Based on the 
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Fig. 16  Distribution of bending moments [kN m] in frame (case II)

Fig. 17  Distribution of bending moments [kN m] in frame (case III)

Fig. 18  Distribution of bending moments [kN m] in frame (case IV)

Table 4  Results of the stability analysis

Stiffness [kN m/rad] Critical force 
Ncr [kN]

Coefficient μ 
acc. to (12)

Frame with rigid joint; case I

 S = ∞ 10,279 1.19

Frame with semi-rigid joint; case II

 S1 = 38.86 × 103 8143 1.34

 S2 = 40.61 × 103 8214 1.33

Frame with semi-rigid joint; case III

 S = 19.86 × 103 6899 1.45

Frame with semi-rigid joint; case IV

 S = 14.76 × 103 6295 1.52
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parametric analysis results, it has been demonstrated that 
in practical design process fairly simple formulae, such as, 
for example, formula (8) can be used for rotational stiffness 
determination of rectangular foundations.

However, it should be remembered that accuracy of foun-
dation stiffness assessment depends, to a high extent, on the 
accuracy of defining subgrade parameters i.e. E0 and v.

In the second part of this paper, the influence of founda-
tion flexibility on internal forces values and displacements 
in steel frames was demonstrated using a certain example. 
On the basis of the analysis results, one can easily note 
that taking into account the rotational flexibility of frame 
supporting joint considerably improves real response rep-
resentation of the entire structure. This allows designing 
more economically not only the steel frames but also the 
foundations.

The models and methods for determining elastic rota-
tional stiffness values for the foundation-subgrade system 
presented herein can be applied if the foundation loading 
would not cause:

• expansion of the soil yield in the compressed zone under 
the foundation,

• uplift of the foundation from the soil subgrade in the 
tensioned zone.

To comply with the first condition, one should limit 
values of stress in the foundation level down to a certain 
intransgressible value. In the literature on the subject, e.g. 
(Bowles 1997), the maximum average stress under the foun-
dation equals from 30 to 50% of the ultimate bearing pres-
sure qu calculated using (EN 1997-1: 2007) formula.

Compliance with the second condition requires such foun-
dation design where maximum values of the eccentrically 
acting force N are not exceeded because then stress in the 
soil subgrade under less loaded foundation edge disappears.

To sum up, the phenomenon of supporting joints flex-
ibility has a very important influence on statics and stabil-
ity of steel frames. It should be noted that in many practi-
cal cases, the columns bases and the foundations can have 
similar values of rotational stiffness. It means that both 
kinds of supports components, in similar degree, have 
influence on steel frames behaviour. In such cases in par-
ticular, taking into account the flexibility of both compo-
nents in frames analysis always leads to obtaining more 
accurate solutions.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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