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Abstract

Investigating the nonlinear dynamic response of reinforced concrete (RC) structures is of
significant importance in understanding the expected behaviour of these structures under
dynamic loading. This becomes more crucial during the design of new or the assessment of
existing RC structures that are located in seismically active areas. The numerical simulation of
this problem through the use of detailed 3D modelling is still a subject that has not been
investigated thoroughly due to the significant challenges related to numerical instabilities and
excessive computational demand, especially when the soil-structure interaction (SSI)
phenomenon is accounted for. This work aims at presenting a nonlinear simulation tool to
investigate this numerically cumbersome problem in order to provide further inside into the SSI
effect on RC structures under nonlinear dynamic loading conditions. A detailed 3D numerical
model of full-scale RC structures considering the SSI effect through modeling the nonlinear
frame and soil domain, is performed and discussed herein. The constructed models are
subjected to dynamic loading conditions and an elaborate investigation is presented considering
different type of structures, material properties of soil domains and depths. The RC structures
and the soil domains are modelled through 8-noded hexahedral isoparametric elements, where
the steel bar reinforcement of concrete is modelled as embedded beam and truss finite elements.
The Ramberg-Osgood constitutive law was used for modelling the soil domain. It was shown
that the SSI effect can significantly increase the flexibility of the system, altering the nonlinear
dynamic response of the RC frames causing local damages that are not observed when the fixed-
base model is analysed. Furthermore, it was found that the structures founded on soft soil
developed larger base-shear compared to the fixed-base model which is attributed to resonance
phenomena connected to the SSI effect and the imposed accelerograms.

Keywords: Nonlinear Dynamic Analysis, Soil-Structure Interaction, Reinforced Concrete
Structures, Seismic Assessment, Stability of Structures

1. Introduction

A number of researchers have studied the influence of soil-structure interaction (SSI)
on the seismic behaviour of structures during the last decades. However, it is still very
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common to analyse the response of a fixed-base structure by neglecting the SSI effect.
In some cases, codes provide with seismic design provisions that consider the SSI
effect, by reducing the base shear of the fixed-base structures, where in others they
suggest to perform advanced analysis for investigating the overall effect (ASCE [1],
NEHRP [2]). These provisions are based on linear, viscously damped, structures that
are subjected to transient or steady-state excitations (Bielak [3], Jennings and Bielak
[4], Veletsos and Meek [5], Luco [6] and Roesset [7]). Nevertheless, the effect of the
inelastic behaviour of soil on the inelastic dynamic behaviour of the structure has not
been completely addressed in the literature. It is evident that the role of the SSI in
structural seismic performance (Mylonakis and Gazetas [8]) is a research subject that
raise a lot of controversy among the researchers.

There are several papers that investigate and stress the necessity of nonlinear
analysis in order to determine the effect of SSI on buildings [9-11]. One of these
research works is found in [12], where a plain strain numerical study indicated that in
saturated soil-conditions the dynamic SSI is negligible but on dry soil cases the results
are inconsistent. Veletsos and Verbic [13], investigated the response of single-story
elastoplastic structures supported to an elastic half-space subjected to a simple pulse
loading type. It was concluded that the increase of the yielding of the structure would
increase the flexibility of the system, which led to the decrease of the SSI effect.
However, Bielak [14] investigated the steady-state response of a bilinear hysteretic
structure supported on an elastic half-space and found that, contrary to the response of
the linear systems, the resonant amplitude of the response considering SSI effects, could
be larger than that derived by a structure with a rigid foundation. This finding has been
supported by several studies [15-18].

Many researchers have concluded that a realistic modelling approach can lead to
different seismic design recommendations in cases of flexible soil foundations [12]. In
[18], it is demonstrated that the flexible foundation will increase its natural period
compared to the fixed-base model and cause the energy dissipation of the system to
increase. The increase of the period will result to an increase of the seismic coefficient
on an ascending branch of the response spectrum and a respective decrease in the
descending branch. Additionally, the increase of the energy dissipation will tend to
decrease the spectral ordinate. Furthermore, as it is described in [19], the current seismic
design codes cannot be used in cases where flexible-base structures with SSI effects
occur. In this article [19], the effect of SSI on seismic performance of multi-storey
buildings was investigated and was found that the SSI can reduce the strength and
ductility demand of the buildings up to 60% in comparison to the fixed-base structure.
Finally, a study by Tomeo et al. [20], showed that considering the SSI on 2D RC
moment resisting frames, the inter-storey drift ratio and the maximum base shear can
be reduced up to 50% and 20%, respectively in comparison to the fixed-base model.

Multiple models that have been developed to study the SSI effect rely on simplistic
approximations that foresee the use of beam-column finite elements for the
discretization of the superstructure, while the soil domain is modelled through springs
of 2D finite elements. Most of the models found in the international literature use simple
single-degree-of freedom structures [21], 2D numerical simulation, and shear-building
models [22, 23] for the substructure. The SSI effect can be modelled through the use of
the substructure and the direct method [24-27], which are well-known simulation
approaches. Furthermore, in order to reduce the computational cost, springs (Winkler-
based approaches) and dashpots are commonly used to describe the behaviour of the
soil. Alternatively, simple cone models [28-30] are implemented to simulate the soil
interaction, whereas, equivalent linear methods [31-33] have been proposed in order to
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simulate the non-linear effects within the soil domain. The Beam-on-Nonlinear-
Winkler Foundation numerical model [20, 34] has been also used to model the effect
of the nonlinear foundation, which is characterized by its simplicity and minimum
computational cost. Finally, several studies have developed dynamic macroelements
[35-39] considering SSI effects typically within a single element and using a plasticity-
based formulation for the superstructure found on shallow foundations.

A number of studies have used 2D quadrilateral finite elements for the soil domain
[40-42], as well as the much more computationally demanding, but more accurate, 3D
numerical models [12, 43-47].

This research work aims to shed light on the controversy whether the consideration
or the negligence of the SSI effect is on the side of safety or not for the dynamic
assessment of RC structures through 3D detailed nonlinear numerical analysis. To
achieve this objective, the SSI effect is investigated by considering the nonlinear
behaviour in both soil and superstructure, using 3D numerical modelling approaches.
The material of concrete is modelled through the constitutive model proposed in [48-
52], which is based on the Kotsovos and Pavlovic [53] material model, while for the
soil, the Ramberg-Osgood [54] model is implemented. The results of this investigation
indicate that although the soil increases the flexibility of the soil-structure system, it
decreases the fundamental frequency which can lead to resonance effects. These effects
can be present when the fundamental frequency of the system reaches the frequency of
the peak of excitation or the eigenfrequency of the soil [55].

In this research work, a 2-storey RC test frame specimen was used to develop the
presented numerical investigation of the SSI effects. The RC frame that was tested at a
seismic table [56] was one of the models used to validate the developed algorithm [50]
in capturing the nonlinear dynamic response of RC structures. The developed
simulation tool for the needs of this research work was integrated within the software
code Reconan FEA [60]. In addition to the 2-storey RC test frame, a four-column 2-
storey RC building was analysed under dynamic loading conditions. Different soil
properties and depths have been investigated, and compared with the nonlinear dynamic
behaviour of fixed-base models, in order to demonstrate the nature and level of the SSI
effect. Both superstructure and soil domain are discretized through the use of 8-noded
hexahedral elements, while the steel bars are modelled as embedded rebars, in an
attempt to achieve that maximum discretization accuracy during the nonlinear dynamic
analysis.

2. Constitutive Material Modelling
2.1 Concrete material model

The concrete was represented using the constitutive model described in [48-50] and
it is based on an experimental study of Kotsovos and Pavlovic [53] and a numerical
modelling approach presented in [50]. The model describes realistically the triaxial
behaviour of concrete using as input parameters only the Young modulus, the Poisson
ratio and the uniaxial compressive strength of concrete. The tensile strength of concrete
is set to be 10% of the uniaxial compressive strength and the other damage parameters
that describe the nonlinear cyclic and dynamic behaviour are defined based on the
recommendations found in [50].

The concrete material model is mathematically formulated with the hydrostatic (o0)
and deviatoric (70) components, the bulk (K) and shear (G) modulus of elasticity and an
external stress (oi4). The stress-strain relations can take the following form:

& = &y T oy =0y +0,)/ BK)) (1)
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Yo = Yo =% /(2G,) ()

where, (00, 70) are the normal and shear octahedral stresses and (eo, y0) are the normal
and shear octahedral strains. The Ks and G5 are the secant forms of bulk and shear
moduli, which describe the non-linear oo-¢0) and 7o-yo@ relations, respectively (4 and
d refer to the hydrostatic and deviatoric components, respectively). The ois represents
the coupling relation of zo-£0). The stress-strain relationship of the uncracked concrete
Gauss Point (GP) is given by:

o, [2G, + u Y7 7 0O 0 O &,
) Y7, 2G, + u 7 0O 0 O g,
o, )7 Y7, 2G,+u 0 0 O g,
o, | | o 0 0 G 0 0]]e, ®)
o, 0 0 0 0 G O E.
o, 0 0 0 0 0 G ||s,

where u = Ki— 2 G:/ 3. It was found in [53] that when the deviatoric stress exceeds 50%
of the ultimate strength, then the parameters K:=Ki(oo,10,fc) and Gi=G(o0,10,fc) are
updated through their analytical expressions provided in [53], while an elastic material
response is considered when the deviatoric stress is less than 50% of the ultimate
strength of concrete.

The ultimate strength of concrete is expressed in terms of the deviatoric stress
through the Willam and Warkne [57] envelope:

2 2 2 2 2 2 2 2
_ 27, (75, — 7o) c08 0 + 7, (27, — 7, )\/4(Toc — 7y, )€0s” 0+ 57, — 47,7,
Oou —

4z, — 12, )cos” O+ (25, — 1, ) @
where 0 is the angle that defines the deviatoric stress orientation on the octahedral plane.
Additionally, the oe(fc,00) and 7oc(fc,00) are defined by analytical expressions that are
found in [53] and correspond to 6=0° (o:/=02>0;3-triaxial extension) and 6=60°
(61>02=03 -triaxial compression), respectively.

The concrete cracking is modelled through the adoption of the smeared crack
approach. When the deviatoric stress in a GP exceeds the above ultimate deviatoric
strength (tou in Eq. 4), then a crack opens and the stiffness that corresponds to the
direction of the maximum principle stress is set to zero. Therefore, the constitutive
matrix in the crack plane (local system assuming that the crack is perpendicular to z’
axis, see Fig.1) is given by:

[2G, +u r 0 0 0 0

g  2G+u 0 0 0 0

|0 0 00 0 0
<=l 0 0G 0 0 ©)

0 0 0 0 G 0

0 0 0 0 0 4G

where £ is a shear retention factor [49] which is set to f=0.05. The stresses and the
constitutive matrix in the global coordinate system are calculated through the use of the
following expression:

6,=T"[0,=0 5, o, 0 0 0] (6)
C,=T'CT (7)
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where T is the transformation matrix that transforms the principal stress axes (x’, y’, z")
to the initial x, y and z axes with the use of the direction cosines (/;, m;, n:) and it is given
by:

2 2 2
l, m n, Lim, mn, nl,
2 2 2
L, m, n, l,m, m,n, nyl,
2 2 2
T= I ms ny Lym, msny nl;
= ®)

20, 2mm, 2nn, Im,+Lm  mn,+mn nl,+n,l

201 2mym,  2nny Lmy+lmy,  mun +mp,  nyl +nl,

| 2L 2mymy 2myng  Lmg+Lm, myng+min,  nli+nl, |

204 Crack

Fig. 1. Local axes for the case of two cracks at a specific Gauss point. [51]

The same procedure is followed in order to calculate the stresses and the constitutive
matrix for the case of two and three cracks as described in [50]. During cyclic and
dynamic loading conditions, the pre-existing cracks will tend to close due to load
reversals. This phenomenon is captured numerically by the assumption that the cracks
are closing as the strains vertical to crack planes are becoming small enough. In [49] it
was found that, the criterion of crack closure can be expressed in the following form:

&<ag, )
where & is the current strain in the i-direction which is normal to the crack plane and ecr

is the strain that caused the crack formation. Parameter a is a reduction factor, which
takes the following form:

a=l-——= (10)

The maximum strain &emar is re-defined through the nonlinear Newton-Raphson
iterative procedure. When the criterion of failure is satisfied, the crack is assumed that
it is closed and the restoring stiffness along the previous crack planes is a part of the
initial uncracked stiffness of concrete. Assuming that the criterion of failure is satisfied
in a Gauss point (GP) with one crack (Eq. 5), then the new constitutive matrix is given
through the following expression:

2G+u U a,-(1=-D)-u 0 0 0
u 26 +p a,-(1=-D)-u 0 0 0
|a,0-D)p a,0-D)p a,-0-D)G+s) 0 0 0
= 0 0 a-(1-D) -G 0 0 (11)
0 0 0 0 a-(1-D)-p-G 0
o 0 0 0 0 a,-1-D)-f-G

where an and as are constants with recommended values [50] of 0.25 and 0.125,
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respectively. The concrete damage factor D. is defined by the following equation:

l)c _ o e _ 6{1{15‘;% :e{gf‘:"% (12)

where fcc measures the number of times that a crack has closed and it is re-calculated at
every Newton-Raphson iteration for each GP. More details about this constitutive
modelling approach can be found in [50]. The schematic representation of the
constitutive model is depicted in Fig. 2.
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Figure 2. Schematic representation of the stress-strain relationship for the behaviour of concrete under
cyclic loading conditions.

2.2 Steel Reinforcement material model

The Menegotto-Pinto [58] model is used to model the steel reinforcement behaviour.
The model takes into account the accumulated material deterioration due to crack
opening/closure that has been gathered at each GP found around the embedded rebar
element. Due to this phenomenon, a reduction factor has been introduced in [50] that
represents the loss of bonding between steel reinforcement and the surrounding
damaged (cracked) concrete. The damage factor reduces the Young modulus of
elasticity of the material through the use of the following equation:

E =(1-D)E, (13)
where

D, =[1-ap,,,] (14)

2. (15)

1 : .
Agyome: = ——— and ncr is the number of cracked Gauss Points
ncr
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Figure 3. Menegotto-Pinto steel model that accounts for the accumulated damage due to the opening
and closure of cracks.

The material deterioration is implemented when os - €s< 0, in order to represent the
pinching phenomena that appears during the cyclic analysis due to loss of bonding of
the steel rebars when crack opening/closure takes place. The constitutive stress-strain
relation of the Menegotto-Pinto material model with the proposed steel damage factor
is illustrated in Fig. 3.

2.3 Soil model

The behaviour of soil is described by the one-dimensional hysteretic model of
Ramberg and Osgood model [54]. This well-established numerical material model can
effectively simulate the degradation of shear modulus in soils and the corresponding
increase of viscous damping with increasing shear strain amplitude. The shear stress-
strain is given by the following equation:

T T ‘
7=otN G (16)

where G is the maximum shear modulus (Gma) and (x, k) are model parameters.
Parameter x can be substituted by a variable a; as follows:

k
4 N 5 tx 4
a, =—— == _ 17
TGy T G, G oy, a7
where 1 is a characteristic strain which is also an input parameter and corresponds to

the shear stress 77 which can be defined by Eq. 17. Therefore, x can be expressed by the
following equation:
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k-1
i v | 18
o . (18)
Eq. 16 can be written as:

o (1 (=)
y_G o G\ (19)

The secant Gs and tangent G and the shear modulus are related to the maximum
shear modulus Gmax as:

LT
.

T

where 7 is a positive scalar greater than 1 that expresses the reduction of elastic shear
modulus. After the first load reversal, 7; in the above expressions is substituted by 2z;
to satisfy the Masing rules [59]. Therefore, the expression for the 7Ty becomes:

| ; k-1 .
I+| ——1| —| atfirst loading
al Tl

7(e)- @

1 T k-1
14| ——=1| — | after load reversal
a 27,

Under multiaxial stress-state, the secant constitutive material matrix can be defined
by the following expression:

K+£G K—iG K—iG 0 0 O
3 3 3

K—iG K+iG K—iG 0 0 O
3 3 3

CszTi k-3¢ k-3¢ k<3¢ 0o 0 o (22)
773 3 3
0 0 0 26 0 0
0 0 0 0 26 0
0 0 0 0 0 2G

where K is the bulk modulus. This expression implies that the Poisson’s ratio v is
constant so that:

G G G 31-2
K K K 21+v) (23)

The schematic representation of the Ramberg-Osgood model with tangent and secant
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constitutive material matrix, is illustrated in Fig. 4.
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Figure 4. Hysteretic model by Ramberg-Osgood equations with tangent and secant shear modulus.

2.4 Additional Validation

As it was presented in [50] and [60], Reconan FEA code [61] has the ability to
predict the nonlinear dynamic behaviour of RC structures and capture the soil
mechanical behaviour under different loading conditions. Furthermore, the software
was successfully used to capture the mechanical behaviour of a RC 6-pile foundation
system embedded in soil [62] that was tested under ultimate limit state conditions.
Further validation is performed herein through the use of formulae found in the
international literature [63] that predict the expected soil settlement under an isolated
footing.

The RC structure shown in Fig. 4 has a height of 7.5 m and a width of 4.5 m, where
the width and length of the soil domain was 3 times the corresponding dimensions of
the RC frame. The columns have a square section (30x30 cm?) with an isolated footing
with dimensions of 1.2x1.2 m?. The shear wall has a section of 30x150 cm?, where it is
founded on a footing with dimensions of 1.2x2.4 m?. The depth of the soil mesh was
set to be equal to 10 m. The material properties used to construct the numerical model
in Fig. 4 and to compute the settlement analytically are shown in Table 1.
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RC Density | Soil Young’s Soil Ultimate Numerically Volume Poisson’s
p Modulus E Stress fy,soil obtained Vertical | Compressibility ratio v
(KN/m?) (MPa) (kPa) Stress o (kPa) [65] my (MPa™)
25 70 900 380 0.9 0.3

Table 1. Soil material properties used for the validation process

The model in Fig. 5 was used to estimate the settlement due to the self-weight of the
2-storey RC frame, and compare it to the analytic equations currently utilised in practise
for settlement calculation, which can be found in [63]. The settlement can be computed
through the following expression:

s =0-H-my 24)

where, s is the total settlement, o is the total applied vertical stress in kPa, H is the soil
depth and my the coefficient of volume compressibility. The value of my is assumed to
be equal to 0.9 MPa' which corresponds to an acceptable value of a highly
compressible clay material [64].

The total applied load was divided into two load increments. Based on the analysis,
the soil domain remained in the elastic region thus the maximum vertical stress ¢ shown
in Table 1 was small enough to maintain a linear behaviour. The obtained settlement
under the smaller footings was found equal to 1.18 mm, where Eq. 24 gave a 1.33 mm
settlement. Furthermore, for load increment 2, a total of 2.36 mm compared to the 2.66
mm obtained from the analytical formula. The differences between the two methods are
attributed to the simplicity of the analytical formula that does not take into consideration
3D stress state phenomena, which take place when the soil domain is compressed. Most
importantly, the volume compressibility parameter of soil was not obtained from
experimental testing, but was assumed based on the characteristics of the soil at hand.
Therefore, there is an evident advantage when implementing 3D FEM when
investigating this type of mechanical problems.

3. Dynamic Nonlinear Analysis

For the solution of the equation of motion in dynamic analysis, the Newmark method
has been implemented. This implicit integration method is suitable in earthquake
analysis, because it is characterized by an acceptable numerical stability even for
nonlinear structural response. Thus, the time step does not have to be very small that
could increase the computational cost of the analysis. Therefore, the equilibrium of the
system at time #+A4¢ is given by the following expression:

tRAU(k) _ R HNEkD M( i ( B kD) _ tu) _4 1 _tUj_C[ E ( t kD) _tu) (25)
N N

2

where U,U and U are the vector of displacements, velocity and acceleration of the
system, respectively. R is the external applied load vector, F is the internal load vector
equivalent to the element stresses, M is the mass matrix, C is the damping matrix and &
is the Newton Raphson iteration. The matrix ‘K is given by:

, 4 2
(ot
K=K +7M +A_Z‘C (26)

where ‘K is the tangent stiffness matrix of the system.
For the investigated models, the lumped diagonal matrix has been used, where the
Rayleigh damping known as proportional damping was used for the damping matrix

10
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expression found in Eq. 27.

C=a,-K+a,-M 27)
2:¢ 2:¢ w0,
a,= , A= (28)
@+, o, F,

where, ¢ is the damping ratio and the w/, w: are the first (minimum) angular frequencies
of the system. It has to be noted, that the damping ratio matrix C for the case of the soil
domain was assumed to participate only for the computation of the stiffness matrix in
Eq. 26, therefore, the contribution of the soil to the Rayleigh damping matrix, is
calculated by Eq. 27 with M = 0. This assumption was adopted to avoid including
excessive damping in the numerical model due to the large soil domain and allow the
SSI phenomena to develop without any artificial numerical limitations, such as the
energy dissipation that occurs due to the assumed damping ratio.

The eigenfrequencies and the eigenvalues are calculated by conducting modal
analysis using the subspace iteration procedure described in detail in [65]. The Newton-
Raphson iterative method that is used for the analyses performed in this study,
implements an energy convergence tolerance criterion with a convergence tolerance set
to 10,

4. Numerical investigation of SSI
4.1. Two-storey RC Frame

In [50] the nonlinear dynamic behaviour of two-storey RC frames was numerically
investigated. These two-storey frames were designed and experimentally investigated
according to Eurocode provisions for the design of earthquake-resistant structures by
Carydis [56]. Particularly, the RC frame H30 shown in Fig. 6 was designed to exhibit
a higher ductility (q = 5). The masses of the specimen were 2.87 and 2.62 tons, which
were applied at the lower and upper storeys, respectively. The uniaxial compressive
strength of concrete (f:) was 50 MPa and the yielding stress (fy) of the steel
reinforcement was 500 MPa.

Figure 6. Geometric and reinforcement details of the RC-frame specimen H30. [56]

11
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1 1

Figure 7. 3D view of the FE mesh of 8-noded hexahedral and embedded rebar elements (H30 model
[50])
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Figure 8. Base acceleration that were subjected during the experiments [56] and the numerical analyses
of specimen H30.

The concrete domain is discretized by 224 hexahedral finite elements (10cm x 15cm
x 15.5cm) and the steel bars were modelled through the use of 2,384 steel embedded
beam elements as shown in Fig 7. Furthermore, 128 8-noded hexahedral elements were
used (red elements in Fig. 7) for the discretization of the RC slabs. All the displacements
of the RC structure (fixed and SSI) that are calculated are relevant displacements of the
masses (plates) to the base of the structure.

The sine-like acceleration records applied at the base of the structure along the plane
of the frame are illustrated in Fig. 8. The accelerograms exhibit a maximum magnitude
of approximately one and two times the magnitude of the design ground acceleration
of the frame, which was 0.30g. It must also be noted that the frequency of the
acceleration motion was 3.277 Hz at the beginning and 2.521 Hz at the end (see Fig.
8).

The model was able to capture accurately the nonlinear response of the frame for all
three sinusoidal accelerograms, reproducing the dynamic nonlinear ultimate limit state
behaviour of the high ductility RC frame. For this reason, this model was used as the
base of the numerical investigation performed on the SSI effect. The SSI models that
were constructed for the needs of this research work, were analysed for the first and
second sine-like acceleration motions as shown in Fig. 8.

It is important to note at this point that three types of soil are investigated and
discussed in section 6, which assume hard (H), medium (M) and soft (S) stiffness
according to Eurocode 8 standards [66] (types A, B and C, respectively). Table 2 depicts
of the assumed material parameters of the soil types investigated, for two different soil
depths of 6 mand 11 m.

12
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Soil Type Poisson ratio E G K
(v) (MPa) (MPa) (MPa)
Hard Soil (H) 0.3 5,000 | 1,923.08 | 4,166.67
Medium Soil (M) 0.3 700 269.23 583.33
Soft Soil (S) 0.3 65 25 54.17

Table 2. Soil Material properties used for the numerical investigation

The RC frame type H30 [50, 56] is analysed by assuming a soil domain of 21m x
10m and a depth equal to 6m for model A and 11m for model designated as B. Given
that the total span of the RC frame is 3.2 m, by selecting a 21 m in length soil domain,
it is anticipated that the dissipation of any waves that might be reflected at the
boundaries of the soil mesh is minimized. This was also verified through visualizing
the deformation shape of the soil mesh during the nonlinear dynamic analysis of the
SSI numerical models. The SSI model with soil type A, is illustrated in Fig. 9. The
dissipating ratio, for the investigation of the SSI effect on the dynamic behaviour of the
RC frame was set equal to 5% for all the numerical models investigated in this research
work.

It is also important to note at this point that the boundary nodes of the soil mesh were
fixed, whereas no damping nor springs were used. This modeling approach was chosen
based on the investigation performed on whether the boundaries of the under study
nonlinear soil domain would develop reflective waves or dissipate the energy.
According to the numerical investigation performed in this research work, it was found
that the nonlinearities that were accounted through the Ramberg-Osgood material
model in combination with the 5% dissipation ratio did not allow the development of
reflective waves. Furthermore, an investigation on the method through which the
accelerogram would be applied was also investigated. The accelerogram function was
applied at the boundary nodes of the soil mesh, as shown in Fig. 9, while the option of
applying the accelerogram at the nodes of the isolated footings of the RC frame was
also explored. The results presented for this first RC frame were numerically obtained
using the first approach. Finally, the foundation of the RC frame was assumed to be in
full contact with the surrounding soil, in an attempt to avoid any additional modeling
complications and numerical instabilities through the solution of a contact problem.

Py

Figure 9. H30 frame model with soil model A.
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Figure 10. Deformed shape and solid Von Mises contour at dynamic load increment 560. (a)
Coarse and (b) fine soil mesh.

A mesh sensitivity analysis was performed prior to the main numerical investigation,
using only the soil domain in order to verify that the developed soil mesh was not
sensitive to mesh size effects. As it can be observed in Fig. 10, the analysis shows that
the soil mesh with 1 m in size hexahedral elements along the z-direction (coarser mesh)
gave the same results with the model discretized with a size of 50 cm (finer mesh). It
must be noted here that the size of soil elements foresaw element sizes of 15-20 cm
near the RC foundation, and the sizes are increasing when moving closer to the
boundaries of the soil domain.

Based on the mesh sensitivity analysis performed, it was also found that there were
no reflection waves developed at the soil mesh boundaries during the analysis of the
numerical models, thus it was deemed sufficient to continue with those soil domain
geometries and their assigned boundary conditions. The models that were analysed for
different soil depths and soil properties are shown in Table 3.

Soil depth
Soil Type 6m (A) 11m (B)
Hard Soil H30R (A) H30 R (B)
Medium Soil H30 M (A) H30 M (B)
Soft Soil H30 S (A) H30 S (B)

Table 3. Different models with different soil and geometrical properties.

The base-shear vs 2" storey displacement curves with different soil parameters and
depths are shown in Fig. 11. The curves present smooth hysteretic cycles, which is a
phenomenon attributed to the capacity of the system to dissipate energy. It is evident
[67], that the experimental fixed-base behaviour of the RC frame was appeared to have
significantly less dissipated energy and the hysteretic loops presents excessive damage,
which explains some pinching characteristics and the sequentially degradation of
stiffness during the dynamic excitation. Table 4, presents the maximum displacement
and maximum base shear forces for the examined models.

The differences observed between the SSI and the fixed-base models show that the
largest divergence occurred in case of model H30 (S) B, where the base-shear is smaller
than the fixed-based one by 21.2%. This is attributed to the SSI effect due to the soft
soil assumption and the larger assumed soil depth that modifies the dynamic response
of the frame during the nonlinear dynamic analysis. Furthermore, the maximum
increase in the deformation was obtained for the case of model H30 (M) B, where the
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maximum displacement is increased by 3.5%. This difference was found to be smaller
than expected, a phenomenon attributed to the small size of the structure, which is
translated into a relatively small mass that does not develop large inertia forces during
this first set of dynamic loading. For this reason, the investigation proceeded with a
larger in size RC frame, presented in the next section.

v

Base Shear (kN)

h, Base Shear (kN)

(b) Model H30 S (B)
— 13

Base Shear (kN

Roof Displacement (mm)

-15

(c) Model H30 M (A) (d) Model H30 M (B)

Base Shear (kN

Base Shear (kKN

Roof Displacement (mm) Roof Displacement (mm)

(e) Model H30 R(A) (f) Model H30 R (B)
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Figure 11. Base shear vs roof displacement for H30 models

Max Displacement | (8ssi=9ixea) %) Max Base Shear |  (Vssi—Vfixea) (%)

6 (mm) Sfixed V (kN) Vixed
H30 R(A) 13.7 48 9.5 130.9
H30 M(A) 133 22 9.3 323
H30 S(A) 13.6 40 9.1 334
H30 R(B) 13.4 3.0 10.8 215
H30 M(B) 13.6 4.1 9.4 312
H30 S(B) 13.9 6.8 10.9 220.3
H30F 13.0 - 13.7 -

Table 4. Maximum roof displacement and base shears of the H30 frame models.

Before discussing the findings from the study of a larger RC frame, Table 5 is given
herein where the maximum dissipated-energy that was developed during the nonlinear
dynamic analysis is presented for each model. It is easy to observe that the SSI model
with the larger soil domains (11 m soil depth) derived increased dissipated energies
compared to the corresponding models with smaller soil domain (6 m soil depth). It is
also noticeable that the hard soil models present a larger amount of dissipated energy
than the soft and medium soil domains. This is a numerical phenomenon attributed to
the severe damages that the RC frame developed combined with the dissipation
mechanism from the soil domain during the nonlinear analysis for the case of the H30
R(A) and H30 R(B) models.

Max dissipated Increase compared to
energy the fixed-base model
(kKN -mm) (%)
H30 R(A) 159.13 29.08
H30 M(A) 144.93 17.56
H30 S(A) 153.27 24.33
H30 R(B) 212.47 72.35
H30 M(B) 158.47 28.54
H30 S(B) 221.27 79.49
H30 (F) 123.28 -

Table 5. Maximum dissipated energy of the H30 frame models.

On the other hand, the fixed model that suffered the most amount of damage during
the analysis, did not appear to derive large dissipated energy because of its low
dissipating mechanisms (hysteretic material behavior of the superstructure and viscous
damping). This also highlights the contribution of the soil domain in-terms of
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dissipating the seismic energy during the nonlinear dynamic analysis. Finally, the soft
soil models present the largest dissipating energies due to the additional flexibility
added to the system at the foundation level that causes the frame to develop larger
hysteretic loops.

4.2. RC Frame Building with 4 Columns

The RC frame building that is examined in this section, consists of the two previous
plane frames H30, connected with slabs, as illustrated in Fig. 13 and notated as 2H30.
The model has been analysed with the same seismic excitation as the previous model
in Fig. 8 (first sine-like acceleration). A model with fixed-base conditions shown in
(Fig. 12a) denoted as 2H30(F) is also studied. The excitation is applied at the base of
the foundation domain for the SSI models and for the fixed-base conditions, the seismic
motion is also applied through the foundation nodes of the frame. Furthermore, the
fixed-base model and the SSI models with 6m depth are analysed for the first sine-like
acceleration of Fig. 8. The SSI models were analysed for the medium and soft soil cases,
given that the hard soil model was found to derive similar results to the fixed-base
model. The damping ratio that is used for the dynamic nonlinear analysis was set to 5%.

Table 6 depicts the maximum displacement and base shear forces that are developed
in the 2H30 frame building model with different soil properties and depths. Based on
the obtained numerical results, the fixed-base model gave a maximum of 6.5 mm
horizontal deformation at the top slab, while the maximum base shear was found equal
to 73.5 kN. As it is shown in Table 6, the SSI model with 6m in depth soft soil produced
the highest horizontal displacement increase (92% increase), while the 11 m depth
medium soil SSI model derived the smallest increase in terms of horizontal
displacement (13.7%). According to the obtained numerical results, the model with the
deeper soil domain gave a smaller displacement increase when compared with the
respective models with the same soil depths.

The results show that the SSI models induced greater flexibility and the computed
displacements are higher than the 2H30(F) model for all analysed models. For the case
of the maximum developed base-shear, it is noted that the same phenomenon is
observed with the maximum base-shear increase to be equal to 32.5% for the case of
the 2H30 S(A) model.

a)
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Figure 12. Four-column frame building 2H30 with soil depth a) fixed-base and b) 6‘m~(A)
Max (Bss1=8fixed) Max Base | (Vss—Vrixed)
Displacement Ofixed Shear V 8V fixed
§ (mm) (%) (kN) (%)
2H30 M(A) 8.03 23.4% 80.08 9.0%
2H30 S(A) 12.5 92.1% 97.30 32.5%
2H30 M(B) 7.40 13.7% 73.60 0.2%
2H30 S(B) 11.71 79.9% 92.17 25.5%
2H30 (F) 6.51 - 73.45 -

Table 6. Maximum Displacement and Base shears of the L30 frame models.

Figs. 13 and 14 show the horizontal displacement curves vs time as well as in Figs.
15 and 16 the total base shear curves vs time as they derived from the nonlinear dynamic
analysis of the fixed-base and SSI models. It is evident that the softer the soil is, the
larger the computed horizontal displacement and the developed base shear. It is also
observed that after the 3 first loading cycles are applied (1 second after the seismic
excitation begins), the horizontal displacements of the SSI models become larger than
those derived from the fixed-base model. This phenomenon was initially attributed to
the method through which the accelerogram was applied that did not foresee the
solution of an initial load step by applying only the static loads and then apply the
accelerogram through the nonlinear dynamic algorithm. Given that the analysis
assumes that the full self-weight of the RC frame is applied at the first dynamic
increment, a dynamic phenomenon is developed at the first half a minute, which
foresees the vertical oscillation of the frame.
11,0 > o 1
8.0 : H e
5,0
2,0

~

1,0

~

4,0

Horizontal displacement

-7,0 b ?
10,0 §oi i i i & iced Base
P ¥ - = = =Medium Soil (6m depth)
-13,0 T e Soft Soil (6m depth)
Figure 13. RC frame building. Horizontal displacement vs time curve. Fixed-base model vs models
with 6 m in depth soil (A).
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Figure 14. RC frame building. Horizontal displacement vs time curve. Fixed-base model vs models
with 11 m in depth soil (B).
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This phenomenon is illustrated through the base reactions curve vs time in Fig. 17,
where the reactions along the global x and z directions are plotted. The global x
direction represents the horizontal in-plane direction of the plane, where the global z
direction is parallel to the gravitational loads. As it can be seen in Fig. 17, the soft soil
model develops a vertical oscillation that generates a respective vertical reaction due to
the dynamic movement along the gravitational axis. Nevertheless, it is evident that the
developed vertical base reaction tends to stabilize after 0.4 seconds pass by, thus as it
is going to be illustrated at a later stage in this section, this was not the reason of the
increase of the base shear.

60,0
40,0 A
2
= 20,0 1
-2
k3!
S D
Q 5
Z : 0,2
S .. ,
& e
g 200 WE75
Fixed Base Vz \‘ ‘ II Time (s)
40,07 — — = Medium Soil (6m depth) Vz SR
"""""" Soft Soil (6m depth) Vz \Y
Fixed Base Vx e
-60,0 -

— = = Medium Soil (6m depth) Vx
--------- Soft Soil (6m depth) Vx

Figure 17. RC frame building. Total base reactions vs time curve. Fixed-base model vs models with 6
m in depth soil (A).

4.2.1 Fundamental frequency evaluation

In order to further investigate the obtained SSI dynamic response of the RC frames,
the fundamental frequencies of the stratum were computed (see Table 7) according to
the typical frequency equations:

s
Ss T (29)
34
fSV_n_(]_v)fs (30)

where Vs is the velocity of shear waves within the soil, fs the fundamental frequency
along the horizontal axis, fsv the fundamental frequency along the vertical axis
(“compression” mode) and H is the soil depth. The fundamental periods of the
examined soil domains were numerically computed through the typical Egs. (29-30)
and through the modal analysis of the FEM models, and are presented in Table 6. It can
be observed that the discrepancies between the calculated frequencies derived from
modal analysis and the Egs. 29-30 are significantly large. This indicates the fact that
the use of Egs. 29-30 provides a rough estimation of the fundamental frequencies of the
soil domain. Additionally, the modal analysis takes into account the boundary
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conditions, the stiffness and the mass of the soil domain but it does not use the velocity
of shear waves within the soil. Table 8 shows the first 3 numerically computed
frequencies of the RC frame according to its boundary conditions (with and without
SSI). A comparison is also provided in Table 8 between the computed frequencies of
the 2H30(F) model and those derived from the SSI model. It is obvious that the fixed
model exhibits the stiffest behaviour out of the 6 SSI models (including the models with
soil type A, rock).

It can be observed that the model with medium soil depth equal to 6 m gives a
fundamental frequency fs equal to 5.1 Hz computed by the Eqs. 29-30, which is closer
to the 1% fundamental frequencies of the SSI models (6.0-7.1 Hz as shown in Table 8).
Additionally, close to the above frequency range of the SSI models is the fundamental
frequency computed by the modal analysis of the model with soft soil depth equal to
11 m. Furthermore, the 2™ frequency of the SSI models is close to the fsr derived from
the modal analysis of the medium soil models. Fig. 18 shows the modal shapes of the
fixed-base model and the SSI models of the series (B) for the case of 11 m depth of the
soil domains. It is easy to observe that Fig. 18h shows a vertical oscillation of the RC
frame founded on a soft soil domain.

Soft Soil | Medium Soil
Depth (m)
6 | 11 6 1
_ fs(Hz) | 1.553 | 0.847 | 5.096 | 2.780
Typical fov (H 2401 | 1310 | 7.879 | 4.297
Frequency sv (Hz) : ' : :
Eq. (2030) | T (see) | 0.644 LI81 0.19 | 0360
Tw (sec) | 0.417 | 0.764 | 0.127 | 0.233
fs (Hz) 839 | 725 | 27.52 | 2046
Modal
; fov (Hz) | 9.24 | 496 | 3036 | 16.27
Analysis
FEM T (sec) | 0.12 | 0.14 | 0.036 | 0.049
Tw(sec) | 0.11 | 02 | 0.033 | 0.061

Table 7. Fundamental frequencies and periods of the soil domains.

1 (f ssi=f fixed) an (f ssi=f fixed) 3rd (f ssi=f fixed)

Model Eig.freq. Fpied Eig.freq. Tyied Eig.freq. Tyied
(%) (%) (%0)
2H30 R(A) 7.04 -0.34 19.78 -0.14 30.51 -0.45
2H30 M(A) 6.91 -2.14 19.63 -0.86 29.60 -3.40
2H30 S(A) 5.95 -15.74 17.90 -9.63 18.41 -39.91
2H30 R(B) 7.04 -0.34 19.78 -0.14 30.50 -0.48
2H30 M(B) 6.91 -2.18 19.63 -0.87 29.49 -3.76
2H30 S(B) 5.94 -15.97 17.12 -13.54 18.41 -39.93
2H30 (F) 7.06 - 19.81 30.64 -

Table 8. Comparison of the first three eigenfrequencies for four-column frame building 2H30 models.
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Figure 18. Deformed shapes for the first 3 modes for four-column frame building (a-c) Fixed, (d-f)
Medium and (g-i) Soft soil. Case of soil depth 11m.

4.2.2 Hysteretic curves and soil vertical deformations

Before moving to the last stage of this investigation with the nonlinear dynamic
response of the 2H30(A) models under larger dynamic loading conditions, the
hysteretic curves of the 5 under study models are shown in Fig. 19. It is evident that the
SSI models exhibit a larger energy hysteresis attributed to the soil nonlinearities
developed during the dynamic analysis. The soft soil exhibited SSI models the highest
energy dissipation, highlighting the significant effect of the SSI phenomenon. The
maximum developed dissipated energy for each model is presented in the Table 9. It is
evident that the 2H30 (F) model developed the smallest dissipated energy during the
dynamic analysis. The dissipated energy was produced by the 2H30 S(A) model which
is larger than the one derived from the fixed model by 360.78%. It must be noted here
that, the hysteretic curves presented in this work refer to the total base shear computed
at the base of the structure vs the horizontal displacement at the roof of the RC frames
excluding the rigid body horizontal displacements.
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Figure 19. RC frame building. Hysteretic curves.
Max dissipated Divergence from
energy fixed model
(kKN-mm) (%)
2H30 M(A) 547.94 171.63
2H30 S(A) 929.49 360.78
2H30 M(B) 426.57 111.47
2H30 S(B) 908.1 350.18
2H30 (F) 201.72 -

Table 9. Maximum dissipated energy of the 2H30 frame models.

Furthermore, the vertical deformation of the boundary node is plotted in Fig. 20 for
both 2H30 M(A) and 2H30 S(A) models, to investigate the level of vertical oscillation
of the waves that reach the boundaries of the soil domain. It can be seen that the largest
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vertical deformation -0.54 mm occurs for the soft soil case, where the corresponding
deformation for the medium soil domains was computed to be equal to -0.33 mm. This
indicates that the intensity of the waves that reach the west and east boundaries of the
soil domains are very small and do not affect the dynamic response of the RC frame.
Thus, the assumed boundary conditions of fixing the x and y boundary degrees of
freedom and allowing the vertical deformation of the soil nodes was found an
acceptable modelling approach.
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Figure 20. RC frame building. Vertical deformation vs time curves of the boundary soil node with the
largest deformation.

4.2.3 Analysis for the first two consecutive accelograms

To further investigate the SSI effect under nonlinear dynamic ultimate limit state
loading conditions, the fixed-base and the SSI models with 6 m in depth of soil domain
were analysed for the first two accelerograms shown in Fig. 8. The frequency of the 2"¢
acceleration motion was 2.395 Hz at the beginning and 1.846 Hz at the end. The derived
displacement curves vs time are given in Fig. 21, where the nonlinear dynamic response
of the fixed-base model is compared to those obtained from the two SSI models.

According to Fig. 22, the fixed-base model manages to resist to the developed inertia
forces during the two consecutive accelerograms developing a 2.5 mm remaining
horizontal displacement at the 2" storey. The maximum horizontal displacement
developed by the fixed-base model was 15.04 mm (see Table 10), where the maximum
base shear obtained from the nonlinear dynamic analysis was 114.4 kN.

On the other hand, the 2H30 M(A) model was found to develop an unstable
behaviour after the 9" second of the applied accelerogram, exhibiting severe damages
at the ground floor columns of the RC frame. This instability that eventually led to an
excessive maximum horizontal displacement of 37.85 mm and a remaining deformation
of 24 mm (at the end of the dynamic excitation), attributed to the SSI effect and the
dynamic behaviour of the RC frame building and the soil domain that interact during
the nonlinear analysis. It is also reasonable to say at this point that the vertical
oscillation and the respective reaction shown in Fig. 17 do not affect significantly the
base shear developed within the SSI models during the first accelerogram. As it can be
seen in Figs. 21 and 22, the 2H30 M(A) and fixed-base models are found to have no
horizontal deformations when the second accelerogram is imposed at the two models,
where the SSI model develops larger horizontal displacements and base shear during
this larger dynamic excitation. According to Table 10, the 2H30 M(A) model developed
almost 5 times larger horizontal deformations compared to the fixed-base model, where
its maximum base shear was found to be 7.3% larger as well.
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Figure 22. RC frame building. Total base shear vs time curve. Two accelerograms.

An additional finding that can be extracted from the derived numerical results, is
that the softer the soil is, the larger the base shear increase is for the case of the under-
study structure (see Table 10). Furthermore, the complexity of the SSI effect when
nonlinearities are accounted for at both superstructure and soil domains, is highlighted
by the fact that the RC frame was found to develop a remaining horizontal deformation
of 2.7 mm after the completion of the first dynamic excitation. One would have
expected this RC frame to develop additional damages and eventually become unstable
earlier than the building of model 2H30 M(A), that assumes a medium soil domain and
had close to zero permanent deformation after the 1% acceleration. Both SSI models
with soft and medium soil reached failure during the 2" accelerogram. However, the
SSI model with the medium soil became unstable quicker than the soft soil model and
developed a significantly larger remaining horizontal deformation at the end of the
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dynamic analysis.

In order to further investigate and justify the obtained nonlinear dynamic responses,
the natural frequencies were numerically computed and recorded at every dynamic load
increment through performing a modal analysis of the RC structure. Fig. 23 shows the
fundamental frequencies as they resulted from the nonlinear dynamic analysis of the
2H30 (F), M(A) and S(A) models. It is easy to observe that the fixed-base model derives
the highest frequency at the beginning of the analysis, but due to the development of
cracks from an early stage of the analysis it becomes more flexible compared to the SSI
models. This mechanical response is caused by the damage development at the columns
of the RC structure due to the fixed support conditions that lead to an early strain
development at the columns of the ground floor.

It is also important to observe that the decrease of the 1% natural frequency of the
soft soil model 2H30 S(A) is smaller than both the fixed-base and the medium soil
models. This attribute shows that the flexibility of the system of the soft soil model
causes the RC frame to develop lower levels of damage compared to the fixed-base and
medium soil models. This finding also partially explains why the fixed-base model
developed the largest level of damage especially at the beginning of the analysis,
resulting the smallest base shear out of the three models.

15t Eigen Frequency

—Maodel 2H30 (F)
2 —Maodel 2H30 M(A)
—Model 2H30 S(A)

0 2 4 6 8 10 12 14 16 18
Time (s)
Figure 23. 1% Eigen frequency calculated through time for 2H30 models

During the 2" accelerogram (7-14 seconds of the analysis), both models 2H30 M(A)
and S(A) become unstable due to failure near the top of the columns at the lower level
of the building. Based on the frequencies graph the medium soil model reached the state
of resonance first given that the structure’s 1% natural frequency was equal to 5 Hz at
around 9 s, which was found to be close to the soil’s frequency calculated by Egs. 29-
30 as shown in Table 7. This is also evidence that the devolvement of large
deformations that derived from the SSI models after the 9" second of the nonlinear
dynamic analysis is attributed to the change recorded in-terms of flexibility of the RC
structure compared to the flexibility of the soil domain and the relevant interaction of
the soil domain and the damaged RC frames. This was not the case for the fixed-base
model that was assumed to be rigidly fixed at its base, where it maintained its stability
throughout the analysis.

To further investigate the differences between the medium and soft soil models, the
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deformed shape of the two models are depicted in Fig. 24 for different dynamic load
increments. Fig. 24a shows the deformed shape at dynamic increment step 1,115 (8.64
second), which represents the step at which the 2H30 M(A) model starts to develop
damages at the columns of the ground floor, which triggered the unstable dynamic
response that led to the significant damages predicted from the analysis. Figs. 24b and
24c show the magnified deformed shapes of the RC frame at dynamic load steps 1,156
and 1,285, respectively, where it can be seen that the columns of the RC frame develop
permanent deformations due to the concentrated strains that are developed at the lower
level of the building.

The areas that appears to fail due to shear deformation, are located close to the areas
where the critical length at the top of the columns ends. This indicates that the cracking
that was developed within the structure surpassed the critical area for the case of the
SSI models due to the shift of the damage regions. At the height where the amount of
stirrups is lower than the one of the critical area, the columns have decreased ductility
and strength, thus fail in shear. This shows that the most vulnerable areas for the
examined SSI models, are the ones where significant change of shear stiffness takes
place, leading to column failure. Additionally, the ability of the footings to rotate due
to the soil domain re-distributes thus shifts the crucial regions that can lead to a different
failure mechanism compared to the fixed-base model.

To further highlight the differences between the two models, the magnified
deformations of the soil around the footings of the two SSI models are given in Fig. 25.
The deformations at the dynamic load increment 1,285 are shown with a magnification
scale factor of 4,000 and 1,000 for the case of 2H30 M(A) and 2H30 S(A) models,
respectively. It is evident that the soft soil model develops significantly larger
deformations (approximately 10 times larger) allowing the footing to rotate during the
dynamic excitation. Nevertheless, the computed maximum settlement due to the
superstructure loads at this dynamic time step was found to be around 0.08 mm for the
soft soil model and a 0.008 mm for the medium soil model, which was found to be
small. Furthermore, the softer soil behaviour at the foundation level, led the 2H30 S(A)
model in developing smaller horizontal deformations at the 2" storey level near the
failure of the RC structure.

Max (8ss1—8ixed) Max Base (Vssi=Vrirea)
Displacement Sfixed Shear V 8V fixed
§ (mm) (%) (kN) (%)
2H30 M(A) 37.85 481.5% 122.74 7.3%
2H30 S(A) 27.53 323.0% 142.17 24.3%
2H30 (F) 15.04 - 114.40 -

Table 10. Maximum Displacement and Base shears of the H30 frame models.

2H30 M(A) 2H30 S(A)

a. Dynamic time step 1,115
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2H30 M(A) 2H30 S(A)

b. Dynamic time step 1,156

2H30 M(A) ' 2H30 S(A)

¢. Dynamic time step 1,285
Figure 24. RC frame building. Deformed shapes of the superstructure at different time steps.
Magnification scale factor 5x.

2H30 M(A)

Magnification scale factor 4,000x

2H30 S(A)

Magnification scale factor 1,000x
Figure 25. RC frame building. Deformed shapes of the soil domain at dynamic load step 1,285.
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Figure 26. RC frame building. Hysteretic curves derived from the analysis of the two accelerograms.
a) Fixed-base (2H20(F)), b) medium (2H30 M(A)) and c) soft (2H30 S(A)) soil models.

Fig. 26 shows the hysteretic curves as they resulted from the nonlinear dynamic
analysis of the three models that were investigated for the case of the two
accelerograms. It is easy to observe that the medium soil domain model 2H30 M(A)
exhibits the largest horizontal deformation, but it is the soft soil domain model 2H30
S(A) that achieves the largest energy dissipation (32,880.4 kN mm) out of the three
models. The fixed-base model derived a total of 10,796.6 kN mm energy dissipation
and the 2H30 M(A) model derived a respective 17,589 kN mm. This is attributed to the
nonlinearities developed at the soil domain around the isolated footings, especially
during the 2" imposed accelerogram.

Horizontal di%pl hcement (mm)
-150 -

4.2.4 Nonlinear Pushover Analysis of the SSI models

A pushover analysis was also conducted to test the impact of the soil on the 4-column
RC frame. According to [56], the maximum spectral accelerations that derives for the
first earthquake simulation test is Sa = 2.153g, which was significantly larger than the
design spectral acceleration (Eurocode 8, Soil type B, Sa = 0.75g). The lateral load was
applied assuming a triangular distribution that mainly represents the first vibration
mode. The P-3 curves are presented in Fig. 27 as they resulted from models 2H30 (F),
S(A), M(A), S(B) and M(B). The roof displacement is measured relatively to the
foundation displacement for each model, where the initial linear behavior of the soft

soil model was found to derive more flexibility than the medium soil and the fixed-base
models.
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Figure 27. 4-column RC frame building. Pushover analysis considering soil with depth equal to
a)6mandb) 11 m.

According to the overall mechanical response, it was found that the medium soil
model suffers from major damages earlier than the other models. In order to explain
this phenomenon, Fig. 28 shows the von Mises strains that are developed in the RC
frames for a roof displacement close to 30 mm. At this stage, the medium soil models
2H30 M(A & B) develop a significant decrease of their stiffness for the first time. Once
more this is attributed to the damage re-distribution that causes different areas of the
frame to develop concentrated strains during the pushover analysis.

The soft soil models 2H30 S(A &B) present a larger rotation at the foundation level
and the maximum strain concentrations were found to occur at the lower columns and
mainly at the West column near the base. On the other hand, the medium soil models
developed the largest strains at this stage, which were concentrated at the right column
of the lower storey. The concentration of larger damage outside the critical column
regions at the ground floor, made the medium soil models more flexible than the other
models after the roof horizontal displacement exceeded 30 mm.

As the pushover analysis continued, the fixed-base model was found to develop
concentrated damages at the columns found at the ground floor, suddenly decreasing
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the frame’s stiffness (6 = 80 mm). A similar behaviour was noted for the case of the
medium soil models. This was not the case for the soft soil models 2H30 S(A & B) that
were able to maintain their stiffness and fail for a load that was 1.1 and 3.2% larger than
that obtained from the fixed-base model, respectively (see Table 11). As it can be seen
in Table 11, the medium soil models 2H30 M(A & B) failed for a total horizontal load
of 280.32 kN that was 2.1% lower compared to the fixed-base model. The differences
in the obtained maximum failure loads are attributed to the strain re-distribution due to
the SSI effect that leads to a different internal stress development. It must be noted that
the curves shown in Fig. 27 were developed by removing the rigid body horizontal
deformation of the frame.

& 4 :

(©
Figure 28. 4-column RC frame building. Von Mises strain contours obtained from pushover analysis of
models (a) 2H30 S(A), (b) 2H30 M(A) and (c) 2H30 (F).

Base Shear | (Vssi—Vfixed)
Strength V 8V fixed
(kN) (%)

2H30 S(A) 289.36 1.1
2H30 M(A) 280.32 2.1
2H30 S(B) 295.39 3.2
2H30 M(B) 280.32 2.1
2H30 (F) 286.35 -

Table 11. Maximum Displacement and Base shears of the H30 frame models.

4.3 Evaluation of the Proposed Algorithm

A numerically stable and efficient nonlinear dynamic simulation of the seismic
response of structures is of great importance for the safe and economic design of these
structures. The highly nonlinear response of concrete during the cyclic excitation often
lead to unstable solutions or to the inability to achieve convergence as well as when the
opening and closing of cracks and soil material nonlinearities are accounted for.

Through this numerical investigation it was verified that the simulation approach
implemented for the SSI of RC structures with different types of soil domains, can be
considered to give a robust and efficient tool for the seismic design and assessment of
RC structures. Fig. 30 shows the number of internal iterations per dynamic load
increment for the case of the RC 4-column building fixed-base model, where it can be
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observed that the dynamic response of the RC frame was retained to a minimal number
of internal Newton-Raphson iterations. According to this nonlinear dynamic analysis
with 567 time steps, the total number of internal iterations was 651, which constitutes
an average number of internal iterations per dynamic step equal to a mere 1.15. This
finding highlights the numerical stability and robustness of the developed nonlinear
algorithm for solving this numerically challenging structural problem related to RC
structures. The average solution time for each internal iteration was approximately 0.24
seconds through the use of a 3.7 GHz computer processing unit.
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Figure 29. RC building. Number of internal iterations per dynamic load increment. Fixed-base model.
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Figure 30. RC building. Number of internal iterations per dynamic load increment. 2H30 M(A) model.
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Figure 31. RC building. Number of internal iterations per dynamic load increment. 2H30 S(A) model.
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Figs. 30 and 31, show the respective internal iterations per dynamic step for the 2H30
M(A) and S(A) models, respectively. It can be observed that the increase of
nonlinearities due to the soil domain significantly affects the generated unbalanced
forces during the nonlinear dynamic analysis of the RC frame. The average internal
iterations per time step was 6.75 and 6.97 for the case of the medium and soft soil
domain, respectively. As it is expected, the soft soil model derived a larger number of
internal iterations compared to the model with the medium soil domain, attributed to
the higher soil nonlinearities developed at the softer soil domain around the footings of
the structure.

The average computational time for solving one internal Newton-Raphson iteration
for the case of the 2H30 M(A) and S(A) models was around 20 seconds. Even though
this is not an excessive computational time for a problem with 31,000 degrees of
freedom (stiffness matrix size 400 Mb), it is time consuming when the number of time
steps is more than 2,000 and the respective internal iterations close to 10,000 in total.

5. Conclusions

This study investigates the SSI phenomenon and its effect on RC frame buildings
and their dynamic-seismic response under low and high in magnitude accelerations. For
the material of concrete, a 3D brittle material model developed in [50], is used in order
to take into account the triaxial behaviour of concrete and the effect of crack opening
and crack closure during cyclic and dynamic loading conditions. The opening of cracks
is treated with the smeared crack approach. For the material of soil, the Ramberg-
Osgood [54] material model is used in order to take into account the deterioration of
shear stiffness of the material during cyclic loading conditions. Both material models
have been implemented into 3D isoparametric finite elements that were used to
discretize the exact geometry of the under-study structures and soil domains.

A preliminary investigation was performed by using a two-storey RC plane frame,
where it was subjected to a sine-like accelerogram adjusted based on the natural
frequency of the specimen in order to achieve maximum inertia forces. The RC plane
frame was assumed to be founded on hard, medium and soft soil domains, where it was
concluded that the developed displacements obtained from the SSI models increased by
2-7% compared to the fixed-base model, where the predicted base shear was found to
decrease by 20-30%. It was also found that the most important factor to explain the
impact of the SSI during a nonlinear analysis, is the evolution of damage of the system.
Furthermore, the SSI models produced larger amount of dissipated energy than the
fixed-base model, while as the depth of the soil increases the dissipating mechanisms
are also increased. It has to be noted that the hard soil models suffered for severe
damage (cracking) and managed to develop similar amount of dissipated energy with
the soft soil models. Even though the RC frame was realistic (tested in a laboratory
through a shaking table experiment) it was found to be small in size, while its mass was
not sufficiently large to provide with significant SSI effects.

The above mentioned RC plane frame was used to construct a 4-column RC frame
that was thereafter used to investigate in depth the SSI effect under low and higher in
magnitude accelerograms. The RC building was first analysed by assuming a fixed-
base and then solved for a medium and soft soil domains by assuming a 6 and 11 m
depths of the two different in terms of stiffness soil domains. The results indicated that
the softer the soil is, the larger the derived displacements are. It was also found that the
maximum displacement increase was equal to 95% for the case of the 6m deep soft soil
domain. This finding is in line with the overall observations found in the international
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literature, whereas the numerical investigation revealed that the deeper soil domain
derived a smaller displacement increase compared to the smaller in-depth soil domain
models (A). This was attributed to the fact that the flexibility of the soil can also increase
the energy dissipation of the system and delay its structural failure.

Furthermore, the vertical component of displacements was investigated during the
nonlinear dynamic analysis and was found that its effects on the dynamic response of
the SSI models was insignificant compared to the substantial increase at the base shear.
This increase is attributed most likely to the resonance phenomenon between the
structure, soil domain and the imposed sine-like accelerogram.

In order to investigate the ultimate limit state of the RC building taking into
consideration the SSI effect, the RC structure was analysed by applying the low
accelerogram and then the higher in magnitude accelerogram consecutively through a
single analysis. According to the numerical results obtained, it was found that the model
with the softer soil domain developed larger displacements during the first excitation,
while the model with the medium soil domain developed larger deformations and base
shear that eventually led to an instability of the structure, during the second excitation.
The evolution of the value of the eigen-frequency of the system shows that the SSI
model suffered a smaller amount of damage than the medium soil and the fixed-base
models. Additionally, most damages appeared at the fixed-base model which evidently
developed the lowest base shear during the nonlinear dynamic analysis. The two SSI
models predicted a frame failure with large remaining deformations due to both RC
material damages at the ground floor columns and soil nonlinearities. The medium soil
model though derived larger deformations that led to developing large damages earlier
compared to the soft soil model. This is attributed to resonance that was caused by the
stiffness change of the superstructure due to relevant damage development that led the
medium soil model to develop close to 500% increased displacements compared to the
fixed-base model.

The soft soil model’s response, highlighted the fact that when structures are found
on softer soils can delay the structural failure because of the soil’s increased dissipating
mechanisms and the shift of the damage locations during the nonlinear dynamic
analysis. In addition, the fixed-base model was found to be able to undertake both
accelerograms without the development of excessive permanent deformations. The
major and sudden decrease of the stiffness of the fixed-base model at the beginning of
the analysis made the system more flexible with smaller base shear development
compared to the other two models, thus managed to withstand both seismic excitations
without developing a failure mechanism nor large permanent deformations. This
finding highlights the significant effect of the SSI phenomenon on the nonlinear
dynamic response of the RC building under ultimate limit state dynamic loading. It is
also safe to conclude that the softer the soil domain is, the higher the expected energy
dissipation of the system is. This also can explain why the RC building did not become
unstable at an earlier stage compared to the frame founded on medium soil.

Thereafter, a pushover analysis has been conducted to investigate the influence of
SSI on the RC structure with 4 columns. It has to be noticed that the fixed-base model
developed a sudden loss in strength when the horizontal displacement reached 80 mm,
where it became more flexible than the other models, a mechanical response that
eventually led to a slightly lower maximum base shear capacity compared to the soft
soil model, while the medium soil model was the one that derived the lowest maximum
base shear out of the 5 models that were investigated. Based on the monotonic analysis
results, it was evident that the SSI effect can affect the damage distribution within the
superstructure altering the plastic hinge development and therefore modify the damage
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development during the nonlinear analysis, whereas alter the final failure mechanism.
Even though the SSI effect was present, it was found that the ultimate capacity of the
RC structure was not affected significantly (maximum deviation from the fixed-base
model was 3.2%), which is a numerical finding that highlights the importance of
performing nonlinear dynamic analysis if the objective is the realistic assessment of the
expected seismic response of our RC structures.

Finally, future work will investigate the effect of larger in size RC frames, deriving
a general rule related to the connection between the SSI effect and the fundamental
frequency of the superstructure and soil domain. Different foundation systems will be
included in this investigation in order to reach more concrete conclusion on this poly-
parametric structural nonlinear dynamic problem.
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