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Earthquakes are among the most significant nahaaards that threaten the safety
of critical and sensitive structures, such as rarcfgower plants, and can disrupt
energy production, leading to irreversible enviremal and human consequences.
International standards and IAEA guidelines empteashat the seﬂismic design of
nuclear facilities must protect human life and émvironment. For heavy, sensitive
infrastructure, Deep Soil Mixing (DSM) is recomm ’?&ate seismic

hazards; this study evaluates its effectivenesget ck seismic risk for an
cter madeled on a multi-layered

operational nuclear reactor. The §P?4
soil improved by DSM ba tory test fissdlhe soil-structure interaction

(ssI) and WOH ure interaction (BSSvere analyzed under
icker wave loading at various fregaies, as well as under

unidirectiddal

X%ﬁtiona and bidirectional near-field earthia records. The results indicated
that horizontal acceleration was higher in the rimaé structure than in the
containment building and decreased with increasimgitation frequency; DSM
implementation beneath the foundation increasedzdwial acceleration, with a
more pronounced effect in the internal structurealfsis of vertical acceleration
revealed that the containment building, due toldsation at the edge of the
foundation, experienced higher vertical accelemtiand DSM-enhanced rocking
motion further increased it. The effect of DSM dme tinternal structure was
frequency-dependent. Bidirectional loading had gligible impact on horizontal
acceleration but significantly increased the Fauaimplitude and energy of vertical
acceleration. Overall, SSSI reduced horizontal lacagon, but the presence of a
second structure at 50 locally reduced horizontal acceleration whileré@asing
vertical acceleration. These findings highlight timeportance of 3D modeling,
application of near-field seismic records, and tdreonsideration of SSSI and inter-
structure spacing for mitigating seismic hazardstgeting human life and the
environment, and designing safe nuclear facilitdgth sensitive equipment and

high-frequency content.
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EXTENDED ABSTRACT

INTRODUCTION

The Fukushima Daiichi nuclear disaster on March 11, 26&mhonstrated that natural hazards such as
earthquakes and tsunamis, if not adequately mitigated,caase catastrophic, irreversible nuclear
accidents. The event led to the failure of emergenclimgpsystems, the meltdown of three reactors,
and the widespread release of radioactive materialgrsomting that insufficient understanding of the
interactions among structures, foundations, and siteegemical conditions can significantly amplify
seismic damage (Hasegawa, 2012; Wada et al., 2018ur#te seismic performance assessment of
nuclear power plants, accounting for soil-structure aatéon (SSI) and employing advanced ground
improvement techniques, is vital for reducing vulnergbiand managing risks for these critical
infrastructures (Jeremiet al., 2009; Kanellopoulos et al., 2024; Yaghfoori let 2025a, 2025b).
Heavy and sensitive structures, such as the APR14fXflore require not only detailed structural
analysis but also seismic assessment of equipment fiboimslaas soil behavior is markedly different
in the presence of such massive structures than dradersoil conditions. Previous studies indicate
that soil-structure interaction and structure—soil-firecinteraction (SSSI) can substantially alter the
seismic response of buildings, particularly in large aedsitive nuclear facilities. Key influencing
factors include soil properties, foundation type, proxinaity layout of adjacent structures, and the
direction of seismic loading. Ground improvement uddagp Soil Mixing (DSM) has emerged as an
effective technique to mitigate seismic hazards; resdashshown that DSM can reduce horizontal
accelerations acting on structures while influencing \artaccelerations associated with rocking
motion. These findings emphasize the importance ofratesmumerical modeling, careful assessment

of SSI and SSSI, and the use of soil improvement techsiguensure the seismic;afety of nuclear

power plants, protect human life and the environmemd, @inimize the con equa\?ces of natural
hazards. @
DATA AND METHODOLOGY v °Q \ o

Geology and Soil Properties

Soil properties were obtained from labdratory ﬁis and ffaldstigations at an ongoing nuclear
power plant project. Based on_Figur, , CO rillire ywerformed using a Mobil Drill XY rig,
identifying 14 engingeri edio jical units (EGUs) conegosf clay, silt, various sizes of sand,
sandstone, andg , with depths exceeding 2@f&smebngitudinal wave velocities ranged
from 400 to 2700-m/s, and shear wave velocities hrfigen 156 to 900 m/s, generally increasing
with depth. For numerical modeling, 11 soil layers froml29-meter borehole beneath the main
structure were selected.

Containment Building
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Figure 1: (a) Mobil Drill XY coring rig, (b) Lumped Mass Motlef the Nuclear Power Plant Structure

Deep Soil Mixing (DSM)

Six boreholes were drilled, and approximately %@0of soil samples were collected. Soil-cement
tests were conducted with Type 2 and Type 5 cemmnvsirious water-to-cement ratios and curing
times of 7-56 days. Type 5 cement with a total whiecement ratio of 1.7 showed the best
performance. The DSM columns were designed withaaeter of 1.6 m and 20% overlap. The
mechanical properties from laboratory tests werdus the finite element models, and the DSM
block thickness was set to 8 m (Table 1).

Table 1: Properties of improved soil
Density

t/n’
2.3 1300 2400

Structural Properties and Modeling

The containment building and internal structureem@odeled as beam—column systems with lumped

masses (Figure 1b). Concrete properties of thedation and structures were modeled with a

foundation radius of 50 m and a thickness of 8 he 3D model was developed in GiD and analyzed

in OpenSees. Soil behavior was represented by thiekBr—Prager model, and lateral and bottom

boundaries were modeled using free-field soil colsrand Lysmer—}g\ihlm %r',g hpots. Loading
hd

v.(m/s) V,(m/s)

scenarios included one-directional Ricker wave texcn and qnes frectional near-field
earthquake records. The effects of DSM and soilesir so@@g ion (SSSI) on horizontal and
vertical accelerations of the structures were atelii 4y } )

N « AT,
\ g L7
A -

CONCLUSIO X\t
/o]

N
The results of i@\é}@%emon rated that thensei response of the APR1400 reactor structure is
significantly influenced by deep soil mixing (DSMinprovements and structure—soil-structure
interaction (SSSI). The increase in horizontal bwedions within the internal structure and the
amplification of vertical accelerations due to rimgk motion, particularly in the 2—10 Hz frequency
range, indicate a concentration and redistributibiseismic energy within a range overlapping the
operational frequencies of many sensitive equipnsemd safety systems. Such amplification can
intensify stresses in connections, electromechbleigaipment, cooling systems, and piping, thereby
increasing the likelihood of functional failuresse@ when the primary structure remains within its
elastic range. The two-directional loading analysi®wed that although no significant change
occurred in horizontal acceleration, the FouriepBinde and energy of vertical acceleration incegias
markedly. Since many design codes account foroadréixcitations with reduction factors, neglecting
this amplification may lead to an underestimatéefactual seismic demand. This issue is partilgular
critical in nuclear structures, where safe operatiies heavily on the integrity of internal equignt
and safety systems. Furthermore, it was obsenad3fBSI at specific distances, especially 50 meters
could locally amplify structural responses in c@li frequency ranges. In multi-unit nuclear sitegs
phenomenon may lead to energy transfer and angpliésponse in one unit due to the dynamic
behavior of an adjacent unit, a factor often owetkxl in conventional design approaches. Lessons
from the Fukushima Daiichi Nuclear Power Plantdiecit following the 2011 Tohoku earthquake and
tsunami highlight that inadequate evaluation oémeét performance and environmental interactions
can lead to cascading safety system failures at®hsixe human and environmental consequences.
The findings of this study emphasize that accuratideling of soil-structure interaction, simultangou
application of horizontal and vertical componesmisd consideration of inter-structure spacing ate no
only analytical necessities but essential companefitrisk reduction strategies in nuclear power
plants. Ignoring these factors may lead to non-envaive seismic demand estimates and reduced
safety margins of critical systems.
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