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Abstract

An investigation of Soil-Structure Interaction (SSI) effects on the seismic response of the
Regional Administration building in the island of Lefkas, Greece is performed, based on
earthquake recordings from two accelerometric stations installed at the basement of the
building and on ground surface at a certain distance from the structure, representing a free-
field station. The observed deviation between basement and free-field records is explored
by means of a hybrid numerical—analytical formulation in the framework of the substruc-
ture approach. To this end, the kinematic part of the interaction mechanism is modeled
through commonly employed analytical transfer functions between ground surface and
foundation base, while a detailed 3D mass-distributed Finite Element model is analyzed
under both fixed and flexible supports to explore the seismic response of the building, as
affected by inertial SSI effects. The comparison between predicted and recorded response
shows a kinematic dominated response of the foundation that is characterized by strong
filtering of the free-field motion at ground surface. Accordingly, various repercussions due
to the potential underestimation of the seismic hazard from recording stations housed at the
basement of buildings are discussed. Numerical results demonstrate also that soil compli-
ance may have an important effect on the seismic demand quantified in terms of interstorey
drifts of the building. Finally, a simplified MDOF lumped-mass stick model of the super-
structure is also analyzed under flexible-base conditions, leading to a substantial overpre-
diction of interstorey drifts compared to the 3D model.
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1 Introduction

Seismic analysis of structures is commonly performed by considering the structure fixed at
its base and excited by the free-field motion at ground surface. Such assumptions disregard
the interaction between the structure, its foundation and the supporting soil that takes place
during earthquake shaking and may affect substantially both the vibrational characteris-
tics and the base excitation of a compliant-base superstructure, compared to its fixed-base
counterpart, especially in the case of stiff foundation-structure systems in soft soils. In par-
ticular, Soil-Structure Interaction (SSI) may modify the dynamic response of the system by
(Veletsos and Meek 1974; Bielak 1975; Mylonakis et al. 2006 among others): (1) elongat-
ing the fundamental period of the structure; (2) mobilizing additional energy dissipation
mechanisms in the form of soil hysteretic action and radiation of seismic waves emanating
from the foundation; and (3) modifying the base motion that actually excites the structure
with respect to the free-field motion at ground surface, which is usually associated to the
filtering of the high-frequency components of the incident wave field within the building
footprint and/or over the foundation depth in the case of embedded foundations, mainly
due to the inability of a stiff foundation to follow soil deformations characterized by short
wavelengths (Elsabee and Morray 1977; Veletsos et al. 1997; Stewart 2000; Kim and Stew-
art 2003; Conti et al. 2017, 2018).

From a computational point of view, a convenient manner to assess SSI effects is the
substructure method, which considers the dynamic response of the coupled soil-founda-
tion-structure system as the superposition of two analysis stages, reflecting accordingly
two concurrent phenomena (Kausel et al. 1978; Makris et al. 1996; Gazetas and Mylona-
kis, 1998). First, a kinematic interaction analysis is performed, where both the foundation
and the structure are considered massless, in order to derive the Foundation Input Motion
(FIM) that is actually imposed at the base of the structure. In this regard, FIM may be dif-
ferent from the free-field motion at ground surface and may also include a rotational com-
ponent. Second, an inertial interaction analysis, which refers to the response of the com-
plete SSI system to D’Alembert forces associated with the FIM excitation and it may be
performed in two steps: (1) model the complex-valued dynamic stiffness and damping of
the soil-foundation system through springs and dashpots for each mode of vibration of the
foundation and (2) obtain the seismic response of the structure and foundation supported
on these springs and dashpots and subjected to the FIM.

The inertial-induced lengthening of the structural period due to SSI is usually consid-
ered to be beneficial in terms of the seismic loading imposed on a compliant-base struc-
ture, but may also be detrimental under certain seismic and soil conditions, depending
primarily on the elastic response spectrum at the ground surface and the dynamic charac-
teristics of the structure (Mylonakis and Gazetas 2000). On the other hand, the kinematic-
induced modification of the base motion may be beneficial, leading to a lower seismic
demand with respect to the free-field motion, especially for stiff and embedded foundation
configurations (e.g. Conti et al. 2018; Di Laora and de Sanctis 2013; Iovino et al. 2019).
The issue has been recognized by design codes, some of which provide analytical formulae
to consider kinematic effects on the seismic loading of structures (ATC 2005; ASCE 2007;
NIST 2012). However, larger spectral amplitudes of the foundation motion over the free-
field motion have also been reported by means of earthquake records from instrumented
buildings (Poland et al. 2000, Pandey et al. 2012). It is noteworthy that the above studies
reported different trends in the longitudinal and the transverse direction of the same struc-
ture, referring to either attenuation or amplification of the base slab motion with respect to
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the free-field surface motion under the same earthquake. It should be noted though that in a
real instrumented structure, the foundation motion is inherently affected by both kinematic
and inertial interaction. However, the contribution of the inertial interaction stemming
from the oscillation of the superstructure is primarily concentrated near the fundamental,
flexible-base frequency of the structure, which allows the identification of kinematic effects
from records at building basements at mainly high frequencies that may be far from the SSI
frequency of the structure (Stewart 2000; Trifunac et al. 2001; Kim and Stewart 2003; Giv-
ens et al. 2012) and the validation of relevant numerical or analytical models (Conti et al.
2018; Sotiriadis et al. 2019, 2020).

Under the hypothesis of linear behavior for all the components of the SSI system, which
allows a rigorous implementation of the substructure approach due to the associated prin-
ciple of superposition, this paper explores SSI effects by means of a low-intensity earth-
quake recorded at the basement of an instrumented building and at the ground surface at
a certain distance from the building, representing free-field conditions. First, the available
records at the two locations are compared in both time and frequency domain to identify
records-based SSI effects, referring primarily to the kinematic-induced modification of
the free-field motion. A detailed 3D Finite Element model is then employed to model the
superstructure under both fixed and flexible supports to investigate inertial SSI effects. To
this end, a modal analysis of the 3D FE model is performed, followed by a time-domain
analysis to derive structural response features, referring to acceleration time-histories at
the location of the sensor at the building basement and interstorey drift ratios, as affected
by SSI. The Foundation Input Motion, computed from published analytical expressions of
relevant transfer functions, and the recorded free-field motion are employed as base exci-
tations to assess the role of the kinematic-induced modification of the free-field motion
on structural response. With reference to the flexible-base structure excited by the FIM,
the response of the 3D FE model is compared to a simplified Multi-Degree-of-Freedom
(MDOF) stick model of the building, following up on an earlier study of the authors (Kara-
kostas et al. 2017). The performance of alternative, code-allowed considerations for the
excitation motion at the base and the fixity conditions of the structure is explored regard-
ing the reliability of the estimated seismic response in each case. The effect of SSI on the
modal characteristics of the specific building is also discussed during interpretation of the
building’s response under earthquake loading.

2 Description of the building and available records

The structure under study refers to the Regional Administration building in the town of
Lefkada, Greece (Fig. 1) that was excited by the M6.1 Cephalonia earthquake mainshock
of 26-1-2014. This earthquake was related to the Cephalonia transform fault zone, with a
dextral strike slip causative fault (Theodoulidis et al. 2016).

At the basement of the building a broad band accelerograph with a high resolution
24-bits digitizer (CMG-5TDE, Giiralp®) was installed by ITSAK as part of the National
Accelerometric Network and recorded the mainshock (station LEF2). At a distance of
about 70 m away from the building, a second accelerograph was also installed (station
LEF3), which is considered as representative of free-field conditions (Fig. 1, right).

The comparison of the acceleration recordings of the 26-1-2014 event shows that the
amplitudes of the recorded responses at the free-field sensor are higher than those at the
building basement (Fig. 2a), while the frequency content of the free-field recordings is
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Fig. 1 The Lefkada Regional Administration building (yellow ellipse) and location of the free-field accel-
erograph (yellow arrow)

richer, especially in the 3 to 6 Hz range (Fig. 2b). The differences between the correspond-
ing elastic response spectra (5% critical damping ratio) are shown in Fig. 2c. It is noted that
the recordings (originally in N-S and E-W directions) were appropriately rotated to align
with the building’s longitudinal (x—x) and transverse (y—y) directions.

The structure under investigation is a statically independent part of a five-building com-
plex (Fig. 3a, shaded part III), which was constructed in 2009. The initial design (of June
1991), was revised in August 2007, and the building conforms to the 2000 Greek R/C Code
(EKOS2000 2000) as well as the 2000 Greek Seismic Code (EAK2000 2000) and their
subsequent amendments.

The building consists of a basement, ground and first floor (Fig. 3b). Each floor has an
area of 761m?, and the height is 3 m at the basement and 3.25 m at the other two floors.
There is also an inner central court of 114.95m? area (cross-lined area at Fig. 4a). The
formworks of the building slabs are presented in Fig. 4a and that of the strip foundation in
Fig. 4b. The location of the high-accuracy sensor at the building basement is shown with a
red dot in Fig. 4b.

3 Development of a 3D numerical (F.E.) model of the building

As already mentioned, a full 3D finite element model of the building was developed
(Fig. 5). This allows the computation of the building response at the exact location of the
sensor at its basement that recorded the 26—1-2014 event and hence a reliable compari-
son between the recorded and computed response. The characteristics and the assumptions
used for the modeling of the building are described in the following.

The model was formed by using the beam/column and shell elements of the SAP2000
(®Computers & Structures Inc.) structural analysis program. In the modeling of R/C verti-
cal members and beams, the axial as well as the shear deformations were taken into account
(the dimensions of the cross-sections of these members are presented in Fig. 6, where col-
umns and shear walls are denoted with letter K and beams with letter A). No reduction of
the bending/axial stiffness was assumed (such as those prescribed by the Seismic Code for
the design earthquake), due to the low intensity of the examined event. The concrete was
modeled as an isotropic linear elastic material with elastic Young’s modulus E=3.1E7 kN/
m?, Poisson ratio v=0.2 and unit weight y=25 kN/m>. A critical damping ratio of 3.5%
was assumed for the viscous damping, as proposed in Dai et al. 2020 for low intensity (i.e.
PGA <0.1 g) earthquakes. We note that the corresponding Seismic code-prescribed value
for R/C buildings is 5% for the design earthquake.
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Fig.2 Recordings of the Cephalonia 26—1-2014 earthquake at free-field conditions (blue) and at the base-

ment of the building (red) along the longitudinal (x—x) and transverse (y—y) directions of the building: a
acceleration time histories b Fourier amplitude spectra ¢ 5%-damped elastic response acceleration spectra
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Fig.3 a Plan view of the Letkada Administrative Complex b Height cross-section of building IIT

All the floor slabs of the building have the same shape. Due to the fact that this is an
irregular shape with a big aspect ratio and a relatively large internal opening (Fig. 7),
the floor slabs were modelled with thin-type shell elements (e.g. Avramidis et al. 2016),
instead of using the—not a priori valid in the herein examined case—assumption of dia-
phragmatic behaviour. To this end, the aspect ratios of the shell elements correspond to
a square shape, at the greatest feasible degree.

Moreover, shell elements were used for the modeling of the perimetric R/C wall
at the basement of the building (Fig. 8). Classic beam/column elements were used to
model the beam webs, noting that the corresponding flanges of the equivalent internal
T-sections (or perimetric I'-sections) are already modeled through the shell elements
of the floor slabs. The vertical structural elements (columns and R/C walls) were also

@ Springer



Bulletin of Earthquake Engineering (2022) 20:3549-3575 3555

4520
020 10 40 40 6.40 6.40 0.20
Ka o K3 s Ke 53w Ks
Ky wsom
e -
g s 1 d 4
E g
9 1k ® : @ @ @ 2
Kei o o Kio i
- K1 o .
= =
G A e kP |F @ i @ H H Kin Kis Kis
Pe = P
B
s
o 3 g H H H i H b o
3 g 5 @ 3 H H ® 3 @ 3 @ : @ e
Kas » ka7 - Ka
K o [K2 e o0 5 30/ Kz o 230w 30/ 230/ s
g 3 H H 7 i H 5
g & 1 ® ® ® ® ® I e i B B
CE =T R K = K mww e s
3 q A
o
gl =@ S : @ E e e ;e 4 g B
3
) e 3 E) TS 0 wewo/m n T Kaz T Ry
38.80 570
1.20
()
wn
03p 6.40 . 6.40 . 6.40 . 6.40 . 6.40 . 6.40 N 6.40 oR°
-
ST s ks CpKs
—
4 ' . - i I e
§ -y ! 3]
K Kz Ks Ke Ko
2 [ 1 ( ] = NN ] ke L ¥ T Kp
gy e |
- = = = w
| . fal L el ol .8 fatal heb bl A
g 9 ¢ i l i @ BB
Kn Ka | Kz Kz =
E| ) i € ) i € ] Jif € 1 i i ] i [ ] H E B
= = % = K= = = 5
4
— — ]
1 | iKsr AL 1L & 1L G 1L riar LU ke K L~

(b)

Fig. 4 Formworks of a a typical floor slab and b the foundation, with the location of the high-accuracy sen-
sor at the basement slab (red dot)

Fig.5 3D E.E. model of the
building
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modeled using beam/column elements. For the simulation of the joints of vertical ele-
ments and beams (which behave as rigid bodies) rigid beam/column elements were
used.

The modeling of the foundation required a special attention since at the level of — 3.5 m
(i.e. below the ground surface) there is a slab on which the high-accuracy accelerograph
inside the building is installed (blue dot in Fig. 7). This slab was also discretized by shell
elements and a joint was introduced at the location of the accelerometer sensor, in order
to compute its dynamic response during the 26-1-2014 seismic excitation. Below this slab
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Fig. 9 Modelling of a the internal foundation beams and b the perimetric foundation R/C walls

there is a strip foundation (Fig. 9a), with the bottom flanges of foundation beams sitting on
the ground at the — 4.475 m level. Thus, the modelling of the internal foundation beams
was based on beam/column elements with reverse T-sections (Fig. 9a) whereas the mod-
eling of the perimetric ones was based on a combination of beam/column elements with
a reverse T-section up to the — 3.5 m level (where the lowest slab is located) and shell
elements up to 0 m (ground) level, where is the top of the basement perimetric R/C walls
(Fig. 9b).

It must also be noted that in the model, a constraint (denoted as “body constraint” in
SAP2000 2000), was applied to all joints at the — 4.475 m level (i.e. at the bottom of the
foundation beams), forcing them to move as a rigid 3D-body. This assumption is compat-
ible to the rigid basement assumption used in order to take into account the SSI phenom-
ena, as it is described later (see Sect. 4), and it is physically justified by the box-type base-
ment of the building due to the large stiffness of the strip foundation beams, the RC slab
at the — 3.5 m level and the perimetric RC basement walls. Flexible-base conditions of
the superstructure were modeled through a link element introduced at the geometric mass
center of the strip foundation at the -4.475 m level (Fig. 9a). For this reason, a special joint
for the link element was inserted at this level, and the aforementioned “body constraint”
was also applied to it. The link element consists of six separate “springs,” one for each of
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six deformational degrees of freedom (DOFs), and each spring can in general be supplied
with linear/nonlinear or frequency-dependent stiffness and damping properties. Interac-
tions between the springs of different DOFs can also be taken into account (i.e. leading to
full 6 x 6 stiffness and damping matrices). Details on the actual spring values used for the
present investigations are given later in the paper (see Sect. 4.2).

Finally, regarding the mass discretization of the building, it must be noted that the mass
was suitably considered as distributed to all structural members, yielding the proper inertial
forces at all 6 degrees of freedom of the model nodes. Apart from the dead loads, appropri-
ate live loads were considered, compatible to the actual ones during the 26-1-2014 event.
For live loads, the Greek Seismic Code prescribes nominal values of 2 kN/m? for inter-
nal slabs and 5 kN/m? for staircases and balconies, and for seismic design these loads are
considered at 30% of these nominal values. Given the fact that the earthquake took place
on Sunday, when the building was not fully operational, in the dynamic investigations of
the present research effort live loads were assumed at 50% of the values prescribed by the
Code for seismic design (i.e. at 15% of their nominal values).

4 Investigation of SSI effects on the seismic behaviour of the building
4.1 Foundation soil properties

Based on an available geotechnical borehole performed very close to the instrumented
building under study (Sotiriadis et al. 2019), the foundation soil profile is formed by
approximately horizontal layers and it is composed of a 1.5 m thick made ground (MG)
followed by 2.5-3 m thick soft clays (CL) up to 4-5 m from the ground surface. Then,
alternating layers of silty sands (SM) and clayey sands (CS) are met between 5 to 15 m
approximately, which are underlain by stiffer clays. The corresponding shear wave propa-
gation velocity profile is shown in Fig. 10 down to the depth of 22 m where data were
available. The embedment depth of the foundation is also shown.

Fig. 10 Shear wave propagation V, (m/s)
velocity profile of the instru- 0 100 200 300 400 500
mented building’s foundation soil | | | | |

embedment depth

z(m) 12 —
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4.2 Foundation input motion

With reference to the kinematic part of the substructure approach, it has already been
noted that an embedded foundation, due to its stiffness, may not always follow short
wavelengths imposed by the surrounding soil, during the passage of seismic waves,
and therefore the Foundation Input Motion (FIM) may be different from the free-field
motion at ground surface by filtering high frequency components. Additionally, a rota-
tional component of motion arises with no counterpart in free-field conditions. In order
to quantify the above physical phenomenon, horizontal (/,) and rotational (/y) kinematic
interaction factors, relating the horizontal (Ugyy,) and the rotational (6gp) component of
the Foundation Input Motion, respectively, with the free-field motion at ground surface
(Ugy) are defined as:

] = M 1

u Uij ( )

I = OpnH )
= LM
Upo

Under the hypothesis of coherent shear waves propagating vertically, we employ the ana-
lytical expressions for I, and I, proposed by Elsabee and Moray (1977):

cos(“"/—H), w < 0.7%%
I, = s 3

u 7V
0.453, w > 0.755‘
and
025748 [1 - cos(%)], w<th
Iy = o Vs a7 “)
Vs

Notations in the above expressions follow those shown in Fig. 11. V, may be interpreted
as a time-averaged shear wave velocity over the embedment depth (H) of the foundation
(Givens et al. 2012):

Fig. 11 Schematic d.eﬁnition U ff0=U. [f(z = 0)
of the free-field motion and 0,

. . FIM 0>
the Foundation Input motion
introduced in the definition of
the kinematic interaction factors
(modified after Conti et al. 2017)

rigid massless
foundation

<« —>

«~—J2B——

soil

s 2 & = 3

vertically propagating shear waves
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Fig. 12 Schematic graph of the
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For the examined case study, V; ,,, was taken equal to 140 m/s based on the shear wave
velocity profile shown in Fig. 10, while the mass density (p) and the Poisson ratio of the
soil were considered at 1.85 t/m> and 0.3, respectively. Soil material damping may be incor-
porated in the above expressions by using the standard substitution Vi — VI = V(1 +iD),
where D corresponds to the hysteretic damping ratio of the soil. A low-strain value at
5% was considered for the purpose of this investigation. Note also that the dimensions of
the foundation employed for the derivation of the foundation dynamic stiffness (Fig. 12),
correspond to a foundation width-to-embedment depth ratio of 11.9 and 6.1 along the
X-axis and Y-axis, respectively. It should be noted that an embedment depth of 3.8 m was
assumed, due to the fact that the basement slab of the building rests at this level on the
webs of the strip foundation beams.

Upon implementing the above soil and foundation parameters, the amplitude of the kin-
ematic interaction factors /, and I, are plotted in Fig. 13 against frequency (f) of excitation.

Once the kinematic interaction factors have been obtained, the Foundation Input
Motion can be derived in time domain for a given free-field motion at ground surface by
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means of Fast Fourier and inverse Fast Fourier Transformations. With reference to the
translational acceleration component [Ugp,(t)] of the FIM, the above derivation is pos-
sible through the following expression:

Upyg 1) = iFFT |1, % FFT (U (0))] (6)

A similar elaboration may be performed for the rotational kinematic interaction fac-
tor (Eq. 4) to derive the rotational component of the Foundation Input Motion. However,
for the particular soil—foundation configuration, the rotational component is expected
to be negligible, as reflected in the very low values of the associated interaction fac-
tor in the main frequency range of the free-field signal between 1 and 5 Hz (Fig. 13).
The horizontal accelerations at the base of the foundation computed in time domain
by Eq. (6) along the x—x and y—y directions of the building and the corresponding 5%
damped elastic response acceleration spectra are shown in Fig. 14, in comparison with
the respective free-field recordings, acquired from station LEF3.

4.3 Treatment of foundation stiffness

With reference to the inertial part of the substructure approach, soil compliance is mod-
eled through point springs and dashpots attached to the base of the superstructure, the
frequency-dependent properties of which reflect the dynamic stiffness and damping
of the foundation and can be cast in the form of complex-valued impedance functions
?{emb’l-(cu) for any vibration mode (j) of the foundation (Gazetas 1991; Mylonakis et al.
2006):

9{emb‘j(a)) = Kemb‘j(w) + iwcemb,i(w) (7)

The dynamic stiffness of the foundation (w) is related to its static stiffness K

emb.j emb,st,/':

Kembj (a)) = Kernb,stjkemb,/ (a)) (8)

through the dynamic stiffness coefficient k,,,, ; being in general frequency-dependent. The
dashpot coefficient C

(w) involves both radiation and hysteretic type of damping:

emb,j

ZKemb,j(w)ﬂ 9
Cemb,j(w) = Cemb,rad,/'(w) + Cemb,hyst,/'(w) = Cemb,rad,/'(w) + @ ( )

In the above expressions, the subscript emb refers to an embedded foundation and w is
the cyclic frequency of excitation. Pertinent formulae for embedded foundations (Gazetas
1991; Mylonakis et al. 2006) were employed to derive springs and dashpots for the case of
Lefkada building by assuming the whole foundation as fully embedded (embedment depth
H=3.8 m, see Fig. 12). To this end, the foundation system was treated as rigid, taking into
account the large bending stiffness of the grid beams, as well as the presence of the RC
floor slab and the perimetric shear walls at the basement, which are expected to contrib-
ute substantially to the overall stiffness of the foundation system, as already mentioned
above. A circumscribed rectangle of dimensions 2L x 2B (=45.2 mXx23.15 m), shown in
Fig. 12 with a thick dashed line was considered for computing the impedance functions of
the embedded foundation under study.

@ Springer



3562 Bulletin of Earthquake Engineering (2022) 20:3549-3575
0.40
030 Free Field vs FIM (x-x) Frec Fold LEF3 xx
0.20 -
& 010
&
T 000~
5 010
I+
< -0.20
-0.30
-0.40
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time (sec)
(a)
0.40
030 Free Field vs FIM (y-y) — Free Field LEF3 yy
0.20 | | ‘ l |
—_ | ———FIMY-Y
& 010 - - 4
]
£ 0.00
< -010
I+
< 020 Nk
-0.30
-0.40 . . . . . . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time (sec)
16
Free Field vs FIM (x-x)
14 —— FreeField LEF3RSxx | |
12 —
_ 1 ~ «===FIM RS x-x
E el | N\aAA
A B/ A A A
= X
¢ 0.4 J/J/ \’/\VI\#\
0.2 =
0
0 05 1 15 2 25 3
Period (sec)
(©
16
Free Field vs FIM (y-y)
14 \ ——— Free Field LEF3 RS y-y
12
1 \ ——FIM RS y-y
]
£ o8 (VAT
£ J \
5 06
o4 1 \
0.2
0 - - - - -
0 05 1 15 2 25 3

Period (sec)

(@)

Fig. 14 Free-Field (station LEF3) recordings and derived Foundation Input Motions: a, b Acceleration time
histories along the (x—x) and (y-y) directions ¢, d corresponding 5% damped elastic response acceleration

spectra

@ Springer



Bulletin of Earthquake Engineering (2022) 20:3549-3575 3563

As an example, following the notations in the above references, the static stiffness
(Keppsr.x) corresponding to the rocking vibration mode of the foundation about the lon-
gitudinal (x—x) axis is given by the formula (Gazetas 1991; Mylonakis et al. 2006):

g @] w

where d=H due to the assumption of the foundation being fully embedded and K¢ i, ,+
refers to the corresponding static rocking stiffness of a surface foundation with the same

plan dimensions, which may be computed from (Gazetas 1991; Mylonakis et al. 2006):

G L 0.25 B
Kot = mlgf(E) (2.4 + o.sz) 1)

d
Kemb,st,rx = Ksurf,sr,rx{ 1+ 1265

where I, is the area moment of inertia of the foundation-soil contact surface around x axis,
G is the shear modulus of the foundation soil. The associated dynamic stiffness coefficient
Kb (@) is given by (Gazetas 1991; Mylonakis et al. 2006):

kemb,rx(w) =1- 02<a‘)/_B> (12)

5

in order to derive the dynamic stiffness Kmb’rx(cu) from Eq. (8). Corresponding expres-
sions from the above references were employed to compute the dynamic stiffness of the
foundation for the other modes of vibration, the associated radiation dashpot coefficients
Comb,raaj(@) and eventually derive the overall damping coefficient C,,,, ;(w) in Eq. (9).
Given the low amplitude of the recorded free-field acceleration at 0.03 g (Fig. 2), the
above calculations were performed for a shear modulus (G) of the soil equal to its low-
strain value within the embedment depth. It is reiterated that the Poisson ratio (v) of the
soil was considered equal to 0.3. The mean cyclic frequency w,,(= 2xf,,) defined in Rathje
et al. 1998 as:

5.C
w, =2r—— (13)

Toza(;)

was adopted as an index of the frequency content of Foundation Input Motion, in order to
obtain a single complex value of the foundation impedance functions, following a similar
consideration in Makris et al. 1996 for the case of a bridge pier founded on piles. This par-
ticular choice was considered more relevant for the problem at hand as our intention was
not to derive the properties of a replacement simple oscillator (Veletsos and Meek 1974)
for the examined building, that would necessitate the use of the SSI frequency (computed
iteratively) for the computation of the foundation stiftness. In Eq. (13), C, refer to the Fou-
rier amplitudes of an acceleration time history and f; are the discrete Fourier transform fre-
quencies between 0.25 Hz and 20 Hz. Upon applying Eq. (13) for the horizontal accelera-
tion time history of the Foundation Input Motion computed earlier, a mean frequency f;, at
approximately 1.6 Hz was derived for both x—x and y—y directions of excitation. This value
was then employed to compute the properties of the point springs and dashpots of the link
element (described in Sect. 3) attached to the base of the 3D F.E. model (denoted as SAP
CVLink—Constant Value Link—model), including a cross swaying-rocking stiffness term
due to the foundation embedment, to account for the compliance of the foundation soil.
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5 Results of the numerical investigations
5.1 Analytical results using the detailed 3D F.E. building model

Figure 15 shows the comparison between the recorded excitation by the sensor at the base-
ment of the building (station LEF2) and the one computed at the same location by the
3D finite element model, both in time and frequency domain. It can be seen that the pre-
dicted response is acceptably similar, from an engineering point of view, to the actual one
in the time domain, while Fourier amplitudes are overpredicted for frequencies above 2 Hz
approximately, denoting a richer energy content in the high-frequency range with respect
to the recorded motion. In order to explore the above deviation, the available earthquake
records were further processed to derive the amplitude of the foundation-to-free-field
transfer function amplitude in the form:

|Hy | = [Sap(F)/Saalh)] (14)

where S,,(f) represents the auto power spectral density functions of the free-field motion
(i.e. LEF3 station record), while S,,(f) is the cross power spectral density function between
the free-field and the foundation motion (i.e. LEF2 station recording). To this end, the
smoothing procedure described in Conti et al. 2018 was followed to derive |H 1> upon sat-
isfying certain criteria for high-coherence data points to identify noise-dominated frequen-
cies (Kim and Stewart 2003; Mikami et al. 2008; Givens et al. 2012). The |H 1| function in
Eq. (14) was computed separately from the records along the x—x and the y—y direction of
the building. These records-based curves are compared in Fig. 16 with the amplitude of
1, (Eq. 3). Despite the elaboration of a single record that certainly disallows generaliza-
tion, it may be observed clearly that, for the particular combination of the examined SSI
system and earthquake motion, the analytical expression of /, underestimates substan-
tially the strong kinematic—induced filtering effect of the foundation for frequencies that
are again above 2 Hz. It should be noted that the records-based function of |H, | may also
involve inertial-induced effects that are normally reflected in an oscillating trend of the
transfer function with values above unity close to the first natural frequency of the SSI
system. However, such a trend is not easily recognizable in Fig. 16, while kinematic effects
are expected to prevail with increasing frequency. This provides support that the devia-
tion between records and numerical predictions in Fig. 15 should primarily stem from the
underestimation of the filtering effect by Eq. 3, indicating a dominant kinematic effect on
the actual response of the foundation.

In order to quantify the differences between the computed and the recorded response
at the LEF2 station at the basement of the building, some ground motion parameters that
represent the potential of an excitation to inflict structural damage (e.g. Kramer, 1996) are
presented in Table 1. The corresponding parameters are also presented for the recorded
response at the free-field station LEF3.

From the parameter values presented in Table 1, it can be seen that the predicted
response at the basement of the building, taking into account SSI effects, overestimates
in general the recorded one, but within an acceptable degree from an engineering point of
view. The free-field recording, on the other hand, has a higher potential for structural dam-
age. Among the parameters of Table 1, the maximum peak ground acceleration (PGA) is
the one currently adopted by the majority of Seismic Codes (including the Greek one) for
the seismic design or seismic capacity evaluation of buildings. The Greek Seismic Code
also allows to consider the building fixed at its base (i.e. ignoring SSI effects). It should
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Fig. 16 Comparison of records- 2 | (e and Moy 1977
based transfer function |H | 18 v . Y
between basement (LEF2) and w4 e IH; | (x-x direction)
free-field (LEF3) recordings with L [H, | (y-y direction)

the analytical expression /, pro-
posed by Elsabee and Moray

1H, L1,

be noted that in several countries (including Greece), a substantial number of recording
stations as part of national accelerometric (strong-motion) networks are housed, for practi-
cal reasons, at the basement of structures, and not in free-field conditions, and the Greek
Seismic Code does not explicitly impose any restriction for the direct use of their record-
ings, in lack of actual free-field ones. Actually, as previously described, the station LEF2
at the basement of the building under investigation is such a station of the National Strong-
Motion network. In view of this issue, we made a parametric investigation of the building
response, by comparing the maximum interstorey drift ratios under three modeling cases,
all compatible to the Greek Seismic Code provisions:

e Case 1: Fixed-base structure excited by the free-field motion recorded by the LEF3 sta-
tion.

e Case 2: Fixed-base structure excited by the basement motion recorded by the LEF?2 sta-
tion

e Case 3: Flexible-base structure excited by the Foundation Input Motion.

The corresponding analysis results in terms of maximum interstorey drift ratios (MIDR)
at four corner joints (A, B, C, D) of the building (Fig. 7) are presented in Table 2. With ref-
erence to a vertical element of a storey, these ratios were computed by:

max [u(t;)" = u(t,)”|
h

MIDR = (15)

where u(t;) are the horizontal displacements at the top (7) and bottom (B) nodes of the ele-
ment at each time step ¢; of the time history response and # is the storey height. We should
note that, due to the low intensity of the 26-1-2014 earthquake, the interstorey drift ratios
are well below the respective Seismic Code limits for the design or evaluation of struc-
tures, however they are useful in comparing the predictions of the three aforementioned
scenarios.

From Table 2, we see that for the modeling case 2 (fixed-base structure excited by the
actual LEF2 records), lower deformations (interstorey drift ratios) are predicted compared
to SSI case 3, and may thus lead to a non-conservative design of the structure. Also, the
aforementioned lower potential for building damage of the basement record (LEF2) with
respect to the free-field record (LEF3) is reflected in the associated maximum drift ratios
under the fixed-base scenario, which are lower under the LEF2 motion. Thus, the use of
basement records, without appropriate corrections, in seismic hazard evaluations and the
establishment of Ground Motion Prediction Equations may lead to unreliable results. This
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Table 2 Maximum interstorey drift ratios (%) for various building supports and excitation scenarios

Direction under study X=X y-y
Support conditions Fixed-base Flexible-base Fixed-base Flexible- base
(CVLink) (CVLink)
Structural model 3DFE 3DFE 3DFE Simplified 3DFE 3DFE 3DFE Simplified
“stick” “stick”
model model
Base excitation LEF3 LEF2 FIM FIM LEF3 LEF2 FIM FIM
Ground storey (loca- (A) 0.0041 0.0023 0.0024 0.0050 0.0026 0.0049
tion) (B) 0.0042 0.0022 0.0025 0.0056 0.0029 0.0051
0.0034 0.0080
(C) 0.0041 0.0022 0.0024 0.0049 0.0026 0.0048
(D) 0.0046 0.0026 0.0026 0.0047 0.0024 0.0044
Ist Storey (location) (A) 0.0043 0.0022 0.0024 0.0046 0.0024 0.0046
(B) 0.0042 0.0022 0.0024 0.0066 0.0050 0.0026 0.0046 0.0149
(C) 0.0044 0.0023 0.0024 0.0047 0.0024 0.0046
(D) 0.0041 0.0022 0.0022 0.0049 0.0025 0.0045

is in agreement with earlier findings by Sotiriadis et al. (2019) and requires attention and
further investigation in order to minimize all the undesirable repercussions of such an
underestimation of the seismic hazard.

Although it does not alter the conclusions about the need for a careful use of record-
ings at the basement of buildings, it should be noted that according to Table 2, in the case
of the flexible-base building, the interstorey drift ratios along the X and Y directions are
markedly different, which is not the case for the fixed-base scenarios. This may be associ-
ated with the contribution of the rocking motion of the foundation to the overall seismic
response of the structure, taking into account that the rocking stiffness of the foundation
about the x-axis is quite lower than that about the y-axis, and hence may lead to a higher
contribution to the translational deformation along the y-axis.

In Table 3, the modal analysis results for the flexible-base CVLink model are presented.
The modal participating mass ratios for each mode refer to the percentage of the total mass
that the particular mode activates along each translational (Ux, Uy, U,) and about each
rotational (Ry, Ry, R;) global degree of freedom. For each mode, the cumulative percent-
age of activated mass up to the particular mode is also shown. In support to the different
rocking-induced vibrational modes along the two axes of the examined structure, as can
be seen from Table 3, the modal participating mass ratio for the fundamental mode for
rocking about the x-axis Ry (Mode 5, at 0.1279 s) is Uy =15.458% for the translational
y-direction, while the corresponding one around the y-axis Ry (Mode 6, at 0.1190 s) is
only Uy =2.339% for the translational x-direction. For comparison, the respective modal
analysis results for the fixed-base case are presented in Table 4. It is observed that SSI
leads to an elongation of the building’s fundamental periods from Tg,.qx=0.1235 s
to Tgg x=0.2382 s in the x—x direction and correspondingly from Tg,.qy=0.1388 s to
Tgs1y=0.2216 s in the y—y direction. Due to the mass distributed nature of the model, the
modal participating mass ratios of the fundamental modes are significantly lower in the
fixed-base case, and naturally there are no modes corresponding to rocking rotations around
the x—x and y-y axes. For this reason, in all computations a direct integration (and not
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modal) time-history scheme was applied, which is particularly important especially for the
fixed-base model. It must also be noted that, an additional analysis (not shown in Table 2)
performed by assuming the model as fixed-based and subjected to the FIM excitation,
yielded also a difference in the interstorey drifts between the X and Y directions, although
not as pronounced as for the flexible-base model (in the order of MIDRy=0.0026% and
MIDRy =0.0034% for the ground storey and MIDRy =0.0024% and MIDRy =0.0031% for
the 1% storey).

5.2 Comparison of 3D vs simplified F.E. building model

In the following, the response of a simplified lumped-mass Multi-Degree-of-Freedom
(MDOF) “extensive stick” model (Fig. 17) developed in Karakostas et al. (2017) is com-
pared against full 3D model of the building under flexible-base conditions. Details on the
development and properties of this simplified model can be found in the above reference.
To this end, the link element involving the point springs and dashpots computed above
(CVLink) was also attached to the base of the simplified model. Thus, soil compliance is
taken into account in the same manner between the two models, allowing for the investiga-
tion of the SSI response as affected solely by different considerations for structural mod-
eling. A modal analysis of the flexible-base simplified model resulted in a fundamental
period of 0.2592 s in the x—x and 0.2657 s in the y—y direction, which are somewhat higher
than the fundamental periods obtained from the 3D model (Table 3).

In Fig. 18, a comparison is made between the computed response of the building at
the location of the accelerometer sensor at its basement by the full 3D model against the
simplified one. At first sight, one may deem that the predictions of the simplified model are
acceptably near (from an engineering point of view) to those of the full 3D one (although
some discrepancies are observed especially along the Y-Y direction in the frequency
domain). However, one must take into account that the computed response is made for
the location of the sensor at the basement, i.e. at a very short height (around 0.9 m) from
the base of the building. At that height, the inertial amplification of the FIM due to each
model’s dynamic response is rather small (especially since the basement floor is rigid by
construction (Fig. 9b)), and hence, the discrepancies between the predictions of the two
models are rather small to observe. However, this is not the case for the response at other
locations of the building.

The discrepancies become more significant at higher locations of the superstructure, as
it becomes obvious through the comparison of the maximum interstorey-drift ratios at the
ground and first storey levels predicted by the simplified “stick” model vs the full 3D one,
which are presented in Table 2. As can be seen, the simplified model substantially over-
predicts the drift ratios (by a factor of around 1.4 for the ground, and of around 3 for the
first storey, in both the x—x and y—y directions). This can be attributed to the fact that the
simplified model is somewhat more flexible than the 3D one, but mainly that it lacks the
information of the spatial distribution of the earthquake-resisting elements (columns and
shear walls), which contribute to the overall lateral resistance both through their individual
geometric and material properties, as well as their specific spatial location in the structural
system.

The above comparisons highlight the importance of using, instead of simplified one, a
full 3D, mass-distributed FE model of the building, that allows a more refined assessment
of structural response as affected by SSI under earthquake loading, especially when the
geometry of the building is not regular (i.e. elongated dimensions, holes in plan, possibility
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Fig. 17 Simplified “extensive V4
stick” model of the building mi 3,
(from Karakostas et al. 2017) -
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of torsional effects etc.) like the one examined herein. In such cases, the use of an equiva-
lent simplified model may not be appropriate and should be made with caution.

6 Conclusions

A numerical investigation of the Lefkada Regional Administration building’s response
recorded during the M6.1, January 26, 2014 Cephalonia earthquake was performed by
implementing the substructure approach to model the coupled soil-foundation-structure
system and explore SSI effects. For the inertial part of the interaction mechanism, a refined
3D, mass-distributed Finite Element model supported on point springs and dashpots was
formed to model the superstructure on flexible supports, while kinematic interaction effects
were considered by means of well-known analytical expressions that have been reported
for the assessment of the Foundation Input Motion (FIM).

The prediction of the recorded response at the basement of the building was satisfactory,
from an engineering point of view. However, a kinematic dominated response of the founda-
tion characterized by strong filtering of the free-field motion was revealed from the processed
signals. This aspect was not adequately captured by the analytical expressions under consid-
eration, leading to an overestimated prediction of the actual response in a certain frequency
range. A serious issue that was also explored referred to the direct use, in the design of new
buildings considered as fixed-base, of recordings from sensors being installed at the base-
ment of buildings, which is not explicitly restricted by the Seismic Code, in absence of free-
field recordings. It was shown that this leads to an underestimation of the expected response
compared to a more accurate approach that models SSI effects, and thus to a non-conserva-
tive design of the structures. On the other hand, the direct use of actual free-field recordings
under the assumption of fixed-base structure, leads to a conservative design. In general, base-
ment recordings have a lower potential for building damage compared to free-field ones, and
their use, without appropriate corrections, for the design of buildings or for seismic hazard
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Fig. 18 Computed response at the location of the sensor recorder 3D vs Stick model
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evaluations and development of Ground Motion Prediction Equations may lead to uncon-
servative results. Finally, comparison of results between the herein developed full 3D model
and a simplified lumped-mass MDOF model, points out the importance of using detailed F.E.
models of a structure, especially when its geometry deviates from a regular one.
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