16™ World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

Paper N° 3569

Registration Code: S-W1464738740

EFFECTS OF MOAT WALL IMPACT ON THE SEISMIC RESPONSE OF BASE
ISOLATED NUCLEAR POWER PLANTS

A. Sarebanha®, G. Mosqueda @, M. K. Kim®, J. H. Kim®

@ Graduate Research Assistant, University of California, San Diego, asareban@ucsd.edu
@ Associate Professor, University of California, San Diego, gmosqueda@ucsd.edu

® Principal Researcher, Korea Atomic Energy Research Institute, minkyu@kaeri.re.kr

® Senior Researcher, Korea Atomic Energy Research Institute, jhankim@kaeri.re.kr

Abstract

Seismic isolation can be an effective strategy to protect critical facilities including Nuclear Power Plants (NPPs) from the
damaging effects of horizontal earthquake ground shaking. The increased flexibility at the base and resulting elongation of
the natural vibration period of the structure leads to significant reductions in acceleration and forces transmitted to the
structure above the isolation level at the expense of large displacements in the isolation system. To accommodate these
displacements, the isolated structure requires a large horizontal clearance or moat at the basement level. The surrounding
moat wall around the clearance is intended to function as a hard stop to limit isolation system displacements. In the case of
an extreme earthquake, there exists the potential for impact of the isolated structure to the moat wall. This impact is of
significant concern especially in NPPs due to the potential for increased transfer of forces and amplification in response of
the structural system, piping and other contents. However, the consequences of impact or factors important to mitigate its
effects are not very well understood. To address this concern, this study examines simple NPP models to capture the impact
forces and the effects of impact on the response of seismically isolated NPPs. Characteristics of the isolation hardware and
hard stop that minimize the effects of impact are also examined by considering variable distances to the hard stop and
properties of the moat wall and isolation system. The amplification in response is reported for acceleration and floor spectral
accelerations at different points along the height of a simplified model of a containment structure. Results of these studies
indicate the moat wall can have significant penetration, and thus not fully limit displacement, while having significant
increases in accelerations throughout the height of the NPP model.
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1. Introduction
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Seismic isolation can be an effective strategy to protect critical facilities including Nuclear Power Plants (NPPs)
from the damaging effects of horizontal seismic loads. Application of seismic isolation in NPPs can lead to a
simplification of seismic designs, enhanced safety margin, and facilitate standardization [1]. Seismic isolation is
typically achieved by installing a layer of flexible bearings at the base of the structure. The increased flexibility
and resulting elongation of the natural vibration period of the structure leads to significant reductions in
acceleration and forces transmitted to the structure above the isolation level at the expense of large displacements
in the isolation system hardware. To accommodate these displacements, the isolated structure requires a
horizontal clearance or a moat at the basement level. The allowable displacement is often limited by a moat wall
that is also intended to function as a hard stop and prevent failure of the bearings that support the NPP [2].

The majority of past experimental and numerical research on seismic isolation has mainly focused on
verifying the effectiveness of the technology for design level response. While extreme earthquakes are also of
concern for non-isolated structures, the potential impact to a hard stop in NPPs requires a thorough examination
due to the increased transfer of forces and amplification in response of the structural system, piping and other
contents. Importantly, the consequences of impact or factors to mitigate these effects have not been investigated.
In this study, the effects of impact on the response of seismically isolated NPPs are examined and characteristics
of the isolation hardware and hard stop that minimize these effects identified. The development of a simplified
model that can capture the impact forces is also described.

2. Simplified Model of Nuclear Power Plant

A key focus of this study is on the effects of moat wall impact on seismic response of base isolated NPPs,
including the development of a model to capture this behavior. A range of parameters were considered for the
isolation devices, the moat wall, and distance to the moat wall. To this end, a simplified lumped-mass stick model
of a NPP based on the APR1400 plant model [3] was considered. The properties of the simplified model were
calculated to give similar dynamic properties, particularly for the containment structure. The mass of the structure
and the secondary systems was lumped at discrete locations at select levels. As recommended by Giammona et
al. [4], damping was assumed to be zero for isolation modes of vibration and 5% for all the other superstructure
modes. The structural model was programmed in OpenSees [5] to make it more conducive to conduct numerous
parametric studies and take advantage of the larger element library for modeling complex and nonlinear behavior
of the structure including impact.

3. Moat Wall Model

Guidelines for the seismic design of isolated NPPs will prescribe a hard stop or displacement restraint at no less
than 90th percentile BDBE (Beyond Design Basis Earthquake) displacement along each axis [2]. Consequently,
the probability of impact is sufficiently small that it is typically not considered in design. However, it is
important to examine the consequences of such an impact should it occur. The hard stop is likely be constructed
in the form of a moat wall around the basement of the NPP. In this study aimed at studying the effects of seismic
pounding in NPPs, different Clearance to Hard Stop (CHS) values were assumed to examine the effect of this
parameter. Modeling of the moat wall as the hard stop required consideration of the concrete wall and soil
backfill in the structural model as well as localized impact behavior [6]. While several previous studies have
examined impact behavior for buildings both experimentally [7] and numerically [8, 9], the impact behavior is
expected to have different characteristics due to size and thickness of the basemat and moat walls in the case of
isolated NPPs. Figure 1 below shows a schematic of the isolation level of the NPP and the surrounding moat
wall. Unlike previous studies that have examined impact in isolated buildings, it is expected that the wall to
basemat contact surface and the thickness of these components can be one order of magnitude larger and thus
requires revisiting the moat wall impact models.
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Fig. 1 — Schematic view of NPP with moat wall and backfill soil

In past decades, studies of pounding in base isolated structures has been mainly analytical with various
approaches used to model this phenomena. Information on modeling the behavior of the moat wall with soil
backfill under impact forces as required here is limited in the literature, particularly for the case for NPP with the
contact areas consisting of massive plane surfaces. To address this need and better estimate the properties of the
moat wall under impact forces, FEM analysis were performed using LS-Dyna. Impact between the slab and the
moat wall was studied in detail by modeling a unit width (1 ft. or 0.3048 m) of the slab and moat wall. The
calibrated density of the slab material was provided to represent the mass per unit length of the NPP structure. An
assumed initial velocity was assigned to the slab to simulate the impact. Based on the observed behavior, a new
macro model was developed for the moat wall considering impact in the NPP structure.

In the FEM analysis, the moat wall was modeled as a reinforced concrete wall with solid elements for
concrete and beam elements for reinforcement bars with MAT WINFRITH_CONCRTE (084/085) and
MAT_PLASTIC_KINEMATIC (003) material models used to model concrete and steel respectively in the
analysis. To constrain the reinforcement bars into the concrete, the Lagrange in Solid constraint was used. It
should be noted that in cases where the concrete undergoes severe damage, this method may not be accurate.
Modeling details for the moat wall such as dimensions, material properties, and reinforcements are described in
detail in the next section. The contact algorithm (*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE) in
LS-Dyna was used to model the contact between the slab and the moat wall. This algorithm uses a penalty
method with the scale factor on the default slave penalty stiffness set to 5 in order to avoid element penetrations
of the slab into the moat wall with both having the same material properties. In LS-Dyna, the initial integration
time-step can be defined manually while the required time-step to ensure convergence is calculated automatically
before starting the analysis. In cases with contact, the analysis time-step could be very small.

The LS-DYNA simulation results were used to develop a macro model of the moat wall considering impact.
The model consists of a representative hertz damped spring mode for the impact interface, modeling the moat
wall dynamic force-displacement behavior, and spring to capture the soil backfill contributions. These analyses
showed the deformation of the moat wall at this scale due to impact does not follow the previous assumption of a
cantilever column with a point load simulating the contact with the base floor slab [8]. Therefore, a new model
was proposed to be able to better capture the behavior of the moat wall with a larger impact surface as observed
in the FEM simulations (Figure 2). This model consists a rigid section for the moat wall along the height where
impact is expected with the slab and an elastic beam element for the lower section connecting to the base. These
elements were connected using non-linear rotational spring to represent the moment rotation behavior of the
assumed section. The nonlinear rotational springs were placed at the locations of the largest observed curvature
during the FEM analysis.



16™ World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

Soil
Spring

/

—n—§

7777

Moat wall
Plastic Hinge

Fig. 2 — Slab and moat wall deformed shape modeled in LS-Dyna (left), new macro model (right)

3.1 Moat wall

For this study, the moat wall model was assumed to be approximately 20 m high, 1.5 m thick, and 49 m wide
based on a preliminary design. Confined concrete was considered to model the core material in the moat wall
section(f, = 34 MPa) with grade 60 steel considered for the reinforcement. The longitudinal reinforcement ratio
(ps) was assumed to be 0.06 % with shear reinforcement considered. Moment-rotation behavior for the assumed
section was first examined using SAP2000 with the results shown in Figure 3. These results were used to obtain
parameters for the nonlinear rotational spring models used in OpenSees model capture the moat wall plastic
hinge regions.
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Fig. 3 — Moment rotation behavior using SAP2000 for 0.3048 m (1 ft.) width of the wall

3.2 Soil Model

The backfill soil was assumed to be coarse gravel to represent stiff behavior and modeled using the nonlinear
Hyperbolic Force Displacement (HFD) hyperbolic model [10]. Soil properties and parameters for model are
listed in Table 1. This model was originally developed for soil-abutment-bridge structure interaction and reported
parameters were originally derived for a 1.67 m high retaining wall. Soil stiffness and maximum abutment force
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are dependent on the height of the moat wall. Therefore, extrapolation was considered to calculate the properties
at 20 m depth.

Table 1 — Soil Properties and parameters for HFD model
Mass Density 23565 N/m.? HFD model parameters
Poisson's ratio 0.33 Ultimate force F; 2017 kN
Angle of friction , ¢ 40° Vmax 4.0cm
Modulus of elasticity | 76,129 kN/m? | Kmax (per m of soil) | 264 kN/cm

The soil was modeled in OpenSees using HFD model with HyperbolicGapMaterial. This element requires
knowledge of ultimate passive resistance, initial stiffness and unloading/reloading stiffness of the soil. The
assumed parameters for this model are listed in Table 2.

Table 2 — HyperbolicGapMaterial properties in used in OpenSees

Top soil spring Ultimate force (Fy;¢ [KN]) 1449342.68
(tributary length 7.5m) | nitial stiffness (Kmax [-]) | 5033586.67
Middle soil spring Ultimate force (Fy;. [kN]) 2415569.46
(tributary length 12.5m) | Initial stiffness (Knax [~]) | 8389309.43

Unloading/reloading stiffness (K,) 10 X Kppax
Failure ratio (Ry) 1.0

3.3 Impact Model

One of the most challenging aspects of the proposed simulations was modeling of the impact interface. The Hertz
model was originally proposed for static contact of two bodies, in which stresses and deformations near the
contact point are described as a function of the geometric and elastic properties of the bodies [6]. The contact
force is related to the relative indentation of two bodies with a nonlinear spring. This stiffness, K; depends on
material properties and shape of impacting bodies and can be calculated as

4 1 R1R

Ky = E(Almz) «Iﬁ (1)
4 1

Kn =% (;11+/12) VR @)

Ay =Y 3

T E;

for two colliding spheres with radius of Ry and R,,and colliding spheres of radius R, to a massive plane surface
while 4; is a material properties and is related to E; (Modulus of Elasticity) and v; (Poisson’s Ratio). In case that
colliding bodies are not spheres, an equivalent spheres radii could be used to calculate the impact stiffnesses.

The original Hertz contact law appears to predict the impact force, however, this model does not capture
the energy dissipation due to impact. An improved version of the modeled was introduced with a nonlinear
damper in conjunction with the Hertz Spring [11](Figure 4). In this model, the contact force is given by:

F =K,/ +&528 (4)

where § is penetration velocity and € is the damping coefficient and prescribed as a function of the coefficient of
restitution (e), hertz stiffness, and penetration velocity as follows:
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Fig. 4 — Contact Force-Penetration relation for Hertz and Hertz Damped Model [8]

This hertz damped model was modeled in OpenSees using the available Impact Material. The required
parameters for this material model are:
e Gap: corresponds to clearance to hard stop (discussed later)
e Equivalent spring stiffness using Eq. 2 where R; is assumed radius of the equivalent sphere
volume of the moat wall
o Coefficient of restitution (e) : 0.8
¢ Ratio of yield displacement over maximum displacement (a) : 0.1

3.4 Implementation of Impact, Moat wall and Backfill Soil

Figure 5 shows the implementation of the impact, moat wall and backfill soil models on the sides of the
simplified NPP 2D model. The response will be compared later at Node 707 identified on the figure.
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Fig. 5 — NPP with Moat wall Model
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4. Parametric Study

In order to study the effect of different properties for the impact in the NPP, different cases had been considered
for ground motions, intensity levels, Clearance to Hard Stops (CHS), material properties, and different stiffness
ratios for the isolators.

4.1 Ground Motions (GM):

Records for three different earthquakes were considered to use for this study as listed in Table 3. These records
were obtained from NGA database [12]. Two horizontal components of these records were used in the
simulation.
Table 3 — Ground Motion (GM) used in simulations

Chi-Chi NGA_no_1508 _TCUO72-E | 60.0 sec.
NGA_no_1508_TCUO72-N | 60.3 sec.
Imperial | NGA_no_180_H-E05140 | 34.0 sec
Valley NGA no 180 H-E05230 | 37.0 sec.

Loma NGA _no_779_LGP000 23.6 sec.
Prieta NGA _no_779_LGP090 22.5 sec.

GM

OO ARWIN|F

4.2 Intensity Level (IL):

Ground motions were scaled to fit the RG1.60 Revision 2 design response spectrum [13] for DBE motion scaled
to 0.5g without distortion. In order to examine the Beyond Design Basis Earthquake (BDBE), ground motion
were scaled by a factor of 2 (which is more conservative than the recommended values of 150 % per ASCE 4
[14]). Moreover, to be able to further study the effect of impact, another case was considered which corresponds
to spectral acceleration of 1.25 g since impact is more likely to occur at this intensity for most ground motions.
Figure 6 shows spectral acceleration for different ground motions used for nonlinear response history analysis.
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Fig. 6 — Spectra acceleration (5% damping) for different GMs — scaled for 0.5 g

4.3 Clearance to Hard Stop (CHS):

Three different cases were considered for the CHS. Based on prototype bearings designed for seismic isolation of
the APR1400 with design displacement (D;) of 0.21m (design shear strain of 100%), values were selected based
on 350, 400, and 450 % of the design displacement. Typically, lead rubber bearings are designed and
experimentally tested for shear strain well below this level, experimental testing have shown full scale bearings to
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reach 450% shear strain prior to failure. The nonlinear behavior of the bearing under extreme loadings requires
further investigation in order to develop models that capture their behavior at this level of loading [15].

Table 4 - Different case considered for Clearance to Hard Stop (CHS)
CHS/D, 350% | 400% 450%
CHS (m) 0.735| 0.84 0.945

4.4 Material Properties:

In order to account for variation in properties of the isolators, three different cases were considered: Lower
Bound (LB), Nominal Values (NV), and Upper Bound (UB). Measured properties of the isolators from prototype
testing were considered to be the Nominal Values. The LB and UB properties were calculated using conservative
property modification factors based on AASHTO [16] and MCEER [17] (Table 5).

Table 5 — Calculated bounded properties using property modification factors

Total Different Property Modification
NV Bound values e - - -
Modification | Aging | Scragging | Temperature | Material
1870128.02 LB 1 1 1 1 1
K, (kN/m) | 1870128.02
2262855.84 uB 1.21 11 1 11 1
32867.96 LB 0.7 1 1 1 0.7
f, (kN) 46954.24
61979.59 uB 1.32 11 1 1.2 1

4.5 Bearing model parameters

The bearings were modeled as having bi-linear coupled behavior represented by a Bouc-wen model [18]with the
secant slope stiffness selected to give an isolated period of the superstructure of 2.0 sec. Two different cases were
considered for the initial stiffness as prescribed as a ratio of the second slope stiffness (K,): 0.1 to represent lead
rubber isolators and 0.01 to represent friction type isolators.

4.6 Different Case Studies

For each Intensity Levels (0.5, 1.0, and 1.25 g), and different isolator material properties (LB, NV, and UB), 36
different cases were considered and simulated using the models developed in OpenSees. Table 6 shows the
information for each case considered.

Table 6 — Cases considered in parametric study

Case# | GM | CHS | K2/K1 | Case# | GM | CHS | K2/K1 | Case# | GM | CHS | K2/K1
; 350% 00.611 1?1 350% 00.611 gg 350% 00.611
s 1% opr e 3| 40% por o] S | %% o
o e Yo B R Y
o v O s v O
1] 2|4 opr || 4|40 por e © | %% o
20 B i 77 5 A - B
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5. Results

A total of 324 different simulations were conducted with variations of the different parameters described in Table
6. For the seismic intensity level 0.5 g, no impact occurred between the NPP and the moat wall. However,
impacts were observed for the higher intensity levels. As expected, using the bearing LB properties resulted in
more cases with impact. For intensity level equals to 1.0 g, 58.3 %, 33.3%, and 5.5 % cases with impact were

observed for LB, NV and UB bearing properties respectively. The ratio of impact cases are 100, 80.6, and 50 %
for 1.25 g intensity level (Figure 7).

Intensity Level 0.5 g Intensity Level 1.0 g Intensity Level 1.25 g

ICHS: 350 %
[]CHS: 400 %
ICHS: 450 %
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Cases with Impact
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Fig. 7 — Impact cases for different GM Intensity Levels
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For all cases considered in this parametric analysis, displacement demands normalized by CHS are
presented in Figure 8. Also, the same simulations were run without the moat wall to evaluate the displacement
demand. These plots indicate by how much the displacement demands exceed the CHS and how the moat wall
reduces these displacement demands. Cases with a ratio less than one indicates that the seismic isolation
displacement demand was less than the provided clearance and did not impact. As Figure 8 shows, for cases
where impact did occur, the presence of the moat wall and backfill soil reduced the displacement demand on the
bearings although there was still significant penetration into the hard stop. Also, in some cases implementation of
hardstop resulted in increased displacement demand for the isolator compared with the case for no hardstop
simulations (i.e. IL=1.25 — case 31). This increase is mainly due to the rebound effect of the NPP structure after
the first impact in the one direction, which led to higher displacement demand in the other direction.



16™ World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

£

-
Lower Bound Nominal Values Upper Bound
on
n 2 2 2
<
) ev0e, ®s0ga . G000 o . 040, .
[} R PV LYY @, L) B CLTS LI . 80e®g, L
a E 012285850 0s0ssnmooniasid mommgiss 0/386358020558550838vemenrgsbet0000 /585558 352828285838000000559858 085858
S
s B
»n
- -2 -2 -2
== 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
) Cases Cases Cases
£
<@
-]
E e 2 : 2 2
— & .
g 5 2 R Soon e _ Sutge, 3 = c
6 o @ o BED Oglgng P08 Co08e e0ge4 8040, 0605 0000m LY e
0 B . B B B R A B B 2%y -
; é PP 908 505%6° 5008060050 | o £2920® fa@@@@@@@@@@%%@@@@%@&@ m@@@w%@@@
= ) EEl B
E E-Z “2 ; o -2
D
A = 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
k-1 Cases Cases Cases
Q
E w
el
B T %00, 000,000, 988505004, 00008 Bonie Bas_o O058Han, | O0088s . S, S8
4 o % k) ooy Be Lesge,
> L]
2 . LA
Q = 0 0 ® ® 268980 2008 ®g® o
@, 8% 500! "3 88 @008 o x8x¢
B [geer e a5 0500000000 toni? s R ooR 2
£-2 : . e 2 ‘ : o 2 ‘ ‘ ‘
2
= 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Cases Cases Cases

‘ o Positive Direction w/ Impact ~ ° Negative Direction w/Impact = Positive Direction nowall = Negative Direction no wall ‘

Fig. 8 — Displacement demand normalized by clearance to hard stop

Seismic pounding to the moat wall increased the superstructure response including accelerations, which
may lead to damage of non-structural components. For this analysis, absolute acceleration at node 707 identified
in Figure 5 is examined. Figures 9-10 show the peak absolute acceleration for all cases with and without moat
wall (impact model) for positive and negative directions. Although not identified here, the acceleration increase
in one direction corresponds to the first impact while the second impact on the opposite side, which is typical,
increases acceleration in the other direction. This increase in absolute acceleration can be up to 2.24 and 2.37
times in positive and negative directions for intensity level of 1.0 g corresponding to BDBE events.
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To gain a better insight into the actual response of NPP with impact, more detailed analysis results are
presented for case 25 with NV properties for IL of 1.0 g. The displacement demand of the isolation systems is
shown in Figure 11a while the acceleration response for a selected node 707 is shown in Figure 11b. It is evident
from these figures that the reduction in displacements is small while the increase in acceleration is a factor of
two. Isolator hysteresis loop are presented in Figure 11c. Floor response spectra for node 707 clearly shows an
increase (up to 3 times) in the demand which may result in increased non-structural damage in the structure
(Figure 11d). Impact force deformation for hertz impact element shows that impact only occurred in the negative
direction (Figure 11e). Force deformation of the modeled backfill soil is also presented in Figure 11f.
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6. Summary and Conclusion

The main contributions of this paper are related to modeling of seismically isolated NPP with moat wall impact
and insight into the effects of impact on the superstructure response. A macro model to capture the impact forces
was developed in OpenSees based on observed behavior of a finite element model in LS-Dyna. Results from
parametric studies of the performance of the NPP under different seismic intensity levels and various properties
for the bearings and moat wall including clearance to hard stop was presented. Based on these results, variation in
the isolator properties should be considered when examining seismic pounding. For the ground motions
considered here at BDBE, 58.5 % cases resulted in impact for lower bound properties while only 5.5 % of cases
for upper bound properties. Since the impact results are dependent on the assumed bearing properties, variations
in behavior can be obtained from the experimental testing under large shear strains. Implementation of a moat
wall as a hard stop for isolated NPP is able to decrease the displacement demand. However, since the NPP is
relatively heavy structure designed to remain elastic during a seismic event, consideration of the moat wall and
backfill soil flexibility resulted in significant penetration into the wall. As a result, isolators can undergo
displacements larger than their design limit based on the clearance to hard stop, indicating the need to test the
bearings beyond the hard stop to ensure functionality in the case of an extreme earthquake. Variability in the
properties of the moat wall also needs to be examined. As a result of impact, the absolute accelerations was found
to increase by factors up to 2.4 along the height of the NPP compared to a similar simulation without a moat wall.
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