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ARTICLE INFO ABSTRACT

Keywords: This present paper proposes a spectral-acceleration-based earthquake intensity measure, which considers the
Chimneys higher modes effect and period elongation effect. A comprehensive study has been carried out to investigate the
Correlation

correlation between structural damages of high-rise chimneys and the proposed intensity measure as well as a
number of widely used ground motion parameters under far-field ground motion records. Three RC high-rise
chimneys, i.e., a 240 m-high chimney, a 180 m-high chimney, a 120 m-high chimney, are established and
analyzed in OpenSees. The structural performance is expressed in terms of Park-Ang damage index, maximum
inter-story drift ratio, maximum roof displacement, and maximum floor acceleration. The results indicate that
the majority of displacement-related ground motion parameters behave too poor to yield a good correlation with
the structural damage index of high-rise chimneys. Moreover, the proposed intensity measure has a high cor-
relation with the structural damage indices, especially with maximum inter-story drift ratio and maximum roof
displacement. As a result, the proposed earthquake IM is a promising parameter to predict the structural damage

Ground motion parameter
Structural damage

Period elongation effect
Higher modes effect

of high-rise chimneys.

1. Introduction

An important aspect of seismic risk analysis is the assessment of
expected structural damage caused by a specific earthquake ground
motion. The ground motion parameters and the structural damage
indices are necessary to estimate the structural damage potential of an
earthquake. A good correlation of the ground motion parameters and
structural damage indices ensures a more accurate evaluation of seismic
performance and an effective reduction in the variability of structural
response prediction. As a result, the identification of a promising in-
tensity measure, which sufficiently correlates with structural damage
indices, is of considerable significance to the seismic risk assessment of
the structures.

The high-rise chimneys are tall and long-period structures that will
encounter severe structural damage under some earthquakes [1-3].
Wang and Fan [4] investigated failure cases of 739 chimneys and
concluded that 19% of them were damaged by earthquakes. The per-
centage is second only to the damage caused by temperature stress. In
1976, a 180 m RC chimney in Tangshan suffered from an earthquake
with magnitude of 7.8 and collapsed at an elevation of 130.5 m due to
the 7.1-magnitude aftershock in the same day [4]. In addition, a RC

* Corresponding author.
E-mail address: zhouchangdong@163.com (C. Zhou).

https://doi.org/10.1016/j.s0ildyn.2020.106282

chimney is damaged during the 2007 Niigata-ken Chuetsu-Oki Earth-
quake in Japan. This chimney is 60 m high, and the damage was
observed at the height of approximately 17.5 m from the ground level,
where two layers of longitudinal steel bars were changed to one layer
[5]. The failure mechanism of chimneys by earthquake action has been
investigated by some researchers[6-8]. In the earthquake, the inertial
force is much stronger in horizontal directions, which will result in
horizontal displacements at each height of the chimney. The chimney
will be damaged when it cannot withstand the horizonal inertial force.
In addition, the chimneys could also be seriously damaged by torsional
stress as it is reported that the rotational components of ground motion
may strongly affect response of tall, slender structures [9,10]. After the
Tangshan Earthquake (M 7.8 on July 28, 1976) and the Wenchuan
Earthquake (M 8.0 on May 12, 2008) in China, researchers investigated
the extent of damage of a few masonry chimneys and reinforced con-
crete chimneys [11,12]. The results indicate that the presentations of
earthquake damage are complex, including horizontal and vertical
cracks, inclined cracks, torsion failure and collapse etc.

The degree of the structural damage caused by the earthquakes de-
pends on the seismic performance of the structure and the intensity,
energy, and frequency of the ground motions. Previous studies [13-15]
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Table 1
Some spectral-acceleration-based intensity measures (IMs).
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indicated that the observations of building damages due to the earth-
quakes had an interdependency between the structural response and the
ground motion parameters. As a result, a great number of ground motion
parameters have been proposed to represent the structural damage, and
the correlation between structural damage and the ground motion pa-
rameters has also been widely concerned.

Elenas et al. [16] investigated the correlation between 14 seismic
acceleration parameters and the overall structural damage indices
(OSDI) of a 7-story RC frame structure and concluded that the
first-period spectral acceleration S,(T;) had the strongest correlation
with the damage indices. Chen et al. [17] presented a study on the
relationship between ground motion parameters and lining damage
indices for mountain tunnels. The study clarified that for near-field
ground motion without velocity pulses, PGD and PGV were the key
parameters, and for far-field ground motions, PGV and Arias intensity
were most correlated with lining damage indices. Van Cao et al. [18]
investigated the correlation between ground motion parameters of
far-field motions and damage indices of a low-rise (3-story) RC frame
and concluded that the Velocity spectrum intensity had the best corre-
lation. Wang and Zhao [19] presented a correlation study between
structural damage and PGA, PGV, and peak spectrum acceleration (PSA)
during the Ms8.0 Wenchuan Earthquake. Kostinakis et al. [20] studied
the correlation between ground motion intensity measures and the
seismic damage of four medium-rise 3D RC buildings under different
directional ground motion input. Kenari et al. [21] examined the cor-
relation between ground motion intensity measures (IM) and seismic
damage indices of 4 masonry-infilled steel frames with 3, 5, 8, and 12
stories, respectively. These studies have noted the importance of cor-
relation between ground motion parameters and structural damage
indices and concluded that the optimal ground motion parameter, which
is most correlated to structural damage, is different due to the structure
types. Moreover, most current studies have concerned about this cor-
relation in low-rise buildings and the interdependency between
high-rise structures and the ground motion parameters is not
straightforward.

Different from the low-rise and medium-rise buildings, the high-rise
chimneys are usually tall and soft and possess a large slenderness ratio.
Without multi-defense lines for earthquake resistance, this type of
structure is prone to undergo severe damage and even collapse under
great earthquakes.

This paper presents a correlation study between damage indices of
high-rise RC chimneys and ground motion parameters, including a new
ground motion intensity measure that considers higher-mode effect and
period elongation effect simultaneously. The nonlinear analysis of the 3
RC chimneys structures is carried out in OpenSees.

2. Ground motion parameters

Ground motion parameters are essential for describing the

characteristics of strong ground motion in a quantitative and compact
form. Due to the complexity of earthquake ground motions, identifica-
tion of a single parameter that will accurately describe all the significant
characteristics is nearly impossible. Therefore, various ground motion
parameters have been proposed to characterize the amplitude, fre-
quency content, and duration of strong ground motions.

2.1. A new earthquake intensity measure

Previous studies [22-24] have shown that the first-period spectral
acceleration S4(T7) is a simple and effective intensity measure for the
seismic assessment of some buildings.

However, for high-rise cantilever structures, the dynamic response
depends significantly on the higher frequency spectral accelerations in
addition to the first-mode spectral acceleration. With the increasing of
structural heights, the higher vibration modes will participate in the
structural response under earthquake loads. Meanwhile, in the
nonlinear stage, the elastic period will be elongated due to the structural
stiffness degradation, which is considered closely related to structural
damage[25]. To overcome the limitation mentioned above, various
modifications have been made to improve Sq(Ti) , and many
spectral-acceleration-based earthquake intensity measures have been
recommended [23,26-31]. Some earthquake intensity measures
consider the period elongation effect of the structure. These IMs take the
power-law form of the fundamental spectral acceleration and spectral
acceleration at the elongated period. The elongated period is repre-
sented by multiplying elastic first mode period T; and a constant C.
Some other IMs account for the higher modes effect. These IMs employ
exponential expressions or linear combinations of spectral accelerations.
Table 1 summaries some spectral-acceleration-based earthquake in-
tensity measures which consider the period elongation effect or the
higher modes effect.

The modified intensity measures in Table 1 either consider the higher
modes effect or the period elongation effect at one time. However, the
two effects are coupling in the real structural dynamic response. Based
on the work of researchers mentioned in Table 1, the new IM is designed
to allow for the higher modes effect and period elongation effect at the
same time.

The new intensity measure (IM) is expressed as

;=S (T1)'Su(CT)' ™ + > aiSu(T) €3]

i=2

Where S4(T;) is the elastic spectral acceleration at the ith mode, n is the
highest mode that included, a;is the ith modal mass participation factor,
and pis the weighting coefficient to adjust the effect of period elonga-
tion. Obviously, the S, is designed to combine the ground motion
characteristic and the structural response and meanwhile taking both
the higher modes effect and period elongation effect into consideration.
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Table 2
Definition of the ground motion parameters.
No.  Ground motion Definition Unit
parameter
1 First-mode spectral Sq(T1,¢ = 0.05) g
acceleration [23]
2 Peak ground max|a(t)| g
acceleration (PGA)
3 Peak ground velocity max|v(t)| cm/
(PGV) sec
4 Peak ground max|d(t)| cm
displacement (PGD)
5 PGV/PGA [38] max|v(t)] sec
max agtg‘
6 PGD/PGV [39] max|d(t sec
max|v(t L
7 Housner’s spectral SI = [57 PS,(T,& = 0.05)dT cm
intensity (SI) [40]
8 Acceleration Root- 1 e g
mean-square (RMS) Arms <E | /0 a(t) dt)
[41]
9 Velocity RMS [41] 1 ot cm/
Vims = 4/ (t_ / () df) sec
s Jo
10 Displacement RMS 1 ot cm
1] Qe = (E [ awiee)
11 Significant duration The significant duration is taken as the sec
[42] interval between the times at which 5%
and 95% of the seismic energy is attained
12 Arias intensity (AI) L m/
[43] Al = z—g/o a(t)dt sec
13 Characteristic I =als -
intensity (I.) [36]
14 Specific energy SED = .[é"’ v(t)%dt -
density (SED) [36]
15 Cumulative absolute CAV = fé"|a(t)\dt cm/
velocity (CAV) [36] sec
16 Cumulative absolute CAD = jgmly(t)‘dt cm
displacement (CAD)
[36]
17 Nau and Hall’s index Ea = fé"ta(t)zdt -
(Ea) [44]
18 The root-square of E, Ay = VE, -
(Ar) [44]
19 Nau and Hall’s index E, = ;mv(t)zdt -
(Ey) [44]
20 The root-square of E, Vis = VE, -
(Vi) [44]
21 Nau and Hall’s index Eq = (;"‘ d(t)*de -
(Eq) [44]
22 The root-square of Eq Dys = VEq -
(Drs) [44] 2
23 Earthquake power 1 s g
index P, [40] Pa = tos — ts /ls ale)yde
24 The root-square of Pa apms = vPa g
(arms) [37] ,
25 Earthquake power 1 s, cm?/
index P, [40] Py = tos — ts /[5 vty de sec?
26 The root-square of Pv Vrms = Py cm/
(vrms) [37] sec
27 Earthquake power 1 s 5 cm?
index Py [40] 4= tos — ts L d(e)de
28 The root-square of Pd drms = VPq cm
(drwms) [371
29 Acceleration spectrum  Ag[ — ;’f So(T, & = 0.05)dT cm/
intensity (ASI) [40] sec
30 Velocity spectrum VSI = 0215 S,(T,& = 0.05)dT cm
intensity (VSI) [40]
31 Effective peak mean(s)1%5(¢ = 0.05)) g
acceleration (EPA) BPA = ——
[45]
32 Effective peak velocity EPV mean(s)1 %5 (¢ = 0.05)) cm/
(EPV) [45] N 2.5 sec
33 Riddell’s index (I,) I, = PGA- Ytiwr -
[46]
34 Riddell’s index (I4) Ig = PGD-/tor -
[46]
35 l[li(g;iell’sindex ) I, = V/PGD% i -
36 Fajfar’s index (Ip) [47] It = PGV-{/twr -
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Note: ¢ is damping ratio, t,, is the total duration of the selected ground motion
record, t5 and tgs are time points at which 5% and 95% of the seismic energy is
attained.

It should be noted that the S, possesses very high applicability. More
specifically, in the case offp = 0.5, if the higher modes effect is not
included, the SC has the same nature ofSy; and S*. Meanwhile, if the
period elongation effect is not included (i.e.C = 1), the S, will degen-

erate into §;. In other words, the S; unified the period-elongation-effect-
involved power-law IMs and linear form IMs together. The proposed IM
has been evaluated in the aspect of efficiency and sufficiency in a pre-
vious study [33]. In this article, the correlations between SZ and damage
indices are investigated and compared with other ground motion
parameters.

2.2. The other ground motion parameters

To investigate the correlation between the ground motion parame-
ters and the structural damage of high-rise chimneys and make a com-
parison with the proposed earthquake intensity measure, some seismic
ground motion parameters are also selected in this study. These ground
motion parameters can be approximately classified into two categories.
The first type can be directly extracted from ground motion records,
such as peak ground acceleration (PGA), peak ground velocity (PGV),
and peak ground displacement (PGD). These parameters have been
widely applied in some national design codes due to their convenience
and simplicity in usage [34,35]. The second type is indirectly obtained
through computer-supported analysis. These parameters include spec-
tral acceleration (SA), effective peak acceleration (EPA), Arias intensity
(AI), and Housner’s spectral intensity (SI), etc. In this study, 37 ground
motion parameters are investigated, and most of them are generally
reported by Kramer [36] and Riddell [37]. Table 2 presents the brief
definitions and introductions of these parameters.

3. Damage indices

Damage indices are straightforward and quantitative tools to assess
the damage of structures under earthquakes. Strictly speaking, a damage
index is a dimensionless parameter intended to range between 0 for
undamaged structural state and 1 for collapse state, with intermediate
values representing the degree of structural damage. During an earth-
quake, the structural damage in reinforced concrete may result from
excessive deformations or may be accumulated damage sustained under
repeated load reversals. The damage is usually accompanied by struc-
tural stiffness degrading effect. A large number of theories and models
have been raised for the damage indices [48]. In this study, the local
damage index (DI) proposed by Park and Ang [49] is used. The Park-Ang
damage index, which is a linear combination of the structural damage
caused by excessive deformation and hysteretic energy, has been widely
used in earthquake engineering due to the consideration of cumulative
damage of structures subjected to repeated cyclic loading. This
energy-based damage index is expressed in Eq. [2], where u;, is the
maximum displacement of a structural component under an earthquake
action, u, is the ultimate displacement subjected to a static monotonic
load, Ej, is the hysteretic energy dissipated by the structural component,
Fy is the yield force, and f is a parameter to cover the contribution of
cumulative inelastic actions to the structural damage.

n o Ei

il 2
" +p Foun 2)

DI=

Apart from the Park-Ang damage index, three damage measures, i.e.,
maximum inter-story drift (IDR), maximum roof displacement (RD), and
the maximum floor acceleration (FA), are also investigated in this
article. The maximum inter-story drift 6, is an important and practical
index to measure structural stiffness and deformation capacity and has
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FRATa, Elevation Radius  Shell thickness Outside-face Steels Inside-face Steels
@ ST (m) (m) (mm) Vertical bars Transverse bars Vertical bars Transverse bars
B 120 2.86 180 12 at 150 12 at 150 12 at 200 12 at 200
= 110 3.06 180 12 at 150 12 at 150 12 at 200 12 at 200
:;‘.: 100 3.26 180 14 at 150 14 at 150 12 at 200 12 at 200
& 920 346 200 14 at 150 14 at 150 12 at 200 12 at 200
_-‘E; 80 3.66 200 16 at 150 16 at 150 12 at 150 12 at 150
L) 70 3.86 220 16 at 150 16 at 150 12 at 150 12 at 150
_u 60 4.06 220 16 at 150 16 at 150 12 at 150 12 at 150
H 50 4.26 250 18 at 150 18 at 150 12 at 150 12 at 150
+ 40 4.46 250 18 at 150 18 at 150 12 at 150 12 at 150
B 30 4.66 300 20 at 150 20 at 150 14 at 150 14 at 150
1 20 5.06 300 20 at 150 20 at 150 14 at 150 14 at 150
B 10 5.46 350 22 at 150 22 at 150 14 at 150 14 at 150
ook 0 5.86 350 22 at 150 22 at 150 14 at 150 14 at 150
Elevation Radius  Shell thickness Qutside-face Steels Inside-face Steels
A (m) (m) (mm) Vertical bars Transverse bars Vertical bars Transverse bars
H 180 315 200 16 at 150 14 at 150 14 at 150 12 at 150
o= 170 315 200 16 at 150 14 at 150 14 at 150 12 at 150
:i:u 160 3.25 250 16 at 150 14 at 150 14 at 150 12 at 150
& 150 3.35 250 18 at 150 16 at 150 16 at 150 12 at 150
é 140 345 300 18 at 150 16 at 150 16 at 150 12 at 150
é‘a 130 3.55 300 20 at 150 16 at 150 18 at 150 12 at 150
H 120 3.65 350 20 at 150 18 at 150 18 at 150 14 at 150
5 110 275 350 20 at 150 18 at 150 18 at 150 14 at 150
100 4.05 400 20 at 150 20 at 150 18 at 150 16 at 150
w 90 435 400 22 at 150 20 at 150 20 at 150 16 at 150
'& 80 4.65 450 22 at 150 20 at 150 20 at 150 16 at 150
u,_ 70 4.95 450 22 at 150 20 at 150 20 at 150 16 at 150
1 60 325 450 22 at 150 20 at 150 20 at 150 16 at 150
-‘-’J 50 5.55 500 22 at 150 20 at 150 20 at 150 16 at 150
_3'_; 40 5.85 500 22 at 150 20 at 150 20 at 150 16 at 150
odoe 30 6.55 500 22 at 150 20 at 150 20 at 150 16 at 150
8 17.85 7.40 500 22 at 150 20 at 150 20 at 150 18 at 150
u 725 R-814 1.5 8.14 500 22 at 150 20 at 150 20 at 150 18 at 150
i) | 0 8.65 500 22 at 150 22 at 150 20 at 150 18 at 150
= T Elevation  Radius  Shell thickness Outside-face Steels Inside-face Steels
ikl (m) (m) (mm) Vertical bars Transverse bars Vertical bars Transverse bars
B 240 3.87 200 16 at 200 12 at 200 12 at 400 10 at 300 -
iy - 225 4.02 200 16 at 200 12 at 200 12 at 400 10 at 300 -
210 4.17 200 16 at 200 12 at 200 12 at 400 10 at 300
Rl - 195 4.32 220 16 at 200 12 at 200 12 at 400 10 at 300
A b~ i 180 4.47 240 18 at 200 14 at 200 12 at 400 10 at 300
Gl 165 4.92 260 18 at 200 14 at 200 12 at 400 10 at 300
jeps{  1---- 150 537 280 18 at 200 14 at 200 12 at 400 10 at 250
_105 R-672 135 5.82 300 20 at 200 14 at 200 14 at 400 10 at 250
<1 - " 120 6.27 320 20 at 200 16 at 200 14 at 400 12 at 300
S5 . %ﬁi] 105 6.72 340 20 at 200 16 at 200 14 at 400 12 at 300
90 7.17 360 20 at 200 16 at 200 14 at 400 12 at 300
75 7.92 380 22 at 200 16 at 200 14 at 400 14 at 250
60 8.67 420 22 at 200 18 at 200 16 at 400 14 at 250
45 9.42 460 22 at 200 20 at 200 16 at 400 14 at 250
30 10.17 500 25 at 200 22 at 200 18 at 400 14 at 200
20 10.67 500 25 at 200 22 at 200 18 at 400 14 at 200
6.4 11.62 600 25 at 200 25at 200 18 at 400 14 at 200
0 12.1 600 25 at 200 20 at 200 12 at 400 14 at 200

Fig. 1. The characteristics of the RC chimneys, (a) 120 m RC chimney, (b) 180 m RC chimney, (c) 240 m RC chimney.

been widely used in the assessment of various structures. Furthermore, obtain forces for the design of non-structural components and their
with a large aspect ratio, the high-rise chimneys are dominated by the connections to the primary lateral force resisting system as well as the
bending and shear failure under the earthquake loads. The maximum equipment supported on the floors.

roof displacement can adequately characterize the damage of this type
of structure. Furthermore, maximum floor accelerations are essential to
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Fig. 2. Finite-element model of the RC chimneys.
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Fig. 3. Material models of concrete and steel: (a) strain-stress model of con-
crete to uniaxial loading in tension and compression, (b) strain-stress model of
steel bar.

4. Characteristics of the selected high-rise chimney

In China, a considerable number of high-rise reinforced concrete
chimneys in operation were designed and constructed at the end of 20th
and the early 21st century to meet the needs of industrial procedures.

Soil Dynamics and Earthquake Engineering 137 (2020) 106282

The reinforced concrete chimneys, whose typical heights range from
120 m to 300 m, are recognized as high and flexible structures that
behave as a vertical cantilever structure fixed as the base. The cross-
sections of chimneys are hollow to satisfy industrial procedures, and
generally taper varied in height for visually esthetic purposes.

The objective of this study is to evaluate the correlation between the
ground motion intensity measures and the response of high-rise RC
chimneys, which could represent most of the typologies of existing
chimneys in the industrial zone. The heights of the selected three
chimneys are 120 m, 180 m, and 240 m. These chimneys were designed
according to the chimney code of China [50]. The site soil classification
of the regions where the chimneys are located is Class III, which can be
classified as the National Earthquake Hazards Reduction Program
(NEHRP) site class D (VS,30 in the range of 180 and 360 m/s), and the
designed seismic precautionary intensity is Degree 7 associated with
design level earthquake of PGA = 0.1 g and maximum considered
earthquake of PGA = 0.22 g. The outside diameter of the 240 m chimney
varies from 7.74 m at the top to 24.2 m at the base. The bottom radii of
the 180 m chimney and the 120 m chimney are 8.65 m and 5.86 m,
respectively. The cylinder body of the chimneys is composed of RC shell,
heat insulation layer, and the lining. The density of the heat insulation
layer and the lining for the 240 m chimney is 350 kg/m® and 1900
kg/m?, respectively. For the 180 m chimney and the 120 m chimney, the
density of the heat insulation layer and the lining is 450 kg/m® and
1200 kg/m>. The concrete used in the chimneys is C30, and the steel is
HRB335. The longitudinal bars and the circumferential bars are ar-
ranged in both sides of the shell. The structural dimensions and rein-
forcement configuration are illustrated in Fig. 1.

The two-dimensional nonlinear models of the chimneys are devel-
oped in the OpenSeeS platform. The main body is modeled with force-
based nonlinear fiber beam-column elements with five integration
points along the length. The fiber element assumes that deformations are
small and that plane sections remain plane during the loading history.
This element is discretized into longitudinal steel and concrete fibers
such that the section force-deformation relation is derived by integration
of the stress-strain relation of the materials. The fiber element is reliable
and computationally efficient in analyzing reinforced concrete members
under cyclic loading conditions that induce biaxial bending and axial
force, and was proved to be an effective way to capture the dynamic
characteristics of the high-rise stack-like structures [22,51]. The struc-
ture is modeled using an equivalent lumped mass of each element. The
finite-element model of the RC chimneys is presented in Fig. 2.

The numerical model in Fig. 2 has material nonlinearities in the RC
shell. The strain-stress relationship is presented in Fig. 3. The uniaxial
Kent-Scott-Park constitutive model, which is named Concrete02 model
in OpenSeesS, is used in the concrete. As is shown in Fig. 3(a), this model
is characterized as degraded linear unloading/reloading stiffness. In the
tensile behavior, f; is the tensile strength and the tension softening part
is approximated as a linear branch. Moreover,f. is the compressive
strength of the concrete and ¢ is the strain at peak strength. The initial
elastic modulus is defined as Ey = 2f./ec0. After the peak compressive
strength, the softening procedure is simplified as a linear function. f;, is
the ultimate compressive strength of the concrete and ¢, is the corre-
sponding strain. The Steel02 model in OpenSees is used to characterize
the behavior of the reinforcement. As is shown in Fig. 3(b), the strain-
stress curve is a Menegotto-Pinto model with an isotropic strain hard-
ening effect. E is the initial elastic modulus of the steel and f, is the yield
stress. The slope of the plastic branch is E,, which can take the value of
E, = 0.01E according to a previous study [51]. Moreover, the Bau-
schinger effect is intrinsically incorporated into the material constitutive
curve so that the deterioration in the strength of the steel patch could be
modeled. The material properties of the concrete and steel in OpenSeeS
are presented in Table 3 and Table 4, respectively.

Rayleigh damping matrix is assumed with the modal damping ratio
of 5%. P-A effect is incorporated in the model through the large
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Table 3
Property of concrete material modeling.
Material Model Eo(N/mm?) f:(MPa) fe(MPa) feu(MPa) €co €0
Concrete Concrete02 2.6 x 10* 2.33 -29.4 -5.88 -0.002 -0.0075
To evaluate the grade of the interrelation between ground motion
Table 4 parameters and the damage indices quantitatively, the correlation co-
Property of steel material modeling. efficient after Pearson has been calculated. In statistics, the Pearson
Material Model E(N/mm?) £,(MPa) Ep(N/mm?) correlation coefficient, which is defined as the covariance of the two
. 3 variables divided by the product of their standard deviations, is a
Steel Steel02 2.0 x 10 335 2.0 x 10

deformation geometric transformations. The static loads for the chim-
neys consist of gravity loads of the main RC structures and the additional
loads of the heat insulation layer and lining. The weight of the heat
insulation layer and the lining is imposed on the structures as uniform
load. Table 5 lists the properties of the models of the chimneys. More-
over, the field measurement is also done on the real 240 m chimney
[52]. The measured periods are listed to validate the method of estab-
lishing the numerical models.

5. Selection of ground motions

The structural response may vary significantly in a time-history
analysis due to the randomness of the ground motion records. There-
fore, the selection of ground motion records is important to minimize the
variation and meanwhile maintaining the natural randomness of ground
motions. In this study, a total of 44 far-field ground motion records
recommended by the FEMA P695 [53] are used to obtain the ground
motion parameters in the correlation analysis. The detailed information
of ground motion records is listed in Table 6. These far-field records are
selected from PEER strong motion database with magnitudes ranging
from M6.5 to M7.6. The selected ground motion records are not scaled in
the nonlinear analysis. Fig. 4 presents the acceleration spectrum of these
records.

6. Damage and correlation analysis

Fig. 5 illustrates the Park-Ang damage index distribution of the
chimneys along the relative height under San Fernando ground motion
record (numbered 41 in Table 3). All the chimneys were elastically
designed, and little damaged is observed in Fig. 5. For the 120 m and
180 m chimneys, the maximum damages occur in approximately one-
third of the upper part of the structure. In the case of the 240 m chim-
ney, the maximum damage takes place at the bottom of the structure.
The structural damage exhibits similar distributions within the one-third
of the upper part of all the structures. The inter-story drift ratio (IDR) of
the chimneys along relative height under San Fernando ground motion
record is shown in Fig. 6. The IDR increases along the relative height of
the structures, and the maximum IDR occurs at the top of all the
chimneys.

Table 5
Property of the chimneys.

measure of the linear correlation between two variables X and Y. The
Pearson correlation coefficient is given by the relation:

pPearson = ,,i:l (3)

i=1 i=1

where X and Yare the mean value of X; and Y; data, respectively. n is the
number of pairs of values in the data.

6.1. Correlation study of the proposed intensity measure

Due to the cumulation of the structural damage during the dynamic
response, period elongation effect can be significant for higher excita-
tion levels. The elongated period in the proposed IM S, is simplified as
the product of the first period T; and the period elongation coefficient C.
Several period elongation coefficients have been proposed previously in
terms of the efficiency of different ground motion intensity measures for
different types of structures. Lin et al. [26] and Cordova et al. [32]
proposed that the best period elongation coefficients for RC frame
structures were 1.5 and 2.0, respectively. To obtain the proper period
elongation coefficient in S, the Pearson correlation coefficient of the DI
and the S; with different Cs is investigated.

Fig. 7 presents the relationship between the period elongation co-
efficient C and the Pearson correlation coefficient, which is obtained
through regression analysis between the Park-Ang DI and the S.. For all
the structures, Ctakes the value of C = 1(no elongation), C = 1.2, C =
1.5[26], C = 1.8, C = 2.0[32], C = 2.2. For all the chimneys, the
variation of the Pearson correlation coefficient follows a similar pattern.
As the period elongation coefficient rises from 1 to 2.2, the Pearson
correlation coefficient between DI and the S; first increases and then
decreases. In all the cases, the optimum coefficient value is 1.2, which is
smaller compared with the suggestions for low-rise RC frame structures.
It can be concluded that even though the existed chimney is designed to
resist the earthquake during the elastic stage, the period elongation ef-
fect, which is due to the cumulation of structural damage in the dynamic
response, is still observed. However, the structural damage in the
chimneys is less remarkable compared with the RC frame structures as
they are designed conservatively.

The scatter plots of Sq(T1) — DI and S, — DI for the ground motion

Model No. Period (s) Measured period (s) Error (%) Modal mass participation factor a Total mass (kg)
The 240 m chimney 1 3.325 3.413 2.57 0.29 12590225
2 0.98 1.025 4.39 0.2
3 0.45 0.502 10.35 0.12
The 180 m chimney 1 2.36 - - 0.422 7047157
2 0.66 - - 0.266
3 0.27 - - 0.1
The 120 m chimney 1 1.92 - - 0.509 3649853
2 0.36 - - 0.27
3 0.14 - - 0.139
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Table 6
Information of the earthquake ground motion records.
ID No. File names Station M R (km) PGA (g) PGV (m/s) PGD (m)
1 NORTHR/MULO009 Beverly Hills - Mulhol 6.7 17.15 0.42 0.59 0.13
2 NORTHR/MUL279 Beverly Hills — Mulhol 6.7 17.15 0.4879 0.67 0.1217
3 NORTHR/LOS000 Canyon Country-WLC 6.7 12.44 0.41 0.43 0.12
4 NORTHR/LOS270 Canyon Country-WLC 6.7 12.44 0.4716 0.41 0.1457
5 DUZCE/BOL000 Bolu 7.1 12.04 0.73 0.56 0.23
6 DUZCE/BOL090 Bolu 7.1 12.04 0.8057 0.66 0.1309
7 HECTOR/HEC000 Hector 7.1 11.66 0.27 0.29 0.23
8 HECTOR/HEC090 Hector 7.1 11.66 0.3282 0.45 0.1069
9 IMPVALL/H-DLT262 Delta 6.5 22.03 0.24 0.26 0.12
10 IMPVALL/H-DLT352 Delta 6.5 22.03 0.35 0.33 0.16
11 IMPVALL/H-E11140 El Centro Array #11 6.5 12.56 0.36 0.34 0.16
12 IMPVALL/H-E11230 El Centro Array #11 6.5 12.56 0.38 0.45 0.21
13 KOBE/NIS000 Nishi-Akashi 6.9 7.08 0.51 0.37 0.1
14 KOBE/NIS090 Nishi-Akashi 6.9 7.08 0.46 0.38 0.12
15 KOBE/SHIO00 Shin-Osaka 6.9 19.15 0.24 0.38 0.09
16 KOBE/SHI090 Shin-Osaka 6.9 19.15 0.23 0.22 0.10
17 KOCAELI/DZC180 Duzce 7.5 15.37 0.31 0.59 0.44
18 KOCAELI/DZC270 Duzce 7.5 15.37 0.36 0.56 0.25
19 KOCAELI/ARC000 Arcelik 7.5 13.49 0.22 0.18 0.14
20 KOCAELI/ARC090 Arcelik 7.5 13.49 0.13 0.40 0.32
21 LANDERS/YER270 Yermo Fire Station 7.3 23.62 0.25 0.51 0.44
22 LANDERS/YER360 Yermo Fire Station 7.3 23.62 0.15 0.29 0.23
23 LANDERS/CLW-LN Coolwater 7.3 19.74 0.28 0.26 0.14
24 LANDERS/CLW-TR Coolwater 7.3 19.74 0.42 0.43 0.15
25 LOMAP/CAP000 Capitola 6.9 15.23 0.53 0.35 0.09
26 LOMAP/CAP090 Capitola 6.9 15.23 0.44 0.30 0.05
27 LOMAP/G03000 Gilroy Array #3 6.9 12.82 0.56 0.36 0.08
28 LOMAP/G03090 Gilroy Array #3 6.9 12.82 0.37 0.45 0.24
29 MANJIL/ABBAR-L Abbar 7.4 12.55 0.52 0.42 0.15
30 MANJIL/ABBAR-T Abbar 7.4 12.55 0.50 0.51 0.24
31 SUPERST/B-ICC000 El Centro Imp. Co. 6.5 18.2 0.36 0.46 0.18
32 SUPERST/B-ICC090 El Centro Imp. Co. 6.5 18.2 0.26 0.41 0.22
33 SUPERST/B-POE270 Poe Road (temp) 6.5 11.16 0.48 0.41 0.08
34 SUPERST/B-POE360 Poe Road (temp) 6.5 11.16 0.29 0.29 0.11
35 CAPEMEND/RIO270 Rio Dell Overpass 7 14.3 0.39 0.44 0.22
36 CAPEMEND/RIO360 Rio Dell Overpass 7 14.3 0.55 0.32 0.41
37 CHICHI/CHY101-E CHY101 7.6 9.94 0.35 0.51 0.35
38 CHICHI/CHY101-N CHY101 7.6 9.94 0.40 1.09 0.74
39 CHICHI/TCU045-E TCU045 7.6 26 0.47 0.50 0.39
40 CHICHI/TCU045-N TCU045 7.6 26 0.51 0.46 0.15
41 SFERN/PEL090 LA - Hollywood Stor 6.6 22.77 0.21 0.19 0.12
42 SFERN/PEL180 LA - Hollywood Stor 6.6 22.77 0.22 0.21 0.16
43 FRIULI/A-TMZ000 Tolmezzo 6.5 15.82 0.35 0.22 0.04
44 FRIULI/A-TMZ270 Tolmezzo 6.5 15.82 0.31 0.30 0.05
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records are presented in Fig. 8. The proposed S, is modified from Sq(T1)
with higher modes effect and period elongation effect participated
simultaneously. According to the previous conclusions, the number of

Period (s)

Fig. 4. Acceleration spectrum of the ground motion records.

tive height.

modes participated in S, for the 120 m, 180 m, and 240 m chimneys are
1, 2, and 2, respectively. Compared with S,(T;), the correlation co-
efficients of S, are improved in the three chimneys. For the 120 m
chimney, the Pearson correlation coefficient increases from 0.7597 to
0.7712. As there is only one mode in this case, the increment in Pearson
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correlation coefficient indicates the consideration of period elongation
effect is essential. For the 180 m chimney, the Pearson correlation co-
efficient rises from 0.6198 to 0.6868. The most significant growth of the
correlation coefficient is in the 240 m chimney case, where ppearson in-
creases from 0.3193 to 0.7628. As the height of the structure increases,
more vibration modes will be involved in the dynamic response of the
structure. In the last cases, S, is improved from S,(T;) with two modes
and C = 1.2 included. As the structural height rises from 180 m to 240
m, a more considerable increase in correlation coefficient is observed,
which indicates the necessity to consider higher modes effect and period
elongation effect simultaneously in the earthquake intensity measures in
high-rise chimneys.

The linear correlation coefficients after Pearson between the 37
ground motion parameters and the Park-Ang damage index (DI) are
presented in Fig. 9. For the 120 m chimney, the velocity spectrum in-
tensity (VSI) has the highest correlation with the DI among other pa-
rameters with the effective peak velocity (EPV) and Housner’s spectral
intensity (SI) following behind, which is consistent with the conclusions
from Cao and Ronagh [18]. The proposed S, ranks the fourth with a
slight advantage over the S,(T; ). For the 180 m chimney, the Housner’s
spectral intensity (SI) is the most efficient ground motion parameter.
The next two candidates are velocity spectrum intensity (VSI) and
effective peak velocity (EPV), as can be seen from the results shown in
Fig. 9(b). As for the S;, the position remains the same as 120 m chimney
case. In the case of the 240 m chimney, the top four ground motion

Soil Dynamics and Earthquake Engineering 137 (2020) 106282

parameters are VSI, EPV, SI, and S;’, which is entirely consistent with the
situation in the 120 m chimney. Overall, some velocity-related ground
motion parameters (VSI, EPV, SI, PGV, Velocity RMS) demonstrate a
robust correlation with the DI of the chimneys. On the contrary, almost
all the displacement-related ground motion parameters (PGD,
Displacement RMS, CAD, Eq4, Dy, Pq, drus, Iq) exhibit weak correlation
with the damage index as such are not reasonable to be selected to
represent the intensity of a ground motion record. Similarly, the sig-
nificant duration is poorly related to the structural damage in all the
cases, with the correlation coefficient less than 0.1. Moreover, although
the PGV/PGA and PGD/PGV both reflect some period content of the
earthquake ground motions, the correlations between the parameters
and the DI are quite different. In the compound intensity measures (I, I4,
Iy, If), the rankings, in descending order, are I, I, I, and I4.

The best correlation of the VSI or SI in the chimneys can be explained
by their advanced definition, where a wide range of frequency content
and velocity are taken into consideration. Generally, the velocity-related
ground motion parameters seem to be related to both structural force
(acceleration) and deformation (displacement), which in turn govern
the Park-Ang damage of the chimneys. Moreover, it should be noted that
the conventionally used parameters PGA and S, (T ) have limitations in
representing the damage potential of high-rise chimneys under the far-
field ground motions.

Fig. 10 and Fig. 11 illustrate the linear correlation coefficient after
Pearson between the ground motion parameters and the maximum
inter-story drift ratio (IDR) and the maximum roof displacement (RD). It
is worth pointing that the proposed S, possesses the best correlation with
displacement-based damage measures among other ground motion pa-
rameters, as shown in Fig. 10(b), (c), Fig. 11(a), (b), and 11(c). In Fig. 10
(), the S, ranks the second place with a minimal disadvantage. This
indicates that the modification from the S,(T;) with period elongation
effect included is very effective and essential in terms of displacement-
based structural response. From this point of view, the proposed earth-
quake intensity measure is a very promising parameter in representing
the displacement-based damage potential of high-rise chimneys under
the far-field ground motions. From these figures, it can also be
concluded that for the velocity-related ground motion parameters,
especially VSI, SI, and EPV, the correlation with the structural damage
state remains strong when the damage measure based on displacement
demands (maximum IDR and maximum RD).

Although the maximum IDR and maximum RD belong to the
displacement demands, the comparison between Figs. 10 and 11 does
not reveal a severe trend, see for example that I, is more correlated to
maximum IDR than Iy in Fig. 10. However, the situation reverses in
Fig. 11. This may due to the interdependency between the parameters
and damage measures depends on both earthquake intensity measure as
well as on the structural characteristics.

Fig. 12 depicts the linear correlation coefficient after Pearson be-
tween the ground motion parameters and the maximum floor acceler-
ation (FA). Compared with Figs. 9-11, the most significant difference is
the growth of acceleration-related ground motion parameters (PGA,
Acceleration RMS, E,, A, Pa, arms, ASL, Ip) in the correlation coefficient.
For example, the ranking orders of PGA in Fig. 12(a), (b), and (c) are 4th,
4th, and 1st, which have made quite significant progress compared with
other cases. This is reasonable as the maximum floor acceleration could
be considered as the direct magnification of the PGA [54]. Conse-
quently, the maximum floor acceleration is sensitive to the
acceleration-related ground motion parameters, thereby resulting in a
growth in correlation. Furthermore, the VSI, SI, and EPV maintain a high
level of correlation with the maximum RD.

To sum up, despite the fact that the different damage measures are
used in the correlation study, there are still several conclusions in
common. First, the VSI, SI, and EPV have very strong correlations with
the structural damage for the high-rise chimneys. Among the majority
ground motion parameters, the VSI and SI are superior definitions for
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Table 7
Correlation among structural damage measures of the chimneys.
Damage maxDI maxIDR  max RD max FA
measures
120 m max DI 1 0.77723 0.7311 0.76243
chimney max IDR 1 0.99517 0.66563
max RD 1 0.6423
max FA 1
180 m max DI 1 0.92994 0.83435 0.85388
chimney max IDR 1 0.97405  0.4858
max RD 1 0.34058
max FA 1
240 m max DI 1 0.86795 0.73734 0.76402
chimney max IDR 1 0.96852  0.57168
max RD 1 0.4259
max FA 1

the intensity of ground motion than any other parameters. Second, the
displacement-related ground motion parameters (PGD, Displacement
RMS, CAD, Eq4, Dys, Py, drus, 1q) generally exhibit weak correlation with
the structural damage of the high-rise chimneys. These ground motion
parameters are not reprehensive of the potential structural damage. Last
but not least, the S; shows stronger correlation with the damage mea-
sures than S,(T7), which indicates that the corporation of higher modes
effect and period elongation effect is significant and essential, especially
in the correlation study between displacement-based damages.

6.2. Correlation between damage measures

To investigate the correlation between the maximum Park-Ang
damage index and the maximum IDR, maximum RD, and maximum
RA, the Pearson’s correlation coefficients are evaluated and shown in
Table 7. In all the structures, the max IDR has the highest correlation
with max DI, with max FA and max RD following behind. Furthermore,
the max IDR and max RD show robust correlations between each other.
This can be attributed to the dependence on similar structural
displacement demand.

7. Conclusions

In this paper, a spectral-acceleration-based combination-type earth-
quake intensity measure is presented. The correlation between damage
measures and 37 ground motion parameters as well as the correlation
between Park-Ang damage index and maximum inter-story drift ratio,
maximum roof displacement, and maximum floor acceleration are
investigated under 44 far-field ground motions. The comparative
assessment of the results has led to the following conclusions:

1. For all the three chimneys, the correlation study between the pro-
posed S, and Park-Ang damage index indicates that the period
elongation effect is noticeable. The period elongation coefficient for
high-rise chimneys is proposed to be 1.2 in S;.

2. In the cases of the 180 m chimney and the 240 m chimney, the
proposed S; has the best correlation with the maximum IDR and the
maximum RD. In addition, this study reaffirms the superiority of VSI
in representing the potential damage of structures. Both the two
parameters could be used to assess the damage potential of the
existing RC chimneys.

3. Although the code for chimneys in China still uses PGA for design
purposes, this study shows that PGA has limitations in representing
the maximum Park-Ang DI, maximum IDR, and maximum RD of
high-rise chimneys under the far-field ground motions.
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