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Abstract: Nuclear power plants are required to maintain operation after an earthquake, leading to a
safe shutdown if necessary. In the case of a loss of offsite power, the onsite emergency diesel generator
is critical to ensure procedural operations of the nuclear power plant. As a means to reduce the
overall seismic risk, a three-dimensional seismic protection system is proposed to enhance the seismic
performance of the emergency diesel generator. The proposed seismic isolation system decouples
the horizontal and vertical components of shaking and considers available hardware to achieve an
effective isolation solution over the range of excitation frequencies considered. Numerical analysis of
the proposed system demonstrates a reduction in seismic demands on the emergency diesel generator
and provides a higher safety margin than conventional base installation procedures. Umbilical lines
that cross the isolation plane are considered and impose additional constraints on the displacement
capacity of the isolation system. However, increasing the displacement capacity of these components
can significantly increase the safety margin against failure. The seismic protection system can be
customized depending on the seismic hazard and application to different seismic regions.

Keywords: base isolation; 3D seismic protection; nuclear power plant; emergency diesel generator;
limit states; SPRA; HCLPF; fragility curves

1. Introduction

The application of base isolation to equipment and nonstructural components has been
studied for almost three decades [1-5]. Many proposed systems are adapted versions of non-
seismic vibration isolation systems designed to limit the lateral travel of equipment. Most
previous systems studied are composed of vertical coil springs with viscous dampers or
restrainers in multiple directions. Nuclear power plants (NPPs) have several nonstructural
components and equipment with different sizes, weights, and stiffnesses. Therefore, no
unique and customizable three-dimensional (3D) isolation device has been studied that
could simultaneously satisfy the seismic design requirements for the various medium-
weight equipment and their sensitivity to base shaking.

Several studies have examined 3D seismic protection systems in NPPs [5-11]. Base
isolation has been typically used to reduce the horizontal seismic demand, successfully
applying it at the component level or for the whole structure to reduce acceleration. Dif-
ferent approaches have been used for the vertical seismic demand, ranging from springs
to dampers and a combination of both. The type of approach depends on how the hori-
zontal isolation is considered. Najafijozani et al. [5] studied adaptative vertical isolation of
lightweight acceleration-sensitive equipment for a base-isolated NPP. Using a combination
of springs and dampers, they achieved a reduction of the acceleration to meet the seismic
capacity of the equipment. They focused solely on the vertical movement of the equipment,
assuming the base isolation system of the NPP reduces the horizontal acceleration and sup-
presses any rocking. Medel-Vera and Ji [7] concluded that horizontally isolated structures
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with vertical isolation at the equipment level avoid issues with the rocking motion and that
it is more feasible to isolate lighter components vertically.

The emergency diesel generator (EDG) unit is typically located outside the NPP build-
ings, so any seismic protection system should isolate the unit horizontally and vertically.
In a shake table test, Choeun et al. [12] studied the EDG performance supported by a coil
spring—damper unit under two different types of ground motion. They found that the
performance varied significantly with each ground motion set. The effectiveness depended
on the natural frequency resulting from the coil springs and the ground motion frequency
content. Nawrotzki and Siepe [11] studied the performance of helical springs and vis-
cous dampers to implement a 3D protection system. Combining both allows to lower the
fundamental frequencies and increase the structural damping.

This study focuses on the seismic protection of an emergency diesel generator, for
which functionality is critical for the safe operation of NPP in a loss of offsite power (LOOP)
event [13]. The proposed system is based on a combination of previously studied and
widely applied devices such as lead rubber bearings (LRB) and vertical coil springs and
dampers, merging their advantages to meet operational and seismic requirements. Notably,
past experimental studies of LRB alone have indicated their effectiveness for horizontal
motion isolation with the potential for amplification of vertical vibrations, including for
NPPs [6]. The proposed 3D isolation system for the EDG comprises lead rubber bearings
(LRB) to isolate the horizontal ground shaking. A spring and damper vibration isolation
layer is included as a second isolation layer on top of the LRB system to mitigate the effect
of vertical shaking. A similar approach has been proposed to isolate lightweight equipment
in NPPs [5] and for building structures [14,15].

The proposed 3D isolation system is designed for a generic medium-weight EDG, and
seismic probabilistic risk analysis (SPRA) is performed. An incremental dynamic analysis
(IDA) [16] is performed to obtain fragility curves [17] for two distinct engineering demand
parameters (EDP). The common EDP for a non-isolated EDG unit is acceleration [12]. In
contrast, an additional EDP is required to control the isolation system lateral displacement
for an isolated EDG unit. This study considers two displacement-based failure criteria:
the bearings lateral deformation and the umbilical lines deformation capacity crossing the
isolation interface. The SPRA as applied in this study is limited to a few ground motions,
focusing on demonstrating the feasibility of the design. Rocking is not allowed in the
numerical model. It is assumed that an adequate frictionless rocking restraint system with
vertical guides is provided following commercially available 3D isolation systems [18].

The proposed seismic protection system can be customized for different sizes, weights,
and seismic hazards. Fragility functions characterize the current system and identify the
high confidence of a low probability of failure of key components.

2. Seismic Hazard and Expected Seismic Performance

The proposed design of the EDG is based on a set of synthetic seismic input ground
motions compatible with a uniform hazard spectra (UHS). Five three-dimensional ground
motion sets are generated based on the UHS (10~*/year) for Uljin, South Korea with
a PGA =0.273 g [19,20]. Figure 1 shows the target pseudospectral acceleration for the
horizontal and vertical directions with the individual ground motions shown in a lighter
shade. The artificial motions provided closely follow the target spectra, showing low
variability among them.

The hazard exceedance probability (Hp) for the ground motions as provided is equiv-
alent to a Seismic Design Category 5 (SDC-5) according to ASCE/SEI-43-05 [21]. This
probability of exceedance has a qualitative goal related to acceptable structural behavior
or limit state (LS). The limit states are specified from LS-A when large deformation and
significant damage are accepted to LS-D, when no damage and elastic behavior are ex-
pected. For this study, the limit state considered is LS-D, i.e., no damage and linear behavior
are expected.
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Figure 1. Ground motion pseudospectral acceleration.

The selected limit state LS-D can be related to a prefailure mode of the primary com-
ponents of an EDG system. Structural failure modes can result from the equipment frame,
the anchorage system, or the umbilical lines. The seismic probabilistic assessment is based
on fragility curves following NUREG [22,23]. The safety margin is obtained after express-
ing the capacity in terms of the high confidence of a low probability of failure (HCLPF),
defined as “the acceleration value for which we have approximately 95% confidence that
the probability of failure is less than about 5%” [22]. This HCLPF value represents the
equipment or component capacity that corresponds to the earthquake level at which it
is unlikely that failure will occur. The earthquake level is typically expressed in terms of
the peak ground acceleration (PGA), defined as the average of the two horizontal peak
components of free-field ground-surface acceleration.

The seismic performance of the equipment is evaluated using two engineering demand
parameters (EDPs). The probability of failure of the EDG unit can be characterized by the
acceleration experienced by the unit, while the base isolation system and the umbilicals
crossing the isolation plane are characterized by their displacement capacity. Therefore,
two different types of HCLPF capacities are examined: the first based on the isolation
system lateral deformation and the second based on the EDG acceleration. Previous
studies [7-11,24] have provided the parameters to estimate the HCLPF value for the EDG
unit, the anchorage, and the umbilical lines attached to the EDG. Parameters reported
include the median capacity and the randomness and uncertainty standard deviations.
Table 1 summarizes the HCLPF values per EDP found in the literature.
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Table 1. Limit states and HCLPF values per EDP.

EDP Label Limit State Value Reference
EDG
Acceleration DS1-A EDG LS1 040¢g [25]
. DS1-D Pipeline LS1 127 mm [26]
Is[‘;li:“g;;ite?fl DS2-D Bearing LS2 320 mm (ys = 250%) [27]
P DS3-D Bearing LS3 576 mm (ys = 450%) [27]

The HCLPF values for the EDG isolation lateral displacement limit states are defined
for two components. One component is the pipeline attached to the EDG that crosses the
isolation interface. In a standard piping system, seismic demands lead to plastic deforma-
tion and potential failure in the elbows of the piping system [28,29]. Jeon et al. [26] provide
seismic fragility curves for elbows in piping systems expressed in terms of the maximum
relative displacement between the ground and the isolated floor. This displacement is
defined as 1D in an analysis that does not consider the vertical ground motion and uses a
standard pipeline system. Due to limited data on 3D base-isolated NPP piping systems,
the 1D relative displacement is considered in this study, using the 127 mm value for the
horizontal relative displacement. A flexible pipeline designed to accommodate the relative
displacement could provide a larger deformation capacity.

The second component of the isolation lateral displacement EDP is the bearings. The
bearing limit state is expressed in terms of the shear strain deformation. The bearing
vertical load capacity is assumed to be checked in the design process.

The HCLPF value for the EDG acceleration limit state is based on the PGA for non-
isolated EDG unit studies. The value chosen to represent the EDG acceleration EDP
characterizes the functional and structural failure of the non-isolated EDG unit [25]. Struc-
tural failure refers to anchor bolt failure, breakout, tension, or shear failure. Choun and
Kim [30] reported that the expected failure mode of an EDG is due to concrete coning
with an HCLPF equal to 0.38 g. The acceleration used to characterize the HCLPF is
for the ground level and does not necessarily equal the acceleration experienced by the
EDG unit. Kawakami et al. [31] reports a 1.2 amplification factor from the PGA to the
EDG acceleration.

Placing the EDG unit on 3D seismic isolation can reduce the accelerations experienced
by the EDG and increase the limit state value in terms of PGA. In this study, a conservative
approach is taken by considering the allowable acceleration on the EDG unit to equal the
previously reported PGA values for HCLPEF. It should be noted that experimental studies on
isolated and conventionally supported EDGs are limited to better characterize the level of
amplification in both cases. Further, there are no reports of limit state for vertical excitation
of EDG within the literature. It is assumed that the EDG unit can withstand the vertical
seismic demands if the 3D isolation system can reduce the transmissibility of accelerations
from the ground to the EDG.

3. Design of Seismic Protection System

For the design of the 3D seismic isolation system, a simplified model of the EDG is
considered. The EDG is assumed to have a weight equal to 150 Tf and a primary vibration
frequency of 34 Hz following [3]. The analyses models consider the EDG as a single degree
of freedom with lumped mass at mid-height of the EDG unit.

Different seismic protection configurations were examined. The proposed seismic pro-
tection presented here can reduce the EDG acceleration and limit the lateral displacement.
The layout is based on two physical levels of isolation. The bottom level (IsoH) consists
of six lead rubber bearings (LRBs), while the top level (IsoV) consists of 12 coil springs
and viscous dampers units. A rigid frame is considered between the two isolation levels.
Figure 2 shows the proposed configuration.
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Figure 2. Proposed seismic protection configuration: (a) side elevation view; (b) front elevation view.
Dimensions in millimeters.

Each isolation level targets the reduction of the seismic demand in a particular di-
rection. IsoH focuses solely on the horizontal plane, while IsoV on the vertical axis. The
decoupling allows for customization of the devices based on the seismic hazard, including
the frequency content. This feature could enable simple adjustments to standardize its use
for different seismic regions.

The frequency content of the seismic hazard considered shows a peak around 11 Hz for
the horizontal plane and a plateau between 8 Hz and 20 Hz for the vertical component. This
information is used to define the properties of both isolation levels, such that the primary
vibration frequency of each level is below the peak frequencies of the seismic hazard.

Lead rubber bearings are considered and sized to define the IsoH frequencies. Lead
rubber bearings typically result in a lower natural vibration frequency in the horizontal
plane, typically around 0.25 Hz to 1.0 Hz, and a higher frequency in the vertical axis of about
10 Hz and higher. The IsoV frequencies are defined by the coil springs. The vibration control
performance defines restrictions for the vertical natural frequency of the coil spring [32].
Providing a low natural vertical frequency is beneficial for the seismic demand but sets the
spring static deflection to be large which is detrimental during operation. The performance
during normal operation is critical; hence, the static deflection defines the vertical frequency.
Following [32], the coil spring vertical frequency is set to 2.0 Hz which defines a static
deflection equal to 62 mm. Table 2 summarizes the required vibration frequencies upon the
primary frequency content of the ground motions.

Table 2. Frequency-dependent properties of both isolation levels.

Horizontal Vibration Vertical Vibration Primary Horizontal

Isolation Level

Frequency (Hz) Frequency (Hz) Frequency (Hz)
IsoH [0.25-4.0] >10 11
IsoV - ~2.0 [8-20]

The design of the horizontal isolation system considers a tradeoff between the transfer
of shear forces related to the accelerations experienced by the EDG and the displacement
demand for a given hazard level. This is demonstrated for the EDG and the considered
seismic hazard following the equivalent lateral force procedure in FEMA P-751 [33], as
shown in Figure 3.
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Figure 3. FEMA P-751 equivalent lateral force procedure results.

The effective period of the isolation systems is based on the linearization of the
stiffness and damping of the inherently nonlinear bearings. The value chosen is the
intersection of the base shear and the lateral displacement. This was found as a reasonable
comprise to provide reduced base shear while limiting the horizontal displacement at a
vibration frequency of 0.7 Hz (period of 1.40 s). To verify the feasibility of this design,
the required bearings are sized with dimensions and resulting bearing properties for IsoH
shown in Table 3.

Table 3. Properties of LRB and resulting isolation system properties.

T Diameter Lead Core  Rubber Thickness = Shear Modulus Rubber Layers fy fy
ype (mm) (mm) (mm) (MPa) - (Hz) (Hz)
Lead Rubber 405 40 8 04 16 0.7 13.8

The equations and assumptions to obtain the horizontal and vertical effective prop-
erties of the LRB system are described considering a bilinear model for the bearings. The
ratio between the horizontal elastic stiffness (k;) and the post-yield stiffness (k) is 10. The
post-yield stiffness of the laminated rubber bearings is expressed as

k1 = 10k, @
Gopr - (Ae — A,
= St A2 ) @

The yield force (Fy) and yield displacement (D) are obtained based on the charac-
teristic strength of the lead (Q) and the horizontal elastic stiffness (k) and the post-yield

stiffness (k3).
Q-k
a— @)

Fy:
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The energy dissipated (W) can be expressed as
Wefs =4-Q- (D~ Dy) 5

The effective horizontal stiffness (k) and vertical stiffness (k) values are obtained
based on the lateral displacement (D), the effective rubber shear modulus (G), the external
isolator area (A,), internal area (4;), the number of rubber layers (1,), the rubber thickness
for each layer (f;), and the shim thickness (t;) as [34-36] follows:

Q Geff . (Ae — Ai)

Kegpm = Disp - ny -ty ©)
Kepfv = o _(;lf(ii)' f;, L )
with the compressive modulus (E.) and shape factor (S) expressed as
Bl = 6Gef1f 2t 3%1< ®
5= DD ©)

The coil springs in the IsoV level are sized for two conditions: the operational vibration
(including vertical static deflection) and the primary vertical frequency content of the
ground motion. The target is to achieve a primary vertical frequency less than 2 Hz,
satisfying both conditions. The dampers are sized based upon a parametric study of a
feasible range of sizes while targeting the reduction of the ground acceleration. A linear
viscous damper with force proportional to velocity is used with the system properties
shown in Table 4 including the % of critical damping.

Table 4. IsoV properties.

Type Direction Value f (Hz) Damping (%)
Stiff Horizontal 16.4 (kN/mm) 25 -
tittness Vertical 28.4 (kN /mm) 2.0 .
Horizontal 1.55 (kN s/mm) - 12.0

Damping coefficient Vertical 537 (kN s/mm) - 110

The vertical stiffness is defined using the targeted vertical frequency:
Kiso v =47 -m- f? (10)
The static deflection can be obtained as

g
00 = —5>—F5 11
0 472 . fvz ( )
A lumped mass is added to the numerical model to account for the rigid frame, and
the IsoV weight is estimated as 30 (Tf). No rocking is allowed in the numerical model,
assuming an adequate rocking restraint system with vertical guides for the IsoV layer. The
analytical model is developed in OpenSees [37] structural analysis software.
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4. Results

Nonlinear time-history analyses were conducted to examine the performance of the
EDG under the five ground motion sets considered. The results are first presented for an
individual ground motion to understand the isolation system’s behavior and the EDG’s
response. Record 4 is selected since it is most representative of the average response of the
five records. The record is applied at two scale factors, including the unscaled record with
a PGA of 0.273 g, and scaled to a horizontal PGA of 0.925 g. The higher amplitude was
selected as this is when the first potential limit state is reached, as shown in Table 1.

4.1. Response for Target Seismic Hazard Intensity

The unscaled Record 4 with a PGA of 0.273 g is used to demonstrate the performance
of the 3D isolated EDG under the target UHS. The acceleration of each isolation level and
the EDG unit are compared, both in the horizontal and vertical directions in Figures 4 and 5.

Record 4 -Horizontal component-Dir X -~Non-scaled record
T T T T 1 0.3 T T T

03[ T T T = 7 3 ¥ 7 — '
= 02/} Record4| .| = ol | IsoH |
= EOG = IsoV
§ o1} S 01} L EOG| |
e 0 © 01—"'\"\ rv‘ m’ vnMWh‘ WUV\"—-‘*—_—-iiWH
° k]

R -0.1} ?-0.1} i
Q Q
< 0.2} < -0.2 -
03! L . . . . . L L . J 03\ L . : . L L L L . |
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time [s] Time [s]
(a) (b)
Figure 4. Horizontal acceleration time history results for non-scaled Record 4—direction “X”.
(a) Record and EDG response comparison; (b) System response by isolation level.
Record 4 -Vertical component -Dir Z ~Non-scaled record
037 - T - — - - r — T — 037 r T - .
D 0.2 -Record 4 | | = 0.2
§ 0.1 £ee § 0.1
g 5§ o.
o € o0
° °
 -0. 2 -0.1
Q Q
<-0. < -0.2
0 . : ' 03! : 4 : : . ” > ” : '
16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time [s) Time [s]
(@) (b)

Figure 5. Vertical acceleration time history results for non-scaled Record 4—direction “Z”. (a) Record
and EDG response comparison; (b) System response by isolation level.

The horizontal acceleration time histories in the “X” direction are shown in Figure 4a.
An amplification factor from the PGA to the EDG acceleration is used to quantify the
proposed seismic protection system performance after Kawakami et al. [31], who reports a
factor of 1.20 for the 2D ground motion, not providing a factor for the 3D ground motion.
Considering only the 2D horizontal acceleration, a factor of 0.22 times the PGA is obtained,
while a factor of 0.50 times the PGA is obtained for the 3D ground motion. Including
the vertical ground motion reduces the effectiveness of the proposed seismic protection
system, although still reducing the EDG acceleration for the unscaled ground motion set.
The EDG acceleration time history shows that the proposed seismic protection system can
filter the high-frequency content of the horizontal shaking. The acceleration time histories
immediately above each isolation level and the EDG unit are shown in Figure 4b. Notably,
the IsoV level further reduced the high-frequency content experienced above the IsoH level
due to the additional contribution of the low horizontal stiffness provided by the coil
springs. The EDG behaves as a rigid body, and thus its response is identical to the IsoV
time histories, which is why the IsoV line is not visible.

The vertical input ground motion is compared to the EDG vertical acceleration in
Figure 5a, indicating a reduction factor of about two while still transmitting the high-
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frequency content. The vertical vibration frequencies of both isolation levels are close to
the dominant range of the input ground motion, transmitting some of the high-frequency
shaking into the EDG unit. Figure 5b shows the effects of the IsoV level defined by the coil
springs in reducing the acceleration experienced by the EDG unit. The acceleration of the
IsoH level is about the same as the vertical ground motion, showing that the LRB alone
would not reduce the vertical response.

Figure 6 compares the pseudospectral acceleration (PSA) corresponding to 5% of
critical damping for the ground record, the EDG, and above each isolation level for the
horizontal and vertical directions. The horizontal PSA in Figure 6a has a marker to indicate
the EDG unit natural frequency of 34 Hz corresponding to PSA = 0.056 g with the isolation
system. The reduction in PSA is clearly shown above each isolation level. Figure 6a also
confirms that the IsoV level further reduces the higher frequency vibration between 3-30 Hz,
although it causes slight amplification in lower frequencies. The vertical PSA in Figure 6b
indicates that IsoH amplifies the vertical ground motion across the LRB, a concept that has
previously been raised for horizontal isolations systems [6], while IsoV effectively reduces
the vertical excitation above 5 Hz.

0.7 —vertical Spectrum comparison -Non-scaled Record4

IsoH
IsoV
EDG
Record 4

o
»
T
L

° o o
w pe (4,

Pseudo Spectral Acceleration [g]
o
N
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(34Hz,0.056g)
10’ 102 10° 10"
Frequency [Hz] Frequency [Hz]
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Figure 6. Spectral acceleration results for non-scaled Record 4. (a) Horizontal direction “X”;
(b) Vertical direction “Z”.

The results for Record 4 shown here are representative of the average response for
the five considered records. These detailed results show the effectiveness of the proposed
seismic protection system in reducing the seismic demands for a given seismic hazard as
specified by the UHS.

The second EDP considered is the isolation system lateral displacement. The base
isolation system and the umbilicals crossing the isolation plane are characterized by their
displacement capacity. For the unscaled Record 4, the isolation system lateral displacement
is about 15 mm, with the horizontal acceleration transferred to the base of the EDG reduced
by a factor of 4.5 and the vertical acceleration reduced by a factor of 2. The small lateral
displacement is expected for this seismic hazard with a high-frequency content. Differ-
ent results are expected for seismic hazards with lower primary frequencies, which are
considered in the next section.

4.2. Scaled Ground Motion Record

To observe the response of the seismically isolated EDG at a higher intensity, Record 4
is scaled to a horizontal PGA of 0.925 g, at which the isolation system lateral displacement
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reaches the first limit state (LS1-D), corresponding to 127 mm at which the piping systems
crossing the isolation plane reach its deformation capacity. The results in Figure 7 show a
similar performance to the non-scaled record in Figure 4. In Figure 7a, the EDG horizontal
acceleration is significantly reduced in amplitude while Figure 7b shows that the EDG unit
experiences a 0.166 g acceleration with an isolation system lateral displacement equal to
127 mm for this scaled seismic hazard. A 2D horizontal acceleration factor of 0.18 times the
PGA is obtained, while a factor of 0.48 times the PGA is obtained for the 3D ground motion.
Notably, the reduced horizontal seismic demands are conditional on the deformation
capacity of the pipeline crossing the isolation interface. The vertical isolation response
shown in Figure 8 shows the same response observed for the non-scaled record. This type
of response is expected since the vertical isolation is linear.

Record 4 - Horizontal component X~ Scale to PGAh=D.9259

T T T - 17 T T :
IsoH | 7

= = 0.75]
= = 05¢ IsoV |
c c
S S 0.25 EDG | -
‘@ ® 0 -"WW
 -0.25f § 025} 1
S -05| S 05} 1
<075 <.o75f :
-1 : : : ' -1 . . : .
0 2 4 8 0 12 14 16 18 20 0 2 4 6 8 0 12 14 16 18 20
Time [s] Time [s]
(a) (b)
Figure 7. Horizontal acceleration time history results for Record 4 with PGA = 0.925 g—direction
“X”. (a) Record and EDG response comparison; (b) System response by isolation level.
Record 4 -Vertical component Z~Scale to PGA, =0.925g
1 ‘ ‘ 17 : - : . )
N s
— 0.75F Record4 | — IsoLevel 1|
‘g 05} EDG ‘S‘) ~——— IsoLevel 2 | -
S 025 S EDG {
@ ) |
® 025} 2 |
8 05/ 8 |
< 075" <. !
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Time [s) Time [s]
(a) (b)

Figure 8. Vertical acceleration time history results for Record 4 with PGA = 0.925 g—direction “Z".
(a) Record and EDG response comparison; (b) System response by isolation level.

The results shown in Figure 9 are similar to the results in Figure 6. The horizontal PSA
in Figure 9a is significantly reduced for all isolation levels. The vertical PSA in Figure 9b
shows a reduction of the EDG acceleration and amplification for the IsoH level. For this
scaled record intensity, there is no amplitude dependence.

The behavior of the isolation systems is shown in Figure 10 for both horizontal and
vertical directions. The individual force-displacement hysteretic behavior of levels IsoV
and IsoH shows that most of the lateral deformation is captured by the LRB. The LRB
bearings have a lower effective stiffness and dissipate energy through hysteretic action of
the lead core while the coil springs have the added linear viscous dampers to dissipate
energy. The force—displacement behavior in the vertical direction of the IsoV demonstrates
that the response is dominated by the viscous dampers with small oscillations around the
static deflection equal to 63 mm. The IsoH level in Figure 10d shows that the behavior of the
bearing in the vertical direction is modeled as a linear spring with 2% damping not shown.

The time-history analysis for a single ground motion provides insight into the behavior
of the isolation system. A more thorough probabilistic analysis is necessary to quantify the
ground motion intensity at which there is a high confidence of a low probability of failure
(HCLPF), as described in the next section.
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Figure 9. PSA results for the scaled Record 4. (a) Horizontal direction “X”; (b) Vertical direction “Z”.
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Figure 10. Force-displacement hysteresis for the scaled Record 4. (a) IsoV horizontal direction “X”
response. (b) IsoV vertical direction “Z” response. (c) IsoH horizontal direction “X” response. (d) IsoH
vertical direction “Z” response.

4.3. Incremental Dynamic Analysis

An incremental dynamic analysis (IDA) is a nonlinear dynamic analysis method that
correlates the seismic demand and the capacity estimation using single or multiple ground
motion records incrementally scaled in magnitude. The IDA is performed to derive fragility
curves for two engineering demand parameters, including displacements at the isolation
level and accelerations in the EDG. The limit states considered for each EDP are described in
Table 1. The five ground motion triplets are used to account for seismic hazard randomness
(Br), while an uncertainty standard deviation (fy) equal to 0.30 is assumed. The records
are scaled from 0.1 to 10 times the original PGA, in increments of 0.1 g.

4.3.1. Base Isolation System Lateral Displacement

Figure 11 shows the IDA result for each ground motion’s isolation system lateral
displacement with the displacement limit state considered indicated by vertical dashed
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lines. The horizontal axis is presented by the rubber bearings shear deformation, and the
one at the bottom is expressed in terms of the maximum lateral deformation.

Incremental Dynamic Analysis - EDP: Base Isolation Lateral Displacement
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Figure 11. IDA for lateral displacement EDP.

Table 5 contains the median PGA and the randomness standard deviation value for
each limit state. The resulting 3, values are relatively small, providing little variation in
response between the ground motions. This is likely the result of the scaling method used
for the ground motion to closely match the desired spectrum.

Table 5. IDA results for the lateral displacement EDP.

- Median
EDP Label Limit State Value (mm) PGA (g) Br
Isolation DS1-D Pipeline LS1 127 0.94 0.07
Lateral Dis- DS2-D Bearing LS2 320 1.75 0.10
placement DS3-D Bearing LS3 576 2.23 0.17

4.3.2. EDG Acceleration

The results for the EDG acceleration limit state are provided in a similar format in
Figure 12. The values in Table 6 contain the median PGA and the randomness standard
deviation value for EDG acceleration limit state.

Table 6. IDA results for the EDG acceleration EDP.

EDP Label Limit State Value (g) Median PGA (g) Br

EDG
Acceleration

DS1-A EDG LS1 0.40 1.80 0.07
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Figure 12. IDA for EDG acceleration EDP.

4.4. Fragility Curves

Fragility curves estimate the probability of obtaining damage levels or grades as a
function of each the seismic hazard intensities. The application of fragility curves on
nonstructural elements [38,39] and other fields [40] is extensive. The fragility curves
considered are used to calculate the probability of exceeding a specific limit state for a
given ground motion PGA. The median fragility curve is obtained directly from the IDA
data, while the 95% curve is the 95% confidence that the median capacity exceeds the
PGA level. The HCLPF value is obtained at a 5% failure probability of the 95% confidence
probability distribution.

The fragility curves are based on three parameters, including the median capacity and
the logarithmic standard deviation representing random uncertainty obtained directly from
the IDA and listed in Tables 5 and 6. The third parameter is the uncertainty logarithmic
standard deviation ((3y), representing systematic or modeling uncertainty. The value
assumed for all cases is 4 = 0.30.

4.4.1. Base Isolation System Lateral Displacement

The median and 95% confidence probability distribution curves for all the displacement-
based limit states are plotted in Figure 13. For the first displacement-based limit state, i.e., the
pipeline LS1 in Figure 13a, the HCLPF value is 0.50 g, represented by the blue dashed line.
The EDG unit could experience a ground motion similar to the UHS described in Figure 1
with a 5% probability of failure. This failure comes from the assumption of exceeding the
lateral deformation capacity of the pipeline crossing the isolation interface. Figure 13b
shows that the HCLPF value for the bearing LS2 is 0.91 g. This particular limit state is
related to the bearing reaching a shear deformation of 250%, which is defined as a limit for
the bearing’s linear behavior [27]. Exceeding this shear deformation threshold does not
imply a bearing failure; rather, highly nonlinear behavior is expected in the rubber that
could include stiffening. Figure 13c shows that the HCLPF value for the bearing LS3 is
1.03 g. This lateral deformation is equivalent to a 450% bearing shear strain, defined as a
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Figure 13. Fragility curve for (a) pipeline LS1, (b) bearing LS2—LatDisp = 320 mm, and (c) bearing
LS3—LatDisp = 576 mm.

The fragility curves for the base isolation system lateral displacement EDP show a
significant difference in the deformation capacity of the components crossing the isolation
interface. The bearings can sustain a larger deformation than the pipeline before exhibiting
damage. To take advantage of the bearing’s deformation capacity, umbilicals crossing the
isolation interface can be designed to accommodate larger deformations, as is typically
done in buildings. This would enhance the system’s performance and allow it to sustain
higher seismic demands.

4.4.2. EDG Acceleration

The values in Table 6 are used to develop the fragility curves for the three acceleration
limit states. These limit states are based on reported values of non-isolated EDG units,
specifically to the failure modes these units experience. The conservative assumption made
here is that since the EDG unit is assumed to be rigid, the reported PGA should be similar
to the EDG acceleration [31]. The behavior of an isolated EDG unit is unknown, and it is
believed that some failure modes will not appear in the isolated unit. Experimental testing
on an isolated EDG unit will provide helpful insight into characterizing its failure modes.

Three acceleration-based limit states are used in a narrow acceleration range of
[0.30-0.50 g]. The first limit state, EDG LSI, is the lower bound value of any possible
EDG failure mode found in the literature [22-25,30,41]. The consensus is that a fix-based
EDG unit should have at least an HCLPF equal to a PGA =0.30 g.

Figure 14 shows the fragility curves for EDG LS1. The HCLPF value for the acceleration-
based limit state is 0.99 g, represented by the blue dashed line. This result shows a
5% probability of failure given a horizontal PGA = 0.99 g. This failure is characterized by
the lowest bound value of a fix-based EDG unit.

4.4.3. Results

Figure 15 presents the HCLPF in terms of the ground motion PGA for all limit states,
including displacement- and acceleration-based EDPs. As shown previously, different
HCLPF values were presented. These values were obtained assuming an uncertainty loga-
rithmic standard deviation of (3, = 0.30 and varying values for the randomness logarithmic
standard deviation of 3;. This parameter comes from the five ground motion triplets for
each limit state with values ranging from 0.06 to 0.17. These values are recognized to be
small for the ground motion set considered and increased to 3, = 0.20 to determine the
HCLPF for every limit state.
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Figure 15. Fragility curves results for both limit states for (a) original pipeline LS (DS1-D), (b)
modified pipeline LS (DS1-Dyy,q)-

Figure 15a shows that the pipeline LS (DS1-D) limits the seismic protection system’s
performance. All other LS are above a PGA = 0.77 g, while the DS1-D is reached at
PGA =0.41 g. This PGA value would be the maximum horizontal PGA that the seismic
protection system could experience with a 95% confidence of not exceeding the 5% prob-
ability of failure with no damage and linear behavior expected, as required by Design
Category 5 (SDC-5) with an LS-D, according to ASCE/SEI-43-05 [21]. Figure 15b shows
the results by modifying the pipeline LS (DS1-Dy,,q) at a limit equal to 224 mm, which
represents a moderate damage state (equivalent to damage of broken meshes) [42]. The
seismic protection system could perform at 146% of the previously defined maximum PGA.
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Locations with a horizontal PGA up to 0.60 g could use the seismic protection system while
complying with ASCE/SEI-43-05 [21] if the deformation capacity of the pipeline is 224 mm.

To equal the PGA required to reach the second displacement-based limit state (DS2-D),
the pipeline’s HCLPF should be 320 mm. This would allow the seismic protection system
to satisfy the performance of places with a seismic hazard equal to PGA = 0.77 g (188% of
the original maximum PGA). Providing a pipeline with a higher deformation capacity to
cross the isolation interface with limited damage would enhance the system’s performance.

5. Discussion

The proposed seismic isolation system satisfies the SDC-5 for the seismic hazard
considered according to ASCE/SEI-43-05 [21], assuming a limit state LS-D, i.e., when no
damage and elastic behavior is expected. The seismic hazard, characterized by the PGA,
that the system could handle under the LS-D is 0.41 g. This is similar to a non-seismically
isolated EDG and is based on having conventional pipelines. Detailing the pipelines to
accommodate larger displacements is necessary to gain benefit from the isolation system.
Conservative assumptions are made to be aligned and comply with the NPP safety stan-
dards. Experimental testing would provide a deeper insight into the EDG behavior when
base-isolated, particularly the controlling failure mode and the behavior in the vertical
direction. The minimum non-isolated EDG HCLPF was used for acceleration, which is a
conservative assumption. Even under this assumption, the proposed system can withhold
a PGA = 0.79 g assuming the scaled seismic hazard maintains its frequency content range
used for design.

The probabilistic approach outcome shows its inherent conservatism compared to the
deterministic approach. The same base isolation average lateral displacement of 127 mm,
equivalent to the pipeline LSD-1, is used to compare the approaches. For the probabilistic
approach, the PGA is 0.41 g for HCLPE, while the deterministic approach only considers
the mean response with the PGA of 0.925 g. The probabilistic approach explicitly quantifies
the failure probability, a feature the deterministic approach does not capture.

Including the vertical ground motion reduces the effectiveness of the proposed seismic
protection system but still reduces the EDG acceleration. Quantifying the reduction in terms
of the PGA shows an amplification around 0.20 times the PGA for the EDG acceleration
when considering only the 2D horizontal acceleration. When using the 3D ground motion
acceleration, a factor of 0.50 times the PGA is obtained.

This analysis shows that the pipeline deformation capacity is the controlling limit state.
To be aligned with the LS-D criteria [21], the pipeline must be designed to accommodate
the system lateral deformation under a controlled damage level. The metric required
to characterize the pipeline deformation needs to be expressed as an HCLPF value for
consistency. Experimental testing on flexible pipelines crossing the isolation interface
would provide the necessary data to extend the proposed seismic protection system to
areas with higher seismic hazards than PGA = 0.41 g.

Further studies are required to validate the proposed system under different seismic
hazards and also consider the performance under operational loads not considered here.
The two isolation levels need to be designed considering the local seismic hazard including
expected frequency content for effective isolation performance.

6. Conclusions

The EDG seismic performance is critical to the operations of an NPP in the case of a
loss of offsite power. The proposed seismic protection system can significantly increase
safety margin compared to standard EDG support installation. Incorporating two isolation
levels with distinct properties defined according to a specific seismic hazard allows the
base isolated EDG to perform at a higher seismic demand, expressed in terms of PGA, with
significant confidence of a low probability of failure and elastic behavior. The pipeline defor-
mation capacity that crosses the isolation interface needs to be designed accordingly for the
system to function effectively in larger seismic hazard region, i.e., larger horizontal PGAs.
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Experimental testing on both a pipeline designed to accommodate the required lateral
deformation and the isolated EDG unit failure modes are critical to validate the proposed
seismic protection system.

The innovation of the proposed seismic protection system is in the use of two isolation
levels to decouple the seismic demand and enables designers to combine existing and
proven seismic protection devices. One isolation level focuses solely on the reduction of
the horizontal component demand, while the second isolation level handles the vertical
component. This approach maximizes the seismic reduction capabilities of each device.
The enhanced seismic protection system can be tailored to specific seismic demands by
changing a few parameters only for a decoupled seismic demand. The low probability of
failure that this design adds to the standard EDG support solution could be a step forward
to standardizing an EDG seismic protection system.
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