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Abstract: Currently, reinforced thin-walled irregular steel tube concrete frame structures have been
applied in engineering, but there are few researches on the seismic performance of this type of
structures after fire. The seismic performance of structures after fire is generally carried out based
on rigid foundation conditions. Therefore, it is of certain engineering and theoretical value to study
the seismic performance considering the SSI (soil-structure interaction) in this paper. ABAQUS is
employed to establish the finite element models of the reinforced thin-walled irregular steel tube
concrete frame structure considering the SSI after a fire. The paper analyzes the impact of different
site conditions and fire durations on the structural natural vibration period, maximum acceleration,
inter-story shear force, and maximum inter-story displacement angle. The results show that the
consideration of the SSI increases the basic natural vibration period of the structure by 10-30%. The
softer the soil and the longer the fire duration, the more significant the increase. For harder soil, lower
seismic intensity, and shorter fire duration, the acceleration assigned to the structure and foundation
after considering the SSI is smaller than the results assuming a rigid foundation. The change in
inter-story shear force is mainly determined by the acceleration of the structure and foundation.
The inter-story displacement angle increases when considering the SSI, and the increase is more
significant with softer soil, larger seismic wave acceleration amplitude, and longer fire duration.

Keywords: post fire; SSI effect; thin-walled special-shaped steel tube concrete; framework; seismic
performance

1. Introduction

Cold-formed thin-walled steel is used as the external tube for thin-walled steel
tube concrete, with a diameter-to-thickness ratio or width-to-thickness ratio greater than
1.5 times the local stability limit of the hollow steel tube in compressed members [1,2].
To enhance the lateral restraint of the steel tube on the core concrete, internal stiffening
steel bars are added to form a stiffened thin-walled steel tube concrete. This structure
has high load-carrying capacity, stiffness, and seismic performance while saving about
35% of steel [3-5]. Common cross-sectional shapes include circular, rectangular, L-shaped,
T-shaped, cross-shaped, etc. Compared to traditional sections, L-shaped, T-shaped, and cross-
shaped profiles can integrate with walls, not only increasing the usable area of rooms but also
facilitating furniture layout. At present, this type of structure has been used in engineering.

Fire and earthquake are two kinds of disasters with high frequency. After fire, the
performance of building materials will deteriorate to different degrees, which will reduce
the bearing capacity and stiffness of structures and components. In additional, rigid
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foundation is generally assumed as the basic assumption for seismic analysis of structures.
But the SSI exists objectively, and dynamic response of structures considering the SSI is
different from rigid foundation. Therefore, it is of engineering application value to conduct
research on the reinforced thin-walled irregular steel tube concrete frame structures after
fire considering the SSI.

Some scholars have studied the seismic performance of special-shaped concrete-
filled steel tube structures at normal temperature. Xu et al. [6] conducted quasi-static
experimental research on a plane frame with four types of steel beam-concrete-filled steel
tube irregular columns. Zhang et al. [7] investigated the quasi-static behavior of a frame
with four two-story single-span steel beams and L-shaped steel tube concrete columns. The
seismic performance of a structure with concrete-filled steel tube irregular columns was
analyzed [8]. Jiang [9] studied the seismic performance of assembled steel tube concrete
irregular columns in frame structures.

The seismic performance of structures after fire has been studied by some scholars.
Research was conducted on post-fire seismic behavior of two-bay two-story frames with
high-performance fiber-reinforced cementitious composite joints [10]. Xiong et al. [11]
studied the post-fire seismic performance of composite shear walls filled with demolished
concrete lumps and self-compacting concrete. Ni et al. [12] investigated the post-fire seismic
performance of reinforced concrete shear wall structures. Demir et al. [13] examined the
influence of post-fire time on the seismic performance of reinforced concrete structures.
Post-fire seismic performance analysis was performed on multi-story reinforced concrete
frames under near-fault earthquakes [14]. The seismic performance of concrete frames after
local fires was studied [15].

Scholars generally use shaking table test and numerical simulation to carry out the
effect of SSI on structures [16-21]. Yang et al. [22] explored the seismic performance of
a 10-story concrete frame structure with sticky dampers considering the site-structure
interaction (SSI). Through a six-story frame structure shake table model test considering
the SSI, Liu et al. [23] studied the vibration control capability of eddy current-tuned mass
dampers. Deb et al. [24] conducted shake table tests on the interaction between soil,
pile foundations, and structures under soft clay field conditions. The shake table tests
were conducted on the dynamic interaction between structures, piles, and soil, as well
as on the mechanism of the SSI on the dynamic response of high-rise structures on rigid
foundations. [25,26] conducted overall shake table tests on a scaled “wind turbine tower-
foundation-soil” system considering the SSI, analyzing the impact of the SSI on the dynamic
characteristics, acceleration response, and displacement response of the wind turbine
tower model structure. A simplified model of large pile groups and super-tall buildings
considering the SSI was established, and the dynamic response of super-tall buildings
to wind loads considering the SSI was investigated [27]. Sadek et al. [28] analyzed the
influence of soil-structure interaction on the natural frequency of shear wall structures.
The seismic collapse capacity of steel frame structures considering the SSI was studied [29].
Using typical soft rock foundations, Zhao et al. [30] performed seismic vulnerability analysis
through Incremental Dynamic Analysis (IDA). Ding et al. [29] conducted overall shake
table tests on a scaled “wind turbine tower-foundation-soil” system considering the SSI,
analyzing the impact of the SSI effects on the dynamic characteristics, acceleration response,
and displacement response of the wind turbine tower model structure.

In summary, the study of seismic performance of composite structures is based on
rigid foundation condition, and the study of thin-walled concrete-filled steel tube structures
is rare; the study of structural seismic performance after fire is also mainly based on rigid
foundation condition; the research on SSI mainly focuses on steel structures and concrete
structures. Therefore, the seismic performance of the reinforced thin-walled irregular steel
tube concrete frame structures after fire is studied in order to enrich the relevant theories of
post-fire repair.

In order to study post-fire seismic performance of the reinforced thin-walled irregular
steel tube concrete frame structures, this paper initially validated a mechanical finite element
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models of a six-story steel frame structure considering SSI and a temperature field finite
element models of post-fire reinforced thin-walled T-shaped steel tube concrete. Then,
a finite element model was established for a post-fire reinforced thin-walled irregular
steel tube concrete frame structure considering the SSI. The study illustrated the influence
patterns of site conditions and fire exposure time on the structural natural vibration period,
maximum acceleration, inter-story shear force, and maximum inter-story displacement angle.

2. Finite Element Model Validation

In view of the lack of post-fire seismic performance tests related to the SSI for com-
posite structures, we first conducted model validation for steel frames considering the SSI
at normal temperature. Subsequently, temperature field model validation for T-shaped
stiffened thin-walled steel-concrete tubes was performed to ensure the effectiveness of the
finite element model.

2.1. Validation of Frame Models Considering the SSI

ABAQUS simulation verification was conducted for a six-story steel frame structure as
described in [31]. The steel frame beams and columns, floor slabs, independent foundations,
and soil were modeled using B32, S4R, and C3D8R elements, respectively. The steel material
was represented using a bilinear elastic-plastic model with a strength grade of Q235. The
stress-increment-to-strain-increment ratio in the strengthening segment was 1/100. The
material properties included a density of 7850 kg/m?3, an elastic modulus of 210 GPa, a
Poisson’s ratio of 0.3, and a yield strength of 235 MPa. The concrete was modeled using the
CDP model with a strength grade of C30, a density of 2500 kg/m?, a shear dilation angle
of 15°, an eccentricity of 0.1, a Poisson’s ratio of 0.167, a biaxial-to-uniaxial compressive
strength ratio of 1.16, a cohesion coefficient of 0.005, and a ratio of the second stress
invariant to the second invariant of stress applied in the meridian plane of 0.667. The
soil was modeled using the M-C constitutive model with parameter values consistent
with [31]. The reinforcement ratio for the floor slabs and foundations was set to 2%.
Rayleigh damping was applied to the soil with a damping ratio of 0.08, and direct modal
damping with a damping ratio of 0.05 was applied to the structure. The calculation domain
for the foundation extended to 240 m x 240 m x 50 m, with isotropic three-dimensional
consistent viscoelastic artificial boundaries applied at the bottom and side boundaries [32],
and a free boundary at the top. Solid elements C3D8R were used for boundary elements
with a thickness of 5 m, and boundary parameters ot = 0.667, oy = 1.333 were applied [32].
The seismic input matched that of [31]. A face-to-face contact approach was employed for
modeling the contact surfaces between the foundation and the soil, with a hard contact
in the normal direction and a Coulomb friction model in the tangential direction with a
friction coefficient of 0.3 [31]. The foundation was modeled as 3 m x 3 m. The mesh size
for the upper structure was set to 0.03 m. The verification results for the fundamental
period of vibration and maximum base shear under different site conditions are presented
in Table 1. The maximum inter-story displacement angles calculated along the X and Y
directions of the seismic wave [31] are shown in Table 2. As can be seen from Tables 1 and 2,
the calculation error of the basic natural vibration period is 2-12%, and the error of the
displacement angle between each layer is about 10%, which is in good agreement. However,
the simulation error of the maximum shear force of the base considering is about 20%. This
may be due to the relative complexity of the contact surface between the base.

Table 1. Verification of natural vibration period and the maximum shear force of the base.

Basic Natural Period/s Base Shear/kN
Documentation Documentation Documentation Documentation
Venue Type V. Simulation Value  Value/Simulation Simulation Value  Value/Simulation
alue [31] Value Value [31] Value
Rigid foundation ~ 0.61 0.62 1.021 2274.33 2385.46 1.049
Medium hard soil ~ 1.08 1.14 1.057 1256.28 1550.55 1.234
Medium soft soil 1.11 0.97 0.876 1168.01 1455.14 1.246
Weak soil 1.21 1.15 0.953 928.88 1192.73 1.284
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Table 2. Verification results of the maximum inter-story displacement angle of each layer.
g 5
s $ Rigid Foundation Medium Hard Soil Medium Soft Soil Weak Soil
2 7 Documentation Calculated Documentation Calculated Documentation  Calculated Documentation  Calculated
2 Value [31] Value Value [31] Value Value [31] Value Value [31] Value
6 0.71% 0.86% 1.02% 1.08% 1.34% 1.36% 2.25% 2.09%
5 0.87% 0.95% 1.09% 1.11% 1.43% 1.45% 2.28% 2.10%
X 4 1.07% 1.18% 1.19% 1.24% 1.56% 1.55% 2.29% 2.19%
3 1.43% 1.30% 1.30% 1.35% 1.69% 1.65% 2.39% 2.36%
2 1.38% 1.40% 1.36% 1.40% 1.76% 1.68% 2.49% 2.40%
1 1.27% 1.42% 1.40% 1.46% 1.80% 1.78% 2.57% 2.47%
6 0.15% 0.15% 0.27% 0.28% 0.56% 0.62% 1.61% 1.50%
5 0.25% 0.30% 0.36% 0.40% 0.66% 0.70% 1.61% 1.54%
v 4 041% 0.52% 0.52% 0.58% 0.82% 0.90% 1.62% 1.57%
3 0.73% 0.65% 0.71% 0.71% 1.00% 1.07% 1.63% 1.58%
2 0.69% 0.65% 0.81% 0.80% 1.10% 1.18% 1.65% 1.60%
1 0.59% 0.70% 0.84% 0.88% 1.14% 1.25% 1.66% 1.67%

2.2. Verification of the Temperature Field Model for T-Shaped Thin-Walled Steel Tube Reinforced
Concrete after a Fire

A simulation validation of the post-fire heating and cooling test for T-shaped thin-
walled steel tube reinforced concrete as described in [33] using ABAQUS was conducted.
The thermal parameters for steel and concrete were based on the recommendations of
EC4 [34]. The initial temperature for the temperature field model was set at 20 °C, with a
thermal radiation coefficient of 0.7 and a thermal convective coefficient of 25 W/(m?-°C).
Thermal convection and radiation were neglected, and adiabatic conditions were applied
at the column ends. Face-to-face contact was employed to simulate the contact thermal
resistance between the steel tube and concrete, with concrete as the active surface and
a contact thermal resistance of 0.01 (m?-°C)/W. A tied constraint connection was used
between the steel bars and concrete, and the effect of shrinkage thermal resistance was
ignored. DC3D8§, DS4, and DC1D2 were used for modeling the concrete, steel tube, and
steel bars, respectively. The structured mesh size was set to 30 mm, as shown in Figure 1.
The temperature curves for the validation points are depicted in Figure 2. As can be seen
from the figure, part of the data of measuring points (d) 6 and (e) 5 were missing due to
thermocouple failure during test. In general, the finite element results agreed well with
the experimental results. Individual results had slightly larger errors due to: simulations
were based on ideal conditions; However, in fact, there may be some problems such as local
concrete placement, vent holes or steel welding in the specimen.

steel tube

steel bar concrete

Figure 1. Grid division.
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Figure 2. Verification of the temperature curve: (a) The first group of concrete measuring points;
(b) The first group of steel bar measuring points; (c) The second group of concrete measuring points;
(d) The second group of steel bar measuring points; (e) The third group of concrete measuring points;
(f) The third group of steel bar measuring points.
3. Finite Element Model of Post-Fire Reinforced Thin-Walled Irregular Steel Tube
Concrete Frame Structure Considering the SSI
As shown in Figure 3, a five-story frame structure with a height of 4.0 m for the ground
floor and a standard floor height of 3.0 m. The basic information for the components is
provided in Table 3.
OF "/"'/* 180, 280 | 18 220,200 | 180
g i o2 i ocl — 4_>|‘_:l| 7'y el
®d i i 180
(- e _+__.|__ Imo v zo[i
g ! 5 T 80, 18 Ty
; ' i 180 " 180
R - -
f i i 200 180 200
0 @ ® v v
Figure 3. Frame layout and sections.
Table 3. Component information.
Component Type Section Size Concrete Steel Strength Grade and Others
Main beam be X he =200 mm x 600 mm Reinforcement ratio 2%
. . B Steel pipeQ345
T-shaped side pillar h x b x ts =600 mm x 200 mm X § mm a0 Stiffening steel barsHPB300

L-shaped corner post
Cross-shaped newel

h x b xts=600mm x 200 mm x 8 mm
h x b xtg=600mm x 600 mm x 8 mm

Foundation

2m X 2m X 1 m (Buried deep 1 m)

Diameter 6 mm
Longitudinal spacing 100 mm

Reinforcement ratio 2%

* h is the height of the column limb; b is the thickness of the column limb; t; is the thickness of the steel pipe; b, is
the width of the concrete beam; /. is the width of the concrete beam.
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3.1. Temperature Field Model

The thermal parameters of the material, the heat conduction mode, the contact thermal
resistance between the concrete and steel pipe in the concrete-filled steel tube columns,
and the unit types of the steel pipe, concrete, and steel bars in the concrete-filled steel tube
columns were consistent with the temperature field finite element model in Section 2.2, and
the structural grid is 30 mm. The temperature was raised at the bottom of the structure, the
adiabatic boundary conditions were set above the second floor, and the heating time was
set to 30 min and 60 min, respectively. The temperature field calculation cloud diagram of
the structure is shown in Figure 4.

<A>
> SERSS
. SEReES
o CEEES

4;0,,'\4’
2 SEELS

QS 2P

(a) (b)

Figure 4. Cloud diagram of temperature field calculation: (a) Bottom heats up 30 min; (b) Bottom
heats up 60 min.

3.2. Mechanical Field Model
3.2.1. Steel Pipe, Steel Bar, Concrete Constitutive

(1) Steel pipe

The elastic modulus of the steel pipe at normal temperature was taken as 2 x 10°
MPa. After high temperature, the elastic modulus of the steel pipe was adopted from the
literature [35].

Es
[1—1.30 x 107* X (Tmax — 500)] x Es

Tmax < 500 °C

Es(Tmax) = { Tmax > 500 °C

)

where Eq(Tmax) is elastic modulus of steel after high temperature; Tmax is the highest
temperature of the steel tube in the process of rising and cooling.
The stress—strain relationship of the steel pipe adopted the secondary plastic flow model:

Egéeq €s < e
—As% 4+ Beg + C €o < €5 < €g1
Os = fy €1 < &5 < €2 2)

fy[l + 0-6(85 - €e2)/(853 - 862)] € < &5 < €3
1.6fy €5 > €e3

where ee = 0.8fy/Es; €1 = 1.5¢¢; €e2 = 10€c1; €e3 = 100ec1; A = 0.2fy/ (€e1 — ee)z; B =2A¢.q;
C=0.8fy + Aeer — Bee.
The yield strength of steel pipe after high temperature was adopted from the literature [35]:

fy
[1—2.33 x107* X ( Trax — 500) — 3.88 x 1077
X( Tmax — 500)°] x fy Timax > 500 °C

Tmax <500 °C

fy ( Tmax) (3)

(2) Steel bar
The elastic modulus of steel bars at room temperature and high temperature was
consistent with that of steel pipe. The stress—strain of the steel bars adopted the ideal
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elastic-plastic model, and the yield strength of the steel bars after high temperature was
adopted from [35]:

folTma) = { o S00°C @
bA “max [1-5.82x107% X (Tmax —500)] X fi  Tmax > 500 °C

where f1, is the yield strength of steel bars.

(3) Concrete

The elastic modulus of concrete at normal temperature was determined by the recom-
mended formula of ACI 318 (2011) [36]:

E. = 4700/ f: (5)

where f; is the compressive strength of concrete cylinder.
The elastic modulus of concrete after high temperature adopted the formula suggested
by [37]:

(100 — 0.0744Tmax) X 1072Ec  0°C < Tmax < 300 °C
Ee(Tmax) = { (127.54 — 0.1662Tmax) X 102Ec 300 °C < Tiax < 700 °C ©6)
0.11E, 700 °C < Tpax < 900 °C

Ref. [38] recommends the selection of the compressive stress—strain relationship of
concrete after high temperature:

O — { Oco [A(sc/gco) - B(sc/5c0)2:| g < €co (7)
Uco(fc/sco)/ [,B(fc/fco - 1)7] + 5c/€co] € > €0
Oco = fax | 1194 +0.25(13/ fr)*** (~0.07845¢2 + 0.5789¢ ) | (®)
€co = 1300 4 14.93f 4 + 0.95 [1400 + 800 (W) ] &2 9)
7 =1.60+ 1.5(eco /) (10)
A=20—k (11)
B=10—k (12)
k = 0.1974 (13)
Asfy
= 14
Acfck ( )
OjfTog F<30
B = 075191 - 30 (15)
VIFE(E-2)? ¢>3

where 0, is peak stress of the concrete at normal temperature, unit is MPa; €, is the peak
strain of the concrete at normal temperature, unit is MPa; f is the axial compressive
strength of the concrete cube, unit is MPa; fy is the yield strength of the steel, in MPa; ¢ is
the restraint effect coefficient of the steel pipe on the concrete; As and Ac are the areas of
the steel tube and the core concrete, respectively. ¢ is the constraint effect coefficient of the
steel tube on the concrete.

The peak stress and peak strain of the concrete after high temperature was adopted
from the formula recommended by [38]:

Oco
1+ 2.4(Tmax — 20)® x 1017

Uco(Tmax) = (16)
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eco(Tmax) = [1+ (1500Tmax +5T§1ax) x 10*16} feo 17)

where 0co(Tmax) is the peak stress of the concrete after high temperature, unit is MPa;
€co(Tmax) is the peak strain of the concrete after high temperature, unit is MPa.

The tensile stress—strain relationship of the concrete after high temperature adopted
the recommendation of [39]. Assume that the initial elastic modulus of concrete under
tension is the same as that under compression, and f; = 0.09f/. At this time, the reduction
formula of compressive strength f .- after high temperature is:

!
!(Tomax) = fe 18
fe(Tmax) 1+ 2.4(Tmax — 20)° x 10-17 (18)

3.2.2. Soil Constitutive and Parameters

The soil adopts the M-C model, and the parameters are shown in Table 4. Medium-
hard, medium-soft and soft soils correspond to category II, III and IV sites, respectively.

Table 4. Soil parameters.

Density Initial Shear Effective Shear . . Shear Wave Internal Friction .
Venue Type kg/m® Modulus 10° kPa  Modulus 104 kPa  Foisson Ratio Speed m/s Angle ° Cohesion kPa
Medium hard soil 1800 28.8 12.096 0.30 400 30 60
Medium soft soil 1700 6.8 2.856 0.35 200 12 25
Weak soil 1600 3.6 1.512 0.40 150 5 20

3.2.3. Element Types, Meshing, Computational Domains and Boundaries

The steel pipe, concrete, reinforcing steel bars, foundations, soil, and boundaries
adopt S4R, C3D8R, T3D2, C3D8R, and C3D8R unit types, respectively. The meshing of
the mechanical field and the temperature field should be consistent to ensure one-to-
one correspondence between the nodes of the mechanical field and temperature field
units. The meshing of the superstructure should be 30 mm. The calculation domain is
95 m x 95m X 20 m, and the soil grid is divided into 3 m, as shown in Figure 5.

3.2.4. Contact Settings between Steel Pipe and Concrete, Foundations and Foundations,
Steel Bars and Steel Pipe, Steel Bars and Concrete

The contact between the steel pipe and concrete and the contact between the founda-
tion and foundation adopt the surface-to-surface contact pairs. The normal direction is hard
contact and the tangential direction is Coulomb friction. The friction coefficient between
the steel pipe and concrete is 0.6 at normal temperature and 0.25 post fire. The friction
coefficient between the foundation and foundation is 0.3 [39]. The interaction between the
steel bars and steel pipe is bounded by binding constraints, and the interaction between
the steel bars and concrete is embedded by constraints.

3.2.5. Seismic Waves, Viscoelastic Boundaries and Damping

The El-Centro was selected as the input seismic wave, with a duration of 15 s and
a frequency band concentrated at 0.3-20 Hz (low-pass filtering). The acceleration time
history curve of the seismic wave was amplitude modulated to 0.70 m/s? and 2.0 m/s?,
corresponding to a = 0.07 g, respectively, and a = 0.20 g. The viscoelastic boundary thickness
is 5 m, see Figure 5. Boundary parameters ot = 0.667, ay = 1.333. The soil damping ratio is
0.02, and the structural damping ratio is 0.05.
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15m

20m

95m

Figure 5. Compute Fields and boundaries.

4. Analysis on Seismic Performance of Stiffened Thin-Walled Special-Shaped Steel
Tube Concrete Frame Structure Post Fire Considering the SSI

4.1. Natural Periods of Vibration
Figure 6 shows the calculation results of the basic natural vibration period of the
structure under different site conditions and after being exposed to fire.

= 0.60-

3

.2

S 0.551

=

.S

< 0.504

=

=

>

= 0.45 -

E —&— Omin
S 0.40 —e— 30min
Z —&A— 60min

rigid 11 111 v

site classification

Figure 6. Natural vibration period of the structure before and post fire.

It can be seen that since the high-temperature damage of the material after the fire
reduces the structural stiffness, the natural vibration period after the fire will increase;
the research results show that the axial compression stiffness of the concrete-filled steel
tube column after the fire decreases by 5% with the fire time (30-180 min)~40%, so when
the local fire time is short, the stiffness of the structure decreases to a small extent, so the
natural vibration period of the structure increases slightly, around 2-10%.

4.2. Maximum Acceleration

Under different foundation conditions, the acceleration time history curves (Figure 3)
of the top corner column C1 and center column C2 are shown in Figures 7-10. The
maximum acceleration and occurrence time of the vertices of pillars 1 and 2 on the top floor
are shown in Table 5.



10 of 17

|

e

1
I

|
!

‘ L‘Mf W

[

I
|

I

NUAY

14

12

10

1(s)

(c)

14

12

10

1(s)
(f)
020 g.

14

12

10

J

/

x
|

Al
|

)
l

i

v

—
—
=

-
S o 2w S
— (=} (=1 (=1 -

d

14

12

10

t(s)

(b)

N~ o g

14

12
0.20 g; (f) With fire 60 min, a

10

1(s)

(e)
(b) With fire 30 min, a = 0.07 g; (c) With fire 60 min, a = 0.07 g; (d) Without

0.07 g;

(=} (= S

-1.0+

12 14

10

n = o =

-1.0+

12 14

10

IR Y

14

12

Figure 7. Acceleration time on top of columns 1 and 2 under the condition of rigid foundation:

fire, a = 0.20 g; (e) With fire 30 min, a

(a) Without fire, a

10

1(s)

(d)

\
(=} (=] ﬂ.v
ANW\.Ezozm‘_Euoom

-1.0F

14

12

N - O —

10

1(s)

Buildings 2024, 14, 555

£
g} S )

S
(S0

s <
11RI9[000

L L
-

— o
' h

(;S/unyuoneIa[20E

(S/w)uoneId[RE

-1.0F

(;S/unoneIs[asde

020 g;

10 12 14

1(s)

(f)

Figure 8. Acceleration time on top of columns 1 and 2 under class II foundation conditions: (a) Without
0.07 g; (d) Without fire, a

a

4

12 14

1‘0
0.07 g; (c) With fire 60 min

1(s)

(e)
0.20 g; (f) With fire 60 min,a =0.20 g.

14
0.07 g; (b) With fire 30 min, a

12
(e) With fire 30 min, a

fire, a

10

1(s)
(d)




Buildings 2024, 14, 555 11 of 17

10} Lo} 10}
o | o ' o |
Z05 I ﬁ ‘ Zost ﬂ ﬁ 1 Zos| ﬂ 4
H ﬂjlw J"!f‘ﬂ A m / H e m‘w (T H M !\hﬂ\ b |
Eoowﬂj‘\ ”’W; % \” J“w'w» W R goop-/| w %,{MHL ﬁmwmf“MW i g OOM”J\J,%MK i “Iilw"'Mw/ﬂim”\ry‘/xq/q(fiu“‘J*vAvl/w ]‘WMM
2 s trJ“'i | 2 0sl H‘J’ ‘,fh ‘ bsl (NN
<-0. | <-0. | <-0. |

10 10} 1.0

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
1(s) t(s) 1(s)
(a) (b) (c)

3r 3+ 3L
o2 | o2 | o 2
K | K & A‘
Er | | gt Ealb
g0 ol )l E IR g J‘ M
£ oww!wmﬂlflha ) /"“f‘w/“”www g OM’\FNL'NNWH]‘f’WWW\(“WJWW £ of- “J\ ”hm' J\ e "MW [W
3 i 8 I el ‘
8-1r H‘l‘“ " EB ’H'H’I‘ -1t ”N [l Y

2 2f 2

3 3t 3

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

1(s) 1(s) 1(s)

(d) (e) (f)
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Table 5. Maximum acceleration and occurrence time of top column 1 and column 2.
> =] [o)=:
22 B F
= ) S % Rigid Foundation Category II Venue Category III Venue Category IV Venue
g5 2 5 Acceleration Time Acceleration Time Acceleration Time Acceleration Time
52 g 3
= =]
Without fire 0.967 2.342 0.857 2.365 0.764 2.381 0.619 2.400
1 With fire 30 min 0.946 2.350 0.808 2.375 0.734 2.395 0.588 2.415
0.07g With fire 60 min 0.901 2.356 0.774 2.385 0.705 2418 0.560 2.440
Without fire 0.953 2.339 0.845 2.396 0.762 2416 0.618 2.436
2 With fire 30 min 0.921 2.371 0.787 2.363 0.716 2.378 0.567 2.398
With fire 60 min 0.871 2.363 0.748 2.392 0.702 2.425 0.545 2.448
Without fire 2.789 2.352 2171 2.388 1.871 2.429 2.788 2.491
1 With fire 30 min 2.676 2.360 2.076 2.398 1.733 2.446 2910 2.511
020g With fire 60 min 2.470 2.367 1.954 2.409 1.632 2.484 3.091 2.545
Without fire 2.750 2.349 2.141 2.420 1.867 2432 2.782 2.495
2 With fire 30 min 2.606 2.382 2.022 2.386 1.691 2.451 2.806 2.526
With fire 60 min 2.388 2.374 1.890 2416 1.625 2.493 3.008 2.559

It can be seen that (1) The acceleration time history curves of the top corner column
1 and the center column 2 are nearly coincident, which indicates that the structure is
dominated by translational motion. Since the structure itself is a symmetrical regular
structure, the temperature field is symmetrical only when the ground floor is exposed
to fire, so the acceleration time histories of the corner columns and side columns nearly
overlap; (2) Compared with the center column 2, the stress on the corner column 1 is more
complex. Therefore, the maximum acceleration is slightly higher; (3) The peak acceleration
peak moments of corner column 1 and top column 2 are basically the same, which is
consistent with the vibration characteristics of regular structures; (4) Under different site
conditions, consider that the maximum acceleration peak moment of the SSI has a hysteresis,
and as the amplitude of ground motion increases, the degree of nonlinear development
of soil increases. The longer the fire exposure time, the more obvious the hysteresis;
taking a Category Il site as an example, when the seismic acceleration amplitude is 0.2 g,
compared with not being exposed to fire, corner column 1 lags behind by 0.07 s and 0.055 s,
respectively, after being exposed to fire for 30 min and 60 min. This is because the high
temperature causes irreversible damage to the structure. Damage results in a reduction in
structural stiffness and a reduction in the natural vibration period of the structure; since
the fire time in this article is not long and the fire is local, the impact of fire conditions on
the acceleration peak hysteresis is not obvious. Under unfired conditions, when the seismic
acceleration amplitude is 0.2 g, under Category 1II, III, and IV site conditions, the peak
acceleration moment of corner column 1is 0.036 s, 0.077 s, and 0.139 s later than that under
rigid foundation conditions, respectively. This is because the softer the soil, the greater
the seismic acceleration amplitude, while the higher the degree of nonlinearity of the soil
corresponds to the reduction in the natural vibration period of the structure and the more
obvious the hysteresis of the acceleration peak.

Take the maximum acceleration of corner column 1 and its corresponding foundation
bottom surface, see Figure 11. It can be seen that (1) Under the condition of rigid foundation,
since the acceleration acts directly on the foundation, the foundation acceleration amplitude
is close to the seismic wave acceleration amplitude. (2) As an example, the maximum
acceleration of the structure and foundation considering the SSI in Category II and III
sites is less than the calculation result of rigid foundation, indicating that the internal
force of the structure calculated based on the assumption of rigid foundation is biased
toward safety at this time. In Category IV sites, when a = 0.20 g, the maximum acceleration
of the structure and foundation after considering the SSI is greater than the calculation
result of rigid foundation, indicating that the SSI should be considered in the structural
design at this time. That is, under different site conditions, the acceleration response of
the structure and foundation is uncertain. The reason for this uncertainty is that the effect
size of soil-structure interaction is not only related to seismic waves and site soil, but also
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to the structure itself. When the bedrock seismic source is transmitted to the structure
through the filtering and amplification effect of the site soil, when its spectrum is close to
the spectrum of the structure, the acceleration response of the structure and foundation
will be intensified; conversely, the acceleration response of the structure and foundation
will be reduced. Since the EL-Centro seismic wave itself has a high low-frequency content,
the low-frequency content is relatively rich when the site soil is IV, and the basic period of
the structure is small (the frequency is between 2.0-2.5 HZ under different site conditions).
Accordingly, the IV site soil not only increases the frequency of seismic waves but also
amplifies most of the low-frequency components to a greater extent, which in turn leads to
an increase in the acceleration response of foundations and structures. (3) Since the gravity
load value of each floor is close, the maximum acceleration of each floor increases with the
increase in floor height, and the maximum acceleration response of the structure appears on
the top floor. (4) Material deterioration post fire causes structural stiffness degradation, so the
maximum acceleration of the structure post fire is smaller than that of the unfired structure.

[—8— Omin rigid: - @ -30min,rigid; --A--60min,rigid 32 8 Omin rigid: - ® -30min,rigid; --A- - 60min,rigid|
10 = Omin,II; - @ -30min,Il; --A--60min,II —8— Omin,I; - @ -30min,IT; --A-- 60min,[T
—8— Omin,IIT; - @ -30min,IIT; --A--60min,ITI —8— Omin,IIT; - @--30min,IIl; --A--60min,ITI e X )
—8— OminIV: - @ -30min,IV; --A--60min,IV '/A 28 4~ Omin,IV; - @ -30min,IV; --A--60min,IV - A i
NVJ 0 8 N(I) ",A -7
~ B ~ i Ry -
g g 24
g =
N .S 2.01
= 0.6- s
9 5 1.61
! !
2 0.4 S 1.2
0.8+
0-2 T T T T T
IF 2F 3F 4F SF
floor floor
(a) (b)
Figure 11. The maximum accelerations of structure: (a) a =0.07 g; (b)a=0.20 g.
4.3. Interlaminar Shear
Figure 12 shows the variation trend of the maximum inter-story shear force of each layer
under different site conditions. The maximum inter-story shear force depends on the maximum
acceleration response and mass. Since the mass of each floor of the model is basically the same,
the changing trend of the shear force is consistent with the maximum acceleration.
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Figure 12. Shearing force of floor.
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4.4. Maximum Inter-Story Displacement Angle

Table 6 shows the maximum inter-story displacement angle of the structure. It can
be seen that (1) Compared with the rigid foundation, the inter-story displacement angle
will increase after considering the SSI. This is because the inter-story displacement angle
composition of the two is different. For regular structures, after considering the SSI, the
inter-story displacement angle caused by the deformation of the structure itself is excluded.
In addition to the rotation angle, there are also rotation angles caused by foundation
rotation, so the inter-story displacement angle considering soil-structure interaction will
increase. In addition, the softer the soil and the greater the earthquake magnitude, the
higher the proportion of the inter-story displacement angle caused by foundation rotation
in the total deformation. (2) Under the same site conditions, when not exposed to fire, the
maximum inter-story shear force gradually accumulates from top to bottom, causing the
maximum inter-story shear force to appear on the bottom layer, and the lateral movement
stiffness of the bottom layer frame in this example is smaller than that of other layers.
Accordingly, the maximum inter-story displacement angle occurs at the bottom of the
structure; when the bottom layer is exposed to fire for 30 min, the stiffness of the bottom
layer of the structure is reduced due to the high temperature, so the inter-story displacement
angle of the bottom layer is significantly increased compared to the case where it is not
exposed to fire; when a = 0.07 g, it increases about 10%; when a = 0.20 g, it increases by
about 20%. When the bottom layer is exposed to fire for 60 min, the stiffness of the bottom
layer of the structure decreases and intensifies, so the inter-story displacement angle of the
bottom layer increases more significantly; when a = 0.07 g, it increases by about 20%; when
a =0.20 g, it increases by about 35%. (3) When a = 0.07 g, the inter-story displacement angle
is <1/250, and the structure is basically intact or slightly damaged; when a = 0.20 g, most of
the inter-story displacement angles meet <1/100, and the structure is moderately damaged.
The scope of the calculation example shows that the structure has the value of repairing
after the fire when the fire area is not large, the time is not long, and the earthquake is less
than moderate.

Table 6. Maximum inter-story displacement Angle of each story of the structure.

Fire Exposure Time

Location

Seismic Wave Amplitude a=0.07 g

Seismic Wave Amplitudea=020g

Rigid Medium Medium . Rigid Medium Medium .
Fotgmdation Hard Soil Soft Soil Weak Soil Fo%mdation Hard Soil Soft Soil Weak Soil
5 0.039% 0.068% 0.098% 0.152% 0.134% 0.221% 0.464% 0.434%
4 0.071% 0.097% 0.124% 0.177% 0.244% 0.319% 0.552% 0.558%
Without fire 3 0.100% 0.122% 0.148% 0.198% 0.338% 0.407% 0.629% 0.669%
2 0.122% 0.143% 0.167% 0.215% 0.414% 0.481% 0.691% 0.764%
1 0.140% 0.160% 0.180% 0.226% 0.470% 0.539% 0.732% 0.828%
5 0.039% 0.066% 0.097% 0.151% 0.139% 0.215% 0.456% 0.449%
4 0.071% 0.093% 0.122% 0.174% 0.252% 0.309% 0.538% 0.586%
With fire 30 min 3 0.098% 0.117% 0.145% 0.194% 0.353% 0.395% 0.609% 0.709%
2 0.127% 0.143% 0.169% 0.215% 0.459% 0.486% 0.683% 0.841%
1 0.147% 0.167% 0.189% 0.231% 0.496% 0.570% 0.743% 0.951%
5 0.045% 0.076% 0.115% 0.174% 0.155% 0.245% 0.531% 0.603%
4 0.072% 0.105% 0.148% 0.205% 0.277% 0.356% 0.622% 0.782%
With fire 60 min 3 0.105% 0.133% 0.179% 0.222% 0.374% 0.453% 0.711% 0.956%
2 0.143% 0.162% 0.202% 0.255% 0.496% 0.551% 0.801% 1.137%
1 0.174% 0.207% 0.230% 0.296% 0.633% 0.690% 0.921% 1.358%

5. Conclusions

On the basis of the finite element model of an irregular thin-walled steel tube concrete
frame structure considering the SSI after a fire (with the bottom floor exposed to fire
for 30 min and 60 min), this study conducted a dynamic response analysis. The main
conclusions are as follows:

(1) After considering soil-structure interaction, the presence of the foundation increases
the flexibility of the structure, leading to an increase in the natural periods of vibration.
This effect is more pronounced when the soil is softer. Under the same site conditions,
the elevated temperature reduces the structural stiffness, resulting in an increase by
about 2-10% in the natural periods of vibration after fire. The longer the exposure
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time to fire and the softer the soil, the more noticeable the increase in the natural
periods of vibration for the structure.

(2) Compared to the results calculated under the assumption of a rigid foundation, the
increase or decrease in the structural and foundation accelerations considering the
soil-structure interaction introduces uncertainty. Generally, results based on the
assumption of a rigid foundation tend to overestimate the values by about 0.5-13%.
However, when the acceleration amplitude is 2.0 g and the fire time is 60 min, the
acceleration amplitude of the top column 1 and column 2 increases by 9.49% on
average, which indicates that the calculated structural dynamic response may be
unsafe without consideration of the SSI. Therefore, it is recommended to consider the
effect of SSI on the seismic performance of the structure when the fire time is more
than 60 min in the soft soil site.

(3) The variation trend of inter-story shear force is primarily determined by the accelera-
tions of the structure and foundation.

(4) The maximum inter-story displacement angle occurs at the bottom of the structure and
is influenced by factors such as site conditions, seismic wave acceleration amplitudes,
fire exposure conditions, and the maximum inter-story shear force in the structure.
Softer soil, higher seismic wave acceleration amplitudes, and more pronounced fire
effects lead to larger inter-story displacement angles, and the increase ranges from
10% to 35%, but all of them are no more than 1/100. In the case of small and moderate
earthquakes, where the fire effect is relatively small, the structure is generally in the
elastic or elastic-plastic stage, indicating potential for post-disaster recovery.

Currently, experimental research on seismic performance considering the SSI effects is
primarily focused on concrete structures and steel frame structures. Further experimental
studies on other structural systems and materials are needed. In addition, under the
influence of rare seismic events, the goal of seismic design for structures is to prevent
collapse. Due to the significantly increased probability of fire occurrence during rare seismic
events, it is necessary to further investigate the post-fire structural collapse performance
considering the SSI effects under such rare seismic events.
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