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Abstract. In this paper, soil-structure interaction effects on the seismic response of multistory frame structure on raft
foundation are numerically analyzed. The foundation soil profile is assumed to consists of a clay layer of variable
thickness resting on bedrock. A modified plane-strain numerical model is formed in the software Plaxis, and both free
vibration analysis, and earthquake analysis for a selected ground motion accelerogram are performed. The behavior
of the structure is assumed to be linear elastic with Rayleigh viscous damping included. The behavior of the clay
layer is modeled with a Hardening soil model with small strain stiffness. The computed results in terms of
fundamental period and structural horizontal displacements for the case of fixed base and for different thicknesses of
clay layer are presented, compared, and discussed.
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1. Introduction

The design of the structures in seismically active areas must account for the seismic loads that
will be exerted on the structure during an expected earthquake. The key parameters that affect the
seismic loads are the seismic zone in which the structure is located, the type of the foundation soil,
and the dynamic properties of the structure, such as the fundamental period of the structure and
damping.

The numerous aspects of seismic analysis of structures are investigated in many research
works, such as (El Abbas et al. 2016, Lekke and Chopra 2019, Mandal and Maity 2019, Ansari
and Jamle 2019, Ademovic et al. 2020, Mejia-Nava et al. 2021, Gonen and Soyo6z 2021) to
mention few. The common assumption in the seismic analysis of the structures is that the structure
is fixed at the base, thus the effects of the soil-structure interaction are neglected. However, during
the earthquake, both the structure and the foundation soil deform, thus mutually affecting their
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responses. The deformation of the foundation soil leads to the elongation of the fundamental
period of the structure and a damping increase. This suggests that the soil-structure interaction
affects the response of the structure during the earthquake due to the modified dynamic properties
of the structure.

For the structures on stiff soils, the assumption of a fixed base can be considered justified and
the effects of the soil-structure interaction can be neglected. On the other hand, for structures on
soft soils, the assumption of the fixed base can be too conservative, since the effects of the soil-
structure interaction for typical structures with intermediate and long fundamental period usually
result in a decrease in the seismic demand, which can lead to the more economical design of the
structure. However, the soil-structure interaction can also have a negative effect on the seismic
response of the structure, such as in the case of slender structures, structures with pronounced
effects of second-order theory, or structures on very soft soils, where the soil-structure interaction
can result in a significant increase in the structural displacements (EN 1998-1: Eurocode 8).

The seismic soil-structure interaction was first considered in the structural design of nuclear
power plants (Newmark and Hall 1969, Seed and Lysmer 1978). Newmark and Hall (Newmark
and Hall 1969), using a relatively small base of earthquake recordings, showed that cross-section
forces decrease when compared to the structure on the bedrock and that for softer soils damping
increase is expected. The soil-structure interaction effects on the seismic response of moment-
resisting frames, a structural system frequently encountered in everyday engineering practice that
carries both vertical and horizontal load, is the subject of many research works. Jennings and
Bielak (1973) analyzed the dynamics of building-soil interaction by modeling the soil by a linear
elastic half-space and the building structure by an n-degree-of-freedom oscillator. In their research,
they concluded that the influence of soil-structure interaction is predominantly related to the
fundamental mode for many n-story structures and that this influence can be neglected for higher
modes, especially for tall buildings. They also concluded that the fundamental period for softer
soils generally increases. Galal and Naimi (2008) based on the results of a detailed numerical
analysis of a 6-story and 20-story reinforced concrete frame structure, in which the soil is modeled
with springs, concluded that the effects of soil-structure interaction become significant when the
shear wave velocity vy is less than 600 m/s. Similar conclusions are reported in (Tabatabaiefar et
al. 2013). Tabatabaiefar and Massumi (2010) reported that it is essential to consider the effects of
soil-structure interaction for reinforced concrete frames higher than three stories resting on the soil
with v less than 175 m/s, and for frames higher than seven stories resting on the soil with v
ranging from 175 m/s to 375 m/s. Raheem et al. (2014) performed a numerical finite element
method analysis of the response of a multistory frame structure on a raft foundation, in which the
foundation soil is modeled with Winkler springs. They concluded that the soil-structure interaction
results in an elongation of the fundamental period, and an increase in lateral displacements,
especially for softer soils. Lu et al. (2016) conducted a comprehensive parametric study of
multistory shear buildings by using a discrete-element model for simulating the dynamic behavior
of foundation resting on soil, and they outlined that soil-structure interaction can reduce (up to
60%) the strength and ductility demands of multistory buildings, especially those with small
slenderness ratio and low ductility demands. Kabtamu ef al. (2018) using Winkler springs and half
space direct method models studied the response of 7-story and 12-story reinforced concrete
frames on soft soils subjected to ground motion, and reported that soil-structure interaction results
in a bigger fundamental period and inter story drift but smaller base shear than fixed base case.
Zhang and Far (2021) performed a numerical finite element analysis of 20, 30 and 40-story
building on soft soil subjected to earthquake. They concluded, among others, that the soil-structure
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interaction can increase the maximum lateral displacement of the structure, but for high-rise
structures, an increase in height does not necessarily imply an increase in the maximum lateral
displacements, because of the elongation of the fundamental period combined with the ground
motion features. Aside the common assumption of a linear elastic behavior, various research works
aim to model the nonlinearities in the soil, structure, or both due to the damage and fracture that
occurs during the loading, which can modify the dynamic response, such as (Brancherie and
Ibrahimbegovic 2009, Do and Ibrahimbegovic 2018, Hadzalic ef al. 2018a, Hadzalic et al. 2018b,
Nikoli¢ et al. 2018) to mention few.

In this paper, soil-structure interaction effects on the seismic response of the multistory
reinforced concrete moment-resisting frame structure on a raft foundation are numerically
investigated. The foundation soil profile is assumed to consist of a clay layer of variable thickness
resting on bedrock. A modified plane-strain finite element numerical model of soil-structure
interaction is formed in the software Plaxis. The behavior of the structure is assumed to be linear
elastic with Rayleigh viscous damping included. The behavior of the clay layer is modeled with a
Hardening soil model with small strain stiffness. Both free vibration analysis and earthquake
analysis are performed. The aim is to examine how the thickness of the soft clay layer through the
soil-structure interaction affects the fundamental period of the frame structure of interest and
subsequently the response of the frame structure subjected to earthquake, in terms of structural
displacements and forces.

The outline of the paper is as follows. In Section 2, we describe the main details of the
numerical model of soil-structure interaction formed in the software Plaxis. In Section 3, we
present and discuss the computed results. In Section 4, we give our concluding remarks.

2. Numerical model

The numerical model of soil-structure interaction is formed in the software Plaxis. The main
details of the model concerning model geometry, parameters of model elements, and performed
analyses are presented next.

2.1 Model geometry

The geometry of the multistory frame structure resting on a raft foundation is shown in Fig. 1.
The frame structure has six floors, each 3 m high, resulting in a total height of 18 m. The
disposition of the frame structure is regular with frames equally separated by /,=5 m, resulting in
the total dimensions of the structure of 10x20 m. To model the response of the 3D multistory
frame structure, a modified plane-strain approach is utilized (Robert 2009). Namely, if the
dimension of the raft foundation is significantly larger in one direction (y- direction), then it can be
assumed that the raft foundation is infinitely rigid for bending in the plane containing that
direction. This allows us to model the 3D multistory frame structure with an equivalent plane-
strain model for a shorter x- direction, while the contribution of the transverse elements to the
stiffness can be neglected. To adequately take into account the soil-structure interaction, the
dimension of the model in y- direction has to be equal to the /, (Robert 2009), which in this case is
5 m.

The dimension of the numerical model in x- direction (model width) of 200 m is chosen to
eliminate the influence of boundary conditions. The thickness of the clay layer varies from 2 m to
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10 m, thus the depth of the model varies accordingly from 3 m to 11 m, where an additional 1 m is
the thickness of the bedrock, which remains constant in all numerical simulations. The numerical
model of soil-structure interaction is shown in Fig. 2.

The soil response is approximated with 10-node tetrahedral finite element, the raft foundation
response with 6-node triangular Mindlin plate finite element and the response of the beams and
columns with 3-node Mindlin beam finite element. For details of the selected finite element
approximations, see (Plaxis Scientific Manual 2021). The presence of groundwater is not analyzed
in this study.
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Fig. 2 Numerical model of soil-structure interaction
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Fig. 3 Horizontal force imposed on the frame

Fig. 4 Uniform line displacements in x- direction imposed on the bottom model boundary

2.3 Types of analysis

To investigate soil-structure interaction effects, both free vibration analysis and earthquake
analysis are performed. Both analyses have in common the first two calculation phases.

The first phase is the Ko procedure, in which the initial stress, strain, and displacement fields in
the soil are computed. In the second phase, the structure, i.e., the frame is constructed and the
stress, strain, and displacement fields due to structural loads are evaluated. The structural loads
include self-weight of the structural elements and additional self-weight of floors, computed by
taking into account the tributary area. The additional self-weight of the floor is assumed to be 5
kN/m?. The first two calculation phases are plastic types of calculation, in which the elastic-plastic
deformation analysis is performed. The boundary conditions for plastic calculation consists of
prevented displacements in x- direction for vertical model boundaries with their normal in x-
direction (lateral boundary), prevented displacements in y- direction for vertical model boundaries
with their normal in y- direction, and prevented displacements in all directions on the bottom
model boundary.

The free vibration analysis includes two additional phases. Namely, in the third phase, the
horizontal force of 100 kN at the upper left corner of the frame is applied and plastic calculation is
again performed (Fig. 3). In the fourth phase, the action of the force is removed and the frame is
allowed to vibrate freely. The total duration of this phase, which is a dynamic type of calculation,
is 5 sec. To perform free vibration analysis, additional, viscous boundary conditions are imposed
on the bottom and lateral boundaries of the model (Plaxis Reference Manual 2021).
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Fig. 5 Accelerogram of ground motion for the Upland earthquake (1990)

The earthquake analysis includes one additional dynamic phase, in which the frame is subjected
to an earthquake. The earthquake is modeled by introducing the compliant base boundary
conditions and a uniform line displacement in x- direction at the bottom model boundary (Fig. 4).
The displacement in x- direction is multiplied by the corresponding dynamic multiplier obtained
from the ground motion accelerogram (Plaxis Reference Manual 2021). The displacements in y-
and z- directions are prevented. The free-field boundary conditions are imposed on the lateral
boundaries of the model (Plaxis Reference Manual 2021), with the displacements in x- direction
remaining prevented. In all numerical simulations, the ground motion accelerogram for the Upland
earthquake (1990) is used (Fig. 5). The input motion duration is 20 sec with time intervals of 0.005
sec.

The unknown nodal displacements, velocities, and accelerations, are computed on the global
level by solving the second-order differential equations of motion in time; for linear elastic system
written as

Mii + Cu + Ku = F (1)

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, F is the load
vector, u is the vector of unknown nodal displacements, i is the vector of unknown nodal
velocities, and ii is the vector of unknown nodal accelerations. The resulting matrices and vectors
are obtained by performing a standard finite element discretization procedure. The damping matrix
is obtained by assuming Rayleigh viscous damping, written as

C = axM + BrK (2)

where ar and fr are Rayleigh damping coefficients.

To solve the second-order differential equations of motion, the implicit time integration scheme
of Newmark is utilized, where the unknown nodal displacements and velocities are approximated
in the following manner

1
ut*At =yt + At + ((E - aN) it + aNii”At) At?
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Gttt — gt 4 ((1 — Byiit + ﬁNﬁ”At) At (3)

where, At is the time step, and aw, fv are Newmark coefficients, which determine the accuracy of
the time integration scheme. The recommended values of Newmark coefficients are av=0.25, and
Sn=0.5, which yield an average acceleration method (Plaxis Scientific Manual 2021).

If the behavior of the model elements, whether it is structural elements or soil, is assumed
nonlinear, the incremental-iterative procedure has to be employed. Here, at each time step, the
tangent stiffness matrix is formed, which depends on the constitutive model selected for a specific
model element. Due to the change in the tangent stiffness matrix, the Rayleigh damping is not
recommended to use to model the viscous damping of a model element with nonlinear behavior.

2.4 Geometric and material properties of model elements

The raft foundation is 0.6 m thick. The cross-section dimensions of the beams are 0.4x0.5 m,
and the cross-section dimensions of the columns are 0.5x0.5 m. The behavior of all structural
elements is assumed to be linear elastic, with Young’s modulus of concrete £=3-10" kN/m?. The
Rayleigh damping parameters are az=0.2 and Sr=0.008. The behavior of bedrock is linear
elastic, with a large value of Young’s modulus £=10*' kN/m? selected to model hard rock.

The behavior of the clay is modeled with a Hardening soil model with small-strain stiffness
(Benz 2006), which is an extension of the frequently used Hardening soil model (Schanz and
Vermeer 1998, Schanz et al. 1999). The Hardening soil model (HS) is a plasticity type of model,
which assumes that plastic strains in soil occur immediately when the deviatoric loading is
applied. The main features of the HS model are the hyperbolic relationship between the vertical
strain and deviatoric stress; the stress dependent stiffness defined with a power law; elastic
unloading/reloading stiffness; failure according to the Mohr-Coulomb failure criterion. Two types
of hardening mechanisms are implemented in the model. The shear hardening models the plastic
strains developed due to deviatoric loading, and the cap hardening models the plastic strains due to
primary compression.

The HSsmall model is an enhanced version of the HS model with additional features pertaining
to the very small-strain soil stiffness and its nonlinear dependency on the strain (Fig. 6) defined
with a modified Hardin-Drnevich relationship (Hardin and Drnevich 1972, Santos and Correia
2001). The variation of the stiffness with strain is defined as follows

Go
2
(1 +0.385 YL) @)

0.7

Gg =

where Gy is the small-strain shear modulus, G; is the secant shear modulus, yis the shear strain and
7.7 1s the shear strain at which the secant shear modulus is Gs=0.722Gy.

The parameters of the HSsmall model of the clay layer are shown in Table 1. The value of
reference shear modulus at very small strain G is selected based on the unit mass of the clay p
and assumed shear wave velocity in clay layer vs=150 m/s through the following expression

Goref = pv? (5)

The HSsmall model shows a hysteretic behavior in cyclic loading, which leads to damping. The
amount of hysteretic damping depends on the value of applied load and corresponding strain
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Table 1 The HSsmall parameters of the clay layer

Parameter Symbol Unit Value
Unit weight Yeat kN/m? 20
Secant stiffness in standard drained triaxial test Es kN/m? 2-10°
Tangent stiffness for primary oedometer loading Eoed® kN/m? 2-10°
Unloading/reloading stiffness from drained triaxial test E,J9 kN/m? 6-10°
Power for stress-level dependency of stiffness m - 0.5
Poisson's ratio for unloading-reloading Vir - 0.2
Reference shear modulus at very small strains (€<107°) GyY kN/m? 46-10°
Threshold shear strain at which G;=0.722G .7 - 1-10°
Cohesion c kN/m? 15
Friction angle 1) degrees [°] 20
Dilatancy angle v degrees [°] 0
Coefficient of earth pressure at rest Ky - 0.658
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Fig. 6 Shear stiffness variation (Atkinson and Sallfors 1991)

amplitude (Plaxis Material Models Manual 2021). This feature combined with the very small-
strain stiffness makes this model convenient to use in dynamic analysis, such as the earthquake
analysis.

3. Numerical results
3.1 Free vibration analysis

To investigate the influence of soil-structure interaction on the fundamental period of the frame,
the free vibration analysis is performed first for the case of the fixed base. Here, the soil domain is
deactivated and the displacement of the raft foundation in all directions is prevented. The
deformed configuration of the frame with a fixed base is shown in Fig. 7. The computed free
vibrations of the frame at point A (-5; 2.5; 18) are shown in Fig. 8. The fundamental period value
of 0.876 is read in Fig. 8. This fundamental period corresponds to the case of damped vibrations.
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Fig. 7 Deformed configuration of the frame with a fixed base
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Fig. 9 Free vibrations of the frame for different thicknesses of the clay layer
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Fig. 10 Comparison of fundamental periods of the frame with respect to the case of a fixed base

Fig. 11 Deformed configuration of the frame for the 10 m thick clay layer

Next, the free vibration analysis is performed for different thicknesses of the clay layer. The
computed free vibrations of the frame at point A (-5; 2.5; 18) are shown in Fig. 9. It can be
concluded that the soil-structure interaction results in an elongation of the fundamental period of
the frame. This elongation is greater the thicker the clay layer is. Namely, the fundamental period
is inversely proportional to the stiffness. Hence, the thicker the clay layer is, the frame becomes
more flexible, resulting in a longer fundamental period. The comparison of fundamental periods
with respect to the case of the fixed base is shown in Figs. 10. The elongation of the fundamental
period for the 2 m thick clay layer is 8.68%, and for the 10 m thick layer 11.30%. The deformed
configuration of the frame, for the 10 m thick clay layer, is shown in Fig. 11.

Based on the computed results in terms of the fundamental period, and by appealing to the
equivalent static analysis, one of the frequently used methods of seismic analysis in the seismic
design, a remark regarding the seismic force exerted on the frame during an expected earthquake
can be drawn. Namely, the equivalent static analysis takes into account the effects of an expected
earthquake through the static force distributed laterally. This method assumes that the structure
dominantly responds in its fundamental lateral mode, and thus the static force is distributed
accordingly. The input parameters that determine the value of the equivalent static lateral force are
the mass of the structure, the seismic zone in which the structure is located, the local ground
conditions, and the dynamic properties of the structure through the fundamental period of the
structure and damping.

The input parameters that determine the value of the equivalent static lateral force are the mass
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Fig. 12 Illustration of influence of elongation of the fundamental period on the ordinate of the typical
acceleration response spectrum

of the structure and the ordinate of the acceleration response spectrum at the fundamental period of
the structure for the lateral motion in the direction considered. The response spectrum is one of the
basic representations of the seismic action, aside from time history representation. In general, the
ground motion response spectrum represents an envelope of the peak responses (displacement,
velocity, or acceleration) of multiple single-degree-of-freedom systems with different fundamental
periods. The acceleration response spectrum to be used in the seismic analysis of the structures,
proposed in EN 1998-1: Eurocode 8, takes into account the seismicity of the area and the local
ground conditions. If the behavior of the structure is assumed to remain linear elastic during an
expected earthquake, for determining the static lateral force an elastic acceleration response
spectrum is used. If the ability of the structure to dissipate energy through nonlinear behavior is
taken into account, then static lateral force is computed based on the design acceleration response
spectrum. In each case, the same statement can be drawn. Namely, by observing Fig. 12, it can be
concluded that for structures with an intermediate or long fundamental period, the elongation of
the fundamental period results in a decreased value of the ordinate of the acceleration response
spectrum, hence resulting in a decreased value of static lateral force exerted on the structure during
an expected earthquake.

3.2 Earthquake analysis

To investigate the influence of soil-structure interaction on the structural displacements, a
dynamic analysis of the frame subjected to a ground motion is performed. The computed results in
terms of horizontal displacements at point A (-5; 2.5; 18) for different thicknesses of clay layer and
for ground motion accelerogram for the Upland earthquake are shown in Fig. 13. The comparison
of maximum horizontal displacement of the frame at point A for different thicknesses of clay layer
against that obtained for the case of a fixed base is shown in Fig. 14. It can be concluded that soil-
structure interaction results in an increase in the value of computed horizontal displacements. The
maximum horizontal displacement of the frame for the case of a fixed base is 0.036 m. The
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Fig. 13 Horizontal displacements of the frame for different thicknesses of the clay layer
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Fig. 14 Comparison of horizontal displacements of the frame with respect to the case of a fixed base

maximum horizontal displacement of the frame for the 2 m thick clay layer is 0.041 m, which is an
increase of 13.89%, and for the 10 m thick clay layer 0.055 m, which is an increase of 52.78%.
The results shown in Fig. 14 suggest that the maximum horizontal displacement of the frame
tends to increase with an increase in the thickness of the clay layer. However, a deviation in the
monotonic trend is observed for the case of the 8 m thick clay layer. To investigate this further,
additional computations for thicknesses of clay layer up to 20 m are performed. The computed
results are shown in Fig. 15. It can be concluded that the maximum horizontal displacement does
not necessarily increase with an increase in the thickness of the clay layer, due to the dynamic
factors related to the problem, which, in this case, concern the selected ground motion features and
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Fig. 16 Comparison of horizontal displacements of the frame for the 6 m thick clay layer, different
constitutive models

depth/material properties of the clay layer. A comparable observation is reported in (Zhang and Far
2021) as previously mentioned in the introductory part.

To investigate the influence of the selected constitutive model for the clay on the computed
results, an earthquake analysis is also performed for linear elastic behavior with no Rayleigh
viscous damping, for the case of the 6 m thick clay layer. The shear modulus of clay layer G in a
linear elastic model is equal to the reference shear modulus at a very small strain Go'/ in the
HSsmall model. The computed horizontal displacements at point A (-5; 2.5; 18) are shown in Fig.
14. The computed horizontal displacements are more smoothed for the case of the HSsmall model
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due to hysteretic damping. Also, the use of the HSsmall model results in an increase in the
horizontal displacements, due to the loss in stiffness with increasing strain implemented in the
model.

5. Conclusions

In this paper, the seismic response of multistory frame structure on raft foundation is
numerically analyzed. Both free vibration analysis, and earthquake analysis for a selected ground
motion accelerogram are performed, with an aim to examine the influence of the clay layer
thickness on the seismic response of the structure. Based on the results obtained from free
vibration analysis, it is concluded that the soil-structure interaction results in an elongation of the
fundamental period of the structure, subsequently resulting in a decrease in the seismic demand,
for structures with intermediate or long fundamental periods. The elongation of the fundamental
period is greater, the thicker the clay layer is. Moreover, following the results of the earthquake
analysis, the soil-structure interaction leads to an increase in the structural horizontal
displacements compared to the fixed base case. However, the increase in the horizontal
displacements does not necessarily follow an increase in the thickness of the clay layer in a
monotonic trend, due to the dynamic factors influencing the problem.
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