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A B S T R A C T   

Time domain finite element (FE) analysis is a powerful tool for the study of Soil-Structure-Interaction (SSI) phenomena, but it requires a rigorous calibration of all 
aspects of the numerical model. This study presents three-dimensional (3D) FE analyses that are calibrated and validated against real scale free and forced vibration 
experiments on the prototype structure of EUROPROTEAS which is founded on soft alluvial sediments. The proposed calibration procedure exploits data recorded 
during experiments on structures with different structural stiffness, that mobilised SSI effects at different intensities. Particular focus is placed on the modelling of the 
soil-foundation interface, where zero thickness elastoplastic interface elements are used to allow foundation separation from the soil. A novel approach to simulate 
contact imperfections (gaps) between the foundation and the adjacent soil is proposed. The results demonstrate the significant impact of the interface gaps and soil 
nonlinearity on the response of the examined SSI systems, highlighting the importance of a rigorous model calibration.   

1. Introduction 

Finite element analysis (FEA) is the most rigorous approach to study 
dynamic Soil-Structure-Interaction (SSI) phenomena. FEA, which is 
commonly referred to as a direct method, simulates SSI problems in a 
single step in the time domain, considering the continuous interaction 
between the structure and the soil. Also, it allows for a rigorous soil 
modelling, considering soil nonlinearity, soil plasticity, pore water 
pressure generation, soil stiffness dependence on mean effective stress 
and other facets of soil behaviour, depending on the soil type and on the 
adopted constitutive model. These are the main advantages of FEA over 
other methods that exist in the literature, such as Winkler models [e.g. 
Refs. [1,2]], lumped models [e.g. Refs. [3,4]] and the substructure 
method [e.g. Refs. [5,6]]. The disadvantage of FEA is the high compu-
tational cost, while the consistent selection of input parameters is one of 
the main challenges, especially when there is a lack of lab or field data. 
The uncertainty regarding the input parameters is mitigated when an FE 
model is validated against real scale experiments, which allow a thor-
ough calibration of the structural, soil and soil-foundation interface 
properties. However, such numerical SSI studies are scarce in the liter-
ature, due to the cost of real scale experiments, as well as the lack of a 
rigorous numerical procedure for SSI related problems. 

Chao [7], Borja et al. [8] and Amorosi et al. [9] developed 

three-dimensional (3D) FE numerical models to study SSI phenomena 
observed during seismic events at the Large-Scale Seismic Test (LSST) 
site located in Lotung, Taiwan. Chao [7] and Borja et al. [8] adopted for 
the soil a total stress-based bounding surface plasticity model [10], 
whose parameters were calibrated by exploiting free-field downhole 
data, as described in Ref. [8]. However, these studies were limited by the 
inability of the adopted soil constitutive model to predict behaviour at 
small strains and lack of a complete model validation. Simulating the 
same experiments, Amorosi et al. [9] developed a 3D SSI model, which 
was calibrated against one seismic event and was validated against three 
independent events, ensuring the reliability of the model. The soil 
domain was simulated with the HSS model [11], extended by Benz [12] 
and calibrated on site-specific data [7,8]. Pitilakis et al. [13] also 
employed FE analysis to simulate large scale experiments similar to 
those of the present study, adopting however a linear elastic soil model. 
One possible limitation of the above studies is that the anticipated in-
crease of soil stiffness in the vicinity of the foundation due to the exis-
tence of the structure [14–17] was not considered. 

More importantly, the abovementioned FE studies did not explicitly 
consider the interface between the soil and foundation. They all assumed 
full adhesion and bonding between the foundation and the adjacent soil. 
Such an approximation for the soil-foundation interface model does not 
allow relative displacements between the two, while it can lead to the 
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generation of unrealistic effective stresses at the interface. There are 
various interface models for SSI FE analysis; Herrmann [18] proposed 
the use of “bond elements” to link the two materials in contact. These are 
essentially normal and shear springs, which can allow sliding and sep-
aration of the two linked materials. Alternatively, finite elements can be 
placed between the two materials, which, unlike the bond elements, can 
study the constitutive behaviour of the interface. An approach is to use 
thin conventional finite elements, behaviour of which is based on 
standard constitutive laws [19,20]. These elements, though, can cause 
convergence issues when their aspect ratio is very large and sliding 
between the two materials is prominent [20]. With respect to the latter, 
interface or joint elements of either finite or zero-thickness have been 
widely used for SSI related problems [21–24]. Zero-thickness interface 
elements have an advantage in that they do not require the calibration of 
the thickness parameter [20,24], which affects the shear stiffness, mass 
and damping of a thin interface element [22,23]. 

The elastic properties of the interface elements are normal (Kn) and 
shear (Ks) stiffnesses. Due to the lack of lab data, many studies consid-
ered arbitrary high values for Kn and Ks [25–28] to restrict elastic 
relative displacements between the two materials. For the case of a 
shallow foundation, that is prone to uplift or sliding during dynamic 
loading, permanent relative displacements between the foundation and 
the soil can take place, which can be simulated with an elastoplastic 
interface model [25–28]. It is also crucial that the interface model can 
simulate the interface contact conditions at rest, as shallow foundations 
may not be in perfect contact with the soil beneath. Despite this, very 
few numerical studies in the literature [27,28], have investigated the 

impact of potential interface imperfections on the SSI response. 
This study proposes a rigorous calibration procedure for 3D 

nonlinear numerical models, which was developed based on the simu-
lation of real-scale free and forced vibration experiments of the EURO-
PROTEAS prototype frame structure. The developed procedure involves 
the calibration of the stiffness of the structural elements, the soil 
nonlinear properties and the interface properties; all verified against a 
separate series of experiments which mobilise a wide range of strains in 
the surrounding soil medium. This study also places particular emphasis 
on the modelling the soil-foundation interface, which is one of the main 
challenges in numerical SSI studies. A novel approach to model potential 
interface imperfections is proposed, aiming to take into account areas 
where the foundation and the soil are not in contact (gap areas). 

2. Experimental campaign 

2.1. Structure 

EUROPROTEAS (Fig. 1a and b) is a 3 × 3 m in plan and 5 m tall frame 
structure with steel columns (SHS 150 × 150 × 10 mm profiles with 
length of 3.8 m each) and a removable cross-bracing system (L-shape 
100 × 100 × 10 mm profiles with length of 4.3 m each). It is founded on 
a surface foundation, consisting of a reinforced concrete slab (9Mgr). 
The superstructural mass consists of one or two identical slabs (9Mgr or 
18 Mgr) with dimensions 3 × 3 × 0.4 m each. Two different structural 
configurations are examined herein. The first configuration comprises a 
symmetric fully braced structure with a cross-bracing system at all four 

Fig. 1. EUROPROTEAS’S (a) picture, (b) structural elements, (c) fully braced 2-top slab configuration (FBr) and (c) partly braced 2-top slab configuration loaded 
along its weak plane (PBr). 
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sides and two top slabs (FBr), as shown in Fig. 1c. The second configu-
ration, shown in Fig. 1d, has two top slabs as well, while it is braced only 
in the East-West (EW) planes, with reference to the coordinate system 
shown in Fig. 1c and d. This partly braced configuration, PBr, was 
loaded along its weak plane which corresponds to the North-South (NS) 
direction. The examined structural configurations and their character-
istics are summarised in Table 1. 

The structural design conformed to the provisions of modern codes 
and regulations [i.e. [29,30]], while it ensured the elastic response of 
the structural elements during the experiments. The fully braced struc-
tural configuration was designed to be very stiff with minimal flexural 
deformability to allow foundation rocking, as detailed in Ref. [31]. 
Appendix A presents the calculations of the bearing capacity of the 
foundation soil as well as the strength properties of the soil. Following 
the guidelines provided by Eurocode 7 [32], the ultimate vertical force 
(Nu) is estimated around 8758 kN, while the vertical applied load (N) is 
265 kN. Using the closed-form solution provided by Butterfield and 
Gottardi [33], the moment and shear capacity of the foundation were 
estimated to be 272kNm and 54 kN, respectively. The design loads for 
the foundation were a maximum shear force of 50 kN and a moment of 
250kNm, which represent the maximum values that could be applied by 
the available equipment. However, during the actual examined experi-
ments, the maximum shear force and moment that were applied at the 
foundation level were 15.7 kN and 78.5kNm, respectively. 

2.2. Soil conditions 

EUROPROTEAS is located at the TST site, the centre of the Euro-
seistest site, within a valley in Northern Greece. Previous field and lab 
studies documented the geotechnical properties of the TST site [31, 
34–38]. Particular care was taken on the detailed characterisation of the 
shallow soil layers which are of primary importance for SSI problems [e. 
g. Refs. [15,17]]. Fig. 2a presents the stratigraphy of the first 30 m of 
soil, as interpreted from characterisation of samples taken from a 
borehole drilled below the geometric centre of the foundation [35]. 
Fig. 2b presents the shear wave velocity (Vs) profiles at the TST site, 
proposed by previous studies [34–36,38] that interpreted data collected 
from various techniques mentioned in the figure. The description of 
these techniques can be found in the referred studies, while a summary 
of the interpretation process can be found in Ref. [39]. Some of the 
studies explored the shallow layers of the site [35,38], while others 
provided Vs profiles that spanned the entire soil column from the surface 
to bedrock (196 m). The shallow layers are composed of very soft sed-
iments, with estimated Vs values ranging from 100 to 150 m/s at the soil 
surface, and increasing to approximately 200 m/s at a depth of 15 m. 
The soil stiffness shows a relatively linear increase with depth, while no 
significant stiffness contrast is observed between adjacent layers within 
the first 30 m. During the experiments, the water table was measured in 
the borehole below the geometric centre of the foundation and found to 
be 0.8 m below the ground surface. 

Soil samples retrieved from borehole drilling were tested in resonant 
column (RC) and cyclic triaxial (CTX) apparatuses to provide the vari-
ations of stiffness and damping ratio with shear strain under cyclic 
loading (G-γ-D). The locations of samples for which G-γ-D curves are 
estimated are depicted in Fig. 2a, while more details can be found in 
Refs. [31,37]. The G-γ-D lab curves were further adjusted to take into 
account the different conditions existing in the laboratory and in-situ, i. 

e. loading frequency (f), number of cycles (N) and stress state (p′), that 
were found to impact the curves [40–42]. 

The first step of the calibration process involved fitting the Darendeli 
[42] G-γ-D mean curves to the laboratory data. At this stage the lab 
conditions were considered; p′ was set equal to the mean effective stress 
imposed in the lab, while f and N were given representable values for RC 
and CTX tests. Other input parameters such as PI and OCR were avail-
able from the lab data [37]. To improve the fitting of the mean G-γ-D 
curves to the lab data, the statistical Darendeli parameters were adjusted 
accordingly, ensuring that the resulting curves remained within the μ ±
σ range of the corresponding soil type (where μ and σ are the mean and 
standard deviation values). 

The second step of the calibration involves the computation of the G- 
γ-D curves using the Darendeli equations with the adjusted statistical 
parameters of the first stage, considering the in-situ conditions (p′, f, N). 
The mean effective stress of each layer was computed assuming the 
overburden pressure at the centre of the layer and K0 conditions (K0 =

(1 − sin φ′) • OCRsin φ′). The loading frequency was set equal to 1 and 
number of cycles equal to 10, as these values are commonly used in 
geotechnical earthquake engineering [40]. Fig. 3 compares the Dare-
ndeli curves adjusted for the experimental and in-situ conditions (p′, f, N) 
with the corresponding lab data. These curves pertain to a soil sample 
retrieved from 2 m depth, as indicated by the first bullet point depicted 
in Fig. 2a. This soil sample and hence the presented G-γ-D curves are 
considered representative of the first 3 m of soil, which in the ensuing 
numerical model is assumed to be the first layer of the soil domain. 

2.3. Equipment for excitation load application 

2.3.1. Forced vibration 
Forced vibration tests were carried out by the means of an MK-500U 

(ANCO Engineers Inc) eccentric mass vibrator system (Fig. 4a), that can 
apply horizontal unidirectional sinusoidal forces of various frequencies. 
It was mounted at the centre of the top slab, which coincides with the 
centre of mass and rotation of the slab, while it was acting along the NS 
direction (with reference the coordinate system shown in Fig. 1). This 
loading configuration ensured that the force was applied along one of 
the planes of symmetry of the structures, hence minimizing, as possible, 
the out-of plane (EW) motion. 

The vibrator comprises two rotating shafts with eccentrically placed 
plates, denoted as A, B, C and D, which can be placed with four com-
binations (mA, mB, mC or mD). The choice of the combination affects 
the vibrator’s eccentricity (E) (see Table 2), which, in turn, regulates the 
maximum magnitude (Fmax) of the sinusoidal force according to Eq. (1), 
as illustrated in Fig. 4b [43]. 

Fmax =E × (2πf )2 (1)  

where, Fmax is in units of [N], E is in [Kg • m] and f [Hz] is the input 
frequency to which masses rotate. 

2.3.2. Free vibration 
Prior to the free vibration of the structures, a static pull-out force was 

applied incrementally on the top slab along the South direction, with a 
wire rope-pulling hoist-counterweight system as shown in Fig. 5. The 
pulling hoist applied a tension force to the wire rope, which was 
transferred to the top slab as a pull-out force. The force was measured in- 
situ by a Z-beam tension load cell, which was attached between the wire 
rope and the top slab. Upon reaching the desired pull-out force magni-
tude, the wire rope was cut instantaneously (as much as practically 
possible), allowing the structure to oscillate freely until it came to rest. 

2.4. Monitoring instrumentation 

During the free and forced vibration experiments, the response of the 
soil-structure system was monitored by a comprehensive 

Table 1 
Structural configurations examined.  

Configuration 
name 

Bracing system Mass 
(Mgr) 

Loading 
direction 

FBr Full - All four sides were braced 18 NS 
PBr Partly - The North and South 

sides were braced 
18 NS (Weak 

axis)  
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Fig. 2. (a) Soil stratigraphy [35], (b) Vs at the TST site, as interpreted from different tests by previous studies.  

Fig. 3. Stiffness degradation and damping ratio curves, resulting from resonant column and cyclic triaxial tests [31,37] and adjusted Darendeli [42] curves for the 
experimental and in-situ conditions. The presented data correspond to a soil sample retrieved from 2 m depth and to the first layer of the numerical model. 

Fig. 4. (a) Vibrator in plan view, (b) magnitudes of the applied sinusoidal force with frequency for each plate combination placed on the vibrator.  
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instrumentation placed on the structure and the soil surface. In total, 
there were 9 triaxial accelerometers (4 CMG-5TCDE and 5 CMG-5T type) 
that monitored the structural response, 13 seismometers (7 CMG-6T and 
6 CMG-40 type) that monitored the soil surface motion and one down-
hole accelerometer (CMG-5TB). The structural accelerometers were 
mounted on the concrete slabs, the seismometers were buried in a 30 cm 
deep hole, while the downhole accelerometer was placed in a cased 
borehole below the geometric centre of the foundation. All instruments 
were operating at a sampling frequency of 200 Hz and connected to a 
common global positioning system (GPS) antenna to ensure time con-
sistency and synchronization between each other. For the experiments 
discussed in this study, the structural and soil instruments were 
configured in two and three different ways, respectively repeating the 
experiments. All instrument configurations can be found in Appendix B, 
while for brevity, Fig. 6 presents one configuration of the structural 
instruments and one of the soil instruments. 

2.5. Experimental imperfections and constraints 

Experimental imperfections arise from defects in the geometry of the 
structure, while additionally, the applied load cannot be perfectly 
aligned along the plane of symmetry of the structure. Also, although the 
ground surface was levelled prior to placing the structure into its final 
position, perfect contact between the foundation and the soil could not 
be ensured. The uncertainty regarding the soil-foundation interface 
conditions is compounded by the fact that the reinforced concrete 
foundation base was pre-cast with a timber formwork supported at two 

edges only. This process may have resulted in a parabolic foundation 
base shape due to the compliance of the unsupported formwork. This 
presumed shape of the foundation base and deviations in the leveling of 
the ground surface prior to the foundation placement, are expected to 
form contact imperfections, gaps, between the foundation and the soil. 
Gaps were also formed beneath the foundation edges as a result of soil 
densification during the multiple tests that were carried out prior to the 
examined tests. 

Additional sources of experimental imperfections are associated with 
the column-slab and column-brace connections. The SSI response is 
expected to be more sensitive to the column-slab connections which 
carried a substantial proportion of the moment loading that existed 
during structural oscillation, than the axially loaded column-brace 
connections. Koronides [39] investigated the moment capacity of the 
column-slab connections, by exploiting lab data that were obtained prior 
to the construction of the structure [31]. The lab tests, which are 
described in Ref. [31], involved static lateral force and free vibration 
tests on a cantilever structural system. The cantilever consisted of a 
column that was connected to a rigid base via a bolted connection; both 
the column and the connection were the same to the ones used on 
EUROPROETAS. The lab results have shown that the column cannot be 
considered fixed at the base, instead, it should be considered as a 
cantilever founded on a rotational spring of stiffness Kθ. However, the 
scatter seen in the lab tests allowed only to specify a range of Kθ plau-
sible values (i.e. 2465-6400 kNm/rad), while there is no experimental 
information regarding the stiffness of the column-slab connections of 
EUROPROTEAS. 

In addition to the experimental imperfections, experimental con-
straints arose due to the unavailability of suitable instrumentation for 
measuring displacements. The vibratory force was also not measured 
due to the inherent challenges associated with such measurements, as 
they have already been established by other forced vibration studies [44, 
45]. 

The above experimental imperfections and constraints, which some 
of them are unavoidable in field experiments, pose significant challenges 
in developing suitable numerical models. The approach to address the 
above limitations is discussed in the ensuing sections. 

3. Numerical model 

3.1. Types of analyses 

All numerical analyses were carried out using the Imperial College 
Finite Element Program (ICFEP) [46]. The analyses simulate free and 
forced vibration tests on both FBr and PBr structural configurations, 
with each simulation consisting of both static and dynamic analyses. All 
analyses start with a Static Self-Weight (StSW) phase which simulates 
the construction of the structure within one analysis increment, aiming 
to create the static conditions existing in-situ prior to the application of 
the external loads on the structure. For the case of the free vibration 
simulations, the StSW analysis was followed by a second static analysis 

Table 2 
Total vibrator eccentricity (E) for each combination of plates.  

Vibrator mass name Plates on each shaft Total eccentricity 
E (Kg m) 

mA A 1.85 
mB A + B 3.93 
mC A + B + C 6.93 
mD A + B + C + D 11.31  

Fig. 5. Schematic illustration of free-vibration system.  

Fig. 6. Plan views of the instrument configurations placed on the (a) structure and (b) soil surface.  
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phase during which the pull-out force was applied on the structure (StP). 
Subsequently, dynamic analyses were undertaken, in which the force 
was removed instantaneously in a single increment, while beyond this 
increment the numerical model computed the free oscillation of the SSI 
system. For the simulation of forced vibration experiments, dynamic 
analyses were carried out directly after the StSW analysis phase. These 
analyses applied incrementally the vibratory load on the top slab, while 
computing the SSI response in the time domain. 

In all dynamic analyses, the generalized α-integration scheme [47] 
was used to allow numerical dissipation of the high frequency noise, 
while maintaining second order accuracy. The input parameter, spectral 
radius at infinity (ρ∞), was set equal to 0.818 (9/11), which was found to 
be the optimum value [48,49]. A full Gaussian element integration was 
used, as the more computationally efficient 2 × 2 integration led to 
stress fluctuations and instabilities in the interface elements for the 
evaluation of, among others, stresses and body forces. The full integra-
tion led to 27 (3 × 3 × 3) integration points for the 3-dimensional brick 
elements and 9 (3 × 3) integration points for the 2-dimensional interface 
elements. 

Preliminary parametric analyses showed that the time step used in 
the analysis should be smaller than T/20, where T is the period of the 
applied motion and the predominant period of the structure for forced 
and free vibrations respectively. Table 3 summarises the time steps used 
in the numerical analyses which meet the above criterion. 

3.2. Problem geometry and boundary conditions 

The finite element mesh, dimensions and some of the boundary 
conditions used for the numerical model are depicted in Fig. 7. 
Exploiting the symmetry of the problem, only half of the problem ge-
ometry was modelled. The dimensions of the simulated soil domain, 15 
× 7.5 × 6 m, were decided based on an extensive parametric study, 
which indicated negligible boundary effects on the structural response 
and tolerable effects on the soil response for the examined simulations 
[39]. The soil domain is modelled with 20-noded brick elements and is 
divided into two layers, to simplify the soil stratigraphy of the site 
presented in Fig. 2. The spatial discretisation of the brick elements was 
based on the widely used guidelines of Kuhlemeyer and Lysmer [50]. 

As only half of the problem geometry is modelled, the displacements 
perpendicular to the plane of symmetry, uy (see Fig. 7), are restricted in 
all analyses. During both the StSW and StP static analyses, the three 
displacement components of all nodes at the bottom boundary of the soil 
domain were constrained. The nodes that lie at the lateral boundaries 
were restricted in the direction perpendicular to the plane of each 
boundary, as shown in Fig. 7a. These conditions change for the dynamic 
analyses, except for the nodes at the plane of symmetry which remain 
unchanged (Fig. 7b). For the dynamic analyses the corner nodes of the 
bottom boundary of the soil domain are fully fixed, while the cone 
boundary condition [48,51], consisting of a normal and two tangential 
springs and viscous dashpots, was applied to the remaining soil 
boundary nodes, apart from the ground surface and plane of symmetry. 
The imposition of springs reduces the rigid body movements of the soil 
domain, which would have occurred at low input frequencies if only the 
dashpots were imposed [48,52]. 

Fig. 7c and d presents the structural models of the fully braced 2-top 
slab and partly braced configurations, respectively. The reinforced 

concrete slabs, of dimensions 3 × 1.5 m in plan, are modelled with 20- 
noded brick elements, while the steel columns and braces are modelled 
with special 3D-formulated one-dimensional beam elements [53] with 3 
nodes. A full moment connection was prescribed for the connections 
between the braces. In contrast, the three displacement degrees of 
freedom for the connections of the columns with the braces were tied 
together [46,54], while maintaining free rotation. 

The beam elements of the columns were extended into the brick el-
ements of the slab to achieve a moment connection, as shown in Fig. 7c 
and d. The length of the extended part is equal to the vertical dimension 
of a brick element (0.20 m) and shares the same nodes with the adjacent 
brick elements. The twisting degree of freedom of the end node of the 
extension element is fixed, otherwise the column would be free to rotate 
torsionally. The stiffness of the connection is determined by the stiffness 
of the extended beam, whose calibration is discussed later. 

3.3. Elastic properties 

All structural elements, and for some analyses soil elements too, were 
assumed to behave as linear elastic materials, with the structural prop-
erties selected according to modern regulations, i.e. [29,55]. Table 4 
summarises the elastic properties of the structural elements, including 
Young’s modulus (E), Poisson’s ratio (ν), density (ρ), cross sectional area 
(A), moment of inertia (I) and torsional constant (J). The stiffness of the 
two layers at very small strains were inferred from previous site char-
acterisation studies (Fig. 2b). Table 5 presents the Young’s modulus, 
Poisson’s ratio and mass density of the two modelled soil layers. 

Material damping for both linear elastic structural and soil materials 
was represented in the form of Rayleigh damping, following Woodward 
and Griffiths [56], employing, in the calculations, the smallest and 
largest resonance frequencies excited during the experiments. The 
identified frequencies as well as the adopted target damping ratio are 
shown in Table 6 for each structural configuration. A target Rayleigh 
damping (ξ) of 5% was selected for the soil domain for the cases that was 
modelled as linear elastic material (Table 5). 

3.4. Input motion 

3.4.1. Pull-out force 
In StP analyses the pull-out force is simulated as a point load on the 

top slab over 25 increments. The force is applied to a node on the top 
slab that lies on the yz plane and the plane of symmetry, along the y- 
direction at an angle of 9◦ to the horizontal plane, as illustrated in 
Fig. 7a. The magnitude of the applied force is half of the one measured 
in-situ since only half of the problem geometry is modelled. 

3.4.2. Vibratory excitation 
A limitation of the forced vibration experiments is that the input 

vibratory force was not measured in-situ and can only be estimated 
using Eq. (1), leading to uncertainty regarding the magnitude, frequency 
content and direction of the force. To alleviate this, recorded motions 
can be used as input excitation in the numerical model, instead of the 
estimated force. However, it is well established in the literature [57–61] 
and verified through the current data [39], that the integration of 
recorded acceleration data can lead to unphysical estimates of velocities 
and displacements, rendering them unsuitable for direct use in the nu-
merical model. Assuming zero permanent displacements, Koronides 
[39] developed an integration procedure to overcome this issue which 
results in reasonable estimates of displacement time histories that can be 
used as input excitation in the forced vibration simulations. 

Therefore, the input excitation was specified in the form of 
displacement time histories interpreted from accelerations recorded on 
the top slab by the instrument nearest to the vibrator (this instrument is 
denoted as 2.5 with reference Fig. 6a). The NS and vertical displacement 
components were imposed along the x and z-directions of the numerical 
model, respectively, to the node that corresponds to the position of this 

Table 3 
Time steps used in the forced and free vibration numerical analyses.  

Forced Vibration Free Vibration tests 

Applied frequencies 
(Hz) 

Time step 
(s) 

Structural 
configuration 

Time step 
(s) 

1–2 0.02 FBr 0.01 
2–5 0.01 PBr 0.02 
5–8 0.005    
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Fig. 7. FE mesh, dimensions and some boundary conditions of the (a) static self-weight and pull-out analyses, (b) dynamic analyses, (c) structural model of the fully 
braced configuration, (d) structural model of the partly braced configuration. 

Table 4 
Elastic properties of the structural elements.   

E 
(GPa) 

ν ρ (Mgr/ 
m3) 

A 
(cm2)

I 
(cm4)

J 
(cm4)

Concrete 31 0.2 2.5 – – – 
Braces 200 0.25 7.85 19.2 177 6.97 
Columns 200 0.25 7.85 54.9 1770 2830 
Beam elements extended 

into the foundation 
and top slab 

tbc 0.25 0.05 54.9 1770 2830  

Table 5 
Elastic soil properties.   

E (MPa) ν ρ (Mgr/ m3) ξ (%) 

Layer 1 100 0.25 2.0 5% 
Layer 2 186 0.2 2.1 5%  

Table 6 
Frequencies used for the calculation of Rayleigh damping.  

Structural Configuration F1 (Hz) F2 (Hz) 

FBr 3 8 
PBr 1 7  
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instrument. The input motions were tapered for approximately 0.5 s, to 
achieve a smoother SSI response. The input motion typically included 
10–15 cycles, resulting to a steady state response of duration equivalent 
to 7–12 cycles. 

3.5. Interface model 

3.5.1. Interface elements 
Simulation of the interface between surface foundations and soil to 

allow the foundation uplift and sliding is a key challenge in SSI prob-
lems. For this purpose, zero thickness interface elements available in 
ICFEP [24,62] were employed (see Fig. 7a and b). The elastic properties 
of the interface elements are the normal (Kn) and shear (Ks) stiffnesses, 
which relate the elastic normal (ε) and tangential (γ) interface strains 
with the normal (σ) and shear (τ) stress. As strains are interpreted in 
terms of relative displacements (between the two sides of an interface 
element) normal and tangential to the interface plane, respectively, they 
have a unit of length, while their stiffnesses have units of kN/m3. 

Similar to Potts and Zdravkovic [63], Koronides [39] has shown that 
Ks and Kn values can significantly affect the response of an SSI system. 
When the interface stiffness is very low relative to the structural stiff-
ness, then the overall response of the SSI system is controlled by the 
flexibility of the interface. Ruiz Lopez et al. [64] argued that Kn and Ks 
should be high enough to prevent overlap between the contacting bodies 
in compression, while very high values should be avoided as they cause 
numerical instabilities. Day and Potts [24] have shown, through 2D 
analyses, that numerical instabilities may arise when either of the two 
interface stiffnesses is larger than 100E, where E is the Young’s modulus 
of the stiffer contacting material. This is an empirical rule, as direct 
comparison between interface and solid element stiffnesses cannot be 
made since they have different units (kN/m3 for interface elements and 
kN/m2 for solid elements). Following this empirical rule and considering 
that the largest value of Young’s modulus for the materials in contact is 
31 GPa (corresponding to the foundation slab), a value of 1E8kN/m3 

was adopted for both Kn and Ks, representing full contact conditions 
between the foundation and the soil under compressive normal stress. 

To simulate foundation uplift and sliding, an elastoplastic Mohr- 
Coulomb (MC) model, which can be found in Ref. [24], is introduced 
for interface elements. The model is characterised by the angle of 
shearing resistance φ′ = 30o, cohesion c′ = 0 and angle of dilation ν =

0o. Below the MC yield surface, the interface behaviour is governed by 
its elastic properties. When the stress state reaches the yield surface, Ks 
switches to zero allowing sliding to occur, while Kn remains unchanged. 
On the other hand, if foundation rocking is prominent, the initially 
compressive interface normal stress will reduce in part of the foundation 
and when it exceeds the tensile strength, set as c′/tan φ′ (equal to zero in 
this case), those interface elements will open, allowing the foundation to 
rock and part of it to detach from the soil. While interface elements 
remain open, both shear and normal stiffness switch to zero, while the 
normal and shear stress remain at c′/tan φ′ and zero, respectively. At the 
same time, normal strains corresponding to the amount of interface 
opening are accumulated in the plastic hardening parameter (repre-
senting the plastic part of normal strains). When the loading conditions 
change in a way that forces the opening to reduce and eventually close, 
the plastic hardening parameter reduces and becomes zero upon full 
closure of the interface opening. At that stage the normal and shear 
stress start to change again and interface regains its elastic stiffness. 
During free and forced vibration simulations, some interface elements 
open and close at different increments, which is enabled by a 
contact-tracing algorithm in ICFEP [46]. The adopted interface model-
ling was shown appropriate for the examined structural configuration 
where sliding is not important but rocking is prominent, in agreement 
with the claim made by Gazetas et al. [25] for slender structures. 

3.5.2. Simulation of gaps 
During the field experiments and under static loads, gaps between 

the foundation and the soil beneath were visually noticeable below 
foundation edges. Herein, a novel approach to initiate gaps between the 
foundation and the soil is proposed, using the above MC model formu-
lation for interface elements. As briefly discussed in Koronides et al. 
[27], the proposed formulation initiates a detachment (gap) of the sur-
face foundation from the soil by initiating the analysis with a non-zero 
value for the previously mentioned hardening parameter of the model. 

The procedure that is proposed to model gaps consists of three main 
steps. In the first step, the non-contact areas and the magnitude of 
opening (g) are chosen (both parameters require calibration, see 5.3). 
The second step requires the initiation of gaps for the StSW analysis by 
prescribing a relatively large value of hardening parameter for the 
integration points of the elements where gaps are intended. It is noted 
that at this stage, the magnitude of opening is larger than g, while it 
should be large enough to ensure that the initially open gaps will not 
close due to the self-weight by the end of the StSW analysis. The target 
interface condition at the end of the StSW analysis is zero stresses at the 
interface elements that are intended to be initially open. In the final step 
of the process, in the analysis that follows the StSW analysis, the 
magnitude of the open integration points is re-defined to be equal to g. 
This step is performed prior to conducting the StP analysis for free vi-
bration simulations and dynamic analysis for forced vibration 
simulations. 

The adopted name conversion for analyses which employ elasto-
plastic interface elements and define initial gaps at the interface is 
EPint_gmm, where g is the magnitude of gap in mm units. For simplicity, 
EPint_gmm analyses are carried out for forced vibration tests only. 
Table 7 summarises the analyses that are presented herein, also showing 
the initial gap magnitudes prescribed prior to the StSW and dynamic 
analyses. 

This study compares the impact of three assumed gap configurations, 
which are prescribed at the soil-foundation interface prior to the exci-
tation force as shown in Fig. 8. The gap configuration 1 and 2 (GC1, 
GC2), shown in Fig. 8a and b, simulate gaps at the edges of the foun-
dation; however, they differ in terms of the total area of gaps. The non- 
contact area of GC3 was prescribed along an interior line of interface 
elements, as shown in Fig. 8c. 

3.6. Soil constitutive behaviour 

For the static (StSW and StP) phase of the analyses drained condi-
tions were assumed, implying no change in pore water pressure in the 
ground (i.e. instantaneous drainage) due to the building self-weight. In 
the subsequent dynamic phase of the analyses, the soil below the ground 
water table (at 0.8 m depth) was assumed to behave in an undrained 
manner. In all analyses, soil is assumed as elastic. Although displace-
ment measurements were not available, permanent settlements or ro-
tations are expected to be negligible due to the weak amplitude of 
excitation loads. As it can be inferred from Appendix A, the maximum 
moment-shear state of the foundation, that is examined in the present 
study, is far from the yield surface, hence elastic soil behaviour is ex-
pected. To invigorate the elasticity assumption, nonlinear analyses 
coupled with a plasticity model (Mohr-Coulomb) were undertaken, 
which showed that soil plasticity was not triggered at any stage of the 
analyses (these analyses are not shown herein for brevity). 

Table 7 
Initial gap openings prescribed prior to the StSW and StP analyses.  

Analysis name Gap (g) opening (mm) 

StSW Dynamic 

EPint_0.05 mm 2 0.05 
EPint_0.1 mm 2 0.1 
EPint_0.2 mm 2 0.2  
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The effect of soil’s nonlinearity, expressed in terms of a nonlinear 
elastic stiffness, on the SSI response is investigated. Only a superficial 
soil layer of 0.8 m thickness is assumed as nonlinear, while the 
remaining soil domain being linear elastic. Koronides [39] carried out 
analyses where the whole soil domain was assumed nonlinear, demon-
strating that the nonlinearity of the SSI response was controlled by this 
superficial layer, with the remaining layers mobilising negligible 
nonlinearity. 

3.6.1. Constitutive model 
For the nonlinear analyses, the Imperial College Generalized Small 

Strain Stiffness (IC.G3S) cyclic nonlinear elastic model developed by 
Taborda et al. [65] was used. The soil shear stiffness at very small strains 
(Gmax) is calculated as a function of the mean effective stress (p′), as 
shown in Eq. (2). 

Gmax =G0 • fG(e) •

(
p′

p′
ref

)mG

(2)  

where, G0 is the magnitude of maximum shear modulus for p′ equal to 
the reference mean effective stress, i.e. atmospheric pressure (p′

ref =

101.3 kPa), fG(e) is a function that incorporates the influence of void 
ratio on the modulus and mG is a parameter that defines the nonlinearity 
of the Gmax dependency on p′. The influence of void ratio on Gmax was not 
considered. The values of mG and G0 are selected so that, under free-field 
conditions, the modelled Gmax profile approaches the Gmax inferred from 
field tests (Fig. 2b). The use of a stress-dependent soil stiffness allows to 
account for the increase in soil stiffness in the vicinity of the foundation 
due to the self-weight, which is essential in addressing SSI problems [e.g. 
Refs. [15,17]]. Eq. (2) implies that stiffness vanishes for zero effective 
stress, which can be the case for the soil surface. To avoid an unrealistic 
zero soil stiffness, a hydrostatic suction is imposed above the ground 
water table. Hydrostatic pore water pressures are also assumed below 
the water table. 

The variation of the tangent shear stiffness (Gtan) with the accumu-
lated deviatoric shear strain since the last reversal (E∗

d) is simulated as: 

Gtan =Gmax •

⎛

⎜
⎜
⎜
⎝

RG,min +

(
1 − RG,min

)

1 +
(

E∗
d

nG•α

)b

⎞

⎟
⎟
⎟
⎠

≥ Gmin (3)  

where, RG,min is a parameter introduced to limit the degradation of shear 
stiffness, the parameter a controls the horizontal position of the degra-
dation curve and parameter b controls the degradation rate [66]. The 
parameter α is dependent on the stress state, while both a and b can 
depend on the loading direction, which is neglected herein. Gmin is the 
minimum shear stiffness beyond which the stiffness does not degrade 
and nG is a scaling factor. 

Eq. (3) defines the backbone curve when nG is set equal to one, which 
is applicable for monotonic loading. On the contrary, nG changes during 
cycling loading, taking typically a value equal to two when following the 
original Masing rules [67,68]. However, it is well established that this 
value leads to underestimation of damping at small strains and its 
overestimation at medium to large strains, in comparison with the lab 
data [65,69–73]. Taborda and Zdravkovic [71] and Taborda et al. [65] 
proposed the use of a strain dependent scaling factor, as per Eq (4). 

nG =
(

d∗
1,G + 2

)E∗
d

d2,G

•

( (
d3,G + 1

)
• E∗

d

1 +
(
d3,G + 1

)
• E∗

d

)d4,G

(4)  

where, d∗
1,G, d2,G, d3,G and d4,G are model parameters. The overestimation 

of the damping at larger strains is also mitigated by the imposition of an 
RG,min value greater than one, in the calculation of Gtan (see Eq. (3)) [74, 
75]. 

3.6.2. Soil model calibration 
The calibration of the IC.G3S model was achieved through a sensi-

tivity analysis, aiming to capture the reference G-γ-D curves and to 
enable the numerical model to reproduce the experimental results. 
Specifically, the calibration of the IC.G3S model was based on the 
adjusted G-γ-D Darendeli [42] curves considering the in-situ conditions 
(referred thereafter as Reference curves), that are presented in Fig. 3. 
Previous studies [71–74,76] have shown that when the calibration pri-
oritises a better match of the stiffness degradation curve, this class of 
models underestimates damping at small strains and overestimates the 
damping at medium to large strains. In contrast, when the model re-
produces the damping ratio curve satisfactorily, the accurate prediction 
of stiffness is sacrificed. Based on previous experience on site response 
analyses [72,77] and on preliminary SSI analyses by Koronides [39], it 
was decided to prioritise the accurate representation of damping. Fig. 9 
presents the calibrated secant shear stiffness degradation and damping 
ratio curves, compared with the reference curves, while the calibrated 
parameters of the nonlinear model are presented in Table 8. 

Fig. 8. Plan views of the examined interface contact conditions between the foundation and soil.  
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4. Modelled experiments and name convention 

All modelled experiments exhibited weak out-of-plane motion which 
allowed their realistic simulation by modelling only half of the problem 
geometry. Strong motion data, that demonstrate the dominance of the 
in-plane motion during the simulated experiments, can be found in 
Appendix C. All simulated experiments and their role as calibration or 
verification data are summarised in Table 9. 

The name convention for the experiments starts with the structural 
configuration examined (FBr or PBr). This is followed by the magnitude 
of the pull-out force for the case of free vibration, or by vibrator’s 
rotating mass (i.e. mD) and the input frequency for the case of forced 
vibration experiments. Structural and soil motions are denoted by the 
corresponding instrument number shown in Fig. 6, followed by a letter 
that denotes the motion component. The letter n refers to the NS motion 
component or the x-direction of the numerical model, while the letter z 
refers to the vertical component or the z-direction of the model. Herein, 
the top slab motion will be represented by the 2.5 instrument, the 
foundation motion by the 1.1 instrument and the soil motion by the 0.1 
instrument. 

5. SSI calibration 

5.1. Procedure 

The first step of the calibration process involves the determination of 

the stiffness of the connections and the structural damping. These 
properties are calibrated against strong motion data collected during 
experiments which trigger very weak foundation motion. Such experi-
ments exhibited structural response which can be approximated with 
fixed-base conditions (i.e. soil is not modelled and fixity conditions are 
applied below the foundation), and therefore any impact of the soil and 
interface conditions can be reasonably neglected. The experiment that 
meets the above criteria is the free vibration test on the partly braced 
structure for a 2 kN pull-out force (PBr_2.0 kN). Based on this experi-
ment, the Young’s moduli of the extensions are calibrated to replicate 
the natural frequency of the SSI system, while the damping values of all 
structural elements are calibrated to replicate the amplitude of the 
response. 

At the second step, the interface conditions, including gap configu-
ration and initial opening of gaps, are calibrated, employing a forced 
vibration experiment that engaged strong foundation uplift for the fully 
braced structure at an input frequency of 5 Hz (FBr_5 Hz). An advantage 
of the displacement-controlled forced vibration simulations is that the 
response of the structure is primarily dominated by the input motion, in 
contrast with the free vibration response which is strongly affected by 
the dynamic characteristics of the system. This reduces the relative 
significance of the adopted soil properties for this type of tests and al-
lows the calibration of the interface model using a linear elastic soil. 
Additional benefit of forced vibration simulations is that they eliminate 
the impact of material damping on the response. Chopra [78] has shown 
that the steady state part of the motion of a single-degree-of-freedom 
system subjected to forced vibration loading is undamped. 

Subsequently, the soil nonlinear constitutive model is calibrated 
against free vibration tests, which are found to be strongly affected by 
soil behaviour. The chosen experiments are the free vibration tests of 
pull-out force equal to 2.9 kN and 15.7 kN on the fully braced structure 
(FBr_2.9 kN, FBr_15.7 kN). These experiments triggered a relatively 
wide range of strains in the soil, allowing model’s calibration over this 
strain range. At first, the calibration aimed to replicate the reference 
curve in Fig. 9, with further refinement where needed to adjust the 
numerical results to the experimental ones. 

It should be noted that each calibration stage is validated against the 
subsequent stages with further refinements, where needed. The final 
calibrated SSI model is validated against an independent set of experi-
ments which were not involved in the calibration process. 

5.2. Structural properties 

The procedure commences by calibrating the Young’s moduli of the 
beam elements extended from columns to the foundation (EF) and to the 
top slab (ETS). To simplify the calibration, column-foundation connec-
tions are assumed to be rigid, i.e. EF = 200E4GPa, considering that the 
bolts were regularly tightened during the experiments. On the contrary, 
the bolts of the column-top slab connections were not inspected 
frequently, hence ETS is calibrated to account for the compliance of those 
connections. As earlier explained, the structural properties are cali-
brated against PBr_2.0 kN free vibration experiment, while assuming 
fixed-base conditions in the numerical model. Fig. 10 investigates 
parametrically the impact of ETS on the horizontal top slab motion 

Fig. 9. Reference and calibrated stiffness degradation and damping 
ratio curves. 

Table 8 
Input parameters of the nonlinear model.  

G0 (MPa) 88 b0 0.932 a2 0.0 d2,G 0.001 
mG 0.3 a0 3.619E-05 d′

1,G 
3.6 d3,G 3000.0 

RG,min 0.008 a1 0.0 d″
1,G 

0.0 d4,G 0.7  

Table 9 
Simulated experiments.  

Exp. Name Type Bracing system Vibr. mass Freq. (Hz) Force (kN) Used for 

Calibr. Verif. 

FBr_mD_5 Hz Forced vibr. Fully braced mD 5 n/a ✓ ✓ 
PBr_mD_2 Hz Forced vibr. Partly braced mD 2 n/a  ✓ 
FBr_2.9 kN Free vibr. Fully braced n/a n/a 2.9 ✓  
FBr_15.7 kN Free vibr. Fully braced n/a n/a 15.7 ✓  
PBr_2.0 kN Free vibr. Partly braced n/a n/a 2.0 ✓ ✓ 
PBr_13.9 kN Free vibr. Partly braced n/a n/a 13.9  ✓  
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(2.5n). It demonstrates that the stiffness of the connections affects 
significantly the natural frequency of the SSI system, as it is clearly 
indicated by the main peak of the spectra. Assuming a full moment 
connection, i.e. ETS = 200E4GPa, the numerical model predicts a natural 
frequency that is double the experimental one. The figure demonstrates 
that ETS = 3 GPa is an appropriate value to consider in the subsequent 
analyses. 

In the above analyses, the steel braces and columns were prescribed a 
2% target Rayleigh damping ratio, which is typically used for steel 
structures. A lower value of 1% target damping was assigned to the 
concrete slabs, as the slabs essentially moved like rigid bodies with 
negligible bending. The above damping values are deemed suitable, as 
the motion amplitude produced by the numerical model is in a good 
agreement with the experimental data. Structural damping was assumed 

constant throughout the analysis based on the small structural dis-
placements that were observed. 

5.3. Interface model 

Subsequently the FBr_mD_5 Hz experiment is simulated, assuming 
linear elastic soil and using elastoplastic interface elements, to calibrate 
the physical gap opening. For brevity, this investigation is presented 
only for the GC2 gap configuration (Fig. 8b), which, as it is subsequently 
shown, was found to be more appropriate than the GC1 an GC3 con-
figurations (Fig. 8a, c). Fig. 11 compares the horizontal and vertical 
motions of the top slab, foundation and soil, computed by analyses that 
simulate different magnitudes of gaps (0.05 mm, 0.1 mm and 0.2 mm), 
initiated prior to the dynamic excitation. The top slab response is 

Fig. 10. Calibration of Young’s modulus of beams extended into foundation (EF) and top slab (ETS), by simulating the PBr_2.0 kN experiment and assuming fixed- 
base conditions. 

Fig. 11. Impact of the initial opening, prescribed at the initially open interface elements, on the results of the FBr_mD_5 Hz forced vibration simulation, assuming 
linear elastic soil, GC2 gap configuration and EPint or LSELint gap simulation. 
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unaffected by the interface conditions, as it is controlled by the input 
excitation. Analyses without interface gaps underpredict the foundation 
vertical motions and highly overestimate the soil motion. The vertical 
motion of the foundation increases and soil motion decreases when gaps 
are simulated below the foundation edges. These effects are significant 
even for a very small gap (i.e. 0.05 mm) and become more pronounced 
for larger openings, approaching the measured response. The EPint_0.2 
mm analysis predicts SSI response very close to the field data, implying 
that a 0.2 mm gap might be appropriate to represent the real conditions. 

The EPint analyses can result in high frequency content in the mo-
tion, particularly noticeable for smaller gaps, due to the opening and 
closure of interface elements at different increments. It is observed that 
the high frequency content is very weak for the EPint_0.2 mm analysis, 
implying negligible closure of the interface elements that were initiated 
to be open. Interface elements that remain open throughout the oscil-
lation retain zero stiffness during the entire analysis. 

These observations have lead to further study that explored a 
simplified approach to account for non-closing gaps. The proposal is to 
adopt elastic interface elements and prescribe low stiffness to those el-
ements representing non-closing gaps (LSELint). Herein, the intended 
non-contact interface elements are prescribed with stiffness Ks = Kn =

1E2kN/m3, which is much lower than the stiffness of the contact ele-
ments (1E8kN/m3). The advantage of the LSELint analysis is that it is 

less computationally expensive than EPint_gmm analysis. Fig. 11 pre-
sents also the response predicted by the analysis that employs LSELint 
interface elements. This analysis produces results identical with the 
analysis that initiates with 0.2 mm gaps, further verifying that the 
initially open interface elements, formed in the latter analysis, do not 
close at any stage of the motion. 

The validity of the adopted gap configuration (GC2) is further 
investigated through a parametric analysis, which incorporates the three 
different configurations shown in Fig. 8. For this investigation, the same 
forced vibration test is simulated, while employing the LSELint to 
simulate gaps. Fig. 12 shows that gaps simulated below the foundation 
edges, i.e. GC1 and GC2, increase the foundation motion and decrease 
the soil motion, with the impact becoming more pronounced for larger 
gap areas, i.e. GC2. The GC3 analysis, that simulates gaps below the 
interior of the foundation, and the analysis without any interface gaps 
predict the same response, indicating that interface gaps at this specific 
location have a weak impact. 

The analysis with the GC2 gap configuration replicates the experi-
mental SSI response sufficiently accurately. As the gap model of the 
LSELint analysis is more computationally efficient (faster running 
times), while producing similar results with the more rigorous interface 
model EPint_0.2 mm, it is used thereafter. This interface model is 
referred herein as LSELint_GC2. 

Fig. 12. Impact of the interface gaps configuration on the results of the FBr_mD_5 Hz forced vibration simulation, assuming linear elastic soil and LSELint 
gap simulation. 
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Fig. 13 presents the Fourier spectra of the free vibration top slab 
horizontal motion (2.5n) normalised by the applied pull-out force. This 
normalisation allows the direct comparison of free vibration responses 
of different pull-out forces, while any difference between them is 
attributed to nonlinearities. The figure compares field data against nu-
merical results produced by analyses that do not incorporate any form of 
modelling interface gaps (no gaps) and analyses with simplified LSE-
Lint_GC2 interface modelling. Fig. 13a shows that the simulation of gaps 
does not make any difference on the free vibration of the partly braced 
structure. Conversely, interface gaps significantly decrease the calcu-
lated natural frequency of the fully braced structure compared to the 
model without gaps, bringing it closer to the measured frequency and 
highlighting the necessity of including gaps in the numerical model 
(Fig. 13b). 

As the figure shows, the natural frequency of the two structural 
configurations is captured well for the free vibration experiments of a 
small pull-out force, while it is overestimated for the larger forces. Also, 
with the exception of the PBr_2.0 kN simulation, all simulations over-
estimate the response of the system. These discrepancies can be attrib-
uted to nonlinear phenomena that are not accounted in the specific set of 

analyses. One source of nonlinearity is interface nonlinearity, i.e. 
foundation uplift, which however, cannot justify the difference. If the 
numerical model increases further the foundation uplift, more gapping 
will take place and hence the motion amplitude will unfavourably 
further increase. The difference stems from neglection of soil nonline-
arity, which would decrease the stiffness and increase damping of the 
system. 

5.4. Nonlinear analyses 

Fig. 14 compares results of simulations of different intensity with the 
LSELint_GC2 interface model and assuming either linear (LINs) or 
nonlinear (NLINs) soil. The figure presents the Fourier spectra inferred 
from horizontal and vertical top slab, foundation and soil motions, that 
have been normalised by the magnitude of the pull-out force. Due to the 
normalisation, a single LINs analysis can simulate both experiments, 
while one nonlinear simulation is required for each experiment to ac-
count for different levels of nonlinearities. The NLINs analyses incor-
porate the G-γ-D curve of Fig. 9 in the numerical model. 

Fig. 14 demonstrates the significant impact of soil nonlinearity on 
the SSI response, which becomes more pronounced for the simulation of 
experiments with larger pull-out force. As expected, nonlinearity de-
creases the natural frequency of the system due to soil stiffness reduc-
tion, as indicated by the shift of the main peak of all motions. It also 
significantly decreases the amplitude of the motions, which is a conse-
quence of the development of hysteretic damping within the soil in the 
vicinity of the foundation. 

6. Verification 

The model calibration is verified against the FBr_mD_5 Hz and 
PBr_mD_2 Hz forced vibration tests, as well as the PBr_2 kN and 
PBr_13.9 kN free vibration tests. The following figures compare results 
of linear and nonlinear analyses with strong motion data. Figs. 15 and 16 
present the SSI response predicted by the FBr_mD_5 Hz and PBr_mD_2 Hz 
simulations, respectively, illustrating the weak impact of soil nonline-
arity on forced vibration simulations. Fig. 17 demonstrates that the free 
vibration response of the partly braced structure is affected by soil 
nonlinearity, but to a weaker extent than the response of the fully braced 
structure (Fig. 14). For all simulations, the structural response is accu-
rately predicted by the numerical models. The agreement between the 
computed soil response and the field data is deemed reasonable, 

Fig. 13. Fourier spectra of the normalised top slab horizontal motion (2.5n) 
computed by linear elastic free vibration analyses with and without inter-
face gaps. 

Fig. 14. Impact of soil nonlinearity on the normalised SSI free vibration response of the FBr structure.  
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considering the uncertainties associated with the manual installation 
process of soil instruments as well as their reliability for low-velocity 
measurements. 

7. Discussion 

A foundation with permanent gaps at the interface can be equiva-
lently considered as a smaller foundation in its surface, but with the 
same moment of inertia. According to Amorosi et al. [9], a smaller 
foundation amplifies the structural motion and decreases the natural 
frequency of the system. Gazetas [26] attributes the natural frequency 
decrease to the increase of foundation rocking that takes place for 
smaller foundations. The present study verifies the above claims, as gaps 
between the foundation and the adjacent soil promote a more flexible 
system and stronger structural excitation (Fig. 13). The decrease of 
numerical natural frequencies due to the existence of gaps (Fig. 13) can 
be attributed to the lower contact area at the interface, which reduces 
the foundation stiffness and consequently the stiffness of the entire SSI 
system. The motion amplification can be explained by the fact that gaps 

accentuate foundation rocking, which reduces the ability of the foun-
dation to radiate energy in the soil medium. It is well established [e.g. 
Refs. [60,79,80]] that the rotational modes of foundation oscillation can 
radiate less energy to the soil medium than the translational modes. The 
smaller energy radiation is depicted in the smaller soil motion predicted 
by analyses with gaps compared to those without gaps, despite that the 
former analyses predicted a stronger foundation response (Fig. 12). 

Strong foundation rocking was found to take place even for a small 
magnitude of gap initiated prior to the application of the external 
excitation. In contrast, no foundation detachment took place when gaps 
were not initiated at the interface. The accumulation of static stresses 
below the edges of the foundation that exist when gaps are not simu-
lated, do not allow foundation uplift to take place during the dynamic 
response of system. A small initial gap maintains zero normal stresses at 
the interface, allowing foundation uplift and re-attachment to take place 
at several increments of the motion. This observation highlights the 
important role of static stresses on the behaviour of foundation during 
dynamic loading. This aspect is discussed in Refs. [39,81], but not 
elaborated herein. Based on the demonstrated impact of gaps on the SSI 

Fig. 15. Impact of soil nonlinearity on the SSI forced vibration response of the FBr structure, when the input frequency is 5 Hz  

Fig. 16. Impact of soil nonlinearity on the SSI forced vibration response of the PBr structure, when the input frequency is 2 Hz  
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response, it is recommended that the presence of any interface gaps 
beneath prefabricated shallow foundations should be given consider-
ation during the design process. 

The numerical results have also demonstrated the important impact 
of soil nonlinearity on the SSI free vibration response. Soil stiffness 
degradation and hysteretic damping development decreased the natural 
frequency of an SSI system and the amplitude of the response, respec-
tively. As expected, the impact was more pronounced for stronger 
excitation force and for the stiffer structure, FBr, which mobilised 
stronger soil motion. Nonlinear analyses predicted weaker structural 
and soil motions than linear analyses, for all simulated experiments. This 
observation implies that soil nonlinearity produced damping that 
exceeded the equivalent 5% damping ratio that was incorporated in the 
linear elastic soil. Considering that only the surficial 0.8 m of soil was 
modelled to behave nonlinearly, the importance in SSI problems of 
modelling the soil in the vicinity of the foundation appropriately is 
highlighted. 

8. Conclusions 

This paper proposes a rigorous procedure to calibrate a numerical 
model that simulates real-scale field SSI experiments. The calibration 
benefits from free and forced vibration experiments that were carried 
out on different structural configurations, a fully braced and a partly 
braced configuration. A key strength of the proposed calibration pro-
cedure is that it exploits the advantages of each test, allowing the cali-
bration of each aspect separately.  

• The structural properties were calibrated against field tests that 
engaged weak SSI effects.  

• The interface conditions were calibrated against field tests that 
engaged strong foundation rocking but weak soil nonlinearity.  

• The soil constitutive behaviour was calibrated against laboratory 
data and field tests that induced strains of a wide range in the soil. 

The above steps of the calibration demonstrate substantial benefits 
that field tests on different structural configurations and of various 
excitation loads can bring to the calibration process. Additionally, the 
step-by-step procedure facilitates a comprehensive understanding of 
some aspects of SSI simulations that are significant for the accurate 
prediction of the response. The numerical results have shown that the 
SSI response can be significantly affected by soil nonlinearity and the 

presence of gaps between the foundation and the soil, highlighting the 
importance of modelling these aspects rigorously. 

Soil nonlinearity can significantly decrease the natural frequency 
and increase the damping of an SSI system, with respect to a linear 
system. These effects have been found to be very prominent on the stiffer 
structural configuration examined, i.e. fully braced, as opposed to the 
more flexible configuration, i.e. partly braced. As expected, the stiffer 
structure engaged stronger SSI effects, resulting in greater strains 
induced in the soil and promoting soil nonlinearity. In SSI problems 
where the excitation is induced through vibrations on the structure, soil 
nonlinearity has been shown to be significant only in the vicinity of the 
foundation. This observation yields a valuable advantage as it enables 
the deeper layers to be assumed as linear elastic without compromising 
the accuracy of both the structural and soil response. 

In addition to soil nonlinearity, interface conditions have been 
shown to exert a significant influence on the response of an SSI system. 
In particular, this study focuses on the role of interface gaps that can 
exist between the foundation and the soil under rest conditions. The 
gaps, even of very small magnitude, were found to significantly decrease 
both the natural frequency and the damping of an SSI system, in com-
parison with the counterparts of a system without interface gaps. These 
effects are attributed to the smaller interface area, which renders the 
system more flexible and diminishes the ability of the foundation to 
transmit energy to the soil medium. Given the demonstrated influence of 
interface gaps on the SSI response, it is recommended that the presence 
of such gaps beneath prefabricated shallow foundations to be carefully 
considered during the design process. 

Finally, this study proposes a novel approach to modelling initial 
interface gaps prior to the excitation load, while additional gaps can also 
be created due to structural oscillation. This approach incorporates 
plasticity in the constitutive modelling of the adopted zero-thickness 
interface elements, allowing foundation detachment and rocking mo-
tion to be accurately reproduced. For practical use in design, the study 
further proposes a simplified modelling of interface gaps with elastic 
interface elements, which was demonstrated to reproduce the SSI 
response with similar accuracy. 
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Fig. 17. Impact of soil nonlinearity on the normalised SSI free vibration response of the PBr structure.  
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Appendix A. Foundation bearing capacity 

The bearing capacity of the foundation to vertical loads is estimated according to the guidelines provided by Eurocode 7 [32]. In this estimation, 
the presence of moment and horizontal forces was disregarded, while the soil is assumed to have an effective angle of shearing resistance of 30◦, 
cohesion of 10 kPa, and an effective unit weight of 20 kN/m3. Based on these assumptions, the drained bearing capacity of the foundation soil is 
calculated to be 973 kPa. For a 3 m × 3 m foundation, the ultimate vertical force is Nu = 8758 kN. The applied vertical load (N) is estimated around 
265 kN. This estimation takes into account the weights of the two top slabs of the superstructure as well as the foundation slab, with each slab weighing 
approximately 9Mgr. 

The moment (M) and shear (H) capacity of the foundation is determined using the empirically derived N - H – M interaction diagram, proposed by 
Butterfield and Gottardi [33]: 
(

H
th

)2

+

(
M

B • tm

)2

+
2 • C • M • H

B • th • tm
=

[
N
Nu

• (Nu − N)

]2

(A.1)  

where, B = 3 m is the width of the foundation, and th = 0.52, tm = 0.35 and C = 0.22 are parameters whose values correspond to the interaction 
diagram that provides the best fit to the experimental data. These data were obtained from laboratory experiments conducted on roughened and rigid 
surface footings placed on dense sand. Naturally the examined configuration does not fully comply with the experimental set up of Butterfield and 
Gottardi [33], however, Equation (A.1) is sufficient to approximate the load on the foundation with respect to the proposed interaction diagram. 

Using the above expression and assuming a constant vertical load (as computed above), the M - H failure envelope for the foundation of 
EUROPROTEAS is illustrated in Fig. A1. In the examined experiments, the foundation shear and moment forces are related by the equation M = H • h, 
where h = 5 m, representing the vertical distance between the load application point and the foundation base. Exploiting this constraint as shown in 
Fig. A1, the ultimate moment (Mu) and shear (Hu) forces of the foundation are estimated to be 272kNm and 54 kN, respectively. 

The maximum horizontal force that can be applied by the vibrator is 50 kN and the maximum examined is 15.7 kN, which result in base moments of 
250kNm and 78.5kNm, respectively. These states lie below the yield surface, as illustrated in Fig. A1.

Fig. A.1. Failure envelope in the M –H plane estimated for the case of the EUROPROTEAS’S foundation  
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Appendix B. Instrument configurations

Fig. B.1. Plan views of the two structural instrument configurations   
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Fig. B.2. Plan views of the three configurations of soil instruments placed on the soil surface and downhole  

Appendix C. Comparison of in-plane and out-of-plane experimental motions 

Fig. C.1 compares the in and out-of-plane horizontal motions of the top slab, at the position of the 2.5 instrument, as produced by the forced 
vibration experiments: FBr_mD_5 Hz and PBr_mD_2 Hz. Fig. C2 compares the top slab response at the same location recorded by the free vibration 
experiments: FBr_2.9 kN, FBr_15.7 kN, PBr_2.0 kN and PBr_13.9 kN. 
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Fig. C.1. Comparison of top slab in-plane and out-of-plane motions recorded during the forced vibration tests, which were exploited in the present study  

Fig. C.2. Comparison of the top slab in-plane and out-of-plane motions recorded during the free vibration tests, which were exploited in the presents study  
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