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ABSTRACT: There are currently more than 930 edifications with heights of 200 m or more
around the world, which has created new challenges in earthquake engineering. Previous
investigations and seismic design codes recognize that dynamic soil-structure interaction can
have significant effects on the seismic response of such tall buildings. The researches have
shown that variables such as the basement depth, the retaining wall flexibility, the soil charac-
teristics, and the earthquake characteristics need to be considered to properly evaluate the
dynamic response. These variables can modify the lateral seismic pressures on the basement
walls, the distribution of inter-story drifts, and the ground motion at the foundation level.
This study examines the seismic response of a tall building with deep basement considering
soil-structure interaction. The structural configuration of the structure was based on typical
configurations used for tall buildings in Santiago, Chile. The dynamic behavior of such struc-
ture is evaluated using non-linear finite element analysis. The lateral seismic pressures on the
basement walls was characterized, and the differences between the free-field and the founda-
tion-level ground motion were determined.

1 INTRODUCTION

During the last decade, the construction of tall buildings has increased exponentially. The
Council on Tall Buildings and Urban Habitat (2017) reports that 935 buildings of 200 meters
or more, in height, exist around the world. Poulos (2017) highlights that tall buildings are a
significant challenge to the current engineering practices because many of the traditional
design and analysis methods cannot be extrapolated beyond the definition under which they
are established. Currently, the seismic safety of tall buildings is an essential subject, as it has
been highlighted in the Guidelines Performance-Based Seismic Design of Tall Buildings
(PEER, 2017). The codes and operational requirements’ conditions recommend that high-rise
buildings should have a deep basement, special foundation, and a core wall with a resistant
frame. Several researchers have recognized that dynamic soil-structure interaction (DSSI) can
have significant effects on the seismic response of tall buildings (Kausel, 2010; Stewart,
Fenves, & Seed, 1999; Stewart, Seed, & Fenves, 1999).

The DSSI phenomenon has been represented by two primary mechanisms: kinematic
interaction and inertial interaction. In terms of kinematic interaction, different variables
and effects that control the seismic behavior of the soil-structure system have been identi-
fied. For example, using numerical analysis Avilés & Pérez-Rocha (1998) and Stewart (2000)
show that the foundation embedment and the structure’s plan dimensions are variables that
can greatly affect the seismic behavior of buildings. Also, Stewart & Tileylioglu (2007) sug-
gest that the differences between free-field motion and foundation-level motion, as well as
the forces on frame elements during dynamic loading, are more relevant for high-rise build-
ings with several basement levels. Additionally, these authors identify that the relative dis-
placement between the surface and the foundation level depends on the basement walls’
flexibility.
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In terms of inertial interaction, the relationship between seismic response and adimensional
parameters from the sub- and super-structure geometry has been the focus of interest in mul-
tiple investigations (Avilés & Pérez-Rocha, 1996; Pitilakis, Dietz, Wood, Clouteau, & Modar-
essi, 2008). The main impact of inertial interaction on tall buildings is expressed in higher-
modes of structural response, which has a significant effect on inter-story shear forces and on
the distribution of inter-story drifts (Naeim, Tileylioglu, Alimoradi, & Stewart, 2008).

DSSI has been typically ignored in earthquake engineering practice (Naeim et al., 2008;
PEER, 2017; Stewart & Tileylioglu, 2007). For instance, according to Stewart & Tileylioglu
(2007), the majority of structural analyses of tall buildings consider the structure fixed at the base
and the use of free-field ground motions as input. Naeim et al. (2008), using an instrumented 54-
floor building with four basements, show that the structural behavior from models with a fixed
base does not agree with the field measurements from the Northridge 1994 earthquake. On the
other hand, the structural response using the substructure approach has a good match.

In the study of the DSSI through numerical or analytical analysis methods, two approaches
are considered: the direct approach (Finite Elements or Contour Elements) and the substruc-
ture approach. Despite the existence of these methods, the DSSI has been obviated or simpli-
fied in engineering practice (Naeim et al., 2008; PEER, 2017; Stewart & Tileylioglu, 2007).
According to (Stewart & Tileylioglu, 2007) many of the structural analysis of high-rise build-
ings consider the base of the fixed structure and the free-field movement as demand. In
(Naeim et al., 2008) evaluate the effects of the DSSI on a 54-story building with four under-
ground levels, using DSSI models with a substructure approach. They emphasize that the
numerical models used in engineering practice obviate parameters such as seismic ground
pressure in the underground by kinematic and inertial effects of DSSI, which significantly
affects the response of the structure.

In Chile, seismic lateral earth pressures on basement walls are typically evaluated using clas-
sical methods, such as the Monobe-Okabe method, or local recommendations as those pro-
vided in the Chilean seismic code for the seismic design of buildings NCh433 (NCh433, 2009).
More recently, the engineering community has been developing centrifuge tests, numerical
simulations, analytical solutions, and other studies to estimate seismic earth pressure on
retaining structures, e.g., Geraili Mikola, Candia, & Sitar (2016); Lew, Sitar, & Atik (2010);
Ostadan (2005). Most of these studies indicate that the conventional approaches overestimate
or underestimate the actual seismic earth pressures transmitted to the retaining structures. For
instance, Brandenberg, Mylonakis, & Stewart (2015) developed a kinematic framework to esti-
mate dynamic earth pressure on embedded retaining walls. This study shows that the lateral
displacements on the wall depend on the wavelength relative to the retaining wall’s height,
The authors recognize the necessity to perform experimental studies and numerical simula-
tions to validate their results and to incorporate other variables in the evaluation.

The objective of this study is to evaluate the seismic response of a tall building considering
DSSI. The analysis uses the direct approach of DSSI and non-linear finite elements (FEM).
The preliminary results from this research show relevant differences on the seismic earth pres-
sures transmitted to the basement walls when the building tower is present or not.

2 CASE DESCRIPTION

2.1 Building characteristics

The analyzed structure is an office building placed in Santiago, Chile. The building has 55
stories and seven basement levels. The total height is 200 m, and the embedded depth is 21 m.
The reinforced concrete building is symmetric in plan view, and it is structured with a core of
shear walls, a free plan, and a perimeter frame. The foundation system consists of a mat under
the core and footings under the external columns. The building was designed following the
Chilean code NCh433 (NCh433, 2009) and ACI-318 (ACI-318, 2016). Detailed information
about the geometry of the building and about the elements’ dimensions can be found in
Figure 1.
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Figure 1. Schematic layout of typical subterranean and floor plans of the tall building case study Soil
characteristics

The building is considered to be placed on the typical fluvial deposits of the city of San-
tiago, called Santiago Gravel. This deposit is mainly constituted by gravel with a fines content
of about 3%, with a plasticity index between 5 and 20, and coarse grains of up to 30 cm of
nominal size. This gravel deposit can be described by an upper clay layer with low-plasticity,
medium to high consistency, and 1.5 — 3.0 m thick. From the surface down to a depth of 5-7
m there is gravel with low-plasticity silty fines, with a cohesion between 10 to 20 kPa, and an
angle of internal friction as high as 45 °; this layer is known as the Second Deposition of the
Mapocho River. This layer is underlain by the First Deposition of the Mapocho River; this
deposition is denser than the upper layer, but it has a similar grain size distribution (Ortigosa,
Musante, & Kort, 1982; Rodriguez-Roa, 2000).

3 FINITE ELEMENT MODEL

3.1 2D finite element model

An equivalent 2D model, fixed on its base and with a fundamental period similar to the ori-
ginal 3D model used to design the building (6.2 seconds), was developed. The 2D approach
allowed the identification of the general trends of the dynamic behavior of both the structure
and the soil.

Two models were developed in the Plaxis2D® geotechnical software: a complete struc-
ture-substructure-soil finite element model, and a substructure-soil finite element model.
The difference between the two models is the incorporation or not of the tower. The
superstructure domain consists of elastic plate elements to represent beams, columns, and
basement walls, while finite elements were used to model the shear wall core and the foun-
dation system.

The semi-space soil domain is constituted by nonlinear finite elements. As the soil domain is
an infinite half-space, suitable boundary conditions were used using an appropriate total
width and boundary elements. For the dynamic part, this implies that the induced waves “dis-
appear” before reaching the boundaries. This was accomplished by using a soil model 900 m
wide and 200 m deep, as well as a ‘free field condition’ and a compliant base interface at the
lateral and bottom boundaries, respectively. The ‘free field condition” uses dashpots in the
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Figure 2.  Structure-substructure-soil 2D finite element model

normal and tangential direction at each node of the boundary to simulate the waves propaga-
tion into the far field. The compliant base interface uses a combination of line prescribed dis-
placements and viscous boundary to simulate the propagation of the waves into the deep soil.

The finite elements used for the soil and some structural elements were 15-noded triangular
elements. The size was established to guarantee at least eight elements by wavelength. The
wavelength was defined considering a cut-off frequency of the seismic motion of 10 Hz and a
shear wave of 500 m/s; therefore, the highest separation between nodes was 6.5 m. Also, inter-
face elements were used between the embedded structure and the soil. This interface was mod-
eled with a Coulomb-type frictional criterion with the similar parameter to original soil. Also,
the interface elements consider normal and tangential stiffness in addition to frictional criter-
ion. Finally, the input ground motion was applied at the base of the finite element model
using a prescribed displacement condition.

3.2 Soil model and parameters

Several authors have studied the mechanical properties of the Santiago gravel. Salas (2018)
recently developed an investigation about the dynamical behavior of discontinues pile-sup-
ported deep excavations in Santiago gravel, where he used the HS-small constitutive model to
represent the response of the soil. The study defines the primary parameter of the HS-small
model from field displacement measures, geophysical studies, and laboratory characterization
using the parallel gradation technique. As the results from Salas (2018) show a good match
with the field displacement measures and fit with other investigations (e.g., De la Hoz, 2007),
the present research assumes those HS-small model parameters to characterize the soil
behavior.

The Hardening Soil with Small Strain model (HS-Small) is an extension of the standard
hardening soil model. This model considers a non-linear stress-strain relationship through a
hyperbolic function as defined by Duncan & Chang, (1970). At the same time, HS-small has
the advantage that, for dynamic analyses, it integrates very small-strain soil stiffness (Gax)
and the non-linear degradation from the shear strain amplitude. The model uses the hyper-
bolic law of small-strain stiffness proposed by Hardin & Drnevich (1972), and modified later
by Santos & Correia (2001) to use a smaller threshold shear strain.
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Table 1. Mechanical and elastic parameters during static analysis.

Beam Column Core Foundation
Parameters Sta/Dyn Sta/Dyn Sta/Dyn Sta/Dyn
Young’s modulus (E) GPa 25125 25/5 2515 25125
Poisson (v) - 0.20/0.20 0.20/0.20 0.15/0.15 0.20/0.20
Unit Weight (y) kN/m’® 25/25 25/25 25/25 25/25

3.3 Structure parameters

The analysis is developed considering two stages, static and dynamic. Each stage needs a dif-
ferent set of parameters into the structural elements. This was done so that the 2D plane-
strain model had the same fundamental period of the 3D design model (T,p = T3p = 6.20
seconds). Table 1 shows the properties used during the static and dynamic analyses. The
mechanical properties were estimated from the geometry of each element and considering
their corresponding out-of-plane tributary width.

3.4 Input ground motions

As the numerical analysis contemplate direct simulation of the site effects, earthquake motions
recorded on rock were selected. Two seismic motions from the Mw8.8 Maule 2010 event were
used in this study. Table 2 shows some characteristics of the selected records, where a,,y is the
peak horizontal acceleration, and t is the significant duration of the motion defined as the
interval time where Arias intensity varies between 5% and 95%.

The rock motions were scaled and applied at the bottom of the model to reach a peak hori-
zontal acceleration at the surface compatible with the seismic region of Santiago (A- = 0.30 g).
Figure 4 shows the free-field ground motion spectral adjustment along with the NS motion
from the station Santiago Centro during the Maule 2010 earthquake. To evaluate the seismic
response under different earthquake intensities three factors were chosen for the input ground
motions: 0.25, 0.50, 1.00.

Table 2. Characteristics of the selected records

Earthquake Amax tg
Station Component g
Rapel NS Maule 0.197 34
Cerro el Roble NS Maule 0.181 108

Mw8.8 Maule Earthquake Adjust Motion

_ FFM
Rapel

H .. FFM
i Cerro El Roble

i Stgo.Centro N-S
Ai " Free Field Data

\

1072 107! 10° 10!
Tls)

Figure 3. Mw8.8 Maule earthquake versus the numerical model’s free-field response
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Figure 4. Differences between acceleration response spectra recorded at the foundation level and in the
free-field condition for different input ground motions.

4 RESULTS

A first evaluation of the DSSI effects on the seismic response was done comparing the hori-
zontal ground motion at the foundation level of the building (FLM) and that at the free-field
(FFM) (Figure 4). These results show that the peak acceleration measured at the foundation
level (PFA) is approximately 23% smaller than the peak acceleration recorded at the free-field
ground surface (PGA). This reduction agrees well with the results by Stewart & Tileylioglu
(2007), who attributes this differences to the flexibilities and relative displacement of the soil-
substructure system.

The DSSI effects on the earthquake pressure acting on retaining basement walls were also
analyzed. Figure 5 shows the static + dynamic earth pressure o, on the left retaining wall
with and without the presence of the superstructure tower. Additionally, the subfigures show
the mean of the seismic earth pressure (4oemay), the mean + one standard deviation (u + std),
and the earthquake pressure profile when the maximum resultant force transmitted to the
retaining wall is reached (64emqx). The results are compared against the seismic earth pressures
from classical methods such as M-O with inverted triangular distribution (M-O_Kae), at-rest
pressures from FHWA (Sabatini, Pass, & Bachus, 1999) plus the dynamic earth pressures esti-
mated from NCh433 (NCh433, 2009) (o,s). These results show that the pressures acting on
the basements walls are affected by the presence of the superstructure. The earthquake pres-
sures transmitted to the basement walls in the model with the superstructure tower are higher
than those in the models without the superstructure. This effect is more significant within the
upper 11 m. The seismic earth pressure profiles in the model without the superstructure
matches reasonably well the NCh433 design diagram pressure o,,, while the models with the
superstructure agree well with the pressure diagrams estimated from M-O_kae. Also, the fig-
ures show that the design distribution of total lateral earth pressures envelopes the maximum
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Figure 5. Earthquake pressure distributions during the Maule 2010 earthquake. Mean and mean-plus-
one-standard-deviation of earthquake pressure, and earthquake pressure distribution at the maximum
resultant force loading the retaining wall are shown.

seismic earth pressure o,.,.x, Which may partially explain why none of the retaining basement
walls suffered any relevant damage during the 2010 event (Lew et al., 2010) .

The distribution and intensity of the seismically-induced earth pressures were also analyzed
separately. Figure 6 shows the envelope of instantaneous dynamic increment of earth pressure
Ao,, the mean of the dynamic increments of earth pressure loading the retaining wall
(440 emax ), and the distribution of dynamic increment at the time the maximum resultant force
transmitted to the retaining wall was reached (46,mqx). The results are also compared against
common design methods such as the seismic increment earth pressure M-O with inverted tri-
angular distribution (M-O_Ke) and, the dynamic earth pressures using NCh433 (g;). These
results show the influence that the presence of the superstructure has on the dynamic earth
pressures. These figures show that typical design methods (M-O and NCh433) seem to have
an important bias. The classical design methods tend to underestimate the seismically-induced
earth pressures, and the difference between the maximum resultant force transmitted to the
retaining and the resultant forces from M-O or NCh433 is roughly 32% and 81%, respectively.
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Figure 6. Seismically-induced earth pressure distribution during the Maule 2010 earthquake. Mean of

the dynamic pressure increment, and dynamic increment at the time the maximum resultant force loading
the retaining wall is reached.

As mentioned above, the presence of the superstructure tends to increase the seismic pres-
sures on the basement retaining walls. This increment (normalized with respect to the struc-
ture’s weight) is compared against the normalized seismic base shear (V/w) recorded at the
base of the superstructure (Figure 7). Our results show that the resultant of these seismic pres-
sures increments can be up to 30% of the seismic base shear.

5 CONCLUSIONS

This research presents a numerical investigation of the DSSI effect on a hypothetical, yet real-
istic, tall building in Santiago, Chile. The effects are evaluated in term of seismic parameters
such as the difference between the free-field motion and the motion at the foundation level,
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Figure 7. Total seismic pressure increment on the basement walls versus total shear force at the base of
the tower (both values are normalized with respect to the superstructure’s weight).

the characteristics of the lateral earthquake pressures acting on the basement retaining walls,
and the effects on the seismic base shear. The dynamic behavior of these parameters is studied
using two records from the Maule 2010 earthquake. The main conclusions are that the pres-
ence of the superstructure affects the earthquake pressures transmitted to the basement walls
respect to the models without the superstructure, the classical design methods underestimated
the dynamic increments of earth pressure loading the retaining wall, and the peak acceleration
measured at the foundation level (PFA) is smaller than the peak acceleration recorded at the
free-field ground surface (PGA).

First, the seismic earth pressures increase when the structure is included in the model.
Although the impact of this effect is high, the M-O method, with inverted triangular distribu-
tion, captures the total pressures (static + seismic) at the time the maximum resultant force
acting on the basement retaining wall is reached. However, common design methods such as
M-0O and the NCh433 dynamic earth pressures, tend to underestimate the seismic earth pres-
sures by approximately 32% and 81%, respectively.

Second, in terms of PGA there is a reduction of about 23% between the free-field and the
foundation level ground motion, i.e, the fixed-base boundary condition may be leading to
overestimation of the seismic demand.

These results and conclusions are valid for the analyzed case only, and more analyses are
required to generalize, or not, the observed trends. Also, since some effects cannot be properly
captured by 2D models, 3D models will be developed in future phases of this research.
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