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Residual Seismic Performance of Fire-Damaged
Reinforced Concrete Frame Structure
with Metallic Yielding Dampers

Ying-Qi Jia'; Chao Wang?; Ling-zhi Li% Rui-Fu Zhang*; and Zhou-Dao Lu®

Abstract: Structures with varying dampers have been widely designed and constructed for earthquake resistance. However, the residual
seismic performance of these damped structures could not be guaranteed after being exposed to a fire because both the primary structure
and dampers are vulnerable to high temperatures. The postfire residual seismic performance is an important design index for damped
structures whereas no research has been done so far to determine such residual performance. Therefore, this study serves as the first attempt
by exploiting the widely constructed RC frame structure with commonly investigated metallic yielding dampers (MYDs) as an example to
investigate its residual seismic performance after being exposed to a fire. One story of a RC office building is employed as the single-
degree-of-freedom (SDOF) analytical model, and then the mechanical and geometric parameters of MYDs are derived via the design
method from the perspective of the uniform damping ratio. In addition, the gas temperature of the natural fire curves is determined
according to current European standards, and 16 representative fire scenarios are selected. Moreover, the residual material properties
and residual performance of the primary structure as well as MYD are investigated and expressed in mathematical forms. Thereon,
the linear forms of the restoring forces of the primary structure and MYD are obtained by utilizing the equivalent linearization method,
and the motion-governing and energy-conservation equations are established. Furthermore, the methodology for the parametric analysis is
put forward, and the residual seismic performance of the fire-damaged damped structure is derived quantitatively, which is also verified via
time-domain analysis with recorded ground motions. The results show that the seismic performance of the SDOF concrete structure with
MYD can be reduced significantly by fire damage. DOI: 10.1061/(ASCE)ST.1943-541X.0003284. © 2022 American Society of Civil
Engineers.

Author keywords: Metallic yielding damper (MYD); Concrete structure; Seismic performance; Fire damage; Numerical analysis.

Introduction

Building structures are vulnerable to various disasters, such as
earthquakes, hurricanes, and fire, which could result in severe casu-
alties and property losses (Buchanan and Abu 2017; Kelly et al.
1972). In terms of structural vibration induced by earthquakes or
hurricanes, many scholars have devoted themselves to energy-
dissipation technologies and put forward working principles and
design methods of various dampers (Asai et al. 2017; Gutierrez
Soto and Adeli 2013; Ikago et al. 2012; Jia et al. 2019; Kelly
et al. 1972; Oliveira et al. 2018; Xu et al. 2018). These dampers
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can effectively mitigate the structural responses (displacement,
acceleration, and interstory drift angle, among others) by either de-
tuning [transferring the energy from structure to tuning device
(Gutierrez Soto and Adeli 2013)] and/or damping effects [dissipat-
ing (Kelly et al. 1972) or harvesting (Asai et al. 2017) the energy of
structure]. Among these dampers, the metallic yielding damper
(MYD) firstly introduced by Kelly et al. (1972) has been widely
employed owing to its stable performance, simple design methods
and construction schemes, and lower material cost (Zhang et al.
2018). Under the excitation of earthquake or hurricane, the MYD
is capable of yielding and then entering the plastic stage earlier than
structural members, thus dissipating the most of the input seismic
energy and protecting building structures.

Regarding structural fire safety, three measures are usually taken
into consideration: (1) setting external fireproof barriers around the
structural components, (2) printing or spraying fireproof materials
for steel members, and (3) increasing the thickness of the concrete
cover for RC members. These measures can protect ordinary struc-
tural components in a fire effectively. However, when it comes to
the structural design to resist multiple hazards, including structural
vibration caused by earthquakes and/or hurricanes and the fire dis-
aster, two severe problems might appear, and neither of these prob-
lems has been solved satisfactorily so far.

The first problem is that the performance of damped structures
could not be guaranteed after being exposed to fire due to three
specific reasons:

e Reason 1: Currently, most of the dampers are (partially) made
of metals, such as MYDs, tuned liquid/mass dampers, and vis-
cous dampers. These dampers are vulnerable to fire because the

J. Struct. Eng.

J. Struct. Eng., 2022, 148(4): 04022003


https://doi.org/10.1061/(ASCE)ST.1943-541X.0003284
https://orcid.org/0000-0002-3541-5535
https://orcid.org/0000-0002-3541-5535
mailto:jiayingqi@tongji.edu.cn
mailto:wangchao17@tongji.edu.cn
mailto:lilingzhi@tongji.edu.cn
mailto:lilingzhi@tongji.edu.cn
mailto:zhangruifu@tongji.edu.cn
mailto:zhangruifu@tongji.edu.cn
mailto:lzd@tongji.edu.cn
mailto:lzd@tongji.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1061%2F%28ASCE%29ST.1943-541X.0003284&domain=pdf&date_stamp=2022-01-17

Downloaded from ascelibrary.org by University of Illinois At Urbana on 01/17/22. Copyright ASCE. For personal use only; all rights reserved.

elastic modulus and yielding strength of metals can decrease

with elevated temperatures (Jia et al. 2020), and thus the damp-

er’s performance might also degenerate.

e Reason 2: Primary structures themselves, such as concrete,
steel, and timber, as well as composite concrete—steel structures,
are also vulnerable to a fire disaster. Taking the widely con-
structed concrete structure as an example, severe degradations
of both concrete and steel materials could occur when exposed
to fire (Jia et al. 2020; Maraveas et al. 2017a, b; Ni and Birely
2018; Witek et al. 2006). The elastic modulus and yielding
strength of steel bars can be reduced as the temperature in-
creases (Maraveas et al. 2017a, b). Moreover, considering po-
tential fire-induced spalling and cracking of concrete materials
(Witek et al. 2006), effective fire protection for steel bars could
not be ensured even if a thick concrete cover exists.

* Reason 3: It is not uncommon that a secondary fire disaster oc-
curs following a mainshock (Mazza 2016; Mazza and Vulcano
2010), and the failure of fire prevention might occur in this
stage. For instance, the firefighting access could be blocked
by building debris, and the supply system of firefighting water
might be disconnected by a large relative deformation (Mazza
2017; Mazza and Vulcano 2010; Ni and Birely 2018; Quayyum
and Hassan 2018). As a result, the elevation of the temperature
might be out of control, which increases the failure probability
of both dampers and structures. Consequently, structural safety
might be threatened in the cases of fire—earthquake, or main-
shock—secondary fire—aftershock.

The second problem is that the material cost or the structural
performance is difficult to optimize. In most of the design codes,
such as Eurocodes (BSI 2004a, b), American Concrete Institute
(ACI) code (ACI 2007), Chinese code (China Ministry of Housing
and Urban-Rural Construction 2015), and almost all the references
(not listed here), the effects of earthquake and wind, as well as a
fire, are taken into consideration separately based on the reliability
analysis by using partial factors. In the design process, a structure
is devised according to the requirements for structural vibration
firstly, and then fireproof barriers are added around the structural
members. Or alternatively, a structure is firstly designed to satisfy
the requirements for fire safety, and then it will be retrofitted to
satisfy the requirements for structural vibration. However, the for-
mer scheme can reduce the available space and impair the aesthetic
aspects of structures, and the latter will influence the optimal design
for structural vibration control.

As shown in Fig. 1, two schemes with the same areas are con-
sidered for the design of the cross section of a three-point bending
beam. Scheme I (a hollow square box) has a larger second moment
of area compared with Scheme II (a solid square box), and therefore
a larger bending stiffness can be supplied to resist the vibration.
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However, the material properties of Scheme I will degrade faster
than those of Scheme II in a fire because the temperature of the
entire area of Scheme I can reach a high value quickly, whereas the
center part of Scheme II remains a lower temperature. From this
simple example, one can observe the antagonism between struc-
tural vibration control and fire safety. Moreover, an optimal design
scheme must exist between Schemes I and II to realize the mini-
mum material cost or the best structural performance.

To provide an important basis to solve the aforementioned two
problems in the future (providing a method to evaluate the structural
performance for the first problem and optimization indices for the
second problem), this study aims at (1) verifying that the seismic
performance of the damped structure can be reduced significantly
by a fire, and (2) presenting a methodology to predict the residual
seismic performance quantitatively. Considering that concrete struc-
tures and MYDs have been widely investigated and constructed, one
story from a 6-story office building designed according to Chinese
code (China Ministry of Housing and Urban-Rural Construction
2015, 2016a) with four MYDs is utilized in this work to implement
theoretical and numerical analyses to investigate the residual seismic
performance of damped structures exposed to fire.

The organization of this study is as follows. Firstly, the analyti-
cal model of the damped structure, including the primary structure
and MYD, is given. The gas temperature is determined according to
the relevant Eurocode, and 16 fire scenarios are selected. Next,
residual material properties and the residual performance of the pri-
mary structure and MYD are investigated and expressed in math-
ematical functions. Moreover, the linear forms of the restoring
forces of the primary structure and MYD are obtained by employ-
ing the equivalent linearization method, and the motion-governing
and energy-conservation equations are established. On top of that,
the methodology for the parametric analysis is put forward, and the
residual seismic performance of the fire-damaged damped structure
is derived quantitatively, which is also verified via time-domain
analysis with recorded ground motions. Eventually, a number of
conclusions are given.

Damped Structure and Selected Fire Scenarios
Analytical Model of the Damped Structure

Primary Structure and Site Information

Three terminologies should be clarified firstly and distinguished in
the whole study: (1) original structure refers to the uncontrolled
structure; (2) primary structure refers to the controlled structure it-
self; and (3) damped structure refers to controlled structure together
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Fig. 1. Antagonism between structural vibration control and fire safety in the design of a cross section with the same area of a simply supported beam

subject to three-point bending.
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Fig. 2. Plan and elevation of the RC structure with MYDs (unit: mm).

with dampers. As shown in Fig. 2, a damped structure is employed
to conduct the theoretical and numerical analyses.

In this damped structure, the primary structure is the first story
from a 6-story, 5-bay, 2-span RC frame office building in practical
engineering without any dampers. This 6-story building was de-
signed based on Chinese codes (China Ministry of Housing and
Urban-Rural Construction 2015, 2016a) to meet the design require-
ments of ultimate and serviceability limit states and was built in
Sichuan Province of China in August 1997. Later, it experienced
severe damage during the famous Wenchuan earthquake on May
12, 2008. Therefore, it has been used as one of the benchmark mod-
els to test the effects of vibration mitigation of external dampers in
the structural community.

The current work aims to establish a detailed methodology to an-
alyze the residual performance of fire-damaged damped structures,
and thus only the first story is employed herein and adjusted with
reasonable and commonly used geometric and material parameters
(China Ministry of Housing and Urban-Rural Construction 2015) for
rationality and conciseness. The material and part of geometric prop-
erties are given in Table 1, and other geometric parameters (in milli-
meters) are shown in Fig. 2.

The site where the building structure is located is assumed to be
classified into Group 2 and Type III based on Chinese code (China
Ministry of Housing and Urban-Rural Construction 2016a). In ad-
dition, the case of a rare earthquake is studied, and the seismic for-
tification intensity is assumed as 7.5. That is, first, the equivalent
shear-wave velocity v, and the thickness ¢, of the overlying soil
layer satisfy relationships of v;, < 150 m/s and 15 < ¢, < 80 m, or

Table 1. Default values of material and geometric properties of the primary
structure

Material or geometric properties Values
Structural mass 600 t
Inherent damping ratio 0.05
Thickness of the floor slab 100 mm
Yielding strength of steel bars 400 MPa
Elastic modulus of steel bars 210 GPa

Stiffness ratio of steel bars 0.02

Thickness of the concrete cover of steel bars 50 mm
Peak compressive strength of concrete 30 MPa
Peak compressive strain of concrete 1.64 x 1073
Ultimate compressive strength of concrete 15 MPa
Ultimate compressive strain of concrete 3.77 x 1073

Source: Data from China Ministry of Housing and Urban-Rural
Construction (2015).
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150 < vy, <250 m/s and ¢, > 50 m. Second, the design value of
the acceleration of ground motion is 0.15¢g, and its probability of
exceedance is 10% in the 50-year design period. Thirdly, the recur-
rence interval of the earthquake is 1,600-2,400 years (China
Ministry of Housing and Urban-Rural Construction 2016a). On
top of that, the predominant period of the site and the peak seismic
influence coefficient can be determined as 7, =0.55s and
max = 0.72 g, respectively.

Metallic Yielding Dampers
It can be observed in Fig. 2 that four MYDs will be designed and
installed in the existing concrete structure along the direction of
the ground motion. In practical engineering, MYDs are usually ac-
companied by series-connected braces (Fig. 3), and the stiffness of
the brace should also be taken into consideration. Thereon, a bilinear
hysteresis model is generally utilized as a robust tool to simulate the
elastoplasticity of the MY D-brace system (sometimes also referred to
as MYD for convenience) (Zhang et al. 2018). In this bilinear hys-
teresis model (Fig. 3), MYD reaches the yielding state at the displace-
ment u,, with the restoring force F,,. Further loading can make the
MYD’s stiffness reduce from k, to cyky, and the restoring force
reaches F;,,x when the displacement reaches its maximum u ;-
To give reasonable mechanical parameters of the MYD system
for the given primary structure, the design method based on the
uniform damping ratio (Zhang et al. 2018) is employed herein ow-
ing to its superior conciseness and accuracy. In this method, the
equivalent damping ratio (,, = k - £ of the damped structure pro-
vided by all the MYDs can be decoupled by the strain energy ratio
K (strain energy of all the MYDs to that of the damped structure)
and the uniform damping ratio &. In addition, x and £ should satisfy

T%q.s(l _H) 2

T[l—(C0+§so(l—“)+“§) }Sa(Teqs<O+Cs0(1_K“)
+r-§)=Sq (1)

where T,, ; and T,, = equivalent periods of primary and damped

structures, respectively; (, and (,, = inherent and elastoplastic

damping ratios of the primary structure, respectively; and S,

and S, = spectrum acceleration and target spectrum displacement

of the damped structure, respectively.
The detailed procedure to determine the mechanical parameters
of MYDs is as follows:

1. Implement the pushover analysis for the primary structure with
OpenSEES analytical software version 3.2.2 (McKenna 2011)
(Fig. 4), and determine the capacity spectrum in the form of ac-
celeration—displacement response spectrum (Fig. 5).

J. Struct. Eng.

J. Struct. Eng., 2022, 148(4): 04022003



Downloaded from ascelibrary.org by University of Illinois At Urbana on 01/17/22. Copyright ASCE. For personal use only; all rights reserved.

MY D-brace system

Brace

Force F
_____ - deax e .
i Second stiff kg 1
i de ----- (] E
5 i‘ ; i
: ; :
1 1 1
mames nitial stiffness k, i
: i Displacement u
o udy U max
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Fig. 5. Performance points of primary and damped structures.

2. Determine the demand spectra of primary and damped struc-
tures based on the site information (Fig. 5).

3. Determine the spectrum displacement of the primary structure
as S o = 0.16 m based on the intersection point of capacity and
demand spectra (performance point of primary structure as
shown in Fig. 5).

4. Select a reasonable stochastic response mitigation ratio o; =
Sa/Sq = 0.5 (Pan and Zhang 2018), and derive the spectrum
displacement of the primary structure as S, = 0.08 m (perfor-
mance point of damped structure as shown in Fig. 5).

5. Given the design ductility factor of MYD pi; = ugpax/tay =5
and the postyielding-to-preyielding stiffness ratio «; = 0.003,
parameters x = 0.460 and £ = 0.200 can be obtained.
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6. Finally, the yielding displacement u,, = S4,/ 1, = 0.016 m and
the initial stiffness ky = kg rpg/(1 — )/ (1 + agug — ag) =
1.07 x 107 N/m can be obtained, where k,, is the effective stiff-
ness of the primary structure (Zhang et al. 2018) (Fig. 4).
Considering the temperature distribution of MYD is related to

its three-dimensional topology, it is also necessary to obtain geo-

metric parameters of MYD. Based on the aforementioned mechani-
cal parameters (kg, ugy, and ) of the MYD, the geometric
parameters can be derived (Fig. 6) via finite-element analysis with

Abaqus software version 6.14 (Dassault Systemes Simulia

Corporation 2014) and Python programming (Oliphant 2007) (the

latter is employed to enable interaction with Abaqus). In addition,

the material properties of MYD are given in Table 2.

Selected Fire Scenarios

To analyze structural fire safety, the fire scenarios must be deter-
mined first. The occupation of the current structure is assumed as
an office building. Moreover, the whole structure can be regarded as
a single fire compartment because the floor area Ay = 414.72 m? is
less than the critical value 500 m? in Eurocode 1 (BSI 2002). Re-
garding the fire scenarios, ISO 834 curve is widely utilized in stan-
dard fire tests, whereas it assumes fuel and gas are exhaustless to
keep the fire ongoing (Harmathy and Sultan 1988). To obtain a more
accurate fire scenario in the fire compartment within the building
structure, the natural fire curve recommended by Eurocode 1 (BSI
2002) is used in this work to determine the gas temperature—time
relationships.

Thermal Absorptivity Coefficient

Before determining the gas temperature, the thermal absorptivity
coefficient b of building materials should be calculated first.
The thermal absorptivity coefficient b [J/(m? - s'/? - °C)] of a sin-
gle material can be expressed (BSI 2002)

b = +/peA € [100,2,200] (2)

where p, ¢, and A = density (kg/m?), specific heat [kJ/(kg - °C)],
and thermal conductivity [W/(m - °C)] of the material, respec-
tively. For multiple materials, the thermal absorptivity coefficient
can be calculated (BSI 2002)

al b1+(1— all )bz, ifb,>by and s, <spm

lim
by, else

where s; = thickness (m) of the ith material; b; = corresponding
thermal absorptivity coefficient; subscripts 1 and 2 = materials
whose surfaces are exposed to and away from a fire, respectively;
and sy;,,, = critical thickness (m) denoted as follows:

J. Struct. Eng.
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Fig. 6. Three-dimensional geometric parameters of MYD.

Table 2. Default values of material properties of MYD

Material properties Values
Yielding strength of MYD 200 MPa
Elastic modulus of MYD 206 GPa
Stiffness ratio of MYD 0.04
Poisson’s ratio of MYD 0.3
Yielding strength of the brace 235 MPa
Elastic modulus of the brace 206 GPa
Stiffness ratio of the brace 0.04
Poisson’s ratio the brace 0.3
3,6007.c M\
Slim = -
C1/
Tmax = max{0.2 S lo_sqt,d/09 lim = 1/3}(h) (4)

where O = opening factor related to the total area of vertical open-
ings on all walls; and g,, = design value of fire load density
(MJ/m?) and expressed

9ra = qr.aAr/A; € [50,1,000] dra = drams0g16:06, (5)
where A, and A, = areas of the entire surfaces and the floor surface of
the structure, respectively. The five parameters g, =511 MJ/ m?,
my=0.8,6, = 15,6, = 1.0, and 6, = 1.0 are related to the fire
load densities, combustion factor, size of the compartment, type of
occupancy (office building in this study), and firefighting measures,
respectively.

Considering the structure is composed of varying enclosures
(walls, ceiling, and floor) with different thermal absorptivity coef-
ficients, the comprehensive thermal absorptivity coefficient can be
written

_ 2 b4

b
At_Av

(6)

where b; and A; = thermal absorptivity coefficient and area (apart

from openings) of the jth enclosure, respectively; and A, = overall
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area of vertical openings of the building. Regarding the primary
structure given in Fig. 2, the thermal coefficient » = 904.6 J/(m? -
s!/2 . °C) can be obtained, and the calculation process is given in
Table 3 (all the units are the same as described previously,
respectively).

Gas Temperature
The gas temperature 7'y (°C) in a fire compartment can be computed
as follows (BSI 2002):

T,=20+1,325
x (1 —0.324e792" —0.204e7 7" —0.472¢717)  (7)
where ¢ = duration (h) of fire exposure; and * = ¢I" is the time
coefficient (h), where T' = (0/b)?/(0.04/1,160)? is a dimension-
less parameter determined by the opening factor O and the afore-
mentioned thermal absorptivity coefficient b. The gas temperature

will reach its maximum T, if the fuel or gas is exhausted, and the
corresponding time £, is given

foax = 0.2 % 1073, ,T/O (8)

Regarding the cooling phase when the fuel or gas is exhausted,
the gas temperature can be expressed

Trax — 625(1 — thaxX), if 5. <0.5
Ty = Tiax —250(3 = t50x) (" — fhaxx),  if 0.5 <10 <2 (9)
Tax — 250(1* — £haxX), if £ =2

where x = dimensionless parameter and is expressed

1.0, if fpax > tim
x= (10)
tlimr/tl*nax’ if fnax = tim

In this study, four reasonable opening factors, namely O = 0.02,
0, =0.04, 03 =0.06, and O, = 0.08, are selected to simulate
varying possible areas of vertical openings on the walls (Mazza
2015). Then relationships between the gas temperature 7, and the

J. Struct. Eng.
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Table 3. Thermal coefficients of the primary structure

Enclosures Positions Materials s p c A b; b; b
Walls Exposed to a fire Mortar 0.24 1,800 1.05 0.93 1,326 341.3 904.6
Away from a fire Rock wool 0.05 110 1.22 0.05 82
Ceiling Exposed to a fire Concrete 0.12 2,500 0.92 1.74 2,000 2433
Away from a fire Rock wool 0.05 110 1.22 0.05 82
Floor Exposed to a fire Marble 0.02 2,800 0.92 291 2,738 2,009.0
Away from a fire Concrete 0.12 2,500 0.92 1.74 2,000

Sources: Data from BSI (2002); China Ministry of Housing and Urban-Rural Construction (2016b).

time of fire exposure 7, can be determined according to Egs. (7)
and (9), as shown in Fig. 7.

To demonstrate the aforementioned difference between the
natural fire curves and the standard ISO 834 (Harmathy and
Sultan 1988) curve, the latter is also shown in Fig. 7. It can be
observed that the standard ISO 834 curve can monotonically in-
crease to infinity, whereas the natural fire curves have both the
increasing and decreasing phases and thus are more practical than
the ISO 834 curve. As shown in Fig. 8, four specific durations of
fire exposure, namely, t) = 0, 1) = 1, (0)/3, 13 = 2 % 1y /3,
and tpy = t},,,(0), are selected for each natural fire curve to
investigate the residual performance of the damped structure.
Therefore, 16 fire scenarios (4 opening factors O x 4 fire
exposure duration 7y) are taken into consideration in this study.

4

Gas temperature 7 (°C)

0 60 120 180 240 300
Time ¢ ; (min)

Fig. 7. Comparison of the ISO 834 curve and natural fire curves with
varying opening factors O.
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Gas temperature 7 (°C)
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Fig. 8. Selection of the duration of fire exposure for a given natural fire
curve (O = 0.02).

Residual Seismic Performance of the Primary
Structure and MYD

Residual Seismic Performance of the Primary
Structure

Temperature Field of the Concrete Cross-Section

One direct method to derive the cross-sectional temperature profiles
is to implement fire experiments for macroscale structural members
(Jin et al. 2018). Moreover, finite-difference or finite-element
analyses can be used to conduct heat transfer analysis. These pro-
cedures are established according to the energy conservation prin-
ciple and are not restricted by the materials and shapes of structural
members (Li and Deng 2011). However, fire experiments are
expensive and time-consuming, and finite-difference and finite-
element analyses are complicated to implement. Alternatively,
Kodur et al. (2013) have presented a simplified expression based
on the regression analysis for the experimental data from fire tests,
which can consider different fire exposure conditions and con-
crete’s properties. In the case of multiple surfaces exposed to fire
[Fig. 9(a)], the temperature T of a cross-sectional material point
with coordinates (x,y) can be expressed (Kodur et al. 2013)

T(x,y) = c;(—1.481n,m, + 0.985(n, +n,) +0.017)T,

te
ne(x) = 0.155In L — 0.348/x — 0.371
s

t
ny(y) = 0.155 lnl—f5 —0.348,/y — 0.371 (11)
i
As for the case of a single surface being exposed to fire
[Fig. 9(b)], Eq. (11) can be simplified as follows:
Tc(y) = cl’r/yTg (12)

In Egs. (11) and (12), ¢; = 1.0 and ¢, = 1.0 are material param-
eters for the normal-strength and carbonate concrete; 7, and
1y = heat-transfer factors of the fire-exposed surface; x and

Concrete cross-section
—

2

= [~ Steel bars

Fig. 9. Illustration of the model of Kodur et al. (2013) accounting for the
temperature profiles of structural components in the case study: (a) multi-
ple surfaces exposed to a fire; and (b) single surface exposed to a fire.
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Fig. 10. Classification of structural members based on the relative lo-
cations in a fire.

y = minimum distances (m) from the material point to fire exposure
surfaces; = duration (min) of the fire exposure; and T, = gas
temperature determined by Egs. (7) and (9).

In this study, the residual properties of the structural members
are determined by their temperature fields, and the latter is further
controlled by the location of the structural components. As shown
in Fig. 10, according to the relative location in a fire, columns can
be classified into four types: (1) the interior column with four sur-
faces exposed to a fire, (2) the exterior Column I with a single sur-
face exposed to a fire, and the normal vector is vertical to its
direction of the earthquake, (3) the exterior Column II with a single
surface exposed to a fire, and its normal vector is parallel to the
direction of the earthquake, and (4) the corner column without

o [b')2 1/2
d= {Zh’ +b'+ [(Zh’ + b’)2 - 16/ / F(T—SOO)dxdy} }/4
0o Jo

As for the case of a single surface being exposed to a fire,
Eq. (13) can be simplified as follows:

1
d— /0 I(T = 500)dx (14)

In Egs. (13) and (14), b’ and h’ = equivalent cross-sectional
width and height under room temperature, respectively; [ = b or
[ = h is the length of the side parallel to the normal vector of
the single surface exposed to fire; and T'() = jump function and
is defined

1, T > 500
r(r—500):{0 <500 (15)

Based on the aforementioned classification of structural mem-
bers, schematic temperature fields and effective cross-sections
of varying numbers of surfaces exposed to a fire are shown in
Fig. 11, where b and h are the actual cross-sectional width and
height under room temperature (20°C), respectively. According
to Fig. 11, the equivalent width b’ and height 4’ can be given
as follows:
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any surfaces exposed to a fire. Similarly, beams can also be clas-
sified into two types: (1) the interior beam with three surfaces ex-
posed to fire, and (2) the exterior beam with a single surface
exposed to a fire.

Moreover, the reinforcement of the floor slab on a beam is also
taken into consideration based on the Chinese code (China Ministry
of Housing and Urban-Rural Construction 2015). That is, the
interior beams are T-shaped and the exterior beams are L-shaped,
and the width of a single flange is equal to six times the thickness
of the floor slab. According to the classification of structural com-
ponents, the temperature field can be further determined via
Egs. (11) or (12).

Residual Properties of the Concrete Cross-Section

Residual Properties of Concrete. The stress—strain relationships
of the concrete material under varying temperatures are proposed
by Eurocode (BSI 2004b), but they might be only useful to calcu-
late the stiffness or capacity of the structural components directly
(Kodur et al. 2013). In addition, the 500°C isotherm method can be
employed to determine the residual properties of concrete members
(BST2004b). It is assumed that the fire-damaged depth d is equal to
the average thickness of the domain outside the 500°C isotherm
profile. Thereon, the cross-section is reduced according to the fol-
lowing rules: the stiffness and strength of inner undamaged con-
crete can be remained, whereas the outer damaged domain has
no contribution to concrete’s stiffness and strength. Derived from
the 500°C isotherm method for the case of multiple surfaces ex-
posed to a fire, the fire-damaged depth d can be given as follows
(Jia et al. 2020):

subjecttod € [0, min{b’, h'}] (13)

four surfaces exposed to a fire

b, twosurfaces exposed to a fire
b )
b =17 three surfaces exposed to a fire
b )
3 four surfaces exposed to a fire
h, twosurfaces exposed to a fire
p' — ) h. threesurfaces exposed to afire (16)
h
2

Substituting Egs. (16) to (13), or substituting / = b or [ = h to
Eq. (14), the damaged depth d of the fire-damaged concrete can be
derived.

Residual Properties of Steel Bars. The properties at elevated tem-
peratures and postfire residual capacities of steel bars are given by
many references such as Jia et al. (2020) and Maraveas et al.
(2017a, b). For example, the steelwork was classified into three
categories by Maraveas et al. (2017b), and the formulas to compute
the postfire residual factors of yielding strength, ultimate strength,
and elastic modulus are also presented, respectively. Moreover,
Maraveas et al. (2017a) presented two alternative formulas ac-
counting for the properties of high-strength steels at elevated tem-
peratures and postfire residual capacities. In addition, the yielding
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Fig. 11. Temperature fields and effective cross-sections of varying numbers of surfaces exposed to a fire: (a) four surfaces; (b) three surfaces; (c) two

surfaces; and (d) single surface.

strength and elastic modulus of steel bars under different temper-
atures are also proposed in Eurocode (BSI 2004b), which are de-
rived from transient- or steady-state fire tests.

Many uncertainties such as the microstructure, manufacturing
process, boundary condition, heating duration, and maximum tem-
perature can affect the accurateness of these formulas (Maraveas
et al. 2017b). To derive a relatively conservative result in this work,
the data of the reduction of the proportional limit (used to represent
the yielding strength) and elastic modulus of hot-rolled steel bars at
elevated temperatures in the Eurocode (BSI 2004b) are used. Con-
sidering the exact formulas of residual properties of steel bars will not
affect the conclusions too much, readers can also use the models or
experimental data in other literature like Maraveas et al. (2017a, b).

Based on the data in Eurocode (BSI 2004b), the fitting formulas
of the yielding strength f,(7) and the elastic modulus E (T) of
steel bars under elevated temperatures 7 are given as follows
(Jia et al. 2020):

Residual Seismic Performance

To obtain the primary structure’s residual seismic performance,
the hysteresis analysis is conducted via OpenSEES software
(McKenna 2011). In the hysteresis analysis, concrete-01 and
steel-01 constitutive models are used to simulate the concrete
material and steel bars, respectively. In addition, the fiber cross-
section and the displacement—-beam—column element are utilized
to simulate the nonlinear behavior of structural members. The de-
tailed information of the OpenSEES model is given in Table 4.
Thereon, the hysteresis loops of the fire-damaged primary structure
can be shown in Fig. 12. In Fig. 12, the subgraphs correspond to the
16 aforementioned fire scenarios. The fire exposure durations
tri—tss are given from left to right, and opening factors O-O4
are given from top to bottom.

To conduct the following random vibration analysis in the case
study, the nonlinear hysteresis loops of the primary structure should
be described in a mathematical form. As a widely investigated
hysteresis model, the Bouc-Wen model (Wen 1976) is employed

(T
M =1.057 —2.510 x 10737 + 5.981 x 1071073 herein to quantify the nonlinear hysteresis properties, which can
Iyo be expressed
5.731 x 1073T
W F, = akau + (1 — ay)k,z
. 1 . . n— ; n
EAE(T) — (1027 +6.105 x 10—11T3A791)—1 (17) <= 7_] [Au - V(7|M|Z|Z| ! _6M|Z| )] (18)
s0

where f\, and E, = yielding strength (MPa) and elastic modulus
(MPa) of steel bars under room temperature, respectively; and
T = temperature at the center of steel bars and can also be deter-
mined by Egs. (11) or (12).

where F; = structural restoring force; k, = initial stiffness coeffi-
cient and can be obtained via the pushover analysis; o, = postyield-
ing to preyielding stiffness ratio; u and z = overall and hysteretic
displacements, respectively; # and z = corresponding time

Table 4. Detailed information of OpenSEES model for determining the residual performance of the primary structure

Parameters Descriptions Values Remarks

ndm Number of dimensions 3 —

ndf Number of degrees of freedom 6 —

Uniaxialmaterial Model of steel bars SteelO1 Data can be obtained from Table 1 and Eq. (17)
Uniaxialmaterial Model of concrete ConcreteO1 Data can be obtained from Table 1 and Egs. (13) or (14)
Section Model of cross section Mesh size: 0.02 m; concrete cover: 0.05 m
Element Element type dispBeamColumn Number of integration points: 8

Constraints Constraint method Transformation —

Test Convergence criterion Energylncr Tolerance: 1 x 1072°; Max iterations: 20
Algorithm Solution algorithm Newton —

System Storage of equation BandGeneral —

Numberer Number of degrees of freedom RCM —

Integrator Loading method DisplacementControl —

Analysis Analytical method Static —
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Fig. 12. Comparisons between the hysteresis curves of the fire-damaged primary structure obtained from OpenSEES software (dashed lines) and

Bouc—Wen model (solid lines).

derivatives; and 7, A, v, 7, 3, and n = six indices describing the
geometric shape of the Bouc-Wen hysteresis curve. As shown in
Fig. 13, it can be observed that each of the parameters in
Eq. (18) have different control effects to determine the hysteretic
loop of the primary structure in the case study. In Fig. 13, the de-
fault values are n=1, A=1,v=2, v=5, 3=0.75 n=1,
ky =300, and oy = 0.2, and all the other parameters will be un-
changed if one of them is varying. Specifically, it can be seen that
1, A, and v can affect the stiffness and strength of the hysteresis,
whereas -y and (3 can control the shape of hysteretic loops. Moreover,
the smoothness of the transition from elastic to plastic states is in-
fluenced by the parameter n. As alluded to in the definition, the initial
stiffness and stiffness ratio of plastic to elastic phases are determined
by parameters k, and «, respectively. Therefore, the complicated
hysteretic curves obtained from OpenSEES can be represented by
the Bouc-Wen model (Wen 1976).

Considering the primary structure is similar to an ideal elasto-
plastic system, » = v =n =1 can be assumed (Lin and Zhang

py = 7850

13002/(738 — T)) + 666,
17802/(T) + 545,
650,

C, =

A
a, =1.4x1073

28.2, T > 900°C

2004). As for other parameters, namely «, A, -y, and 3, the genetic
algorithm [a stochastic optimization algorithm (Chipperfield
1995)] can be utilized as a robust tool to realize the parameter iden-
tification by minimizing the errors between the curves from Open-
SEES and the Bouc-Wen model in Eq. (18). After the optimization
process, the parameters in Eq. (18) can be obtained (not spelled out
here), and the Bouc-Wen hysteresis curves are also shown in
Fig. 12. It can be observed that the sufficient accuracy of the param-
eter identification is realized.

Residual Seismic Performance of MYD

Temperature Field of MYD

MYDs are usually made of mild steels with lower yield strength,
and their thermal properties, density p, (kg/m?), specific heat C,
[J/(kg - °C)] (BSI 2005), thermal conductivity A, [W/(m - °C)]
(Lie and Denham 1993), and thermal expansion coefficient o
[m/(m - °C)] (BSI 2005) can be given

222 x 10773 — 1.69 x 107372 4+ 0.773T + 425, 20 < T < 600°C

600 < T <£735°C
735 < T £900°C
900 < T <£1200°C

. {—0.022xT+48, 0<T<900°C
.=

To simulate the actual situation, a 2-mm-thick fireproof coating that protects MYD from experiencing excessive fire damage is also taken
into consideration. In addition, density, specific heat, and thermal conductivity of the fireproof coating are reasonably selected as
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Fig. 13. Tllustration of control parameters 7, A, v, , (3, n, k,, and a; in the Bouc-Wen model accounting for the residual seismic performance of the
primary structure in the case study: (a) varying parameter 7; (b) varying parameter A; (c) varying parameter v; (d) varying parameter ; (e) varying
parameter [3; (f) varying parameter n; (g) varying parameter k,; and (h) varying parameter .

pe. = 500 kg/m3, C,=1,000]/(kg-°C), and A, =0.19W/(m-°C),
respectively. The residual mechanical properties, i.e., yielding
strength and elastic modulus, can be obtained from Table 2 and
Eq. (17). Based on these data, the temperature field of MYD under
varying fire scenarios can be obtained via thermal analysis with
Abaqus software (Dassault Systemes Simulia Corporation 2014),
and the detailed information of Abaqus model is given in Table 5.

The model of the MYD-brace system in Abaqus is shown in
Fig. 14, and the temperature fields of the MYD-brace system
for different fire exposure duration ¢, with the opening factor O =
0.02 are shown in Fig. 15. The fireproof coating is hidden in Fig. 15,
and the scalar variable NT11 represents the temperature field (°C)
in the Abaqus software.

Residual Seismic Performance

To obtain the residual performance of MYD, the hysteresis analysis
is conducted via finite-element method with Abaqus software
(Dassault Systemes Simulia Corporation 2014) and Python program-
ming (Oliphant 2007). As shown in Fig. 16, two groups of
displacement-type loadings (Dirichlet boundary conditions) are
employed sequentially to simulate the effects of mainshock and after-
shock, respectively. Also, the predefined temperature field [Eq. (7)]

© ASCE

04022003-10

is exerted at the intersection of the mainshock and aftershock to
simulate the secondary fire disaster. In such a way, the case of
mainshock—secondary fire—aftershock can be considered for
MYDs. The detailed information of the Abaqus model is given in
Table 6.

Thereon, the hysteresis loops of the undamaged (dashed lines)
and fire-damaged (solid lines) MYDs can be shown in Fig. 17. In
Fig. 17, the subgraphs correspond to the 16 aforementioned fire
scenarios. The fire exposure durations ¢4 are given from left
to right, and opening factors O;—0, are given from top to bottom.
It can be seen that the hysteresis loops of fire-damaged MYD be-
come slender with the fire exposure time ¢, increasing and the
opening factor O decreasing. In addition, the details of the sub-
graphs in the first row and third column in Fig. 17 are shown in
Figs. 18 and 19. In Fig. 18, it can be seen that the hysteresis curve
of the undamaged MYD (dashed line) has a spiral form like the
isotropic hardening model, whereas the hysteresis curve of the
fire-damaged MYD (solid line) behaves like the elastic-perfectly
plastic model. In Fig. 19, a significant stress relaxation can be
observed at the intersection of the undamaged and fire-damaged
hysteresis curves, which results from the predefined tempera-
ture field.
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Table 5. Detailed information of Abaqus model for determining the temperature field of MYD

Categories Subclasses

Analytical step

Parameter setting for the adiabatic surfaces
(facets connected to the floor or ceiling)

Parameter setting for the heated surfaces
(facets exposed to fire)

Surface radiations

Others

Surface film conditions

Surface film conditions

Parameters Values
Time period Determined by Eq. (8)
Maximum number of increments 1,000
Initial increment 1.0
Minimum increment 1073
Maximum increment 2.0
Maximum temperature increment 10°C
Film coefficient 4 W/(m? - °C)
Film coefficient amplitude Instantaneous
Sink definition Uniform

Sink temperature 20°C

Sink amplitude Instantaneous

Film coefficient 25 W/(m? - °C)
Film coefficient amplitude Instantaneous

Sink definition Uniform

Sink temperature 20°C
Sink amplitude Determined by Eq. (7)
Emissivity distribution Uniform
Emissivity 0.8
Ambient temperature amplitude Determined by Eq. (7)

Absolute zero —273°C
Stefan—-Boltzmann coefficient 5.67 x 1078
Initial temperature 20°C
Element type DC3DS8

Fireproof coating

e

Fig. 14. Model of the MYD-brace system with fireproof coatings in
Abaqus.

Fireproof coating

To conduct the random vibration analysis, the bilinear hysteresis
model is used to quantitatively describe the nonlinear hysteretic
properties of fire-damaged MYDs in the case study, which can
be expressed

Fd = Oédkdu + (1 — Oéd)de
7 = ugysign(it) (20)

where F,; and k, = restoring force and initial stiffness of MYD,
respectively; o, = stiffness ratio of postyielding to preyielding;
u and z = overall and hysteretic displacements of MYD, respec-
tively; and u,, = yielding displacement. Considering the hysteresis
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curve of the fire-damaged MYD is close to the elastic-perfectly
plastic model, the parameters k;, oy, and u, in Eq. (20) can be
easily determined based on Fig. 17 and are not spelled out here.

Theoretical Analysis

Equivalent Linearization of Restoring Forces

In the previous section, the nonlinearities of the primary structure
and MYD can be considered via the Bouc-Wen model in Eq. (18)
and the bilinear hysteresis model in Eq. (20), respectively. How-
ever, these models are still highly nonlinear and need to be further
simplified. Among varying analytical methods, the equivalent lin-
earization method (Hurtado and Barbat 2000) is a powerful tool
because of its explicit physical meanings of parameters and concise
expressions. Based on certain rules, the nonlinear restoring force
can be rewritten in a linear form such that the computational effi-
ciency can be improved.

Equivalent Linearization of the Bilinear Hysteresis Model
According to the equivalent linearization method (Hurtado and
Barbat 2000), the equivalent hysteretic displacement in Eq. (20)
can be denoted

Zg = C,it + k,u (21)

where ¢, and k, = two unknown coefficients.
Substituting Eq. (21) into Eq. (20) derives the equivalent restor-
ing force

Fd = adkdu + (1 - ad)kd(keu + Cel;l) = Eel;t + I;eu (22)

where ¢, and I;L) = stochastically equivalent damping and stiffness,
respectively, which can be expressed
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Fig. 15. Temperature fields of MYD-brace system for different fire exposure time ¢, and O =0.02: (a) 1,y =0; (b) 1y, = ;,,(0)/3;
(©) Iy3 = 2 % tiax /35 and (d) try = trﬁlax(o)'
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Fig. 16. Time histories of the displacement-type loadings and the predefined temperature field.
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Table 6. Detailed information of Abaqus model for determining the
residual performance of MYD

Categories ~ Subclasses Parameters Values
Analytical ~ Mainshock Time period 100
steps Maximum number of increments 2,000
Initial increment 1072
Minimum increment 1072
Maximum increment 0.2
Fire Time period 1
Maximum number of increments 100
Initial increment 0.1
Minimum increment 1073
Maximum increment 0.2
Aftershock Time period 100
Maximum number of increments 2,000
Initial increment 1072
Minimum increment 1073
Maximum increment 0.2
Others Element type C3D8R

Ze = (1= agkyce. ke = agky + (1 — ag)kgk, (23)

To achieve a satisfactory linearization, the minimum square er-
ror between the nonlinear and linearized terms E[(Z, — z,)%] =
E[(c % + k,x — z,)?] should be realized, where E[] represents
the expectation operator. Thereon, the unknown coefficients c,
and k, can be obtained from the expressions

OE(E —z)’] o OEE —z)]

de, ok, =0 (24)

which can be further solved to produce ¢, and k, as follows:

_ Elit - z,]

. _Elu-z4]
© E[w]

k=g 25)

Substituting Eq. (20) into Eq. (25), parameters c, and k, can be

obtained
2
ce:\/:w, k, =0 (26)
™oy

Substituting Eq. (26) into Eq. (23), stochastically equivalent
damping and stiffness coefficients can be written

2 -
Coe = (1 —ay)ky —M» ke = agkg (27)

™0y

Equivalent Linearization of the Bouc-Wen Model

Similarly, based on the equivalent linearization method (Hurtado
and Barbat 2000), the Bouc-Wen model for the primary structure
in Eq. (18) (noting that n = v = n = 1 has already been assumed)
can be replaced by

F, = askau+ (1 —ay)ksz, 24+ piu+hz=0 (28)

where p and & = two equivalent linearization parameters and are
expressed (Lin and Zhang 2004)

e 2
o » »
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Fig. 17. Comparisons between the hysteresis curves of undamaged (dashed lines) and fire-damaged (solid lines) MYDs obtained from Abaqus

software and Python programming.
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Fig. 18. Difference between the hysteresis curves of undamaged
(dashed lines) and fire-damaged (solid lines) MYDs.
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Fig. 19. Stress relaxation induced by a fire.
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Fig. 20. Analytical model of the SDOF damped structure.

p=\ﬁ<vﬁ+ﬁaz) -4 h:\ﬁ(””ﬂ%) >
™ 0y ™ 0,

where o, and o, = standard deviations of the velocity i and the
hysteretic displacement z, respectively; and o, = covariance of
it and z.

Motion-Governing Equations

The analytical model of a single-degree-of-freedom (SDOF)
damped structure given in Fig. 2 is shown in Fig. 20. The SDOF
structure used herein contains a structural mass m, a hysteretic
structural spring with initial stiffness k,, and structural inherent
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Fig. 21. Equivalent model of the SDOF damped structure.

damping c. In addition, the MYD-brace system is also installed
in the SDOF structure. Based on the aforementioned equivalent lin-
earization method, the MYD-brace system can be regarded as the
combination of an elastic spring k, and a viscous damping element
¢,. Thus, the SDOF damped structure shown in Fig. 20 can be sub-
stituted with the equivalent one displayed in Fig. 21.

Thereon, the governing equations of the SDOF structure with
MYD subjected to a horizontal ground motion can be written

mit + (¢ + & )it + (agky + ko )u + (1 — ay)kyz = —mii,
Z+pit+hz=0

2( o,
p= \/:<v£+ﬁoz> —A
™ [
2 -
h: \/:<’W/O'il+/80—"u)
T o,

- 2 uy,
&= (1—agks /==~
71'0'u

ke = O[dkd (30)

where it, it, and u = structural (also MYD’s) acceleration, velocity,
and displacement, respectively; and i, = acceleration of the ground
motion, which can be derived based on the Kanai—Tajimi stochastic
model and expressed (Rofooei et al. 2001)

iy + 26 pwpity + whup = =, ity = —2&wpiy —wiup - (31)

where £, and w; = soil strata’s damping coefficient and frequency,
respectively; W = white-noise intensity at the rock bed; and iif, it £
and u, = acceleration, velocity, and displacement responses of the
soil filter, respectively.

Considering the complexity of the motion-governing equations,
the pseudoexcitation method (Lin et al. 1994, 2011; Lin and Zhang
2004) is employed herein to improve the computational efficiency,
where stochastic responses can be directly calculated with carefully
designed pseudoexcitation. Compared with the classical method of
solving the Lyapunov equation, the pseudoexcitation method (Lin
and Zhang 2004) is more efficient because the variances or cova-
riances of structural responses are exactly the product of the pseu-
doresponse and the conjugate, and then the expensive iteration
process for solving the overall covariance matrix in Lyapunov
method is avoided. According to the pseudoexcitation method,
the virtual input seismic excitation can be set as follows:

iy(w, 1) = /S, (w)e™! (32)

where w and ¢ = frequency and time of seismic excitation, respec-
tively; S,(w) = power spectral density of excitation; and i = \/—_1
is the imaginary unit. Then, the pseudostructural acceleration i,
velocity i, displacement u, and hysteretic displacement Z can be
directly obtained as follows:
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i(w, 1) = b(w)e™, it(w, 1) = iwb(w)e™", i(w, 1) = —wPb(w)e™", Z(w,t) = b'(w)e™" (33)
where b(w) and b'(w) = two amplitudes and are expressed
_ agks + I;e 2 (1 — O‘s)kxp W w(c + Ee) (1 — O‘s)ksp hw . B
b(w) 7_{ o W - h2+w2+ P = i Sy (w)
A\ -1
b'(w) = —<1 + —) pb(w) (34)
iw

On top of that, the variances of the structural displacement o2, velocity o

2

u

covariance of velocity and hysteretic displacement o,,, can be calculated

+o0

o2 = /
—00
+00

2 __

52 /
—00
+00

2 __

Tii /
—00
+o0o

ot = /
—00

+00
(00, ) i(w, £)dos = z/ b2 dw
0
- . +00
u(w, t)*u(w, t)dw = 2/ W b|*dw
0
. .. +o00
ii(w, 1) (w, £)dw = 2/ A Jb[2du
0
+o0
3w, 1) 3w, 1)dw = 2 / b’ P
0

(iwb)*b'dw

acceleration af—t, and hysteretic displacement or%, as well as the

(35)

where (-)* = conjugate complex number of the variable (-).

Finally, the stochastic structural responses o2, o2

u’

+oo +oo
i = / u(w, 1) Z(w, f)dw = /
—00 -0

o?, and o, in Eq. (35) can be obtained by iterations until convergence. As for the

original (uncontrolled) structure, the amplitude b(w) in Eq. (34) can be obtained by setting k, = ¢, = 0 as follows:

2

1 —
b(w) = _{ﬂ o =akp w

m m h? 4 WP

Energy Conservation Equations

Regarding the principle of energy conservation, the input seismic
energy is dissipated by both the primary structure and MYDs. From
the perspective of time-domain analysis, the instantaneous energy
conservation equation at the time ¢ is given

elotal(t) = Z ei(t) = Z eslructure(t) + Z eMYD(I)
= ek.p(t) + e&p(’) + ec‘p(t) + ed.p(t) + ee.MYD(I)
+ eqmyp(t) (37)

where e, (f) = input seismic energy at the time #; ey , (1), e, , (1),
e. (1), and e, () = kinetic energy, elastic strain energy, energy
dissipated by the inherent damping, and energy dissipated by
the elastoplasticity of the primary structure, respectively; and
e.myp(t) and ey yyp(t) = elastic strain energy and the energy dis-
sipated by MYD, respectively. Assuming the structural vibration is
a stochastic process, then the energy response can be obtained in a
stochastic perspective by applying an expectation operator E[-] to
both sides of Eq. (37), and we obtain

E[etotal(t)} = E[ec.p(t)] + E[ed,p(t)] + E[ed.MYD(t)] (38)

where Ele, ,(1)], Ele, ,(?)], and E[egnmyp ()] can be expressed

© ASCE 04022003-15

+{£_<1—as>’<xl’ o H 5,() (36)

m m R

E[ec.p(t)] = E[Cu(t)z} = CUZu
E[ed.p(t)] = E[(] - as)ksz(t)u(t)] = (] - as)ksahz

Fleasmol0) = Eieits?] = £[(1 ~ by 222 a7

=(1- O‘d)kd\/%”dygu (39)

Finally, the expectation of the total input seismic energy can be
written

2
E[etotal(t)] = (1 - as)ksguz + CUL% + (1 - ad)kd\/;udyo-u (40)

Parametric Analysis for Residual Seismic
Performance

Indicators for Residual Seismic Performance

To conduct the parametric analysis, the indicators of residual
seismic performance should be determined first. In the tradi-
tional theories for structural vibration control, the displacement
mitigation ratio ,,, acceleration mitigation ratio vy,y, and en-
ergy filter ratio g, under room temperature are defined (Pan
and Zhang 2018)
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0u0.d _Oa0d . Elegmyp(1)]
Juo ow Jao Ta0 =t Eleoq(1)] 4
where 0,9, and 0, , = root-mean square (RMS) structural dis-
placement and acceleration of the damped structure, respectively;
and 0,y and o,y = corresponding values of the original structure,
respectively. According to the definition, smaller values of -,,
Y40, and ygo represent better performance to control the structural
responses.

To account for the damage induced by a fire, the aforementioned
indicators can be rewritten

Design method based on the

. uniform damping ratio
Primary structure

Eurocode 1

Mechanical parameters of MYD ]

l Finite element analysis

Thermal analysis [ Geometric parameters ]

Gas temperature
of MYD

Kodur’s model

Temperature field in the
primary structure

Temperature field
in MYD

Eurocode 2 Eurocode 2&3

Residual material properties
of the primary structure

Residual material
properties of MYD
Thermal-mechanical
coupling analysis

Mechanical analysis

Residual performance

of the primary structure

Residual performance
of MYD

Theoretical analysis |

!

[ Motion-governing and energy conservation equations ]

l Numerical analysis

Displacement mitigation ratio y,,, acceleration mitigation
ratio y, , and energy filter ratio yz

Attenuation rates of the displacement mitigation ratio 3,
acceleration mitigation ratio 3, , and energy filter ratio Sz

Fig. 22. Methodology to investigate the residual seismic performance
of the fire-damaged damped structure.

Uud(tf’o)
l-,O :‘7-,
’Yu(f ) w0
Uad(tf,o)
t;,0) =22
Ya(ty. 0) P
E t,ty, O
teley.0) = 1 - Ecamolt iy O 2)

E[etotal(t7 tf’ 0)}

where O = opening factor; and ¢ and ¢, = time of seismic excitation
and fire exposure, respectively. It can be shown that v, (t;, 0) =
Yu0> Wa(tf’ O) = Ya0> and ’YE(tﬁ O) = YEo for ty = 0.

In this study, three attenuation rates are also defined to inves-
tigate the residual performance of the fire-damaged damped struc-
ture and are expressed

) _ Yu0 — ’Vu(tf’ 0)

Bults, O .
( ! Yuo
Ya _Va(t 70)

Bty 0) = 0—— L=

Ya0

— (s, 0

ety 0) = 0= 0) (#3)

YEO

Table 7. Specific values of performance indicators ~,, 7,, and vg of the
fire-damaged damped structure

Opening
Indicators factors, O If1 I 13 T4
Yu(t. 0) 0.02 0.711 0.760 0.897 0.975
0.04 0.711 0.725 0.785 0.865
0.06 0.711 0.722 0.748 0.794
0.08 0.711 0.720 0.731 0.760
Ya(ty, O) 0.02 0.736 0.784 0.908 0.978
0.04 0.736 0.751 0.808 0.881
0.06 0.736 0.738 0.774 0.818
0.08 0.736 0.733 0.757 0.786
ve(ty, O) 0.02 0.325 0.395 0.683 0.913
0.04 0.325 0.343 0.435 0.601
0.06 0.325 0.330 0.375 0.450
0.08 0.325 0.324 0.349 0.392

o e
o o
=3

Disp. mitigation ratio s
S S =
>

Acc. mitigation ratio W
=4
=

o
o

0.02 0.02

Fig. 23. Performance indicators 7, 7,, and v of the fire-damaged damped structure: (a) displacement mitigation ratio v, ; (b) acceleration mitigation

ratio v,; and (c) energy filter ratio g.
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Fig. 24. Performance indicators 3,, 3,, and 3 of the fire-damaged damped structure: (a) attenuation rate of the displacement mitigation ratio 3,;
(b) attenuation rate of the acceleration mitigation ratio 3,; and (c) attenuation rate of the energy filter ratio .

Table 8. Specific values of performance indicators 3,, 3,, and G of the
fire-damaged damped structure

Opening
Indicators factors, O tr1 (%) tr> (%) 13 (%) tr4 (%)
Bulty, O) 0.02 0.0 —6.9 —26.2 -37.0
0.04 0.0 -2.0 —10.4 -21.6
0.06 0.0 —1.5 5.2 —11.6
0.08 0.0 —-1.2 —2.8 —6.9
Ba(ts, 0) 0.02 0.0 —6.6 —234 —-32.9
0.04 0.0 —2.1 -9.8 —19.7
0.06 0.0 —0.3 —5.2 —11.1
0.08 0.0 0.4 2.9 —6.8
Be(ts,0) 0.02 0.0 -21.5 —110.1 —180.7
0.04 0.0 —5.4 —33.7 —84.8
0.06 0.0 -1.5 —15.4 —38.4
0.08 0.0 0.2 =7.5 —20.4

According to the definitions of attenuation rates in Eq. (43), it
holds 8, = 3, = B¢ = 0 for t; = 0, indicating the damped struc-
ture is undamaged. Otherwise, attenuation rates (3, 3,, and O are
positive values representing the performance degradation. Based on
the aforedefined indicators, the parametric analysis can be summa-
rized as follows:

ty € {1y},
0 €{0;} = {VuVarVEs B Bas Be}, fori,j=1,2,3,4 (44)

Methodology for the Parametric Analysis

Based on the model of the damped structure and 16 fire scenarios,
the primary structure’s and MYD’s residual seismic performance,
as well as the motion-governing and energy-conservation equa-
tions, the methodology for the parametric analysis to investigate
the residual seismic performance of the fire-damaged damped
structure can be summarized as shown in Fig. 22.

Numerical Results of the Performance Indicators

Based on the methodology given in Fig. 22, the residual perfor-
mance of the fire-damaged damped structure can be obtained quan-
titatively. As shown in Figs. 23(a—c), a series of surface plots are
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given with the opening factor O on the x-axis, duration of fire
exposure 7, on the y-axis, and performance indicators (,, v,, and
~g) on the z-axis. In Fig. 23, the solid points correspond to the 16
predefined fire scenarios, and the surfaces are obtained by fitting
the solid points. The performance indicators v,, v,, and g are
assumed to remain unchanged for 75 >ty = I,

In addition, the specific values of performance indicators are
given in Table 7. It can be seen from Fig. 23 or Table 7 that per-
formance indicators vy, v,, and g increase with the opening factor
O decreasing and the duration of fire exposure 7, increasing, indi-
cating the structural control effects of the damped structure are
affected by the fire scenarios.

To display the performance reduction, performance indicators
Bu» Ba» and (g are shown in Figs. 24(a—c), where the opening
factor O is on the x-axis, the duration of fire exposure iy is on the
y-axis, and performance indicators (3,, B,, and (35) are on the
z-axis. Similar to Fig. 23, the solid points correspond to the pre-
defined fire scenarios, and the surfaces are obtained by fitting the
solid points.

In addition, the specific values of performance indicators are
also given in Table 8. It can be observed that the residual perfor-
mance of the fire-damaged damped structure decreases with the
time 7 increasing and the opening factor O decreasing. In the worst
scenario (O = 0.02 and 17 = 1), the seismic performance of the
damped structure can be reduced by 180.7%.

Power Spectral Density Functions

To account for the variations of the spectral characteristics due to a
fire, the power spectral density functions (PSDFs) of the structural
displacement S, and acceleration S, under varying fire scenarios
are shown in Figs. 25 and 26, respectively. In these figures, the
PSDF curves of the undamaged original structure are also plotted.
In each subgraph (the opening factor O is fixed), it can be seen that
the peak of the curve moves up to the left with the fire exposure
time 7, increasing, indicating the greater structural response and the
worse structural control effect. Specifically, it can be observed that
the PSDF curves for t; = 74 and O = 0.02 in Figs. 25(a) and 26(a)
are higher than the PSDF curves of the undamaged original struc-
ture at certain excitation frequencies, indicating that a severe damp-
ing failure occurs because the residual performance of the damped
structure is even worse than the uncontrolled structure.
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Fig. 25. PSDFs of the structural displacement S, under varying fire scenarios: (a) O = 0.02; (b) O = 0.04; (c) O = 0.06; and (d) O = 0.08.
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Fig. 27. Time histories of the structural displacement under varying ground motions: (a) Ground motion 1; (b) Ground motion 2; (¢) Ground motion

3; and (d) Ground motion 4.

Table 9. RMS mitigation ratios -y, and attenuation rates 3, of structural
displacement responses

Indicator GM No. g tp i3 try

C0,(i,0)  GM1 0220 0317 0.663 1.024
=T, GM2 0257 0.351 0.748 1.113
GM 3 0341 0415 0.658 0.863
GM 4 0.420 0522 0.845 1.072

B, =10 " (@) GM1 00  —445 2020  —366.3

Vuo GM2 00  -365  —1912  —3333

GM3 00  -218 931 —1532

GM4 00  -243  —101.0  —1552

Average of 3, (%) — 0.0 —31.8 —146.8 —252.0

Note: GM = ground motion.

Table 10. Peak mitigation ratios -y, and attenuation rates (3p, of structural
displacement responses

lndicator GM No. lfl sz [f3 tf4

~ P,(t,,0) GM 1 0248 0367 0.698 0.962
Veu=—p GM2 0295 0395 0.728 1.082
GM3 0392 0474 0.719 0.837
GM 4 0439 0555 0918 1.176

Bp, = PO " TPu gy GM 1 0.0 ~ —480  —181.6  —288.0

Vpuo GM.2 00  -338  —1468  —266.7

GM3 00 -209  -833  —1133

GM4 00 -263 —1090 —167.7

Average of fp, (%)  — 00  —322  —1302  —208.9

Note: GM = ground motion; P, and P,, = peak displacements of fire-
damaged and undamaged damped structures, respectively; and 7vp,, =
mitigation ratio of the peak displacement of the undamaged damped structure.
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Verification with Recorded Ground Motions

Time Histories of Structural Displacements

To further verify the results obtained from the parametric analysis,
three recorded and one artificial waves of ground motion are used
to conduct the time-domain analysis. These four ground motions
were also used in previous work (Jia et al. 2019) representing the
diversity of geographical conditions. Based on the Newmark-(3
algorithm, the displacement time histories of the damped structure
under varying ground motions can be shown in Fig. 27. In each
subgraph, the fire-damaged damped structure for O = 0.02 and
;= tsp, as well as the undamaged damped structure for O =
0.02 and 1y = 1 are plotted.

Based on these time histories of displacements, RMS and peak
mitigation ratios (v, and vp,) and attenuation rates (3, and (3p,)
can be obtained as given in Tables 9 and 10, respectively. It can be
observed that the structural vibration control effects on both RMS
and peak displacements can degrade significantly due to the fire
damage. For the case of 7; = 14, the residual performance in terms
of the control effects on RMS and peak displacements are reduced
by 252.0% and 208.9%, respectively.

Time Histories of Structural Accelerations

The acceleration time histories of the damped structures under
varying ground motions are shown in Fig. 28. In each subgraph,
the fire-damaged damped structure for O = 0.02 and 7 = 5, as
well as the undamaged damped structure for O = 0.02 and 15 = 14
are plotted.

Based on these time histories of accelerations, RMS and peak
mitigation ratios (v, and yp,) and attenuation rates (3, and (3p,)
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Fig. 28. Time histories of the structural acceleration under varying ground motions: (a) Ground motion 1; (b) Ground motion 2; (¢) Ground motion 3;

and (d) Ground motion 4.

Table 11. RMS mitigation ratios v, and attenuation rates (3, of structural
acceleration responses

Indicator GM NO. lfl le tf3 lf4

_0,(t;.0) GM 1 0496 0.602 0.811 0.901
Ta="0G GM 2 0.647 0.707 0.849 0.930
GM 3 0.619 0.687 0.833 0.881
GM 4 0.670 0.715 0.844 0.909

8, =29 "TJa )y GM1 00 213 —634 -85

Va0 GM2 0.0 —9.4 -31.3 —43.9

GM 3 00 —11.1 —34.7 —425

GM4 00 —6.7 —25.9 —35.7

Average of 3, (%) — 0.0 —12.1 —38.8 —50.9

Table 12. Peak mitigation ratios -y, and attenuation rates (3p, of structural
acceleration responses

Indicator GM No. tfl tf2 tf3 lf4

_ P,(1;.0) GM 1 0.579 0.663 0.868 0.898
Yra = —p GM 2 0.892 0.850 0.982 1.009
GM 3 0.631 0.658 0.794 0.884
GM 4 0.660 0.719 0.876 0.937

Bp, = Pa0 " TPa gy GM 1 0.0 ~ —146  —50.0  —55.1

TPa0 GM 2 0.0 4.6 —~10.1 —~13.1

GM 3 0.0 —4.2 —257 —40.0

GM 4 0.0 —8.8 -32.6 —41.8

Average of (p, (%) — 00 —5.7 —29.6 —37.5

Note: P, and P,y = peak accelerations of fire-damaged and undamaged
damped structures, respectively; and ~p,, = mitigation ratio of the peak
acceleration of the undamaged damped structure.
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can be obtained as given in Tables 11 and 12, respectively. It can be
observed that the structural vibration control effects on both RMS
and peak accelerations can degrade significantly due to the fire
damage. For the case of 1, = 1, the residual performance in terms
of the control effects on RMS and peak accelerations are reduced
by 50.9% and 37.5%, respectively.

Time Histories of Normalized Energy

In this subsection, time histories of the normalized energy for O =
0.02 and Ground motion 1 with different fire exposure durations 5
are shown in Fig. 29. In each subgraph, the total seismic energy is
divided by the energy dissipated by MYD, structural elastoplastic-
ity, structural inherent damping, and strain or kinetic energy. It can
be seen that for the undamaged case (¢, = t;; = 0), most of the
input seismic energy can be dissipated by MYD, which verifies
the effectiveness of MYD and the correctness of the design method
for MYD employed in this work. With the fire exposure time 75
increasing, the energy dissipated by MYD decreases whereas the
energy dissipated by the structural inherent damping increases be-
cause severe fire-induced damage appears in MYD. In addition, the
energy dissipated by structural elastoplasticity also increases sig-
nificantly because the primary structure has transformed from the
elastic phase to the elastoplastic phase due to fire damage. More-
over, at the end of each subgraph, the strain or kinetic energy van-
ished because the structure stops vibrating at that time.

Conclusions

Technologies for structural vibration control have received con-
siderable attention in the last decades, but the postfire seismic
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Fig. 29. Time histories of the normalized energy for O = 0.02 and Ground motion 1 with different fire exposure durations: (a) t, = t,; (b) t; = t1;

performance of those damped structures is still unclear. This is the
first work to investigate the residual performance of a fire-damaged
SDOF concrete structure with MYDs, and authors admit that this is
a relatively challenging work because it requires a comprehensive
understanding of both the fields of structural vibration mitigation
and structural fire safety.

One major contribution of the current work is the establishment
of the methodology for investigating the residual seismic perfor-
mance of the fire-damaged concrete structures with MYDs, where
a 1-story RC frame structure with four carefully designed MYDs
are employed as the research object in the case study. Moreover,
this work is also the meaningful guidance for designing general
damped structures (such as the steel structure with buckling re-
strained braces) considering both the fire and earthquake effects
simultaneously.

In terms of the proposed methodology, the natural fire curves are
determined based on the specified fire compartment, and then 16
fire scenarios are adopted considering different fire exposure dura-
tion and opening factors. Thereon, the temperature profiles of struc-
tural components and MYDs can be determined by Kodur’s model
and Abaqus software, respectively. On top of that, the residual per-
formance of the damped structure can be studied at the material
level. Specifically, the residual strength and elastic modulus of steel
bars and MYDs are computed from the fitting formulas based on
the data in Eurocode, and the damage of the concrete can be ac-
counted for by the 500°C isotherm method. Thereon, the residual
performance of the primary structure and MYDs in the structural
level can be obtained from OpenSEES and Abaqus software, re-
spectively. In addition, the Bouc-Wen and bilinear models are used
to represent the hysteretic characteristics of the primary structure
and MYDs, respectively. Finally, the stochastic structural responses
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can be obtained from the equivalent linearization and pseudoexci-
tation methods.

As another main contribution of this work, the residual perfor-
mance can be derived quantitatively with the proposed indicators,
and it is verified that the seismic performance of the SDOF concrete
structure with MYDs can be reduced significantly by fire damage.
Specifically, the performance indicators of the displacement and
acceleration ratios, and energy filtering ratio together with their at-
tenuation rates are defined firstly. Then, it can be observed that the
seismic performance of the damped structure can be reduced by
180.7% in the worst scenario, and this performance reduction can
also be seen from the PSDFs. Furthermore, four recorded ground
motions are employed to conduct the time-domain analyses, and
the degradation of seismic performance of the damped structure
due to a fire is once again verified from the results of displacement,
acceleration, and energy time histories.

Based on the aforementioned two major contributions of the pro-
posed methodology and performance indicators, necessary retrofit-
ting strategies could be presented to repair the existing fire-damaged
damped structures and to avoid unreasonable demolition work. Fur-
thermore, combining the proposed performance indicators with the
reliability analysis, structural safety can be better ensured by design-
ing damped structures with redundancy. In such a way, property
losses and casualties might be avoided.

For future perspectives, numerical analyses for multiple-degree-
of-freedom (MDOF) damped structures incorporating the spatial
distribution of the fire are of great importance. Although the au-
thors have already finished most of the analyses for the MDOF
damped structures, they are not included in this paper. Because
some considerations about the spatial quantities and nonlinear
pseudoexcitation method for MDOF structures can make the
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current paper excessively long, they will be published in our next
few studies.
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