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Design-oriented acceleration response spectrum for ground vibrations
caused by collapse of largeescale cooling towers in NPPs
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a b s t r a c t

Nuclear-related facilities can be detrimentally affected by ground vibrations due to the collapse of
adjacent cooling towers in nuclear power plants. To reduce this hazard risk, a design-oriented acceler-
ation response spectrum (ARS) was proposed to predict the dynamic responses of nuclear-related fa-
cilities subjected to ground vibrations. For this purpose, 20 computational cases were performed based
on cooling tower-soil numerical models developed in previous studies. This resulted in about 2664
ground vibration records to build a basic database and five complementary databases with consideration
of primary factors that influence ground vibrations. Afterwards, these databases were applied to generate
the design-oriented ARS using a response spectrum analysis approach. The proposed design-oriented
ARS covers a wide range of natural periods up to 6 s and consists of an ascending portion, a plateau,
and two connected descending portions. Spectral parameters were formulated based on statistical
analysis. The spectrum was verified by comparing the representative acceleration magnitudes obtained
from the design-oriented ARS with those from computational cases using cooling tower-soil numerical
models with reasonable consistency.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

New nuclear power plants (NPPs) will be built in inland China in
the next several years to meet the rapidly increasing energy de-
mand and reduce the pollution caused by coal power plants.
Consequently, larger-scale cooling towers will be constructed as
indispensable heat rejection devices for inland NPPs. Most of these
cooling towers have two features: 1) they are large-scale, and 2)
they are adjacent to a nuclear island. First, planned towers are
expected to have a height that exceeds 200 m as a cost cutting
measure. At present, the highest cooling tower worldwide is
located at Niederaussem, Germany, with a height of 200 m [1].
Second, the typical distance between a cooling tower and an
adjacent nuclear island has been about 300 m, which is quite small
due to site limitations in China. Many engineers worry that these
large-scale cooling towers may collapse if subjected to accidental

loads, e.g., strong earthquakes, strong wind or aircraft impact. The
collapsed structures and their debris impact ground and can cause
intensive ground vibrations, which would threaten the operation of
nuclear-related facilities. To this end, collapse-induced ground vi-
brations are needed to predict using appropriate numerical ap-
proaches [2,3].

Collapse-induced ground vibrations can be used as input data to
evaluate dynamic responses of nuclear-related facilities, which is of
great significance for the design of NPPs. In general, structural re-
sponses to ground motion can be investigated using two methods.
The first one is the dynamic time-history analysis using time
integration [4]. However, such a method is generally inappropriate
in design scenarios as it is time consuming and requires expensive
professional efforts. The second method is the response spectrum
method, which can be used to estimate maximum dynamic re-
sponses without conducting a time-history analysis. This approach
has long been applied in earthquake engineering including the
seismic design of NPPs [5,6]. As a result, various standard response
spectra have been proposed in seismic design codes and regulatory
guides for describing seismic loads applied to buildings [7e9] and
NPPs [10,11]. In addition, the response spectrum method is also
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applicable in cases where ground motions are caused by factors
other than earthquakes, e.g., heavy vehicle and mining tremors
[12,13]. Unfortunately, a design-oriented response spectrum
approach is now not available for estimating structural responses of
nuclear-related facilities subjected to collapse-induced ground vi-
brations, both in the NPP planning and NPP design.

To meet the need for appropriate estimates of NPP structural
responses to ground vibrations, this paper presents an acceleration
response spectrum (ARS). The objective of the ARS is to determine
maximum acceleration responses of nuclear-related facilities with
various natural periods and damping ratios subjected to collapse-
induced ground vibrations. Primary factors that influence acceler-
ation response spectra were incorporated into the ARS. Present
studies extend the works of Lin et al. [2,3,14]. Basic and comple-
mentary databases of collapse-induced ground vibration records
are first generated in Section 2. Using these databases, a design-
oriented ARS is then proposed in Section 3 with the determina-
tion of all spectral parameters based on statistical approaches.

2. Generation of databases for collapse-induced ground
vibrations

Similar to the case of a seismic design spectrum [4,15], a data-
base containing a large number of groundmotion records became a
prerequisite for developing a design-oriented response spectrum
for collapse-induced ground vibrations. Such ground vibrations can
be obtained using cooling tower-soil numerical models, which are
briefly described in Subsection 2.1. More details can be found in Lin
et al. [2,3,14]. A comprehensive study plan is presented in
Subsection 2.2 to numerically generate databases of collapse-
induced ground vibrations with consideration of primary factors
that influence ground vibrations.

2.1. Cooling tower-soil models

Cooling tower-soil models were built to predict ground vibra-
tions caused by the collapse of cooling towers under various acci-
dental loads. A typical cooling tower-soil model is illustrated in
Fig. 1 and consists of a cooling tower model and a soil model. Three
accidental loads and specific numerical techniques were used to
build the models. The commercial finite element program ANSYS/
LS-DYNA was used to perform the numerical analysis.

The considered cooling towers were constructed using rein-
forced concrete and consisted mainly of a thin-walled shell body
and supporting columns. As illustrated in Fig. 2, the shell body was
discretized into a certain number of vertical “levels” andmeridional
“strips.” This generated plenty of shell “patches” with their
maximummesh size of about 1m� 1m. Each “patch”wasmodeled

using four-node shell elements (SHELL163) which was divided into
15 “layers” along the thickness direction. Each layer was appointed
to a specific material in accordance with their actual positions, i.e.,
concrete, meridional reinforcing steel bars or circumferential
reinforcing steel bars. The material equations specified in Eurocode
2 Part 2.1 [16] were used for modeling the concrete and re-
inforcements. For the modeling of the columns, the concrete was
discretized using the hexahedral elements (SOLID164) and was
modeled using the HolmquisteJohnsoneCook constitutive model.
The reinforcing steel bars were modeled using beam elements
(BEAM161), and their mechanical behavior was simulated by
means of a plastic kinematic model with consideration of strain
rate effects.

The soil was discretized into a large number of eight-node iso-
parametric elements (SOLID164) with a mesh size of
5m� 5m� 5m based on an FEM-based dynamic analysis [17]. The
mechanical behavior of different soils was assumed to be ideal
elasto-plastic and could be described using the Drucker and Prager
model [18]. The soil model had a dimension of 1000 m � 1000 m in
plane and 35 m in depth, which was adequately accurate according
to the surface wave propagation theory and the study results pre-
sented by Lou et al. [19]. In addition, the commonly used non-
reflecting boundaries were applied on the undersurface and four
vertical side surfaces of the soil model.

Three types of accidental loads were considered that cause
cooling towers to collapse: (1) strong earthquakes, (2) strong
winds, and (3) aircraft impacts. In this research, these occurrences
were treated as accidental loads because strong earthquakes and
strong winds go far beyond the design level specified in codes, and
aircraft impacts are not considered in cooling tower-related codes.
Strong earthquakes were the first type of accidental loads to be
considered. Ten earthquake waves were chosen and are presented
in Subsection 2.2 in accordance with the common principles for
selecting earthquake waves. After that, a trial procedure was used
to derive the intensity of each earthquake in the form of peak
ground accelerations (PGAs), under which the cooling tower would
collapse. The PGAs of each earthquake wave were first normalized
as 0.05 g (g denotes the gravitational acceleration) in two hori-
zontal directions (x and y directions) and 0.033 g in the vertical
direction (z direction), with the ratio of 0.05:0.05:0.033 ¼ 1:1:0.67
in accordance with Chinese code GB 50267e97 [20]. Then, the
earthquake wave was input into cooling tower-soil models with a
fixed incremental step for PGAs of 0.05 g in two horizontal di-
rections and 0.033 g in the vertical direction until towers collapsed.Fig. 1. A typical cooling toweresoil model.

Fig. 2. Cooling tower model.
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The second type of accidental loads was strong winds, which fell
under the normal and typhoon climate categories. The equivalent
design values of the wind pressure distributed on the external
surface of the cooling towers were obtained based on Chinese code
GB/T50102-2003 [21], which are similar to the widely accepted
ones specified in the VGB Guideline [22]. A trial procedure, much
like the cases for strong earthquakes, was also used for strong
winds to cause cooling towers to collapse.

The third type of accidental loads concerned the widely oper-
ating Boeing 747e400 impacting the throat of the cooling tower's
shell body with its airplane head or with one wing, as illustrated in
Fig. 3. The airplaneweighs 396 tonswith a cruise speed of 940 km/h
and was assumed as an elastically deformable body with uniform
distributions of rigidity and mass.

Specific numerical techniques were addressed in the compu-
tation for all types of accidental loads. First, contacts and collisions
acted among tower fragments as well as between the fragments
and soil surface during the collapse process. To simulate these
actions, the widely used penalty function method was applied to
implement the contact-collision algorithm. Second, one center
integral point in solid elements was used with the appropriate
hourglass control technique to make the computation efficient.
Third, the central difference method (explicit time integration)
was adopted to solve the dynamic equations with consideration of
geometric and material nonlinearity. Finally, the cooling tower-

soil models were verified based on several works. These
included the application of the penalty function method, collapse
process of a cooling tower demolished by controlled blasting,
ground vibrations measured in falling weight tests, and ground
vibrations monitored during a chimney demolition by blasting
[23].

2.2. Databases of collapse-induced ground vibrations

Primary factors that influenced collapse-induced ground vi-
brations should be considered when collecting representative
records and to further generate reasonable databases for collapse-
induced ground vibrations. Lin et al. revealed that these influ-
encing factors include the distance between a tower center on the
ground and an observation point, soil property, type of accidental
loads, collapse mode, and the height and weight of towers [2,3,14].
In the present study, these influencing factors were assumed to be
independent from each other. Table 1 presents a comprehensive
study plan designed to obtain ground vibration records from 20
computational cases with consideration of five distances, five
types of soil, three types of accidental loads, two collapse modes,
and three towers with different heights and weights. These re-
cords were used to generate a basic database and five comple-
mentary databases. A notation for computational cases is
interpreted in Fig. 4. For instance, computational case T1-M1-
EAQ_Kobe-S2 refers Tower 1 (T1) which failed in collapse mode
1 (M1) under the Kobe earthquake (EAQ_Kobe) with soil type 2
(S2). Tables 2 and 3 present the information for the towers and soil
properties, respectively.

The collapse process of the cooling tower and ground vi-
brations were obtained using the cooling tower-soil model in
each computational case as shown in Table 1. As an example,
Fig. 5 illustrates the collapse process of Tower 1 under the
Kobe earthquake, resulting in a collapse mode of “collapse in
fragments.” Fig. 6 presents acceleration histories (i.e.,

Fig. 3. Two types of impacting of Boeing 747e400 on throat of cooling tower's shell
body.

Table 1
Study plan to obtain ground vibration records.

No. Basic/comple-mentary database Computational case No. of records in database Location in this
paper

1 Basic database T1-M1-EAQ_Kobe-S2 10 � 36 ¼ 360 (at distance of 300 m) Subsections 3.2 and
3.3T1-M1-EAQ_ChiChi-S2

T1-M1-EAQ_Niigata-S2
T1-M1-EAQ_Northridge-S2
T1-M1-EAQ_HectorMine-S2
T1-M1-
EAQ_WhittierNarrows-S2
T1-M1-EAQ_Irinia-S2
T1-M1-EAQ_Parkfield-S2
T1-M1-EAQ_Kocaeli-S2
T1-M1-EAQ_RG1.60-S2

2 Compl. database 1: distance Identical to those in basic
database

10� 36� 5¼ 1800 (at distances of 250 m, 300 m, 350 m, 400 m, and
450m)

Subsections 3.4 and
3.5

3 Compl. database 2: soil property T1-M1-EAQ_Kobe-S1 5 � 36 ¼ 180 (at distance of 300 m)
T1-M1-EAQ_Kobe-S2
T1-M1-EAQ_Kobe-S3
T1-M1-EAQ_Kobe-S4
T1-M1-EAQ_Kobe-S5

4 Compl. database 3: accidental loads T1-M1-EAQ_Kobe-S2 4 � 36 ¼ 144 (at distance of 300 m)
T1-M1-WIN-S2
T1-M1-IMP1-S2
T1-M1-IMP2-S2

5 Compl. database 4: collapse mode T1-M1-EAQ_Kobe-S2 2 � 36 ¼ 72 (at distance of 300 m)
T10-M2-EAQ_Kobe-S2*

6 Compl. database 5: height and weight of
towers

T1-M1-EAQ_Kobe-S2 3 � 36 ¼ 108 (at distance of 300 m)
T2-M1-EAQ_Kobe-S2
T3-M1-EAQ_Kobe-S2

Note: *Tower 10 slightly differed from Tower 1 in dimensions to trigger the collapse mode of “collapse in integrity.”
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accelerograms) of ground vibrations at observation point A at a
distance of 300 m and an angle of 0� for computational case
T1-M1-EAQ_Kobe-S2. These results were comparable with
previous results in Refs. [2,3,14] and were used to generate the
basic and complementary databases for collapse-induced
ground vibrations. To do this, first, for each database shown
in Table 1 and for a specific distance, ground vibrations of 36
observation points were collected as ground vibration records.
These points were on a circumference set at an interval of 10�.
This was appropriate because (1) the direction of earthquake
propagation and the associated collapse direction of the

cooling tower are actually random. As a result, the ground
vibrations at many observation points on a circumference can
be assumed to be irrelevant; and (2) a similar assumption is
also implicitly adopted in earthquake engineering. That is,
generally, ground motions recorded at different locations (e.g.,
stations with a specific epicentral distance and geological
conditions) during a certain earthquake were simultaneously
used to build one design-oriented response spectrum [4]. As an
example of verification, Fig. 7 presents the peak values of
vertical accelerograms at 36 observation points on the
circumference at a 300 m distance at 10-degree intervals for
computational case T1-M1-EAQ_Kobe-S2. Remarkable varia-
tions of these data were observed and no apparent correlation
was found. Second, for each observation point, accelerations in
x and y directions at each discrete time point were composed
to generate a horizontal acceleration of collapse-induced
ground vibration. This is similar to the common treatment in
earthquake engineering [15]. Finally, by doing these, a total of
10 � 36 ¼ 360 ground vibration records at a specific distance
were collected to generate the basic database in Table 1 for
proposing a basic design-oriented ARS in Subsections 3.2 and
3.3. The generated complementary databases in Table 1
contain about 2304 records, whichwere used to present a
generalized design-oriented ARS in Subsections 3.4 and 3.5
based on the basic design-oriented ARS.

Fig. 4. Notation for computation cases.

Table 2
Information for towers.

Parameter Value

Tower 1 Tower 2 Tower 3

Dimensions and weight
Height (m) 200.5 251 185
Weight (ton) 60000 119770 73200
Diameter of shell body bottom (m) 153.0 176.56 126.8
Diameter of shell body top (m) 96.6 114.2 82.5
Thickness of shell body bottom (mm) 1400 1700 1800
Thickness of shell body throat (mm) 250 350 295
Thickness of shell body top (mm) 350 400 384
No. of columns 104 112 96
Column diameter (mm) 1300 1600 1800

Reinforcement arrangement
Shell body/Circumferential/Inner side (mm2/m) 1300e8040 1092e6528 628e5361
Shell body/Circumferential/Outer side (mm2/m) 1530e6770 1092e6528 1026e5361
Shell body/Meridional/Inner side (mm2/m) 1290e6390 1300e6528 643e6423
Shell body/Meridional/Outer side (mm2/m) 1450e2800 1290e6528 1026e5361
Columns/Longitudinal (mm2) 29380 22016 63961
Columns/Stirrup (mm2/m) 2200 2080 2016

Materials
Concrete
Uniaxial compressive strength (MPa) 26.8 26.8 26.8
Uniaxial tensile strength (MPa) 2.39 2.39 2.39
Elasticity modulus (MPa) 3.25 � 104 3.25 � 104 3.25 � 104

Poisson's ratio 0.2 0.2 0.2
Reinforcing steel bar
Yield strength (MPa) 400 400 335
Ultimate strength (MPa) 540 540 455
Elasticity modulus (MPa) 2.0 � 105 2.0 � 105 2.0 � 105

Poisson's ratio 0.3 0.3 0.3

Table 3
Information for soil properties.

No. Poisson's ratio Elasticity modulus (MPa) Density (kg/m3) Cohesion (MPa) Dynamic shear modulus (MPa) Shear wave velocity (m/s) Internal friction angle (rad)

S1 0.375 560 2150 0.50 203.64 307 0.63
S2 0.325 4120 2350 0.91 1554.72 813 0.78
S3 0.275 10820 2550 1.66 4243.14 1289 0.95
S4 0.225 26300 2750 1.77 10734.69 1975 1.02
S5 0.175 42700 2950 3.84 18170.21 2481 1.10
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3. Response spectrum analysis for collapse-induced ground
vibrations

3.1. Response spectrum for an individual ground vibration record

Response spectrum is a plot of the maximum representative
response versus the natural period of a linear single-degree-of-
freedom (SDOF) system under a specific dynamic excitation. For
the SDOF with an angular natural frequency u and a damping ratio
z, the corresponding equation of motion is expressed as

€uðtÞ þ 2uz _uðtÞ þ u2uðtÞ ¼ �€ugðtÞ (1)

where uðtÞ , _uðtÞ , and €uðtÞ are displacement, velocity, and accel-
eration of the SDOF relative to groundmotion €ugðtÞ . To solve Eq. (1),

various numerical methods are available to obtain dynamic re-
sponses of the SDOF. In this study, the acceleration response
spectrum (ARS) was adopted when performing response spectrum
analysis. An exact analytical solution presented in Refs. [24,25] was
applied to solve Eq. (1) thanks to its computational efficiency.

3.2. Response spectra for ground vibration records in basic
database

Fig. 8 presents 360 ARS in the vertical direction in dots for the
records in the basic database in Table 1 with the damping ratio of
the SDOF taken as 5%. Generally, the spectral curves in Fig. 8 rapidly
ascend to a peak value approximately between 0.1 s and 0.3 s and
then slowly descend in awide range of increasingly natural periods.
In addition, three nonexceedance probability curves of 75-, 84-
(mean-plus-one-standard deviation), and 95-percentiles are

Fig. 5. Collapse process of Tower 1 under Kobe earthquake.

Fig. 6. Acceleration histories of ground vibration at observation point A at a distance of 300 m and an angle of 0� for computational case T1-M1-EAQ_Kobe-S2.

Fig. 7. Peak values of vertical accelerograms at 36 observation points on the circum-
ference at 300 m distance at 10-degree intervals for computational case T1-M1-
EAQ_Kobe-S2.

Fig. 8. 360 acceleration response spectra in vertical direction in dots for records in
basic database with different nonexceedance probability curves in solid lines.
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plotted in solid lines in Fig. 8. These curves were obtained based on
a statistical assumption and model checking. That is, it was
confirmed that the spectrum amplitudes at each discrete natural
period (T) follow a generalized extreme value distribution (GEVD)
at the 95% confidence level. For instance, Fig. 9 illustrates that the
frequency histogram of acceleration amplitudes at T ¼ 0.12 s
collected from Fig. 8 matches the probability density function of the
GEVD reasonably well. As a result, nonexceedance probability
curves of different percentiles were obtained based on the GEVD.

3.3. Basic design-oriented ARS

3.3.1. Shape of design-oriented ARS
Basically, the shape of a design-oriented ARS should envelope

the ARS of a specific percentile originated from the basic database
and possibly been modified using the complementary databases.
Similar treatment was also adopted by other authors, e.g., Jan-
kowski [26], Hacıefendio�glu et al. [27], and Chen et al. [28]. To
implement this, the design-oriented ARS in the present study was
shaped using piece-wise segments inspired both by the ARS profile
of the 84-percentile in Fig. 8 and by those commonly used seismic
design spectra [6,29]. Fig. 10 illustrates the curve of the design-

oriented ARS, which contains an ascending portion, a plateau,
and two connected descending portions. The first descending
portion was mathematically expressed in an exponential function,
which is widely used for seismic design spectra. Consequently, the
acceleration magnitude in the design-oriented ARS, a, is summa-
rized as Eq. (2),

a ¼

8>>>>>>>>>><
>>>>>>>>>>:

ðh2 � 0:5Þamax

T1
T þ 0:5amax 0 � T � T1

amax T1 < T � T2

a ¼
�
T2
T

�g

h2amax

a ¼ ½h20:2g � h1ðT � 5T2Þ�amax

T2 < T � 5T2

5T2 < T � 6:0

(2)

where amax is the peak value of a; T1 and T2 are the natural period
values corresponding to the beginning and end of the plateau,
respectively. These values are affected by soil property; h1 and h2
are damping ratio-dependent parameters and g is a parameter of
the attenuation index used in the two descending portions of the
spectral curve. These spectral parameters can be statistically
determined using specific databases for ground vibrations, which
were demonstrated in Subsections 3.3.2, 3.4 and 3.5.

The shape of the design-oriented ARS in Fig. 10 has a physical
meaning. First, the natural period T ¼ 0 implies that the stiffness of
the SDOF is infinity, and the acceleration magnitude theoretically
equals the maximum acceleration of ground motion. Statistical
results of the 84-percentile ARS found that in this case the accel-
eration magnitude, a, laid in a range between 0.4amax and 0.5amax
and was conservatively adopted as 0.5amax in this study. Second,
the plateau segment reflected quasi-resonance because the natural
frequencies of the SDOF were close to the dominate frequencies of
ground vibration. Third, the two descending segments (i.e.,
T2 < T � 5T2 and 5T2 < T � 6.0 s) are usually controlled by velocity
and displacement based on the response spectrum theory,
respectively [4,15]. Finally, the natural period of 6.0 s in the ARSwas
considered appropriate because structures and facilities with nat-
ural periods more than 6.0 s are rare.

3.3.2. Determination of spectral parameters in basic design-
oriented ARS

A basic design-oriented ARS was derived with consideration of
(1) the 84-percentile ARS originated from the basic database, and
(2) the shape of the design-oriented ARS in Fig. 10. Table 4 presents
the spectral parameter values of the basic design-oriented ARS
using a cut-and-try method. Fig. 11 compares the basic design-
oriented ARS and the 84-percentile ARS for ground vibration re-
cords in the basic database in the horizontal and vertical directions,
respectively. Evidently, the latter spectral curves were fully envel-
oped by and appropriately closed to the former ones in both di-
rections for conservative reasons.

3.4. Modification of basic design-oriented ARS considering
influencing factors

Influence of primary factors on the basic design-oriented ARS

Fig. 9. Comparison of frequency histogram of acceleration amplitudes at T ¼ 0.12 s in
Fig. 8 with probability density function of generalized extreme value distribution.

Fig. 10. Shape of design-oriented acceleration response spectrum for collapse-induced
ground vibrations.

Table 4
Spectral parameter values of basic design-oriented ARS (z ¼ 5%).

amax (g) T1 (s) T2 (s) g h1 h2

Horizontal Vertical Horizontal Vertical Horizontal Vertical

0.25 0.5 0.1 0.3 0.75 0.90 0.042 0.03 1
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was investigated and the results in the horizontal direction are
illustrated in Figs.12e17. The results in the vertical direction are not
presented for the sake of brevity. These influencing factors include
the damping of the SDOF, distance, soil property, accidental loads,
collapse mode, and height and weight of a cooling tower. To do this,
the spectral parameters in the basic design-oriented ARS were
modified and summarized in Table 5 for specific parameter values
or options of the influencing factors.

Damping ratios, z, of 0.5%, 1%, 2%, 5% and 7% were considered for
nuclear-related structures and facilities. Fig. 12 compares the
modified ARS originated from 360 ground vibration records in the
basic database with different damping ratios. It was found that the
damping ratio significantly affected the spectral parameters g, h1
and h2, as indicated in Table 5.

Distances, d, between tower centers on ground and nuclear
islands were typically taken as 250 m, 300 m, 350 m, 400 m, and

Fig. 11. Comparison of basic design-oriented ARS and 84-percentile ARS for ground vibration records in basic database.

Fig. 12. Modification of basic design-oriented ARS in horizontal direction considering
different damping ratios.

Fig. 13. Modification of basic design-oriented ARS in horizontal direction considering
different distances.

Fig. 14. Modification of basic design-oriented ARS in horizontal direction considering
different soil properties.

Fig. 15. Modification of basic design-oriented ARS in horizontal direction considering
different accidental loads.

F. Lin, W. Jiang / Nuclear Engineering and Technology 50 (2018) 1402e14111408



450 m, and the results are illustrated in Fig. 13, which is based on
360 � 5 ¼ 1800 ground vibration records in complementary data-
base 1. Table 5 reveals that this factor actually influenced amax while
other spectral parameters in the basic design-oriented ARS
remained unchanged.

Five soil types commonly used in NPPs with their shear wave
velocities, v, of 307 m/s, 813 m/s, 1289 m/s, 1975 m/s, and 2481 m/s
were considered, resulting in 180 ground vibration records in
complementary database 2. The modified design-oriented ARS are
illustrated in Fig. 14. The results implied that shear wave velocity
actually influenced amax, T1, and T2.

The considered accidental loads included a strong earthquake,
strong wind, aircraft impact with the head, and aircraft impact with
one wing. The Kobe earthquake was used as strong earthquake
which resulted in the collapse mode of “collapse in fragments” (M2
mode). The results are illustrated in Fig. 15 using 144 ground vi-
bration records in complementary database 3. The accidental loads
significantly affected the spectral parameter amax. In addition, the
ARS in these cases showed clear distinction. i.e., “aircraft impact
with the head > strong wind > strong earthquake > aircraft impact
with one wing.”

Two collapse modes, i.e., the “collapse in fragments” (M2 mode)
and “collapse in integrity” (M1 mode), were considered, and the

results are presented in Fig. 16 based on 72 ground vibration re-
cords in complementary database 4. Similarly, the collapse mode
significantly affected the spectral parameter amax.

Three cooling towers with different weights, mg, and heights, h,
were applied to investigate their influence on the basic design-
oriented ARS. The results are presented in Fig. 17 using 108
ground vibration records in complementary database 5. The
parameter representing this influencing factor in the form of the
product, mgh, mainly affected the spectral parameter amax.

3.5. Generalized design-oriented ARS and verification

A generalized design-oriented ARS with consideration of influ-
encing factors was obtained based on a multi-parameter nonlinear
regression analysis. Mathematical expressions for the spectral pa-
rameters are summarized in Eq. (3)�(8),

amax ¼
�
b1b2b3b4,0:25 in horizontal direction
b1b2b3b4,0:5 in vertical direction

(3)

T1 ¼ 0:128e�0:00045v (4)

T2 ¼ 0:323e�0:0001254v (5)

g ¼

8>>><
>>>:

0:75þ 0:05� z

0:5þ z
in horizontal direction

0:9þ 0:05� z

0:5þ z
in vertical direction

(6)

h1 ¼

8>><
>>:

0:042þ 0:05� z

16
in horizontal direction

0:03þ 0:05� z

16
in vertical direction

(7)

h1 ¼ 1þ 0:05� z

0:08þ 1:8z
(8)

where amax is the peak value of spectral accelerationwith units in g.
b1, b2, b3, and b4 are influencing factor-related coefficients and can
be determined using Table 6. Results found that (1) amax increased
with the increase in the shear wave velocity of soil and the product
of weight and height of tower; (2) amax enlarged in case of the
collapse mode “collapse in integrity” compared to that of “collapse
in fragments; ” (3) amax also increased with the decrease in dis-
tance; and (4) amax in vertical direction is larger than that in hori-
zontal direction. These findings were in conformity with
knowledge obtained in previous studies [2,3,14].

For verification, Table 7 compares the representative accelera-
tion magnitudes obtained from the generalized design-oriented
ARS with those from computational results in Table 1 considering
the nonexceedance probability of 84-percentile. Results confirmed
that the former were always larger than the latter in a range of
0.5%e28%. This was reasonable considering the concept of the
generalized design-oriented ARS and, therefore, was applicable for
engineering applications.

4. Conclusions

A generalized design-oriented ARS was presented to estimate
the maximum acceleration response of nuclear-related facilities
subjected to ground vibrations caused by the collapse of cooling
towers. Numerous ground vibration records were generated using
cooling tower-soil numerical modes proposed in previous studies.

Fig. 16. Modification of basic design-oriented ARS in horizontal direction considering
different collapse modes.

Fig. 17. Modification of basic design-oriented ARS in horizontal direction considering
different heights and weights of cooling towers.
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These records considered the main factors that influenced ground
vibrations. Based on response spectrum analysis approaches, the
generalized design-oriented ARS was proposed in the form of
piece-wise segments with specified spectral parameters. Primary

influencing factors, i.e., damping of SDOF, distance, soil property,
accidental loads, collapse mode, and height and weight of tower,
were incorporated in the ARS. The proposed ARS is of significance
to reasonably estimate the maximum acceleration response of

Table 5
Spectral parameter values considering different influencing factors.

Influencing factor Parameter for influencing factor amax (g) T1 (s) T2 (s) g h1 h2

Horizontal Vertical Horizontal Vertical Horizontal Vertical

Damping Damping ratio z 0.5% 0.25 0.5 0.1 0.3 0.83 0.99 0.0448 0.0328 1.51
1% 0.82 0.97 0.0445 0.0325 1.41
2% 0.80 0.95 0.0439 0.0319 1.26
5% 0.75 0.90 0.0420 0.0300 1.00
7% 0.73 0.88 0.0408 0.0288 0.90

Distance Distance d (m) 250 0.42 0.79 0.1 0.3 0.75 0.90 0.0420 0.0300 1.00
300 0.25 0.5
350 0.16 0.32
400 0.11 0.22
450 0.09 0.16

Soil property Shear wave velocity v (m/s) 307 0.08 0.15 0.12 0.32 0.75 0.90 0.0420 0.0300 1.00
813 0.25 0.5 0.1 0.3
1289 0.72 1.1 0.08 0.28
1975 1.17 1.88 0.06 0.26
2481 1.21 2.29 0.04 0.24

Accidental loads e Strong earthquake 0.25 0.5 0.1 0.3 0.75 0.90 0.0420 0.0300 1.00
Strong wind 0.4 0.89
Aircraft impact with the head 0.54 1.2
Aircraft impact with a wing 0.1 0.2

Collapse mode e Collapse in fragments 0.25 0.5 0.1 0.3 0.75 0.90 0.0420 0.0300 1.00
Collapse in integrity 1.29 3.06

Height and weight of towers mgh ( � 1010 kg m) 1.22 0.25 0.5 0.1 0.3 0.75 0.90 0.0420 0.0300 1.00
1.37 0.28 0.62
2.98 0.71 1.94

Table 6
Determination of coefficients b1, b2, b3, and b4 in Eq. (3).

Coefficient Value Influencing factor

In horizontal direction In vertical direction

b1 15:364e�0:008931d 13:352e�0:00857d distance

b2 0:002309v� 0:4269 0:002059v� 0:4588 soil property
b3 Strong earthquake Collapse in fragments 1 1 accidental load and collapse mode

Collapse in integrity 5.16 6.12
Strong wind 1.60 1.78
Aircraft impact with the head 2.16 2.40
Aircraft impact with a wing 0.40 0.40

b4 1:279
mgh

1:2168
� 0:295 1:986

mgh
1:2168

� 0:9849
height and weight of tower

Note: Distance d in m, shear velocity v in m/s, and product of height and weight of tower, mgh, in 1010 kg m.

Table 7
Comparison of representative acceleration magnitudes from generalized design-oriented ARS with those from computational results in Table 1.

No. Database/influencing factor Computational case a in horizontal direction (g) a in vertical direction (g)

comput. case ARS Error comput. case ARS Error

1 Basic database T1-M1-EAQ-S2, T ¼ 0.2 s, d ¼ 300 m, z ¼ 5% 0.240 0.25 4.4% 0.467 0.5 7.0%
2 T1-M1-EAQ-S2, T ¼ 1.2 s, d ¼ 300 m, z ¼ 5% 0.0829 0.0884 6.7% 0.112 0.143 28.0%
3 Influencing factor: damping T1-M1-EAQ-S2, T ¼ 0.2 s, d ¼ 300 m, z ¼ 2% 0.282 0.315 11.7% 0.556 0.629 13.1%
4 T1-M1-EAQ-S2, T ¼ 1.2 s, d ¼ 300 m, z ¼ 2% 0.0979 0.102 4.2 0.130 0.166 27.4%
5 Compl. database 1: distance T1-M1-EAQ-S2, T ¼ 0.2 s, d ¼ 400 m, z ¼ 5% 0.106 0.108 2.2% 0.205 0.216 5.7%
6 T1-M1-EAQ-S2, T ¼ 0.2 s, d ¼ 350 m, z ¼ 2% 0.189 0.211 11.6% 0.382 0.415 8.8%
7 Compl. database 2: soil property T1-M1-EAQ_Kobe-S3, T ¼ 0.2 s, d ¼ 300 m, z ¼ 5% 1.20 1.33 10.2% 2.28 2.32 2.0%
8 T1-M1-EAQ_Kobe-S3, T ¼ 0.2 s, d ¼ 350 m, z ¼ 2% 1.04 1.05 1.1% 1.62 1.71 5.4%
9 Compl. database 3: accidental loads T1-M1-IMP1-S2, T ¼ 0.2 s, d ¼ 350 m, z ¼ 5% 0.350 0.364 3.9% 0.775 0.797 2.8%
10 T1-M1-IMP2-S2, T ¼ 0.2 s, d ¼ 300 m, z ¼ 5% 0.094 0.100 6.4% 0.177 0.200 12.7%
11 T1-M1-IMP2-S2, T ¼ 1.4 s, d ¼ 300 m, z ¼ 5% 0.030 0.033 9.6% 0.045 0.053 19.7%
12 Compl. database 4: collapse mode T10-M2-EAQ_Kobe-S2, T ¼ 0.1 s, d ¼ 400 m, z ¼ 5% 1.20 1.29 7.5% 3.046 3.06 0.5%
13 Compl. database 5: height and weight of towers T2-M1-EAQ_Kobe-S2, T ¼ 0.2 s, d ¼ 350 m, z ¼ 5% 0.444 0.466 5.0% 1.22 1.29 5.4%
14 T3-M1-EAQ_Kobe-S2, T ¼ 0.2 s, d ¼ 300 m, z ¼ 5% 0.248 0.283 13.9% 0.500 0.569 13.6%
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nuclear-related facilities in the NPP planning stage.
The database can be further improved in two aspects. On the

one hand, more earthquakes and tower types can be considered. On
the other hand, in certain situations, the collapse-induced ground
vibrations can be undesirably strong. To reduce the ground vibra-
tion, previous studies proved that specific vibration reduction
measurements, e.g., various cushions and isolation trenches, were
efficient [14,30]. In these cases, the ARS caused by reduced ground
vibrations was different from the proposed one in this paper and
needs further study.
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