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Abstract. According to the new directives about the rational and efficient use of energy, thermal bridges in
buildings have to be avoided, and the thermal insulation (TI) layer should run without interruptions all
around the building - even under its foundations. The paper deals with the seismic response of multi-
storeyed reinforced concrete (RC) frame building structures founded on an extruded polystyrene (XPS) layer
placed beneath the foundation slab. The purpose of the paper is to elucidate the problem of buildings
founded on a TI layer from the seismic resistance point of view, to assess the seismic behaviour of such
buildings, and to search for the critical parameters which can affect the structural and XPS layer response.
Nonlinear dynamic and static analyses were performed, and the seismic response of fixed-base (FB) and
thermally insulated (TT) variants of nonlinear RC building models were compared. Soil-structure interaction
was also taken into account for different types of soil. The results showed that the use of a TI layer beneath
the foundation slab of a superstructure generally induces a higher peak response compared to that of a
corresponding system without TI beneath the foundation slab. In the case of stiff structures located on firm
soil, amplification of the response might be substantial and could result in exceedance of the superstructure’s
moment-rotation plastic hinge capacities or allowable lateral roof and interstorey drift displacements. In the
case of heavier, slenderer, and higher buildings subjected to stronger seismic excitations, the overall
response is governed by the rocking mode of oscillation, and as a consequence the compressive strength of
the XPS could be insufficient. On the other hand, in the case of low-rise and light-weight buildings, the
friction capacity between the layers of the applied TI foundation set might be exceeded so that sliding could
occur.

Keywords: foundation on thermal insulation; extruded polystyrene (XPS); seismic response; RC
structure; soil-structure interaction; nonlinear seismic analysis

1. Introduction

In recent years, the application of low-energy and passive house standards (Feist 1996, 2007,
Dequaire 2012, Kuzman et al. 2013, Praznik et al. 2013, Proietti et al. 2013), which began in
seismically inactive areas (Northern and Middle Europe), has been slowly gaining ground in
earthquake-prone countries (such as Spain, Italy, Greece, Croatia, and Slovenia). Answers to the
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most common questions related to passive houses can be found in the scientific literature. In order
to achieve low energy consumption, passive houses must have a well isolated and air-tight
envelope, without thermal bridges. The requirement that buildings should be constructed without
thermal bridges is a trend which applies to most newly built buildings. For this reason attempts are
frequently made to resolve the question of problematic joints by the insertion of thermally
insulating parts between the load-bearing structural elements, but this can cause weakening of the
structure in the most crucial parts of the building, thus threatening its stability and integrity. A
description and schematic representation of structural details that are critical from the point of
view of earthquake resistance can be found in (Azinovi¢ et al. 2014b). The authors are of the
opinion that the suitability of various details and technical solutions used in passive and low-
energy buildings located in earthquake-prone areas should be verified from the viewpoint of their
earthquake resistance engineering design before they are implemented. Up until now there has
been a lack of research dealing with the concept of placing a layer of thermal insulation (TI) below
building foundation slabs from the point of view of earthquake resistance.

In general, when flexible layers of TI are inserted between the RC foundation slab and the
levelling concrete on the ground (Fig. 1(a)-(b)), the fundamental period of the structure is
elongated (Tr>Tgg) due to the shear as well as the vertical deformability of the TI layer. Most
passive houses are low-rise buildings with short fundamental periods which would be lengthened
by the insertion of a TI layer, and thus moved into the resonance part of the Eurocode 8 (CEN
2005a) elastic response spectrum, where the expected top accelerations of the structure could be
two or three times greater than in the case of a fixed-base (FB) structural variant. Such an increase
might lead to structural damage to the superstructure and contents of the building, and should
therefore not be ignored. As a consequence of rocking behaviour due to strong earthquakes,
detachment of the structure from the supporting soil or TI layer could occur at one edge, whereas
the TI layer at the opposite edge of the foundations would be over-compressed. Lengthening of the
structural period would also result in an increase in the top displacements (Fig. 1(b)). However, if
the superstructure’s fundamental period Teg lies within the range defined by the plateau of constant
accelerations, the insertion of a layer of Tl beneath the foundation slab might move the structural
period into the descending branch (T1;>T¢). Only in this case does the TI layer act as a seismic
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base isolation system (Naeim and Kelly 1999, Kilar and Koren 2009, Koren and Kilar 2011,
Mahmoud et al. 2012, Varnava and Komodromos 2013, Islam et al. 2013a, 2013b, Cheraghi and
Izadifard 2013, Anagnostopoulos et al. 2015), with a reduction in the expected earthquake induced
forces.

A short review of research dealing with TI made of extruded polystyrene foam (XPS) has
shown that the available studies mostly concentrate on its energy efficiency (Ohara et al. 2004,
Bunge and Merkel 2011, Vo et al. 2011). An investigation into the relationship between the
microstructure of XPS foam and its response under compressive stresses has been performed by
Sadek and Fouad (2013). It should be noted that the time-dependent behaviour of XPS can
substantially affect its structural seismic response. The long-term mechanical properties of XPS
have been analysed by Merkel (2004), who showed that these properties are significantly reduced
compared to the short-term ones. The modelling of a foundation slab resting on a Tl layer is also
schematically indicated in the latter reference.

The cyclic behaviour of extruded polystyrene foam (XPS) in compression as well as in shear
has been recently experimentally researched and documented by the authors of the current paper
(Kilar et al. 2014). The results of a preliminary study concerning the seismic response of buildings
with an XPS layer beneath the foundation slab have been presented in (Kilar et al. 2013, Koren et
al. 2013). The main assumption of this study was that the upper building was modelled as a rigid
block resting on elastic foundations. It was shown that, in general, the seismic safety of passive
houses with heights of up to 2 or 3 storeys is not of critical concern. Since the insertion of Tl
layers beneath the foundations of a building can result in significant changes in the latter’s
dynamic characteristics, additional attention needs to be paid to the structural seismic response of
such buildings during the design phase. The results of an extensive parametric study of the seismic
behaviour of buildings founded on deformable TI layers have been presented in (Azinovi¢ et al.
2014a), where the upper structure was idealized by a single degree of freedom nonlinear system
with a stiff foundation slab lying on an XPS layer modelled by a set of vertical and horizontal
nonlinear springs. The analysed buildings were assumed to be founded on very stiff soils, so that
soil-structure interaction (SSI) effects were not taken into account. It was concluded that
amplifications of selected observed response parameters can be expected in the case of stiffer
buildings with higher strength ratios. The amplifications, as might be expected, in general increase
with the number of storeys, the slenderness of the building, and the seismic weight of the building.
On the other hand, in the case of more flexible structures a positive effect due to a reduction in the
superstructure ductility demand was detected.

2. The analysed RC structures and deformable base
2.1 Geometry, modelling, and design of the superstructures

The realistic multi-storeyed RC frame (wall) building which is shown in Fig. 2 was used as a
test example. The selected building represents a typical simplified passive or low-energy office-
building founded on an RC foundation slab. In order to study the different structural variants,
buildings with the same floor plan dimensions (B/L) but with varied selected parameters were
investigated (Table 1). The original variant was a regular, symmetric, 4-storeyed building, with a
total mass equal to 971.2 tons (Koren and Kilar 2014). The analysed building variants were
assumed not to have an underground basement. The structural 2D models (frames YZ and XZ)
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were analysed by means of the computer program SAP2000 (CSI 2011). All the elements of the
2D load bearing structures were modelled by means of frame line elements that were positioned
along lines corresponding to the centre of gravity of the actual cross sections. The effective areas
which were taken into account in the case of frames YZ and XZ are indicated in Fig. 2. The beams
were modelled as frame elements with rigid links at both ends. The RC foundation slab was
modelled by means of a frame line element, taking into account uncracked cross sections with 3
different stiffnesses (Table 1), and assuming elastic behaviour. It was divided into a number of
sub-elements, all of which had the same length. The frame elements of the foundation slab under
the columns/walls were modelled as being rigid in all cases.

In order to estimate the stiffness which results in the most critical response of the TI models
compared to the response of the corresponding FB models, the dimensions of the RC cross
sections corresponding to the final test structures were selected in the preliminary stage of the
study. For this purpose variants of the 4-storeyed YZ frame in which the columns/walls had
different heights (h;) (Table 1) were analysed by performing linear dynamic response spectrum
analyses (RSA). The dimensions of the cross sections of the RC beams (by,/h,=30/60 cm) were
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Fig. 2 The investigated office building (BN-TI-soil) and the building’s two characteristic frames
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equal in all of the investigated cases. The seismic excitation was applied in the horizontal (Y)
direction only. The seismic input was defined on the basis of elastic, 5% damping acceleration
response spectra that were evaluated for soil type A and az=0.25 g, complying with EC8 and
assuming corner periods that are in accordance with the corresponding Slovenian National Annex.
It should be noted that, in the case of the RSA, only linear elastic stiffnesses were assumed, so that
the nonlinear contact springs (modelled to act in compression only) worked in tension as well as in
compression, thus preventing any uplift of the foundation slab. The thickness of the RC foundation
slab was equal to 30 cm. The TI variant was the same as the FB, the only difference was that an
XPS layer (XPS 400) was deemed to be installed between the soil and the foundation slab. Details
about the modelling of the soil and the XPS are presented in Section 2.2. The response of frame
YZ as related to the dimensions of the columns/walls is presented in Table 2. Comparing the
TI/FB amplification factors, it can be seen that the response of the stiffer structures is, in general,
more critical than that of the flexible ones. Observing the fundamental periods, the response of the
Tl models was amplified by a factor of up to 2 compared to that of the FB models, and the
amplification factor was even much larger in the case of the observed roof displacements. In the
given specific case, when the stiffness of the frame was increased, the fundamental period of the
model was shifted towards the left part of the response spectrum plateau - as close as possible to
the corner period Tg (see Fig. 1) in order to remain on the plateau also after the period had been
elongated due to the insertion of the XPS layer beneath the foundations of the building. For this
reason, in the case of the later detailed analyses, the dimensions of the walls were chosen, in the
case of both frames (YZ and XZ), to be equal to 30/300 cm.

As can be seen from Table 2, in the case of the finally selected 4-storeyed YZ frame the
amplification factor of the fundamental period was 1.75. In the case of the corresponding model of

Table 1 Overview of the varied input parameters, together with their domain and the nomenclature of the
building models investigated in the study

Values/Description

Cross-section of the

columns/walls (by/h,) h.=50 to 350 cm (constant width b,=30 cm)

Length of the short beams (ly;) lp1=lp1(hc)=100 to 350 cm
Length of the long beams (I,) lho=lp2(h:)=400 to 1100 cm
Parameter Thickness of t:lzgzc foundation 30 cm, 60 cm, fully rigid slab
Number of storeys (N) 2,4,6
Soil type A, C, E & the model without considering SSI
XPS product XPS 400, XPS 700 (constant thickness d=24 cm)
Seismic intensity (a,) 0.259,0.35¢
Ex. 1: N-storeyed Building founded on a Fixed Base (without
BN-FB TI1) without taking into account SSI
Ex. 2: N-storeyed Building founded on a Fixed Base (without
Model BN-FB-soilA TI) taking into account soil type A
nomenclature Ex. 3: N-storeyed Building founded on Tl made of XPS 400
BN-TI without taking into account SSI
Ex. 4: N-storeyed Building founded on Tl made of XPS 400

BN-TI-s0ilC taking into account soil type C
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Table 2 The effective fundamental periods (T) and max. lateral roof displacements (Dyqf) Of the frame YZ
(B4-FB-soil A and B4-Tl-soilA) depending on the dimensions of the columns/walls: RSA, a4=0.25 g

Cross sectional dimensions (b./h;) of the columns/walls [cm]

30/50  30/100  30/150  30/200  30/250 30/300 30/350

Tes [seC] 0835  0.557 0.402 0.301 0220 0.160(63/74)*  0.114
Tn [sec] 0899  0.651 0515 0.414 0336  0.280 (74/78)*  0.249
TrlTes 1.08 1.17 1.28 1.37 153 1.75 2.18
Drootrs [MM] 6494 4430 32.19 18.17 9.65 5.14 2.60
Drotri [MM] 7014 52.07 41.97 33.67 22.90 15.79 12.35
Droot/Drootrs  1.08 1.18 1.30 1.85 2.37 3.07 4.75

*the modal participating mass ratios [%] (for the lateral / rocking direction) are given in parentheses

the XZ frame the amplification was smaller (1.48), although the fundamental period (Trs=0.168
sec) was almost the same as in the case of YZ frame. It should be noted that, for both frames, the
1 mode was always a combination of the oscillation in the building’s lateral direction and the
rocking mode. From the modal participating mass ratios shown in Table 2 (only for the model with
the finally selected dimensions of walls) it can be seen that, in the 1% mode of oscillation, the
contribution of rocking is larger than that of the oscillation in the lateral direction. It should be
noted that this is not so in the case of the squat (i.e., XZ) frame, where in the 1* mode of
oscillation the participating mass ratio for the lateral direction was about twice as large as the
corresponding ratio for the rocking direction.

For the steel reinforcement of the selected concrete rectangular cross sections of the beams and
walls, the minimum reinforcement for the selected ductility class medium (DCM) according to
EC8 was adopted (see Fig. 3). Such minimum reinforcement was intentionally selected in order to
avoid over-designed RC cross sections. In this way the amplifications determined in later analyses
could be contributed mostly to the studied effects of the insertion of XPS layer beneath the
foundation slab. The assumed minimum longitudinal reinforcement, as well as the shear
reinforcement, proved to be adequate for the design earthquake load (a;=0.25 g) modelled using
the EC8 response spectrum, with an applied behaviour factor of g = 3. The flexural plastic hinges
used in the nonlinear static and dynamic analyses were defined based on the reported longitudinal
steel reinforcement.

The nonlinear behaviour of the superstructure was modelled using a lumped plasticity model
with plastic hinges at both ends of each beam and wall (taking into account the clear lengths of the
elements). Two types of plastic hinges were investigated: (i) bending hinges (beams) and (ii)
combined axial-bending hinges (walls). It was assumed that the shear capacity of the structural
elements was adequate and that shear failures of the structural elements would not occur. At the
end of the calculations the adequacy of the shear capacity of the RC beams and walls used in the
study has been proven to be sufficient. The flexural plastic hinge lengths were determined
according to (Paulay and Priestley 1992) and they were assumed to be constant during the
nonlinear response. The moment-rotation envelopes of the plastic hinges were assumed to be tri-
linear with a load drop (Fig. 3) and of symmetric shape (i.e., equal for both directions of the
loading) for the plastic hinges in all the beams as well as in the wall frame elements. The initial
stiffness (corresponding to the elastic part) was assumed to be equal to 0.5EI (cracked cross
sections). The rotation at total collapse was arbitrarily assumed to be equal to twice and five times
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the maximum rotation of the walls, and of the beams, respectively (DolSek and Fajfar 2007,
Kreslin and Fajfar 2010). In Fig. 3 the selected limit rotations of the characteristic performance
levels (IO, LS and CP) are also presented. The characteristic values of the plastic hinges
considered in the study are shown in the table in Fig. 3. The maximum moment My was
determined for each element by means of moment-curvature analysis using SAP2000 Section
Designer, where the axial forces resulting from the vertical loadings were considered. For the
modelling of the material hysteretic behaviour which was considered in the moment-curvature
analysis of the RC cross sections the cyclic behaviour based on Takeda rules was assumed for the
modelling of the concrete, whereas for the modelling of the steel reinforcement a kinematic
hysteretic model was used.

It was recognized that seismic soil-structure interaction (SSI) could have a possible detrimental
effect on the behaviour of the superstructure (Mylonakis and Gazetas 2000, Bhattacharya and
Dutta 2004, Giarlelis et al. 2011, Mahmoud et al. 2012, Jarernprasert et al. 2012, Moghaddasi et al.
2015), so that in most of the investigated cases of the parametric study it was taken into account by
analysing the seismic response of the FB as well as Tl building models founded on different soil

types.
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-14 000 13023.8 0.68 12 644.9 0.80
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Fig. 3 Numerical model, details of the steel reinforcement of the RC elements and the characteristics of the
plastic hinges considered in the study
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2.2 Characteristics and mathematical modelling of the soil and XPS

In the parametric study four different soil conditions were analysed (Table 1 and Fig. 4) - two
models (with stiff restraints) where soil stiffness as well as uplift was excluded (models: BN-FB
and BN-TI) and three models that were deemed to be constructed on real soil types (A, C, and E
according to EC8 - models: BN-FB-soil type and BN-TI-soil type). A constant value of p=2000
kg/m® was assumed for the soil density in all the investigated soil types. The shear-wave (vs)
velocities were selected according to EC8: vs=2500 m/s, 300 m/s, and 100 m/s for soil types A, C
and E, respectively. For calculations of the longitudinal- (primary-) wave (v,) velocity, the
relationship v,=2.5-v; was adopted. The soil shear modulus (G) and Poisson’s ratio (v) were
calculated from the following expressions (Mahmoud et al. 2012, Sykora 1987)

2
Gopv? = 0.5-(v,/vg) -1
(v, /v,)* -1

@)

For the modelling of the soil the Winkler foundation model was applied. The behaviour of the
soil in shear was modelled by linear elastic springs. Since, in practice, no tensile resistance is
provided by the soil-structure contact, so that the foundation could partially uplift from the soil
surface (Apostolou et al. 2007, Gelagoti et al. 2012, Ghannad and Jafarieh 2014, Makris 2014),
the behaviour of the soil in compression was modelled by nonlinear contact springs. This approach
differs to some extent from that used in some previous studies of buildings founded on an elastic
half-space modelled by swaying and rocking spring-dashpots and neglecting uplift (Wolf 1997,
Wu and Lee 2002, Mahmoud et al. 2012). The soil springs were modelled in the SAP2000
software as one-joint link/support elements of the Multi-Linear Plastic - Kinematic type, which are
available in the program with stiffnesses that correspond to the effective area that is equal to the
product of the length of the finite elements equal to 0.50 m and the considered effective width (Fig.
4). In the case of studied building plan the dynamic stiffness coefficients (Gazetas 1991) equal to
1.0 were taken into account for the vertical (kz,) as well as for the longitudinal (k) directions. For
the lateral direction (ky) its value was taken equal to 1.25. The damping of the soil springs in both
of the active directions (i.e., axial and shear) was assumed to be equal to zero (Mahmoud et al.
2012). The soil stiffnesses considered in the study are shown in Table 3.

Table 3 The soil stiffnesses for the studied building floor plan (L,/L,=20/8 m)

Soil A Soil C Soil E
kz [KN/m] 632 000 000 9100 000 1 000 000
kx [KN/m] 450 000 000 6 500 000 700 000
ky [kN/m] 617 000 000 8900 000 1 000 000
BN-FB model BN-TI model BN-FB-soil_ model BN-Tl-soil_ model

SOIL springs

foundation slab =T foundation slab foundation slab ~ —T——————— foundation slab
m fixed supports XPS springs @ T&q T2y SOIL springs XPS springs
/A /A A fixed supports fixed supports E E E

fixed supports

Fig. 4 Schematic presentation of the foundation modelling variants considered in the study
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When analysing the behaviour of the XPS material (in compression as well as in shear), the
stress-strain curves which were obtained experimentally (Kilar et al. 2014) were idealized and
applied. XPS boards having two different nominal compressive strengths (400 and 700 kPa) were
used in the analysis. The axial cyclic behaviour of the XPS was modelled by means of a kinematic
hysteretic model, whereas a Pivot hysteresis loop was assumed for the cyclic behaviour in shear,
taking into account the following parameters: a;=a,=1.0, $;=4,=0.25 and 5=0. The effective
stiffnesses were assumed to be equal to the initial stiffness of the material. The rotational degree of
freedom of the XPS spring was fixed.

The thermally insulated (T1) models were derived from the fixed-base (FB) models by adding
XPS two-joint springs modelled in series with one-joint soil springs below (Fig. 4). The length of
the XPS springs was equal to the total thickness of the XPS layer (24 cm). In the analysis it was
assumed that sliding at the contact between the different layers of the TI foundation set (Fig. 1) is
prevented. Apart from the TI and FB models which included SSI effects, other corresponding
models in which the soil was not modelled were also taken into account (Fig. 4).

2.3 Loading for the nonlinear seismic analyses

The seismic analyses of the investigated frame systems were carried out by means of nonlinear
static analysis and nonlinear dynamic (time-history) response analysis. The vertical loads which
corresponded to the seismic limit state defined in EC8 were assumed as the initial loads in all the
seismic analyses (Fig. 2), where uni-directional (horizontal) seismic excitation was applied.

Nonlinear static (pushover) analyses were performed in order to assess the global seismic
response of the considered building models without calculating the seismic demand values. In
these analyses the lateral load distribution shape corresponded to the mass proportional to the
displacement of the 1% mode of the structure’s eigen oscillation, with initial stiffness considered.

In the nonlinear dynamic analyses (NLDA), two groups of 7 different ground motions with two
different PGA levels (a;=0.25 g and a4=0.35 g) were applied. The first group (“group 1) consisted
of an ensemble of seven EC8 spectrum-compatible artificial accelerograms generated by the
program SYNTH (Naumoski 1998). As a target spectrum, the EC8 elastic spectrum for the
selected soil type (A, C or E), scaled to a peak ground acceleration of az=0.25 g for a 5% damping
ratio, was used. The acceleration spectra of the generated accelerograms are presented, for soil
type A, in Fig. 5. The same group of ground motion records was also used in the authors’ previous
studies (Kilar and Koren 2009, Koren and Kilar 2011). In order to obtain a more realistic seismic
response, a group of 7 real earthquake records was also applied (“group 2). The selection was
made by means of REXEL software (lervolino et al. 2010), taking into account the condition that
the records match the EC8 elastic spectrum for soil type A and a43=0.25 g. In order to be able to
find suitable one-component record sets, a spectrum compatibility tolerance between 10% (lower)
and 15% (upper) in the range of the period of interest [0-0.5 s] was specified. The selection of the
periods of interest was performed in accordance with the obtained fundamental periods of the
analysed models (see Table 2). Additionally, a range of magnitudes equal to [5.0-7.5] was applied,
whereas values between an upper limit (50 km) and a lower limit (20 km) were selected to define
the range of distances. The acceleration spectra of the used accelerograms from the European
Strong-Motion Data (Ambraseys et al. 2002) provided by REXEL are shown in Fig. 5. In the
dynamic analyses, the damping matrix was considered to be proportional to the mass and to the
initial stiffness matrices. 5% damping was assumed in the first and second modes of vibration. The
damping of the soil, as well as of the XPS layer, was assumed to be negligible.
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Fig. 5 The response spectra of the used generated (group 1) and real (group 2) accelerograms

3. Evaluation of the building’s seismic response and discussion of the results
3.1 The observed performance parameters

The structural response of the analysed systems was investigated with respect to the following
performance parameters: (i) the building’s lateral roof displacements, (ii) the XPS edge
compressive and shear strains, (iii) the horizontal accelerations of the superstructure measured at
different storey levels of the building, (iv) the plastic hinge patterns and/or interstorey drifts of the
superstructure, (v) the part of the foundation in compression, and (vi) the vertical displacements
(i.e., deformed shape) of the foundation slab (possible uplift).

Most of the performance parameters are presented in terms of the maximum obtained values
calculated by nonlinear dynamic analysis (NLDA). For the selected performance parameters the
maximum structural response and/or the time-history in the case of a selected accelerogram are
also presented. The global seismic response of the considered building models is shown for the
selected performance parameters also in terms of the obtained pushover curves. An extensive
presentation of the results obtained in the pushover analyses has been given in (Koren and Kilar
2014).

3.2 The response of the original test structure

The seismic response of the original structure (i.e., the 4-storeyed YZ and XZ frames, a4=0.25 g,
soil A, 30 cm thick foundation slab, XPS 400) is presented in Figs. 6-8, and to some extent in
some of the figures and tables in the following sections when investigating the effects of selected
input parameters. The lateral roof displacements and maximum edge compressive deformations of
the XPS layer are shown in Fig. 6, where the results are presented as envelope values for each
applied seismic ground motion record. As can be seen from Fig. 6, the structural response
corresponding to the group 1 of accelerograms is, with some smaller deviations, similar to that
corresponding to group 2. Somewhat larger differences can be seen in the case of the building’s
lateral displacements. Comparing the calculated maximum compressive deformations in the XPS



Seismic vulnerability of reinforced concrete building structures founded on an XPS layer 949

BUILDING'S LATERAL ROOF DISPLACEMENT XPS COMPRESSIVE DEFORMATION

GROUP 1 (synth. accel.) GROUP 2 (real accel.) GROUP 1 (synth. accel.) GROUP 2 (real accel.)
0,30% 0,00%

0,20% -

-0,30%
0,10% -
0,00% - -0,60%

-0,10% -
-0,90%

Max. XPS compressive strain [% d]

-0,20% -

Min/Max roof displacement [% H]

-0,30%

-1,20%

-0,40%

-1,50% — —

-0,50%

-0,60% -1,80%
LEGEND
m Banjaluka m Bar ™ Focsani = Forgaria Petrovac Tolmezzo Ulcinj

W 000055xa  000055ya m 000198xa u000287ya 000290xa 000763ya 007187xa

Fig. 6 The response of the B4-TI-soil A (frame YZ) in relation to the applied seismic ground motion records:
a4=0.25 g, 30 cm thick foundation slab

layer, a very good agreement between the results obtained when applying both groups of
accelerograms can be noted. It can also be seen that, in most cases (with two exceptions in the case
of real earthquake records), the calculated displacements do not exceed the limit values which
were selected to be equal to 0.33% of the building’s total height (H) (CEN 2004) and 2.1% of the
thickness of the TI (XPS) layer (d) for the lateral roof displacement and the XPS compressive
deformation, respectively. Similarly, the maximum obtained shear deformation (yxps) in the XPS
layer did not exceed its yield limit (2.9% d) - the maximum obtained values varied between 0.5%
and 0.75% of the thickness of the XPS layer (d). Similar observations were made when analysing
the response of the XZ frame.

The typical obtained damage patterns of the FB and TI frames YZ and XZ are presented in Fig.
7, together with the absolute maximum accelerations measured at different building storey levels.
The damage patterns show the performance levels of the superstructure (measured with reference
to the calculated rotations in the generated plastic hinges - see Fig. 3). It can be seen that the
obtained damage states are higher in the case of buildings built on a layer of XPS. Moreover, in
the case of the analysed Tl frame structures partial collapse mechanisms were formed - see the
generated plastic hinges in the walls which were not recorded in the case of the analysed FB
frames. However, these performance levels are only slightly beyond the defined yield limit.
Comparing the response of the Tl and FB models in terms of the average absolute maximum
accelerations, it was observed that the TI/FB amplifications have significant values (~1.6 for the
YZ frame and ~2.7 for the XZ frame) in the case of accelerations measured at the ground floor
level. On the other hand when the Tl and FB accelerations at the roof level are compared, the
amplifications were small. This means that in the analysed model the accelerations of the ground
floor are significantly larger in the case of buildings built on a layer of XPS. Comparing the soil
(input) accelerations and the accelerations transferred to the top of the ground floor slab, it is clear
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that significant amplifications (~1.6 for the YZ frame and ~2.5 for the XZ frame) occur in the case
of the TI models, whereas in the case of the FB models these amplifications are practically
negligible (aground floor~asoit). Here it should be mentioned that such a response is quite different to
that of structures which are base-isolated by means of seismic isolation devices (e.g., rubber
bearings and friction-pendulum isolators), where the accelerations at the top of the ground floor
slab are significantly reduced due to the considerable elongation of the fundamental period of
vibration (Naeim and Kelly 1999, Kilar and Koren 2009, Koren and Kilar 2011, Mahmoud et al.
2012, Varnava and Komodromos 2013, Islam et al. 2013a, 2013b, Cheraghi and Izadifard 2013,
Anagnostopoulos et al. 2015). Additionally, in the case of structures which are base-isolated by
means of seismic isolation devices the amplifications of accelerations along the building’s height
are, in general, very small, which was to some extent observed in the case, described in this paper,
of a structure isolated with an XPS layer beneath the foundation slab. As can be seen from Fig. 7,
the amplifications of the accelerations along the TI building’s height (@008 fi0or) Were around 1.4
and 1.3 for the YZ and XZ frames, respectively. On the other hand, in the case of the FB models
these amplifications were considerably larger (~2.3 for the YZ frame, and ~3.2 for the XZ frame).
Similar findings in connection with the obtained damage patterns and the absolute maximum
accelerations were made also in the case when the synthesized ground motions (group 1) were
applied (Koren and Kilar 2014).
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Fig. 7 Typical damage patterns and the averége absolute maximum acceleraﬁons of the B4-FB-soilA and B4-
TI-soilA frames subjected to group 2 of accel.: a; = 0.25 g, 30 cm thick foundation slab
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Fig. 8 Absolute accelerations of the B4-FB-soil A and B4-TI-soil A frames when subjected to the synthesized
accel. Banja Luka: a4=0.25 g, 30 cm thick foundation slab

The time-history diagrams of the absolute accelerations at different storey levels when
subjected to a selected synthesized accelerogram (Banja Luka) are shown in Fig. 8. The time-
history of the soil (input) accelerations, which for the sake of brevity is not shown, is almost equal
to the accelerations measured at ground floor level in the case of the FB models. The presented
time-histories mostly confirm the above-mentioned findings about the amplifications of the
accelerations along the building’s height and about the differences between the responses of the
FB and T1 models. It should be noted that the time-histories differ considerably with respect to the
observed frequencies.

3.3 The effect of the soil type

As can be seen from the results presented in Figs. 9-11 and Table 4, the structural response is
considerably affected by the soil type. The obtained pushover curves for the FB and Tl frames YZ
on different soil types are presented in Fig. 9, whereas the corresponding results of the NLDA are
shown in Table 4 and Figs. 10-11. From the initial slopes of the pushover curves shown in Fig. 9 it
can be seen that the response of the thermally insulated (T1) model on firm soil type (i.e., B4-TI-
soilA) is equal to the response of the model in which soil stiffness is not included (B4-TI). Such an
assumption was made in (Azinovi¢ et al. 2014a, b). It should be noticed, that the corresponding
pushover curves in Fig. 9 coincide. Since soil type A actually represents very firm soil conditions,
in the analysed case a comparison of the response of the structure with/without modelling the soil
mainly shows the difference between the model with/without consideration of the uplift of the
foundation slab. Comparing the response of the FB and T1 models on different soils, it can be seen
that the T1 models are more flexible and that the amplifications are more pronounced in the case
when the models are founded on firm soils. In the case of soil E, the effect of poor soil conditions
prevails, so that the response of the FB and Tl models is almost the same. An additional finding
which was made from the pushover analysis of frame YZ was that, in all of the investigated
models, at large displacements deep nonlinear behaviour of the soil or the XPS layer occurred,
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Fig. 9 The obtained pushover curves under different soil conditions: the 4-storeyed FB and TI frame YZ, 30
cm thick foundation slab

whereas a plastic mechanism did not form in the upper frames. The only exception was that of the
FB variant of the YZ frame without modelled soil stiffness (see Fig. 9 - the very clear jump in the
obtained pushover curve at large displacements). In all the other investigated cases the upper
structure behaves like a (semi-)rigid box on a soft layer, where the overall response is governed by
the stiffness of the bottom layer. In extreme situations the global stability of the structure (i.e., with
possible overturning of the building) was called into question.

The results of the NLDA which are presented in Table 4 confirm that the largest TI/FB
amplifications (which for the observed parameters T and Dy, can be calculated from the quoted
values) were achieved in the case when the building was founded on firm soil. However, based on
the absolute values of the quantities under investigation it can be seen that the largest overall
response was obtained in the case of poor soil conditions (e.g., in the case of the TI model and soil
type E the fundamental period was around 2.7-times larger than in the case of soil A, the
corresponding roof displacement (Dyoof) Was more than 3.5-times larger, the XPS shear demand
ratio (f) and the shear strain (yxps) 1.25-times and 1.15-times larger, respectively, and the
maximum XPS compressive strain (exps) 1.05-times larger). Such differences in an absolute
response are a consequence of the prolonged fundamental period due to a deformable base (the
rocking mode of oscillation), and do not necessarily result in the superstructure having larger
ductility demands. In the analysed cases the largest ductility demands were obtained in the case of
better soil conditions (soil A and C) - see Fig. 10. Comparing the obtained average absolute
maximum accelerations it can be seen that the values are similar for all soil conditions except in
the case of the frame on soil type E. Additionally, it was only in this case that a deamplification in
the absolute accelerations was observed along the whole of the building’s height. The obtained
values of the accelerations of frame YZ on soil A when subjected to group 1 of accelerograms
were comparable to those obtained when group 2 of accelerograms was applied (see Fig. 7).

In the analysed case analysis of the obtained compressive (exps) and shear (yxps) strains and
stresses in the XPS (Table 4) revealed that they did not reach their yield limits (the XPS material
remained within its elastic range: exps<2.1% d and yxps<2.9% d). Observing the shear ratio f=Q/W
(where Q is the maximum seismic base shear force induced during earthquake excitation and W is
the calculated total seismic weight of the analysed model) which defines the seismic demand for
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the friction force between the RC foundation slab and the XPS layer or the friction force demand
between the different layers of the XPS foundation set (Azinovi¢ et al. 2014a), it can be seen that
the obtained values are between 0.36 (the models without consideration of SSI) and 0.46 (in the
case of soil E). In order to prevent possible uncontrolled horizontal sliding of a building, an
appropriate foundation set with sufficient friction capacity has to be used. It should be noted that
the application of a foundation set detail where a layer of waterproofing HI material is inserted
between the XPS boards (providing a friction capacity equal to 0.27 (Kilar et al. 2014)) would, in
the analysed case, not be an adequate solution.

Comparing the obtained storey drifts (Fig. 11) which are presented as the average of the
maximum and minimum obtained values, it can be seen that in the case of soft (type E) soils the
differences between the FB and Tl models are negligible. It should be noted that the height-wise
distribution of storey drifts depends strongly on the soil conditions (a constant distribution in the
case of soil type E vs. a trapezoidal distribution in the case of the model without consideration of
SSI). The largest storey drifts were obtained in the case of structures founded on soft soil.
However, even these drifts did not exceed the storey drift limit (1.0%) according to EC8 (Part
4.4.3.2) for buildings that have non-structural elements made of brittle materials attached to the

structure, and taking into account a reduction factor (considering a lower return period) equal to
0.5.

Table 4 Effect of soil type: the average response of the frame YZ: group 1 of accel. (a;=0.25 g), 30 cm thick
foundation slab

B4-FB B4-FB-soilA B4-FB-s0ilC B4-FB-soilE B4-TI B4-Tl-soilA B4-Tl-soilC B4-TI-soilE

T[sec] 0.156 0.160 0.285 0.712 0.279 0.280 0.365 0.760
Droof [MM]  11.2 11.3 29.1 73.1 235 20.9 47.6 75.7
s [0d] / / / 137 1.36 -1.44 -1.44

f / / / / 0.36 0.37 0.40 0.46
B4-TI B4-Tl-soilA B4-Tl-soilC B4-Tl-soilE
3,1 = 646 cm/s? a,,,¢ = 681 cm/s? 3, = 681 cm/s? a,,.; = 608 cm/s?
LG R — o—® ~= +
| 1I‘ lj
*—@ oo oo - ;+-——74‘
‘\ l‘\ \
oo - —@ “‘ PR — ‘;‘7 S— _‘,‘
| . }! |
@ @ @ o © & = '.[~ . =
7a__,7m:455 Erf\/s‘L t .ﬁ,ﬁ,:ddﬁ;m/j: | N t | 3 oo =463 cm/s’ @ T l‘\‘ a; ,=79185m/s’ ‘»

s —y | 8 SN Y,
3,1 = 245 cm/s? a,, = 245 cm/s? a,,; = 282 cm/s? a,, =417 cm/s?

Performance levels: [NEGNE
0, 10 LS cP 0, 0, no,
Fig. 10 Effect of soil type: the typical damage patterns and the average absolute maximum accelerations of
the frame YZ: group 1 of accel. (az=0.25 g), 30 cm thick foundation slab
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Fig. 11 Effect of soil type: the 4-storeyed frame YZ, group 1 of accel. (ay = 0.25 g), XPS 400, 30 cm thick
foundation slab

3.4 The effect of the foundation slab stiffness

In the authors’ previous work (Koren and Kilar 2014) the stiffness of the foundation slab was
evaluated as being an important parameter which affects the overall response of the structure,
especially when the response of the multi-bay frame (frame XZ) was analysed. If the foundation
slab is fully rigid, the distribution of contact compressive stresses in the soil or in the XPS layer is
linear (triangular - if the level of the stresses is lower than the soil or XPS yield limit), whereas in
the case of a flexible foundation slab the contact stresses become discretely distributed (Fig. 12).
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Fig. 13 The obtained pushover curves in relation to the foundation slab stiffness: the 4-storeyed FB and TI
frame XZ on soil A

The models on more flexible foundation slabs are more susceptible to larger compressive
stresses in the soil or in the XPS layer at one edge of the foundation slab and/or uplifts on the
opposite edge. In our analysed case the maximum edge compressive stresses under the actual (30
cm thick) foundation slab are approximately twice the size of the stresses which occur in the case
of foundation on a fully rigid slab. Due to the elastic behaviour of the XPS the same conclusion
can be made when observing the edge vertical displacements of the foundation slab in a
downwards direction. Moreover, when observing the maximum positive values of the vertical
displacements (i.e., the occurrence of uplift), the differences between the deformations of the
actual and rigid foundation slab are considerably larger. For this reason when attempting an
accurate seismic analysis of a building the actual stiffness of the foundation slab should be taken
into consideration.

Comparing the pushover curves corresponding to frame XZ on a fully rigid and an actual (30
cm thick) foundation slab (Fig. 13), it can be seen that the differences between the FB and TI
models are larger in the case of a flexible foundation slab, whereas in the case of a rigid foundation
slab the corresponding pushover curves coincide (see their initial part). Also, in the case of the
displacements of the superstructure, larger TI/FB amplifications were observed when the models
were founded on an actual foundation slab. Additionally, it should be noted that in the final stage
of the pushover analysis the frame XZ reached a completely plastic mechanism, which in general
was not observed when analysing the YZ frame (see also Fig. 9). A detailed comparison of the
response of the XZ frames with a fully rigid and an actual foundation slab subjected to group 1 of
accelerograms can be found in (Koren and Kilar 2014).

3.5 The effect of the XPS class

In order to investigate the effects of the XPS class on the response of the TI models, both
frames (XZ and YZ) were analysed on TI boards made of XPS 400 and XPS 700. In both cases the
XPS layer had a thickness of d=24 cm. For this purpose only the models with an actual (30 cm
thick) foundation slab lying on soil type A were taken into consideration. In this particular case,
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the structural overall response was only slightly affected by the class of the XPS boards placed
beneath the foundation slab. The fundamental periods of the frames on stiffer XPS class boards
(XPS 700) were up to 10% shorter than those of the frames on softer XPS. Similarly, the
differences between the obtained damage patterns of the frames on XPS 400 and 700 were
negligible. As can be seen from Fig. 14, the response was, in general, decreased if XPS 700 was
applied. For example, the lateral roof displacement of the XZ frame on XPS 700 had a value
which was equal to ~70% of the corresponding displacement in the case of applying XPS 400.
Similar findings were made also for the base displacements in the lateral and vertical direction. For
the latter (D,), it should be mentioned that its negative value indicates compressive deformation of
the XPS layer, together with the deformation of the soil below, whereas its positive value indicates
the amount of uplift. In our particular case (considering firm soil A) the contribution of the soil to
the total compressive deformation was relatively small (~10%). Thus, around 90% of the presented
D, occurred in the XPS layer. From the obtained vertical displacement values it can be concluded
that the XPS yield compressive deformation values (2.1 (2.7) % of the thickness (d) of the XPS
400 (700) layer) were never reached. Similarly, according to the yield shear limit of the XPS the
lateral base displacements of the ground floor slab were not of critical concern. Due to the SSI
modelling in the FB models, only very small vertical base displacements were observed, whereas
the lateral base displacements were negligible. Additionally, from the response of frames YZ and
XZ shown in Fig. 14 an important general difference can be seen, i.e. that the YZ frame is (due to
its height-to-width ratio) much more susceptible to edge uplifts and larger compressive
deformations of the ground soil and XPS layer. Moreover, in the case of the YZ frame the
obtained uplift D, displacements are even larger than their compressive values, which was not
observed in the case of the XZ frame.
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3.6 The effect of building height (i.e., the number of storeys)

From the point of view of load bearing capacity with respect to vertical loads only, the use of a
relatively soft Tl layer beneath the foundations is limited by the building’s weight, which is related
to the used building materials, the actual live load, and the number of storeys. Taking into account
the horizontal dynamic earthquake loads, these parameters take on greater importance. For this
purpose in this study the effect of the number of storeys was analysed on the YZ frame with a RC
foundation slab of actual stiffness (30 cm thick) on soil type A and XPS 400 subjected to group 1
of accelerograms (ag=0.25 g). Two and six storeyed models were analysed, as well as the 4-
storeyed model, taking into account the same RC cross-sectional dimensions and steel
reinforcement as in the case of the 4-storeyed frame.

As can be seen from Fig. 15, the response TI/FB amplifications (for the fundamental period and
the lateral roof displacement) decrease when the number of storeys is increased. In the case of the
analysed 6-storeyed model, even a slight de-amplification effect was observed for the lateral roof
displacement. However, in the analysed cases, the absolute values of the displacements were not of
critical concern. Observing the response quantities of the XPS layer (see the Tl models in Fig. 15)
it can be seen that the maximum compressive strains (exps) in the XPS were achieved in the case of
6-storeyed frame. However, the compressive deformations did not reach the XPS 400 vyield
deformation value (2.1% d). Similar findings can also be made with respect to the shear
deformations (yxpes) of the used XPS, although the differences between the obtained values for the
analysed frames with different numbers of storeys were not so pronounced. Observing the shear
ratio f=Q/W, which defines the seismic friction demand coefficient for the applied Tl foundation
set, it can be seen that, from this point of view, the low-rise buildings are critical. The maximum
obtained value slightly exceeds the friction capacity (~0.5) of the contact between the levelling
concrete and the XPS (Kilar et al. 2014). It should be noted that the herein reported maximum
standard deviations of the response quantities were always obtained in the case of the 6-storeyed
frame, and assumed values of up to 90%.

Comparing the obtained typical damage patterns of the 2-, 4- and 6-storeyed YZ frames (Fig.
15) it should be noted that the 2-storeyed frame did not suffer any damage neither in the case of
FB nor in the case of the TI structural variant. For the higher buildings the TI models in general
reached more critical damage patterns than the FB models. In the case of the 6-storeyed model the
obtained damage patterns in the FB and Tl models are comparable. Similar conclusions can be
made also concerning storey drifts.

In order to obtain a more detailed insight into the behaviour at the foundation level, a time-
history response of the B6-TI-soilA model subjected to a selected accelerogram is presented in
Fig. 16, where (at the top) the time-history of the vertical base reaction has been plotted. It can be
seen that it oscillates around a value of 2632 kN, which is equal to the total weight (W) of the
analysed frame at the seismic limit state. Checking the axial forces in all the discretely applied
XPS springs, the time-history of the percentage of the foundation (C,) in contact with the TI can
be plotted. Such a presentation is made in the bottom part of Fig. 16 in order to identify how likely
it was that uplift of the foundation slab would occur, this being a probable response in the case of
slender buildings (with a larger height-to-width ratio). It can be seen that the minimum C,
occurred at t=2.86 s, and assumed a value equal to 43.8% of the dimension B=8 m. It should be
noted that, in the case of structures reaching a C, of 50% or less, EC7 (CEN 2005b) prescribes the
application of special precautions in the design of the foundations.
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Fig. 16 The time-history response of the model B6-TI-soilA (frame YZ, 30 cm thick foundation slab)
subjected to synthesized accel. Banja Luka (a;=0.25 Q)

3.7 The effect of the seismic intensity

In order to investigate the effect of seismic intensity, the B4-TI-soilA frame YZ with an actual
(30 cm thick) foundation slab on XPS 400 was also subjected to a stronger earthquake event
(ag=0.35 g). For this purpose the previously used synthesized seven ground motion records were
scaled by factor of 1.4. The average absolute displacements and the obtained damage patterns of
the frame can be found in (Koren and Kilar 2014). For the sake of brevity, in this paper only the
response amplifications are commented upon. Comparing the response under the two analysed
seismic intensities (a5=0.25 g and 0.35 g) for the investigated model, the 40% larger seismic input
resulted in 100% larger lateral roof displacements (D), whereas the increase in the vertical
displacements at the edge of the foundation slab was much smaller (~25%). With respect to the
latter, it should be mentioned that also in the case of the higher seismic intensity the obtained
maximum compressive deformations in the XPS did not exceed the latter's yield deformation value
(2.1% d).

4. Conclusions

In principle a thermal insulation (TI) layer installed beneath a building acts similarly to a
seismic base isolation system since it elongates the structural period. However, TI/FB
amplifications (structures with vs. structures without TI beneath the foundation slab) of the
fundamental period are much smaller in comparison to those observed in the case of structures that
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are base-isolated by means of seismic isolation devices. In the case of the Tl models it was
observed that there were significant amplifications in the accelerations that were transferred from
the soil to the top of the ground floor slab. It should be noted that such a response is quite different
to the response of structures that are base-isolated by means of seismic isolation devices. In the
presented study medium-height symmetric RC frame buildings with fundamental periods in the
resonance part of the acceleration response spectrum were selected as being critical test structures.
Based on the results obtained, the following conclusions have been made, which should, however,
be limited to the analysed buildings founded on a TI layer made of extruded polystyrene (XPS):

» The results showed that the use of TI beneath the foundation slab of a superstructure generally
induces a higher structural peak response compared to the system where there is no Tl beneath the
foundation slab. These response amplifications could be substantial and might result in the
exceedance of the structural or Tl layer capacity values. For the analysed TI variants of the
superstructure which was previously designed as a FB variant in accordance with the seismic
codes it was shown that, in the case of a design earthquake load, the response amplifications do
not necessarily result in substantial exceedance of the ultimate limit states. In the analysed cases
unfavourable damage patterns (partial collapse mechanisms) were observed only in the case of
buildings with T1 beneath the foundation slab.

* During an earthquake the uplift of a building’s foundation slab on a XPS layer is a likely
response in the case of slender buildings (with larger height-to-width ratios) whose response is
governed mainly by the rocking mode of oscillation, and have a higher tendency to overturn.

* In order to prevent possible uncontrolled horizontal sliding between the different foundation
layers of the building (i.e., concrete, T, waterproofing sheet, etc.) appropriate foundation sets with
sufficient friction capacity need to be used. From the point of view of friction demand, special
attention should be paid in the case of low-rise (2-storeyed) and light-weight buildings.

» It is recognized that the incorporation of soil-structure interaction (SSI) may have a
significant impact on the structural dynamic response. The TI/FB response amplifications assume
the largest values in the case of foundations on firm soils. In the case of buildings founded on poor
soil conditions, the effect of soft soil prevails and the response of the FB and T1 models is almost
the same. However, the largest overall response in terms of the absolute values of the response
quantities was obtained in the case of models founded on poor soil.

« Analysis of the foundation slab stiffness effect showed that the response of the superstructure,
as well as that of the XPS, is substantially affected by the stiffness of the foundation slab
(especially in the case of multi-bay frames). In the case analysed in this paper, the XPS edge
stresses under the rigid foundation slab were underestimated by as much as a factor of 2 in
comparison with the corresponding stresses obtained in the case of a foundation slab with actual
(30 cm thick) stiffness. If accurate seismic analysis of a building is to be performed, the actual
stiffness of the foundation slab should be taken into account.

» The XPS vertical (compressive) deformability and strength was shown to be the main XPS
parameter which affects the structural dynamic response, whereas the corresponding XPS shear
characteristics did not significantly affect the response. The largest demands for the XPS layer in
terms of compressive deformation were obtained in the case of stiff and slender medium-height (6-
storeyed) buildings.

« In the study a simplified analysis of two characteristic 2D frames has been performed. It
should be noted that, in the case of a real complex 3D building model, the stresses and
deformations of the XPS layer at the corners of the foundations could be larger than those obtained
in the case of the 2D models used in the study.
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