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CONSIDERATION OF THE SEISMIC IMPACT’S WAVE NATURE
IN THE DESIGN JUSTIFICATION OF HIGH-RISE BUILDINGS’
SEISMIC RESISTANCE
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Abstract: This paper presents the seismic resistance calculation results for a high-rise building that considers the
wave nature of the impact, its heterogeneity and irregularity in the structural plan, performed in SCAD Office.
The analysis of normative requirements to consider the wave action and existing calculation methodologies is
carried out. Recommendations are given on possible consideration of the seismic impact’s irregularity using the
direct dynamic method to solve the MDE-level seismic impact on the structures.
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YYET BOJTHOBOT'O XAPAKTEPA CEUCMUYECKOI'O
BO3JAENCTBUS 1P PACHETHOM ObOCHOBAHHUN
CEUCMOCTOHUKOCTHU BBICOTHBIX 3IAHUU

A.C. Imumpues, I1.H. Hosukos, C.O. Ilempsawes, A.H. Hacuooseuu

HarmonaneHslil nccnenoBaTenbckuil MOCKOBCKHMIT TOCyIapCTBEHHBIN CTPOMTENBHEBIN yHUBepcHTeT, . MockBa, POCCUA

AHHoTanus: B HacTos1Iel cTaThe MpeACTaBIeHbl PEe3yIbTaThl pacuyeTa Ha CeHCMOCTONKOCTh BEICOTHOTO 3/JaHUS
C Y4EeTOM BOJHOBOT'O XapakTepa BO3JCHCTBHSA M €ro HEOJAHOPOAHOCTH U HEPABHOMEPHOCTH B IUIAHE COOpYKe-
Hust, B porpamMmmuoM komruiekce SCAD Office. [lpoBenen aHann3 HOPMaTHBHBIX TpeOOBAaHMH B YacTH ydera
BOJIHOBOT'O BO3/IEHCTBHSI M CYILECTBYIOIIMX METOAMK pacueTa. JlaHbl peKOMEHJalluK 110 BO3MOXKHOMY YUeTy He-
PaBHOMEPHOCTU CEHCMHUYECKOrO BO3ACHCTBUS MIPHU PACUETE COOPYKEHHN MPSMBIM AMHAMUYECKUM METOJOM Ha

ceiicmmaeckoe Bozzeiicteue yposast MP3 (K3).

KuiroueBbie cioBa: BonHOBOI XapakTep celiCMUYECKOr0 BO3AEHCTBUS,
POTAllMOHHBIE COCTABIISIFOLINE CEHCMUYECKOTO IBH)KEHHUS, IMHEHHO-CIIEKTPAIbHBIN METOJ,
npsimoit muaaMugeckuit Meto, IIK SCAD Office, ceficMocTORKOCTD

1. INTRODUCTION

Paragraph 6.1.4 of SP 14.13330.2018 [1] de-
mands for the buildings with reinforced con-
crete framing that, if the design seismicity of the
construction site is or above 7-8 points, the dis-
tances between aseismic joints should not ex-
ceed 80 m. If this condition cannot be satisfied,
analysis of structures should consider the seis-
mic impact’s wave nature, its inhomogeneity
and irregularity in the structural plan according
to the established methodologies. This require-
ment first appeared in Amendment 1 to SP
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14.13330.2018 and simply stated the need con-
sider the seismic impact’s wave nature without
describing any approaches to carry out such cal-
culations or referring to any methodologies.

To date, there are still no consistent approaches
or methodologies accepted by the engineering
community for earthquake-resistant buildings
and structures analysis that consider wave-like
spatial and temporal seismic effects that can be
applied in engineering design practice, as well
as adopted methodological recommendations
to SP 14.13330.2018.
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A number of works by Yu. P. Nazarov on the
application of the linear-spectral method to
solve these issues [2, 3, 4, 5, 6] formed the basis
of the manual [7]. It presents:

— an engineering methodology for determining
the prevailing wavelengths and selecting a com-
putational model of seismic ground motion;

— a methodology for calculation of rotational
components for the integral dilatational-
rotational model of seismic ground motion;

— a modified linear-spectral method for calcula-
tion of earthquake-resistant buildings and struc-
tures for the integral dilatation-rotation model of
seismic ground motion.

In the EU seismic standards [8] there is also a
requirement to take into account rotational
components of seismic ground motion for high-
rise structures in regions with high seismicity,
but it is only applicable for such structures
(towers, masts, chimneys, etc.) which utilise the
obsolete cantilever dynamic model.

It should be noted that all the described meth-
odologies are applicable to the analysis of build-
ings using the linear-spectral theory. The most
widespread software packages in the Russian
construction industry (SCAD Office, LIRA-
SAPR, LIRA 10) currently lack convenient
tools for their application in the calculation
practice. Which, in fact, makes it practically
impossible to deviate from the normative re-
quirements in terms of distances between
aseismic joints.

SP 14.13330.2018 demands that analysis of
buildings for seismic effects of control earth-
quake-level (CE), or, per custom, maximum de-
sign earthquake-level (MDE), should be per-
formed using the direct dynamic method. In
practice, rather complicatedly implemented ap-
proaches are used for the design justification of
structures’ seismic resistance in terms of wave
action [9]. Few works consider the seismic im-
pact’s wave nature in the direct dynamic method
excluding the foundation. It’s primarily due to
the complexity of the impact’s character at the
“foundation-structure” boundary, which should
account for the velocity of the seismic wave
propagation, depending on the type of soil [10].
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This paper describes a simplified method to
consider the seismic impact’s wave nature in the
analysis of a building using the direct dynamic
method in SCAD Office. This approach can be
used in addition to the aforementioned method-
ologies when calculating the seismic resistance
of high-rise buildings.

2. PROBLEM STATEMENT

The building considered in this article is a 99-
meter-tall multifunctional hotel complex with
XY-dimensions of 104x87 m and an under-
ground 3-storey car parking (Figure I).

The frame-wall structural system with a load-
bearing core is adopted in this project. The founda-
tion is a continuous monolithic 1.8-meter-thick slab
on a natural bed. The frame is formed by a system
of vertical elements (columns, pylons, walls and a
load-bearing core, which consists of stairwells and
lift shafts) and horizontal floor slabs. All joints of
the frame elements (walls, diaphragms, columns,
beams, floor slabs) are connected using fixed sup-
ports, which ensures the continuity of the frame
elements’ systems. Spatial rigidity is ensured by the
joint work of load-bearing structures of slabs, rein-
forced concrete columns, pylons and the vertical
load-bearing core, which are all connected to the
foundation slab using fixed supports.

All vertical structures are made of B40 concrete,
all horizontal load-bearing structures are made
of B30 concrete.

Seismicity of the construction site, according to
the geophysical surveys, is 8 points. The soils
belong to the II (second) category of seismic
properties. A three-component accelerogram was
presented for the initial impact (as per the geo-
physical surveys), which was multiplied by the
coefficients Ko =1.3, Ki =1.0 and Ky, =1.0 before
being used in the calculation. Due to the fact that
in SCAD Office’s direct dynamic method the
seismic impact is specified in the form of dis-
placements [11], the corresponding seismograms
were obtained from the initial accelerograms.

For dynamic calculations, a finite-element (FE)
model was developed in SCAD Office. The
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structures of the building (reinforced concrete
foundation slab, floor slabs, walls, cover disc)
were modelled by shell 44 FE. The beam ele-
ments (columns) were modelled by a spatial
beam FE, which implements the Timoshenko
beam theory. The elements are connected using
fixed supports. Computational dimensionality of
the model is 822 295 nodes (4 588 118 degrees
of freedom) and 894 287 FE.

As part of the considered building’s seismic re-
sistance design justification, calculations for the
seismic impact of a design earthquake-level (DE)
or, per custom, a project earthquake-level (PE),
were carried out using the linear-spectral method
with the response spectra obtained from synthe-
sised three-component accelerograms (with 5%
damping). From this calculation’s results, the rein-
forcement of elements was chosen, and the seis-
mic impact of the MDE-level was calculated us-
ing the direct dynamic method. The implementa-
tion of a simplified method to consider the im-
pact’s wave nature in SCAD is presented below.
A comparison of the results of the platform
scheme (when the same impact is applied to all
nodes of the foundation simultaneously) and the
designed wave scheme is also presented.

Figure 1. General view of the calculation model
of a high-rise building
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3. METHODOLOGY FOR THE SEISMIC
IMPACT WAVE NATURE’S
CONSIDERATION

1) The calculation of dynamic stress-strain state
of load-bearing structures under special combi-
nations of loads and influences (MDE-level) is
considered. The dynamic calculation of an im-
pact represented by accelerograms of ground
vibrations at the base of the structure is done by
numerical integration of the motion equations.
2) The dynamic characteristics of the foundation
obtained from geophysical survey data are used.
3) The wave-induced seismic loading is represent-
ed by a discrete set of loads, which are represented
as “bands” in the structural plan. The width of
these bands is determined by the geophysical sur-
vey data regarding the transverse wave velocity in
the foundation bed. In this case:

— transverse wave velocity V' =760 m/s;

— integration step: /sr = 0.01 s;

— strip width: 4/ = Vxhs = 760%0.01 = 7.6 m
(Figure 4).

4) Loads for the horizontal and vertical compo-
nents of the seismic load are specified separately
as single displacements along the global axes of
the model. The displacements are applied to the
nodes of one-way tie elements (type 352, Figure
2). Horizontal displacements are applied to the
top tie node, and vertical displacements to the
bottom tie node. It is possible to correct the di-
rection of horizontal loads using cosine guides.

5) The impact’s wave nature is considered by
applying the load to different bands with a time
offset, which corresponds to the chosen integra-
tion step (so they are included in the oscillation
process one by one).

The integration step (at known wave propaga-
tion velocity) determines the width of the band
to which the seismic load is applied.

6) Each band should be assigned both a horizon-
tal and a vertical seismic load component.

7) In order to account for the most dangerous
direction of seismic action, the bands should be
oriented perpendicular to the direction of the
first mode of the system in the structural plan.
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Figure 2. Structure and parameters
of a dynamic elastic foundation

The three-component seismogram used is
shown in Figure 3 (seismogram along Z axis is
given in green, X-axis in red and Y-axis in blue).

Figure 3. Three-component seismogram.
Time step 0.01 s. Range 0-20 s
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The most dangerous direction of horizontal
seismic impact, determined from the analysis of
the eigenfrequencies and modes, is shown in the
Figure 4. The time offset of the bands is 0.01 s
(corresponding to the integration step). Investi-
gation of influence of the integration step (and,
consequently, the width of the “bands) on the
final dynamic response of the building has not
been carried out in this study, but is planned for
the future. The direction of the first mode of the
system is shown in purple.

Thus, the ¥ component is selected for the hori-
zontal component and the Z component for the
vertical component.

4. RESULTS

Following the results of the performed dynamic
calculations for two schemes (wave and plat-
form), considering the physical nonlinearity, the
displacements at the nodes with maximum am-
plitudes in the nonlinear analysis (486700,
466484, 223778, 486540, 487389), as well as
the transient changes of internal forces for a
number of finite elements (FE 830115, FE
819373) are compared (Figure 5).

Figure 4. Configuration of the “bands”
(t = 7.6 s) and their orientation in plan
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Figure 5. Locations of nodes/elements
for the post-processing

Figure 6 shows a plot of the linear horizontal
displacements of node 466484 for the two
schemes, and Table I summarises the results for
all nodes and shows the relative differences in
values.
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Figure 6. Nonlinear analysis. Comparison of
absolute displacements UX for the platform and
wave scheme for the node 466484

Table 1. Comparison of peak displacements in the selected nodes

Node | Min/ma Rlatform scheme. .Wave scheme. Relative difference, %
No. . Displacements, mm Displacements, mm
UX Uy Uz UX Uy Uz UX Uy Uz
486700 min -367.3 -345.6 -49.9 -338.6 -337.2 -51.4
max 211.8 173.1 46.3 223.9 185.3 47.9
166484 min -227.5 -300.2 -46.5 -230.1 -290.6 -46.1
max 115.7 152.5 58.2 117.8 164 57.7
223778 min -207.9 -2006.8 -61.3 -215.6 -223.1 -57.9
max 145.7 86.8 63.8 157.5 100.3 68.6
486540 min -425.6 -311.6 -58.5 -398.6 -302.3 -59.6
max 241.6 156.9 31.4 256.38 168.7 32.6
487389 min -385 -181.4 -67 -386.6 -206.4 -68
max 215.7 51.1 35.1 209.2 75.6 354

The forces in element 819373 (beam 60*80 at
+11.700) for the platform scheme are shown in
Figure 7 and Figure 8. The normal stresses in
the beam section at the moment of time (12.86
s) are given in Figure 9.
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The forces in same element 819373 for the
“wave” scheme are shown in Figure 10 and
Figure 11. The normal stresses in the beam sec-
tion at the moment of time (12.98 s) are given in
Figure 12.
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Figure 7. FE 819373. Longitudinal force. Figure 10. FE 819373. Longitudinal force.
Nmin=-166.8 m (t = 12.86 s), Nmin=-169.11 m (t = 12.92 s),
Numax=4.68 m (t =17.7 s) Nmax=6.22m (t =21.78 5)
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Figure 8. FE 819373. Bending moment. Figure 11. FE 819373. Bending moment.
Mymin=-176.40 m (t = 12?86 s), Mymin=-179.77 m (t = 12.98 ),
Mymax=171.65m (t = 13.58 s) Mymax=171.69m (t = 19.68 s5)
Concrete  compression. Min - Concrete  compression.  Min -
1307.66 t/m> 1322.63 t/m*
Concrete tension. Max 54 .43 t/m> Concrete tension. Max 52.46 t/m?

Figure 9. Normal stresses in the beam section, Figure 12. Normal stresses in the beam section,
(1=12.85 ) (1=12.98 5)
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5. CONCLUSIONS

The following conclusions can be drawn from the
presented results of the comparative analysis:

1) Qualitatively, structural displacements are gen-
erally similar for both the platform and the wave
scheme;

2) With the described methodology to apply the
impact’s wave nature, a slight delay of the dis-
placement peaks can be seen in comparison with
the platform scheme. It reaches 0.15 s in dis-
placements for different parts of the model;

3) For individual local peak displacements, the
difference reaches up to 18.1%, but for absolute
maximum displacements on the roof the differ-
ence does not exceed 10%.

Taking into account the available ground condi-
tions (wave propagation velocity) and the founda-
tion dimensions (104x87 m), the influence of the
wave action on the stress-strain state of the build-
ing is insignificant. In the development of this
work, it is planned to carry out design studies us-
ing the described approach on a structure with
more extensive foundation dimensions.

Also, in the considered example, the seismic wave
propagation velocity according to geophysical
survey data is 760 m/s, and it is recommended [1]
to consider the wave nature at smaller phase ve-
locities’ values of V<400 m/s.

The methodology for consideration of the seismic
impact’s wave nature in the analysis of high-rise
buildings using the direct dynamic method can be
applied with the methodologies that utilise the lin-
ear-spectral theory.

In light of the current architectural evolution of
modern buildings and structures, and in the pres-
ence of the paragraph’s 6.1.4 of SP 14.13330.2018
[11] requirements, it is extremely necessary to de-
velop engineering methods to consider the seismic
impact’s wave nature, as well as to introduce them
into the software used in the industry.
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