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ABSTRACT 

Modern low-energy house standards suggest that the thermal envelope of the building should be 
designed as a continuous and uniform thermal insulation (TI) layer, so that it encloses the whole 
building - implemented also under its RC foundation slab. However, the insertion of a soft thermal 
insulation layer under the foundations of the building is unfavourable from several points of view of 
earthquake resistance: (a) it increases the compressive and shear stresses in the TI layer, (b) it 
increases the negative effects on the superstructure (increased rocking phenomena), and (c) it prolongs 
the fundamental period of the superstructure (changing dynamic characteristics of the building). 

The main goal of the paper is to identify the possible negative influences of the soft TI layer on 
seismic response of low-energy buildings with technical solutions, which have already been developed 
for non earthquake-prone regions, and to propose structural measures and their application in 
earthquake-prone regions. In the paper a parametric study of the seismic behaviour of buildings 
founded on TI made of extruded polystyrene (XPS) is presented. Selected results are shown in the 
form of nonlinear response spectra, and IDA curves.  

The results show, that extending the fundamental period of vibration could lead to resonance 
plateau of the Eurocode 8 seismic response spectrum, meaning that some very stiff, low-rise buildings 
with short fundamental periods, may produce up to several times larger earthquake forces acting on 
the structure. It was shown that bigger amplifications of selected observed parameters can be expected 
in the case of stiffer buildings with fundamental period of vibration shorter than approximately 0.5 s. 
The negative amplifications in general, as expected, rise with the number of storeys and seismic 
weight of the building. It was also shown that the inelastic behaviour of the superstructure is 
favourable for the composed TI foundation set, because it reduces forces and transfers smaller 
moments onto foundations. 

INTRODUCTION 

In recent years the construction of low-energy buildings has spread widely across Europe, as well as to 
other parts of the world, with the main aim of protecting the environment and saving energy by 
thickening the thermal insulation (TI) layer, as well as by preventing the occurrence of any thermal 
bridges, and by using more efficiently controlled heating and ventilation systems (Dequaire, 2012). In 
this way transmission heat losses through the airtight envelope can be kept at a very low level, so that, 
in top quality low-energy buildings (passive houses), the annual heating energy demand can be 
reduced to less than 15 kWh/m2 (Feist, 1997). With suitable planning, heating loads do not need to 
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exceed 10 W/m2, and can be covered by simple air heating, avoiding the costs of a traditional heating 
system (Schnieders and Hermelink, 2006). Several new passive and low-energy house standards have 
been developed in order to prescribe their energy performance, heat transfer balance, temperature 
losses, the use of thermally insulating windows, and optimisation of heating and ventilation systems 
(Feist et al., 2005). These standards include strict requirements that thermal bridges have to be 
avoided, and that the TI layer should run without interruption all around the building – even under the 
building or its foundations. The technology of new passive and low-energy house standards has 
mainly been transferred from western and northern Europe, and has been adapted so that it can sustain 
the relevant vertical and wind loadings (Merkel, 2004), but there is no guarantee that it could perform 
satisfactorily under cyclic earthquake loadings.  

From the point of view of earthquake resistance, it should be pointed out that, by inserting 
flexible layers of TI between the reinforced concrete (RC) foundation slab and the layer of blinding 
concrete on the ground, the fundamental period of the structure will be prolonged, since, due to the 
horizontal shear deformability of the insulation layer, the building will oscillate more slowly than on 
firm ground. The fundamental periods are additionally increased by rocking effects, which are a 
consequence of the vertical deformability of the insulation layer (Figure 1). Most passive houses are 
low-rise buildings with short fundamental periods which could be elongated by the insertion of a TI 
layer, and thus move into the resonance part of the design response spectrum (into the period of 
constant accelerations). In such cases the expected top accelerations of the structure could increase by 
a factor of two or three in comparison with a structure on a fixed base. Such an increase could lead to 
damage to the superstructure or its content, which should not be ignored. However, if the fundamental 
period of the superstructure is already on the plateau of constant accelerations, the insertion of TI 
under the foundation slab might prolong the structural period into the descending branch, so that the 
seismic forces acting on the structure might be reduced. Only in this case will the TI layer act as a 
traditional seismic base isolation system (Christopoulos et al., 2006, Kilar and Koren, 2009), so that 
the earthquake induced forces would be reduced. 

 

 
Figure 1. Composed TI foundation set of buildings without a basement, and the possible seismic response of 

such buildings. 

Various insulating materials can be used for the TI layer, although in practice the most 
commonly used ones are cellular glass gravel insulation, cellular glass insulation boards, and extruded 
polystyrene (XPS) insulation boards (whose use is assumed in this paper). These materials are mainly 
used due to their high compressive strength and their water resistance (Kilar et al., 2014b, Méar et al., 
2007). The behaviour of buildings founded on TI, when subjected to earthquake ground motions, is to 
a certain extent similar to the problems of nonlinear dynamic SSI. In both cases foundation settlement 
can occur, as well as sliding and rocking of the foundation, the formation of a gap between the footing 
and the TI/soil, and energy dissipation due to hysteretic effects (Figure 1).  
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The seismic safety of passive houses has also been the subject of a recently concluded project 
“Seismic Safety of Passive Houses” that was founded by Slovenian Research Agency and leaded by a 
research group on the Faculty of Architecture in Ljubljana (Kilar et al., 2012) in cooperation with 
other partners. In the first stage of the research it was pointed out that particularly problematic from 
the seismic point of view are the buildings founded on a layer of thermal insulation. A preliminary 
studies (Kilar et al., 2013) have shown that the seismic response of such buildings is in some cases 
significantly altered if compared to the fixed base buildings’ response and cannot be neglected. As we 
have continued with more detailed parametric studies of passive houses using nonlinear dynamic 
analyses and spring modelling of the thermal insulation we have come across of a problem of 
uncontrolled sliding on the individual layers of TI boards (Azinović et al., 2014a, Azinović et al., 
2014b). Additionally, a detailed case study of exemplar 4 storey RC frame structure founded on a 
layer of TI with the included soil-structure interaction (SSI) was performed (Koren and Kilar, 2014a, 
Koren and Kilar, 2014b). The studies have shown that structures with TI beneath the foundation slab 
exhibit larger nonlinear deformations in comparison with structures without TI. It was also shown that 
the analysed structures obtain their maximum response values in case of structures lying on a firmer 
soil. In the final stage of the project also the other construction details enforced by producers of 
passive and low energy houses have been studied from point of view of seismic resistance. The most 
critical structural and thermal insulation crossings were identified at the base plate – wall connections, 
balcony fittings, setback loggias and wall – roof plate connections (Kilar et al., 2014a). Their eventual 
influence for increasing of seismic risk of such building still needs to be studied in the near future. 
 The main goal of this paper was to present results of the possible negative effects of the 
insertion of a TI layer under the RC foundation slab of a building and limitations for the use of 
buildings with thermally insulated foundations in earthquake-prone regions. For this reason an 
extensive parametric study of fixed base buildings (FB models) and buildings with thermally insulated 
foundations (BI models) was performed. It was assumed that these buildings have no basement, and 
that the horizontal reaction of the soil can be neglected. The study includes the nonlinear dynamic 
response of superstructures with different stiffnesses, strengths, weights and ductility capacities, as 
well as height/width and floor plan depth/width ratios, which are founded on TI of different types and 
thicknesses. The study thus includes various types of realistic regular passive houses made of different 
materials, using different structural systems, with different basic geometrical data and different 
weights. In this paper only the most interesting parameter variations were shown. It was assumed that 
both buildings were founded on a very stiff soil, in order to eliminate other soil-structure interaction 
problems, except those related to the TI layer. Some preliminary test analyses based on simply 
elastically restrained rigid body model of the superstructure and response spectrum method indicated 
that, in this case, the expected differences between the two models are largest (Kilar et al., 2013, 
Koren and Kilar, 2014b). The selected results are presented in the form of nonlinear response spectra, 
and in the form of IDA (incremental dynamic analysis) curves in order to determine which are the 
maximum ground motion intensities that the selected BI building can still safely withstand. The results 
show that amplification of the most of Engineering Design Parameters (EDPs) can be expected in the 
case of stiffer buildings with higher strength ratios, which is also in compliance with the SSI findings 
(Bhattacharya and Dutta, 2004, Raychowdhury, 2011, Roy and Chandra Dutta, 2010). 

NUMERICAL MODELLING 

The superstructure and the RC foundation slab of the considered passive buildings were modelled by 
means of 2D finite frame elements, with corresponding widths, stiffnesses, and strengths, using 
OpenSees software (McKenna et al., 2000). The thermal insulation was modelled by a set of nonlinear 
springs, which acted as compression only contact elements. The nonlinearities of the building structure 
were concentrated in a flexural plastic hinge at the base of a column line element with the mass of the 
whole building on the top of it. The seismic ground motions were applied in the horizontal direction 
only. The damping matrix was proportional to the mass and to the initial stiffness matrices. 5% 
damping was assumed in the first and second mode of vibration. 
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Figure 2. Comparison of the fixed base (FB) and base isolated (BI) building models. 

 Our main research interest was to investigate the differences between the structural seismic 
response of conventional fixed-based buildings and that of the passive-house variants of the same 
building in an earthquake-prone region. For this reason comparisons were made between the seismic 
response of a fixed based structure (the FB model) and that of the same structure with an inserted soft 
layer of TI between the blinding concrete and the RC foundation slab (the BI model). For this purpose, 
the global structural response of the superstructure was modelled in the analysis by means of a 
simplified SDOF model (Ayoub, 2007, Azinović et al., 2014b) with degrading pinched hysteretic 
behaviour. The TI material (XPS boards) under the foundation was modelled by a set of vertical and 
horizontal springs with non-linear hysteretic behaviour. The input parameters of the simplified SDOF 
system were evaluated from a finite element analysis of previously studied passive house structures, 
along with the general assumptions of structural dynamics.  
 The performed analyses were nonlinear time history analyses (NTHA). The investigated 
models were within the domain of the parametric study (Azinović et al., 2014b), where more detailed 
data about the numerical modelling are available. The selection of 7 ground motions (Table 1) from 
the ESD database (Ambraseys et al., 2002) was made by REXEL software (Iervolino et al., 2010), and 
can be found in (Azinović et al., 2014b). The results presented in this study were always calculated as 
average values of the response of the investigated structures to 7 selected ground motion accelerations. 
 

Table 1. The ground motions considered in the present study (Ambraseys et al., 2002). 

Waveform 
ID 

EQ 
ID 

EQ Name 
Distance 

[km] 
Mw 

Duration 
[s] 

PGA 
[m/s2] 

PGV 
[m/s] 

000055xa 34 Friuli (Tolmezzo), 1976 23 6.5 36.53 3.50 0.21 
000198ya 93 Montenegro (Ulcinj), 1979 21 6.9 40.37 2.20 0.26 
000055ya 34 Friuli (Tolmezzo), 1976 23 6.5 35.40 3.10 0.33 
000287ya 146 Campano Lucano (Bagnoli Irpino), 1980 23 6.9 72.55 1.78 0.30 
000294ya 146 Campano Lucano (Bisaccia), 1980 26 6.9 72.67 0.78 0.15 
006277ya 1635 South Iceland (Thjorsarbru), 2000 15 6.5 70.99 5.08 0.24 
007187xa 2322 Avej (Bakhshdari), 2002 28 6.5 58.87 4.37 0.23 

  MEAN: 23 6.7 55.34 2.97 0.24 

DESCRIPTION OF THE BASIC PARAMETERS USED IN THE STUDY 

In the parametric analyses, different input parameters for the superstructure and foundation layer were 
considered (Table 2). The strength factor α used in the study defines the buildings’ horizontal bearing 
capacity and can be related to the actual result of the engineering design process, which cannot be 
anticipated in advance. It can be assumed that a certain behaviour factor q associated with the current 
seismic design philosophy will be used to reduce the design forces, but on the other hand an over-
strength factor resulting from the estimates of cautious practicing engineers cannot be avoided. The 
small values therefore indicate structures with lower strength capacities, which might experience large 
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ductility demands, and the bigger values indicate structures which tend to remain elastic during an 
earthquake. In some cases low-energy houses expose larger horizontal stiffness/strength than 
necessary according to the design requirements. In such cases higher α-values of 1.0 or even 1.5 can 
be expected. 
 

Table 2. The input parameters of the parametric study. 

 Label Description Values* Comments 

S
u

perstructu
re 

n Number of storeys 2–6 The storey height is a constant value (3.0 m). 

A,B Floor plan depth and width 5.65–22.65 [m] The width (B) is the shorter dimension. 

A:B Floor plan ratio 1:1–1:4 
To achieve comparable dynamic models with 
different floor plan ratios (Kilar et al., 2012), equal 
area (128 m2) and equal mass was considered.  

α 
Strength ratio of the 
structure 

0.1–1.5 Defines the building’s lateral bearing capacity. 

qs Seismic vertical load 5–15 [kN/m2] 
The mass of the superstructure is defined by the 
vertical loads in the seismic design combination. 

TFB 
Fundamental period of 
vibration of the FB model 

0.02–2.0 [s]
The basic steps used were 0.02 s (in the range 0.02–
0.20 s) and 0.05 s. The results are plotted up to 1.00 
s.  

μc Ductility capacity factor  2–8 This defined as the ratio θu/θy. 

HYST 
Superstructure cyclic 
behaviour  

a,b 
HYST a - without pinching effect- 
HYST b - with pinching effect. 

T
I 

σ10 
Nominal compressive 
strength of the TI layer 

400–700 
[kPa] 

Low-strength and high-strength TI, experimentally 
determined as the compressive stress at 10% 
relative deformation (Kilar et al., 2014b). 

dXPS Thickness of the TI layer 15–45 [cm] Typical thicknesses used in current design practice. 

a
g ag Seismic intensity  0.05–1.0 [g] 

Different seismic intensities for a set of 7 ground 
motions (Table 1) used to perform the IDA 
analyses. The variation step was set to 0.05 g.  

*Only few parameter variations are shown in this paper. More detailed results are shown in (Azinović et al., 2014b). 
 
 The main results of the parametric study can be presented by means of the 5 selected EDPs 
(Table 3). Some EDPs (Dtop and μd) can be shown for both models (FB and BI), whereas others (ε, Cp, 
f ) only for the BI models. This is due to the fact that the FB model used is limited, and cannot 
demonstrate quantities beneath the foundation slab. Each of the EDPs has its recommended range of 
values and recommended limits which can be found in building codes or evaluated by engineering 
judgement. Exceedance of these limits does not necessarily mean the collapse of the structure, but it 
might mean that its integrity at the local or global level is not completely preserved. The ultimate 
values reached in the study are presented as a horizontal dotted black line on each of the graph. 

The presentation of the results of the parametric studies has been divided into two main parts. 
The first part tracks and shows the differences between the FB and BI models by presenting the results 
in the form of nonlinear response spectra. They present the relations between the fundamental period 
of the FB model (TFB) and the selected EDPs for the FB (where applicable) and the corresponding BI 
models. The second part researches the limitations for the use of BI models. For this purpose IDA 
curves were used, which present the relations between the earthquake intensity (ag) and the selected 
EDP values. It should be noted that only selected results obtained by extensive parametric analyses 
(Azinović et al., 2014b), which turned out to be the most interesting for the seismic response of low-
energy buildings, are shown in the paper. 
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Table 3. The output EDPs, together with their definitions and domains. 

 Label Description Ultimate Values Comments 

S
u

perstructu
re 

Dtop 
Absolute top displacement 
[cm] H/300 

The chosen limit value H/300 for the 
serviceability limit state is presented in EC0 
(CEN, 2004) for the FB models, and is therefore 
only a reference value for the BI models. 

μd Ductility demand μc 
The obtained value can exceed the selected 
ultimate value, which in practice corresponds to 
structural damage. 

F
ou

n
dation

 an
d T

I layer 

ε 
Deformation in the TI spring 
at the edge of the foundation 
slab 

εy 

εy represents the experimentally determined yield 
deformation at 2.1/3.0% (XPS400/ XPS700) 
(Kilar et al., 2014b). Because a stiff foundation 
slab was assumed, the largest ε appears at the 
edge.  

Cp 
Percent of foundation in 
contact with the TI layer 
[%A·B] 

50% 

For structures reaching a Cp of 50% or less, EC7 
(CEN, 2005) regulates special precautions in the 
design of the foundation, as it is exposed to loads 
with large eccentricities. 

f 

Shear/friction demand 
(f=Q/W); where Q is a shear 
force and W mass of the entire 
superstructure 

0.27 
(XPS-HI); 

0.60 
(XPS-XPS) 

The horizontal capacity depends mostly on the 
connecting details between the layers of the XPS 
boards (Kilar et al., 2014b). The friction between 
the XPS boards (XPS-XPS) might be 
significantly reduced by the insertion of a 
waterproofing layer (HI) between the lower and 
upper layers of the TI boards (XPS-HI).  

COMPARISON OF THE RESPONSE OF THE FB AND BI MODELS 

Figure 3 presents the nonlinear spectra for models, differing in the number of storeys and strength 
factor of the superstructure. For models with α = 0.25 we might expect much more significant inelastic 
behaviour of the superstructure (Jarernprasert et al., 2013), which would be reflected in significantly 
differing impacts on the TI under the foundation slab. The comparison of top displacements shown in 
Figure 3a does not indicate significant differences, except for very stiff structures, which in the case of 
models with α = 0.25, behave highly inelastically, and thus also show larger top displacements. The 
equal displacement rule of elastic and inelastic structures was confirmed in the case of the more 
flexible structures. 

The main difference between the elastic and inelastic response is in the superstructure’s ductility 
demand (μd), which might easily exceed the design ductility capacity. For a realistic structure the 
available ductility capacity is usually much greater than the design ductility capacity. However, for 
larger values of μc, i.e. values above 10, the structural collapse of these structures is very likely. In 
such cases the residual strength of the inelastic models is reached, in order to avoid numerical 
instability of the models. In the particular case presented in Figure 3b, the selected design ductility 
capacity was set to 4. It can be seen that this value is exceeded in the case of all inelastic models (α = 

0.25) with fundamental periods smaller than 0.3 s, indicating significant inelastic behaviour of such 
superstructures. On the other hand for elastic models (α = 1.50) ductility demand almost in all cases 
remains under 1. 

The TI vertical compressive deformation of the elastic and inelastic models can be compared in 
Figure 3c, and the minimum compressed part of the foundations in Figure 3d. Some differences can be 
noted in all building models, where the value of ε for the inelastic models is smaller than for the elastic 
models. It can be also seen that the effects of uplift, which reduce the minimum compressed part of the 
foundations, are, in general, smaller for the inelastic models than for the elastic ones. In cases where 
the compressive part is smaller than 50%, the overall stability of the building might be endangered. It 
can be concluded, that the models with 4 and 6 storeys might experience some rocking related 
problems, whereas the 2-storey buildings show no tendency to overturn. 
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Figure 3. The nonlinear response spectra of the fixed base (FB) and the base isolated (BI) models subjected to 

seismic intensity equal to ag = 0.25 g. 

 

The last row of Figure 3 presents the ratio between the calculated seismic base shear and the 
superstructure weight together with the ground floor (f=Q/W, W=(m+mb)·g). In the case of the BI 
models f presents the seismic demand for the friction force between the RC foundation slab and the 
XPS layer. In cases when the TI is made of two or more horizontal layers it presents a friction force 
demand between the different layers made of XPS insulation boards. From the seismic resistance point 
of view the most unfavourable is the contact detail where a layer of waterproofing HI material, or 
other kind of foil, is inserted between the XPS boards. In these cases the friction capacity is 
significantly reduced (Kilar et al., 2014b). The dotted lines in Figure 3e present the lowest friction 
capacity that was obtained in such cases by the experiments (see Table 3). In cases where the friction 
capacity of the composed TI foundation set is exceeded, horizontal sliding of the superstructure could 
occur. It can also be seen that the friction demand is significantly larger in the case of stiff structures 
than flexible ones. It can also be seen that the friction force acting on the foundations is much smaller 
for the inelastic models, at the expense of the nonlinear behaviour of the superstructure. In our 
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particular case the calculated values for the inelastic structures remain below 0.35, which is much 
lower than for elastic structures, where the values can be more than twice as high. 

COMPARISON OF THE DIFFERENT BI MODELS AND THEIR LIMITATIONS 

The second part of the paper tries to determine the maximum allowable seismic ground motion input 
intensity of the different BI models. The defined individual limit values of the observed EDPs (Table 
3) were used as the limit criteria. For this purpose a presentation in the form of IDA curves has been 
made (Azarbakht and Dolšek, 2007), which presents the relations between the earthquake ground 
motions intensity (ag) and the selected EDP values. In this way it was possible to determine the 
maximum allowable earthquake intensity pertinent for each EDP. It should be noted that, in many 
cases, several EDPs can exceed limit values at the same time, for example a model can tend to 
overturn (Cp < 50%) and at the same time the limit yield deformation in the TI is exceeded (ε > εy). In 
this case a detailed examination of which situation occurred first was not made, but it was simply 
stated that the allowable limit state was reached. In such cases, when the obtained results reached 
unrealistically high values, the IDA curves have been cropped and replaced by a square shaped 
indicator. The number of possible combinations of all parameters involved is very high, so only some 
selected results for the most interesting influences are shown in this paper. More detailed results, 
including other parameter variations can be found in (Azinović et al., 2014b). 
 

 

Figure 4. The compressive deformation demand (ε) of the TI layer for different numbers of storeys. 

 
The relations between the compressive deformation of the TI layer (ε) and the earthquake 

intensity (ag) are presented in Figure 4. Variation of the parameter α showed that an unfavourable 
effect (i.e. a reduction in the allowable earthquake intensity) can be expected in the case of elastic 
models, because they transfer more seismic force to the foundations without any reduction. The other 
graphs show that the use of a higher XPS strength (XPS700 instead of XPS400), has a significant 
favourable effect in all cases. From the models shown it can be seen that, with the respect only to the 
limit yield compressive deformation in the XPS (εy), the 2-storey building can be built for ground 
motion intensities of up to approximately 0.6 g, the 4-storey building up to 0.3 g, and the 6-storey 
building up to 0.2 g. Even more critical results could be expected for narrower buildings, which are 
not presented in this paper. 
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Figure 5. Friction demand ( f ) coefficient of the composed TI foundation set for different numbers of storeys. 

 
The relations between the friction coefficient demand of the composed TI foundation set ( f ) 

and the earthquake intensity (ag) is presented in Figure 5, from which it can be seen that the friction 
force is a more important issue for lighter buildings with a smaller number of storeys than for heavier 
buildings with a greater number of storeys. It is very important that the limit friction capacity in the TI 
is high enough in order to prevent the possible horizontal sliding of the buildings. The use of thermal 
insulation in the form of boards is in practice usually carried out in multiple layers, because the 
thickness of the individual boards is limited. The occurrence of sliding is dependent on the static 
friction coefficient of the composed TI foundation set contact surface, which was experimentally 
obtained and equals 0.60 for the contact surface between thermal insulation and concrete and 0.27 for 
the contact surface between the two layers of thermal insulation divided by a waterproofing foil. The 
problem of sliding is much smaller in the case of direct XPS-XPS contact or direct XPS-concrete 
contact (Kilar et al., 2014b). It can be further seen from Figure 5 that the friction demand is larger only 
in the case when the buildings behave elastically, and thus transfer the whole seismic force to the 
foundations without any reduction (α = 1.50). In the case of heavier structures (qs = 15 kN/m2) with 
smaller strength ratios (α = 0.25) the friction force is always smaller than the limit friction capacity of 
0.60. However, in the case of lighter structures (qs = 5 kN/m2) with high strength ratios (α = 1.50) and 
lower number of storeys (n < 4), sliding can occur already at 0.20 g.  

The phenomenon of sliding could be avoided by using an improved TI foundation set with a 
higher friction value (gluing of the boards might also be an option) and/or by increasing the lateral 
support of the foundation slab by other physical means, such as the insertion of vertical struts, or by 
the installation of additional side rails made of concrete or steel. On the other hand, this phenomenon 
could also be used as a seismic fuse, which would prevent excessive structural damage or any other 
failure mechanism by horizontal sliding of the structure in the case of an extreme earthquake event. In 
this case, however, the building and all its supply connections for water, sewage, and electricity should 
be designed appropriately so that they could accommodate the larger horizontal shifts which might, in 
this particular case, be irreversible after the earthquake event. Building designer should also be aware 
of the Eurocode 8 demands of controlled behaviour, which means that the horizontal base 
displacements due to sliding must be limited. 



10 
 

CONCLUSIONS 

The results of the analyses and simulations suggest that the low-energy buildings founded on a thermal 
insulation layer are not always a safe solution on seismic risk areas. The most important findings of 
the parametric analyses are presented in the following key points: 

• Prolonging the fundamental period of vibration could lead to resonance plateau of the 
Eurocode 8 seismic response spectrum, meaning that some very stiff buildings with short 
fundamental periods, may produce up to several times larger earthquake forces acting on the 
structure. Consequently, the value of the design stresses in structural elements (columns, 
beams, walls, joints) or interstory drifts of the superstructure could be exceeded. 

• In some cases of tall buildings founded on a TI layer, a strong seismic excitation could lead to 
large top displacements, due to the increased rocking phenomena.  

• Very tall buildings, especially with narrow floor plan ratio and irregularities by height, are not 
suitable for placing a soft thermal insulation layer under its foundations, because their global 
stability could be endangered by rocking or rocking related phenomena. The analyses have 
shown that the global stability of these structures could be endangered. 

• In some cases of heavy buildings (e.g. concrete buildings) the yield compressive deformation 
of the thermal insulation under the foundations could be exceeded. This can occur already for 
three storey buildings exposed to moderate earthquake intensities (ag > 0.25 g), whereas for 
buildings lower than two storeys the exceedance is possible only in extreme cases of high 
earthquake intensities (ag > 0.60 g). In such cases of heavier and higher buildings the use of 
thermal insulation materials with higher compressive strength is more advisable (e.g. XPS700 
or cellular glass). 

• The control of the largest shear deformations in the TI layer did not prove to be problematic. 
The behaviour of the TI layer in shear could prove to be critical only in the case of strip 
foundations, where the contact surface of the thermal insulation layer would be reduced. 

• The analyses have also proven a problematic occurrence of horizontal sliding of the buildings 
founded on the TI layer. The phenomenon of uncontrolled horizontal sliding is greater for 
low-rise and light structures, which transfer smaller moments on the foundation layer. It was 
shown that for such structures, the exceedance of friction coefficient could occur already for 
low earthquake intensities of approximately 0.15 g in the case of two layers of thermal 
insulation divided by a waterproofing foil and already for 0.25 g in the case of details with no 
waterproofing layer between the thermal insulation (TI) boards. It was also shown that the 
inelastic behaviour of the superstructure is favourable for the TI layer, because it reduces 
forces and transfers smaller moments onto foundations. 
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