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Abstract—Seismic performance of steel moment-resisting frame
structures is investigated considering nonlinear soil-structure
interaction (SSI) effects. 10-, 15-, and 20-story planar building
frames with aspect ratio of 3 are designed in accordance with current
building codes. Inelastic seismic demands of the superstructure are
considered using concentrated plasticity model. The raft foundation
system is designed for different soil types. Beam-on-nonlinear
Winkler foundation (BNWF) is used to represent dynamic
impedance of the underlying soil. Two sets of pulse-like as well as
no-pulse near-fault earthquakes are used as input ground motions.
The results show that the reduction in drift demands due to nonlinear
SSI is characterized by a more uniform distribution pattern along the
height when compared to the fixed-base and linear SSI condition. It
is also concluded that beneficial effects of nonlinear SSI on
displacement demands is more significant in case of pulse-like
ground motions and performance level of the steel moment-resisting
frames can be enhanced.

Keywords—Soil-structure interaction, uplifting, soil plasticity,
near-fault earthquake, tall building.

1. INTRODUCTION

EAR-FAULT ground motions usually contain a few long-

period large-amplitude pulses. These pulse-type motions

are generally particular to the forward direction, where the
fault rupture propagates toward the site at a velocity close to shear
wave velocity [1]. Due to the specific pattern of shear
deformations, these pulses are observed in the direction
perpendicular to the fault (i.e. fault-normal component) [2]. In
addition to forward directivity long-period pulses, near-fault
earthquake records entail high-frequency contents and also may
contain permanent displacement, so-called fling-step [3]. Among
mentioned characteristics, i.e. directivity pulses, highfrequency
content and fling-step, the first one has attracted more attention
as a critical issue in the design of structures in the near-fault
regions.

After 1994 Northridge and 1995 Kobe earthquakes, and
consequent damage and decimation in urban areas whose
structures were designed based on modern seismic codes, the
deficiencies of modern codes of practice in near-fault seismic
design were revealed. In response to this need, much effort has
been devoted to study the seismic performance of elastic and
inelastic single- and multi-dof systems subjected to these types
of excitations [4]-[6].

The vast majority of studies on seismic structural
performance subjected to near-fault earthquakes are commonly
performed under the assumption that the structural elements are
fixed at their base against translation, settlement, and rotation. In
fact, structures excited by earthquake ground shaking develop
inertial forces, which in turn introduce base shear, moment, and
axial forces to the foundation system. Unless the foundation
system and supporting soil are rigid, those demands will

introduce foundation displacements and rotations. Although not
widely used in practice, engineering guidelines exist for simple
evaluation of soil-structure interaction (SSI) effects. First
generation of such guidelines is intended for use with force-based
characterization of seismic design, as is commonly used for new
building construction. These procedures were introduced by ATC
[7] and an updated version is currently published in the NEHRP
Recommended Provisions for Seismic Regulations for New
Buildings and Other Structures FEMA-450 [8].

Based on more recent findings, a number of advanced
numerical models are documented in the literature for more
realistic prediction of nonlinear soil-foundation interaction
effects from the research domain to a form useful for practical
application. On the other hand, the characterization of seismic
motions with respect to the exceedance of the design limits is
conducted on the basis of displacement demands DD, following
the logic of displacement-based design [9]-[12]. Accordingly, it
is important to evaluate the nonlinear effects of SSI on seismic
displacement demands of structures subjected to strong near-fault
earthquakes. Furthermore, “coherent velocity pulses” hidden in
near-fault ground motion records are identified as the driving
force of large rocking amplitudes based on recent findings [13],
[14]. Hence, it would be a promising idea to assess the
vulnerability of rocking soil-structure systems to pulse-like
earthquakes that cause (i) maximum rocking, and (ii) maximum
drift demands.

In this paper, seismic vulnerability of uplift-permitted rocking
structures to near-fault earthquakes is addressed. For this
purpose, steel moment-resisting frame structures designed by
current advanced codes of practice are investigated considering
nonlinear SSI effects. 10-, 15-, and 20-story planar building
frames with aspect ratio of 3 are considered with and without
structural ductility, in order to investigate the coupling between
superstructure and soil-foundation nonlinearities. Inelastic
seismic demands of the superstructure are considered using
concentrated plasticity model. The raft foundation system is
designed for different soil types. Winkler model is used to
represent the underlying soil. The substructure is assumed to be
in three comparative condition (i) fixed base, (ii) linear SSI, and
(iii) nonlinear SSI. To assess the effects of ground motion
intensity, the suite of near-fault records used in this study is scaled
to Design Basis Earthquake (DBE) as well as Maximum Credible
Earthquake (MCE) levels.

II. STRUCTURAL DESIGN

In this paper, three steel frames of 10, 15, and 20 stories are
studied. These frames are selected from three-dimensional
structural modeling in which, to avoid the effects of geometrical
asymmetry, plans are considered symmetric and similar. Each
frame constitutes of three identical spans, and story height in all

© 2024 Journal of Functional Materials. All Rights Reserved.

Page 18



Journal of Functional Materials
ISSN: 1001-9731

Volume 31 | Issue 7 | Year 2024
https://journaloffunctionalmaterials.com/

of'them is 3 m. Since aspect ratio of the superstructure is assumed

to be constantly equal to 3, the width of spans is 3.33, 5.0, and
6.67 m for the 10-, 15-, and 20-story buildings, respectively.

Lateral seismic resisting system is special steel moment-resisting
frame. For loading of structures, ASCE7-10 [15] is considered

and the design dead and live loads are 550 and 200 kg/m?,

respectively. These gravity loads are distributed over the floor

using a chessboard loading pattern. Structures are designed in

fixed-base condition in accordance with the American Institute of
Steel Construction AISC-05 [16]. Linear static and linear

spectrum methods are used for designing the frames.

Steel profiles are all A36 with yielding strength of 2500
kg/cm2, ultimate strength of 4070 kg/cm? and elasticity module
of 2 100 000 kg/cm?. Its Poisson’s ratio is 0.3 and its density is
equal to 7833 kg/cm’. Loading assumptions required in the
ASCE7-10 are as follows: Seismic zone is assumed to be zone 4,

which includes the near-fault effects. Soil type is considered stiff

soil (SD) (as per the code’s instructions, we can assume the soil

type to be SD when no information is available). Occupancy

factor (I=IP) is considered 1. Moreover, 0.2 and 1 s spectral
response accelerations ( and ) are considered,1.5 add 0.6,
respectively. Thus, values of site coefficients ( and ) will be 1
and 1.5. Tabler] showg the section properties of the designed
members of the analysis model structures. To have a complete
symmetric plan, all sections must have two axes of symmetry.

[II. ANALYSIS METHODOLOGY

Once the frame sections are designed assuming fixed-base
superstructure, it is aimed to assess seismic performance of the
soil-foundation-structure system in this study. Openly available
software platform OpenSees [17] has been used for static and
dynamic analyses. For nonlinear analysis, steel behavior is
assumed bilinear, with secondary stiffness equal to 3%. Also,
Rayleigh damping model was used, in which the damping ratio
was assumed to be 5% of the critical damping for the first and
fourth modes. Parameters that are chosen as performance indices
of structure-foundation system in this paper include interstory
drift demand, roof displacement, and maximum foundation
tilting. First-mode natural period of frames are 0.89, 1.89 and
3.64 s for 10-, 15-, and 20-story structures, in the same order.
Before studying the dynamic response of structures, it is helpful
to check the structural capacity of each frame. For this purpose,
an appropriate pattern (i.e. fundamental mode shape of fixed-base
superstructure) for loading on height is used and frames are
analyzed by nonlinear static analysis (pushover). Fig. 1 shows the
capacity curves of the designed frames. This figure demonstrates
that the 10-story structure has more normalized strength in
comparison with other structures and its behavior pattern is close
to bilinear. Indeed, due to the smaller natural period of 10-story
structure, this structure has a larger base shear coefficient.

TABLE1
SECTION PROPERTIES OF THE DESIGNED STEEL FRAME MEMBERS

Column Beam

Story A (cm?) I, =I,(cm*) ry =y, (cm) I (cm*)

10-Story Frame

1-4 23210 11.7 21560
5-7 11190 9.7 21560
8-10 4585 7.8 21560
15-Story Frame
1-5 117500 17.5 54530
6-10 73370 15.5 40370
11-15 23210 11.7 24390
20-Story Frame
1-5 262200 214 79500
6-10 179100 19.4 79500
11-15 73370 15.5 54530
16-20 43010 13.6 26670
TABLE I
(GEOTECHNICAL PROPERTIES OF SOIL
Soil Type B C D
Density = (t/m3)
Shear modulus, G (MPa)
Poisson’s ratio © 0.350.350.35
Cobhesion, C (kPa)
Friction angle 2 (deg)
Shear wave velocity, Vs (m/s) 800
% 04 10 Story
% ] L s 15 Story
= 03 ’ 1 ‘\ 20 Story
@ 01 w/- S
2 0
0 0.02 0.04 0.06 0.08 0.1

Roof Disp./Total Height

Fig. 1 Capacity curves of the designed steel frames using pushover
analysis

IV. SOIL-FOUNDATION MODELING

The beam-on-nonlinear-Winkler foundation (BNWF) model is
used in this study to simulate nonlinear soil-foundation
interaction as schematically illustrated in Fig. 2. This model was
proposed by Gajan et al. [18] and earlier by Harden and
Hutchinson [19] and Harden et al. [20]. The BNWF model is also
integrated with the openly available software platform OpenSees
[17] by Raychowdhury and Hutchinson [21]. BNWF model with
nonlinear springs of variable stiffness intensity can characterize
the nonlinear, time dependent behavior of the foundation-soil
interface for shallow foundations (footings, mats). Fig. 2
illustrates the 10-story steel frame of aspect ratio (H/B) equal to
3. The frame is supported by a surface raft foundation of length

© 2024 Journal of Functional Materials. All Rights Reserved.

Page 19



Journal of Functional Materials
ISSN: 1001-9731

Volume 31 | Issue 7 | Year 2024
https://journaloffunctionalmaterials.com/

Fig. 2 Schematic diagram of soil-foundation-structure system
using
BNWF model

The BNWF model integrated with OpenSees, namely
“ShallowFoundationGen” module, consists of elastic
beamcolumn elements that capture the structural foundation
behavior as well as independent zero-length soil elements to
model the soil-foundation interaction. The parameters required
for the BNWF model are related to soil and footing properties in
addition to finite element mesh properties. In the OpenSees
implementation, these parameters are divided into two broad
categories: (i) user-defined parameters and (ii) hard-coded
parameters.

Parameters of particular interest describing geotechnical
properties of the subsoil are presented in Table II. These
parameters are given for three soil types B, C, and D according
to site classification introduced in ASCE7-10.

The next set of parameters describing structural properties of
the foundation are presented in Table III. The design of the raft
foundations have been done with respect to load bearing capacity
of the underlying soil as well as settlement criteria based on
recommendations of FEMA P-751 [22]. Vertical static safety
factor of foundation (FS,) is a key parameter controlling potential
of foundation uplifting and soil plasticity during foundation-soil
interactions. Low values of FS, means statically heavily-loaded
foundations that can exhibit significant level of nonlinearities
during seismic loading.

Three comparative SSI conditions are considered in this study:
first, “fixed-base” condition that means the foundation system
and supporting soil are rigid; second, “linear SSI”” condition, that
means flexible foundation and soil but not allowed to uplift and
no soil yielding; third, “nonlinear SSI” condition in which
foundation uplifting and soil plasticity are included.

V. GROUND MOTION RECORDS

The near-fault record set includes twenty-eight records (56
individual components) selected from the PEER NGA database
as recommended by FEMA-P695 [23] for nonlinear dynamic
analyses. Fourteen records have pulses (Pulse-like subset) and
fourteen records do not have pulses (No-Pulse subset), as judged
by wavelet analysis classification of the records [24].

TABLE III
DESIGN PARAMETERS OF RAFT FOUNDATIONS WITH NO EMBEDMENT

No. Story Soil Type L¢ (m) T¢ (m) FS,

B 12 3.86
C 12 230
D 1.2 1.70
B 1.5 281
C 1.5 2.04

1.5 1.59
B 1.8 279
C 1.8 214

1.8 1.64

Table IV summarizes the magnitude as well as site and source
characteristics of the selected ground motions. The ground
motion set is recorded at sites less than 10 km from fault rupture.
Event magnitudes range from M6.5 to M7.9 with an average
magnitude of M7.0. Site characteristics including shear wave
velocity and the corresponding NEHRP Site Class are presented
in Table IV. Of the entire twenty-eight records, eleven sites are
classified as Site Class D (stiff soil sites), fifteen are classified as
Site Class C (very stiff soil sites), and the remaining two are
classified as Site Class B (rock sites). Fourteen records are from
events of predominantly strike-slip faulting and the remaining
fourteen records are from events of predominantly thrust (or
reverse) faulting.

To assess the effects of ground motion intensity, the suite of
near-fault records used in this study is scaled to DBE and MCE
levels based on scaling method provided by ASCE7-10 [15]. Fig.
3 depicts 5% damping elastic acceleration response spectra of the
selected ensemble of 28 records after scaling, along with the
design spectrum of the 15-story frame. As shown, the scaled
records cover a wide range of seismic excitations, ranging from
medium to strong intensity for different period intervals.

VI. EFFECTS OF SOIL-STRUCTURE INTERACTION ON DRIFT
DEMANDS

The statistical results of the structural analyses for the pulse-
like and no-pulse ground motion sets are shown in Figs. 4 and 5
at DBE and MCE excitation levels, respectively. Mean value and
maximum standard deviation (¥max) of the maximum interstory
drift demands (MIDD) for all stories are shown for each
structure. Observe that the mean structural response is
consistently higher for the pulse-like subset (lefthand columns of
Figs. 4 and 5), even though the pulse-like and no-pulse ground
motion have the same PGV. The predominant pulse hidden in
pulse-like records leads to larger nonlinearities in the system and
larger ductility demands. Moreover, since the structural response
appears to be controlled by the predominant pulse, and this pulse
varies widely from one ground motion to another, the dispersion
in the structural response is larger for the pulse-like subset, as
evidenced by the larger values of the maximum standard
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deviation (*

Figs. 4 and 5).

=) drift demands when the rocking system is
subject to pulse-like ground motions (left-hand columns of Figs.
4 and 5) as opposed to no-pulse records (right-hand columns of

Comparing the results of Fig. 4 with those of Fig. 5 also
confirms that reduction in drift demands due to nonlinear SSI
with respect to linear SSI and fixed-base cases are amplified
when the ground motion intensifies. Moreover, the reduction in
drift demands due to nonlinear SSI is characterized by a more
uniform distribution pattern along the height with less
sensitivity to input excitation (i.e. less values of ) when
compared to the fixed-base and linear SSI condition.

Fig. 3 Elastic response spectra of the selected ensemble of 28

Sa (9)

1 w—— DBE design spectrum
individual records

Period (sec)

(@

Sa (9)

w——— \CE design spectrum
individual records

Period (sec)

()

records after scaling to a) DBE and b) MCE levels, along with

the corresponding design spectra of the 15-story frame

TABLE IV
LiST OF NEAR-FAULT EARTHQUAKE RECORDS USED IN THIS STUDY [23]
D Event Station Site Data (Fasu(i;lfl‘c}?pe)
No  Mw Name Site Class ~ Vs_30 (m/s)
Pulse-like Records Subset

6.5 Imperial Valley-06 El Centro Array #6 D Strike-slip
6.5 Imperial Valley-06 El Centro Array #6 D Strike-slip
6.9 Irpinia, Italy-01 Sturno B Normal
6.5 Superstition Hills-02 Parachute Test Site D Strike-slip
6.9 Loma Prieta Saratoga - Aloha C Strike-slip
6.7 Erzincan, Turkey Erzincan D Strike-slip

Cape Mendocino Petrolia C Thrust
7.3 Landers Lucerne C Strike-slip
6.7 Northridge-01 Rinaldi D Thrust
6.7 Northridge-01 Sylmar - Olive View C Thrust
7.5 Kocaeli, Turkey Izmit B Strike-slip
7.6 Chi-Chi, Taiwan TCU065 D Thrust
7.6 Chi-Chi, Taiwan TCU102 C Thrust
7.1 Duzce, Turkey Duzce D Strike-slip

No-Pulse Records Subset

6.8 Gazli, USSR Karakyr C Thrust
6.5 Imperial Valley-06 Bonds Corner D Strike-slip
6.5 Imperial Valley-06 Chihuahua D Strike-slip
6.8 Nahanni, Canada Site 1 C Thrust
6.8 Nahanni, Canada Site 2 C Thrust
6.9 Loma Prieta BRAN C Strike-slip
6.9 Loma Prieta Corralitos C Strike-slip

Cape Mendocino Cape Mendocino C Thrust
6.7 Northridge-01 LA - Sepulveda VA C Thrust
6.7 Northridge-01 Northridge - Saticoy D Thrust
7.5 Kocaeli, Turkey Yarimca D Strike-slip
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7.6 Chi-Chi, Taiwan TCU067 C Thrust
7.6 Chi-Chi, Taiwan TCU084 C Thrust
79 Denali, Alaska TAPS Pump Sta. #10 C Strike-slip

This observation can be attributed to the rigid-body rotation Statistical results of Fig. 6 depict the SSI effects on drift of the rocking
structure at the base level. It is also concluded demands when the ductility of the superstructure is neglected that nonlinear SSI to
some extent protects the superstructure in seismic analyses, namely nonductile superstructure. The from destructive effects of strong
pulse-like ground motions. results confirm that ignoring the structural nonlinearities in seismic analyses does not significantly affect
the rocking distribution along height, as well as reduction magnitudes are performance of the soil-foundation subjected to strong
rather similar when compared to the results of Fig. 5 for the earthquakes. So that the overall patterns of drift demand corresponding

ductile superstructure.

No-pulse records

Pulse-like records
10-story frame
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foundation rocking performance and consequently uplifting
VII. ROCKING RESPONSE OF UPLIFTED FOUNDATION and soil plasticity incorporation. Evidently, “7 values induced

The foundation rocking response of 10-, 15-, and 20-story
structures subjected to pulse-like and no-pulse records are
presented in Table V in terms of maximum absolute foundation

tilting ¥ . This quantity can well represent the level of

by pulse-like ground motions are significantly higher than
those under no-pulse records with the same PGV. It is worth
noting that the peak value of foundation tilting is mostly
occurred at the beginning of the record due to arrival of the
predominant pulse. This pulse imposes severe demands to the
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structure and the entire rocking soil-structure system. The
arrival of the velocity pulse causes the rocking foundation to
dissipate considerable input energy in relatively few plastic
cycles. Furthermore, the mean values of maximum foundation
tilting in case of elastic superstructure are almost twice those of
its ductile counterpart at DBE excitation level. However, these
values are almost the same when the excitation is scaled up to
MCE level, except for mean rocking amplitude of the 20-story
building. The dominant effect of pulses can be generalized and
evaluated by comparing different rocking response of pulse-
like records with that of no-pulse records at different intensity
levels.

VIII. CONCLUSIONS

Seismic vulnerability of flexible rocking structures to
nearfault earthquakes is investigated. For this purpose, steel
moment-resisting frame structures designed by current codes
of practice are focused considering nonlinear SSI effects. 10-,
15-, and 20-story planar building frames with aspect ratio of 3
are considered with and without structural ductility, in order to
investigate the coupling between superstructure and
soilfoundation nonlinearities.

TABLE V
STATISTICAL RESULTS OF FOUNDATION ROCKING PERFORMANCE IN TERMS
OF MAX. FOUNDATION TILTING

No. Ductile superstructure Nonductile superstructure
story Opmean (rad.) c Omean (rad.) c
DBE level
pulse-like 0.011 0.009 0.024 0.017
no-pulse 0.005 0.003 0.011 0.006
pulse-like 0.009 0.008 0.019 0.015
no-pulse 0.002 0.001 0.005 0.002
pulse-like 0.007 0.006 0.014 0.013
no-pulse 0.003 0.003 0.006 0.008
MCE level
pulse-like 0.024 0.016 0.024 0.017
no-pulse 0.013 0.006 0.011 0.006
pulse-like 0.019 0.015 0.019 0.015
no-pulse 0.005 0.002 0.005 0.002
pulse-like 0.008 0.005 0.014 0.013
no-pulse 0.004 0.002 0.006 0.008
Type of record

Inelastic seismic demands of the superstructure are considered
using concentrated plasticity model. The raft foundation system
is designed for different soil types. BNWF model is used to
represent dynamic impedance of the underlying soil. The
substructure is assumed to be in three comparative condition (i)
fixed base, (ii) linear SSI, and (iii) nonlinear SSI. To assess the
effects of ground motion intensity, the suite of near-fault records
is scaled to DBE and MCE levels.

The results show that reduction in drift demands due to
nonlinear SSI with respect to linear SSI and fixed-base cases are
amplified when the ground motion intensifies (i.e. MCE level).
Moreover, the reduction in drift demands due to nonlinear SSI is
characterized by a more uniform distribution pattern along the
height with less sensitivity to input excitation (i.e. less values of
o) when compared to the fixed-base and linear SSI condition.
This observation can be attributed to the rigid-body rotation of
the rocking structure at the base level. It is also concluded that
nonlinear SSI considerably protects the superstructure from
destructive effects of strong pulse-like ground motions.

According to the obtained results, it is obvious that neglecting
the effects of nonlinear SSI can significantly bias the estimations
of seismic structural demands especially under pulse-like ground
motions. In order to more realistically evaluate the seismic
performance of rocking structures supported by shallow
foundation in the near-fault region, it is recommended to
incorporate nonlinear SSI effects and conduct a site study to
determine a design ground motion record or spectrum for the
specific site soil conditions.
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