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Abstract

Frequent building fires seriously threaten the safety of steel structures. According to
the data, fire accidents account for about 35% of the total number of production safety
accidents. The collapse of steel structures accounted for 42% of the total collapse. The early
warning problem of steel structure fire collapse is imminent. This study aims to address
this challenge by establishing a novel early warning framework, which is used to quantify
the critical early warning threshold of steel frames based on elastic modulus degradation
and its correlation with ultrasonic wave velocity under different collapse modes. The
sequential thermal-mechanical coupling numerical method is used in the study. Firstly,
Pyrosim is used to simulate the high-fidelity fire to obtain the real temperature field
distribution, and then it is mapped to the Abaqus finite element model as the temperature
load for nonlinear static analysis. The critical point of structural instability is identified
by monitoring the mutation characteristics of the displacement and the change rate of
the key nodes in real time. The results show that when the steel frame collapses inward
as a whole, the three-level early warning elastic modulus thresholds of the beam are
153.6 GPa, 78.6 GPa, and 57.5 GPa, respectively. The column is 168.7 GPa, 122.4 GPa,
and 72.6 GPa. Then the three-level warning threshold of transverse and longitudinal
wave velocity is obtained. The three-stage shear wave velocity warning thresholds of
the fire column are 2828~2843 m/s, 2409~2434 m/s, and 1855~1874 m/s, and the three-
stage longitudinal wave velocity warning thresholds are 5742~5799 m/s, 4892~4941 m/s,
and 3804~3767 m/s. The core innovation of this study is to quantitatively determine
a three-level early warning threshold system, which corresponds to the three stages of
significant degradation initiation, local failure, and critical collapse. Based on the theoretical
relationship, these elastic modulus thresholds are converted into corresponding ultrasonic
wave velocity thresholds. The research results provide a direct and reliable scientific basis
for the development of new early warning technology based on acoustic emission real-time
monitoring and fill the gap between the mechanism research and engineering application
of steel structure fire resistance design.

Keywords: steel frame; elastic modulus; early warning of collapse; fire

1. Introduction

Compared with concrete frames, steel structures are lightweight, high-strength, and
have good seismic performance, but its fire resistance is poor, so the collapse of steel frame
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structures under fire also occurs frequently. The engineering accident of high-rise steel
structure collapse has attracted wide attention from researchers at home and abroad.

The research on the failure mechanism of steel frames under fire has formed
a perfect system. Sun et al. [1] first proposed the three-stage failure process of
elastic—plastic—catenary and pointed out that local instability is the key cause of progres-
sive collapse. Usmani et al. [2-4] further revealed the linkage mechanism of plastic hinge
development, internal force redistribution, and temperature instability. Mahmoud et al. [5]
extended the research to the coupling effect of high temperatures and dynamic multi-
disasters. In terms of failure mechanisms and numerical simulations, Shen [6] and Li [7]
verified the dominant role of high-temperature softening and buckling instability in the
joint area through experiments and confirmed that the critical temperature was negatively
correlated with the load ratio. Kwon et al. [8] developed a hybrid simulation technique to
predict the fire resistance of components, and Mahmoud et al. [9] realized multi-system in-
tegration evaluation through a fine three-dimensional framework model. Subsequently, the
study further focused on multi-parameter coupling effects, such as the high-temperature
material properties of heating rate, ultimate temperature, load ratio and joint stiffness [7,10].
Shakil et al. [11,12] also studied the distribution of plastic hinges in high-strength steel
frames. Li et al. [13-18] expanded the damage cognition of traditional steel through
the interaction of different fire scenarios, component parameters and material properties.
Duan et al. [19] studied the mechanical properties of steel-concrete joints.

In terms of early warning and monitoring, Bai [20] and Li [21] proposed a collapse
criterion based on the displacement change rate. Lyu [22] tried to use acoustic emission
signals to evaluate damage. Wang [23] and Men [24] revealed the attenuation mechanism
of wave velocity and the correlation between tissue and wave velocity at high temperature.
Lyu [25] and He [26] systematically studied the relationship between wave temperature and
stress-wave velocity, which provided a theoretical basis for AE wave velocity monitoring.
The key to effectively applying acoustic emission technology to real-time early warning
of structural fire collapse is to establish a quantitative mapping relationship between
wave velocity changes and key structural responses. In this direction, Xie [27] carried
out pioneering work, constructed a quantitative correlation model of ‘key displacement
of portal frame—elastic modulus degradation-high temperature transverse/longitudinal
wave velocity’, and proposed an early warning method based on the change of acoustic
emission wave velocity. However, this model is only established for portal frames. For high-
rise, multi-span steel frames with more complex collapse mechanisms, its early warning
applicability is obviously insufficient: the effective critical degradation threshold of elastic
modulus under different collapse modes has not been defined.

The core innovation of this study is to fill this gap: on the one hand, the wave
velocity-modulus displacement—failure mode correlation model system of Xie is extended
to multi-layer steel frames; on the other hand, the identification and determination of
the critical threshold of elastic modulus that triggers the three-level early warning under
different collapse modes are emphatically broken through, and the transverse/longitudinal
wave velocity thresholds corresponding to different failure modes and early warning levels
are further deduced, so as to construct a complete set of multi-story steel frame fire collapse
acoustic emission early warning closed-loop method system. This promotes the practical
application and development of this intelligent and accurate early warning technology in
this important structural form.
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2. Fire Temperature Field Simulation
2.1. Introduction of Pyrosim Software

Pyrosim is an advanced fire simulation software based on computational fluid dynam-
ics. Its core value is to reproduce the complex and dynamic three-dimensional temperature
distribution pattern of the real fire scene. Compared with the traditional ISO 834 standard
fire curve [28], Pyrosim can capture and quantify the complex interactions of various key
factors on the formation of a temperature field through the specific location and power
change of a fire source (heat release rate curve), the ventilation conditions inside and out-
side the space (door and window openings), and complex geometric structures inside the
building. Although Pyrosim has the limitations of high computational cost and the result
depending on the accuracy of input parameters, the temperature rise curve generated by
Pyrosim can more truly reflect the actual fire scene. Therefore, this study still uses the soft-
ware to analyze the temperature field, which significantly makes up for the shortcomings of
the latter in simulating the dynamic temperature field in the real fire scene and customizing
the thermal analysis of specific complex scenes. It provides strong technical support for
more scientific and practical building fire protection design, evacuation assessment, and
fire rescue strategy formulation.

2.2. Steel Frame Side-Span Fire Heating Conditions

The computational domain modelisa 6.0 m x 5.0 m x 3.0 m room. In order to carry out
the fire simulation calculation, the computational domain is uniformly discretized into cube
grids, and the number of grids in the X, Y, and Z directions is 60, 50, and 30, respectively.
Therefore, the spatial resolution of the computational grid is 0.10 m x 0.10 m x 0.10 m.
The initial temperature of the room is set to be 20 °C, and the combustion time is 2100 s.
The maximum fire source power is calculated to be 30 MW based on the typical fire load
density of the mall. The t? fire is used to simulate the spontaneous combustion fire source.
The temperature data points are arranged on the beams and columns. The fire condition is
that the ground is evenly heated. The room across the fire side-span is shown in Figure 1.

Figure 1. Ventilation condition diagram of side-span room.

Wu [29] studied the location of different fire rooms in steel frame structures and the
spatial temperature field distribution of different fire source locations in actual local fires in
the room. Uniform fire is applied to the ground, and the temperature field distribution of
the side-span room is shown in Figure 2.
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Figure 2. Temperature field distribution of side-span room.

The temperature rise curve of beams and columns under uniform fire on the ground
and the ISO 834 pair are shown in Figure 3:
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Figure 3. Comparison of temperature rise curves of beam and column in side-span room under fire.

Under the condition of uniform fire in the side-span room, the temperature change in
the fire beam column shows obvious stage characteristics. In the initial growth stage of the
fire, the temperature of the beam and column near the window side changes slowly. Due
to the gradual increase in the room temperature, the high-temperature air continuously
dissipates heat due to better ventilation conditions in the process of flowing to the outside
world, so that the initial temperature growth stage of the beam and column is slightly
lower than the standard heating curve. This shows that in the early stage of fire, ventilation

conditions have a certain buffer effect on heat loss, thus slowing down the temperature rise
in beams and columns.
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The above findings and mechanisms, especially the buffering effect of ventilation and
the periodic temperature rise, are derived from the uniform fire scenario after a flashover.
Although the specific temperature—-time curve is unique to this configuration, its basic
principle is that the ventilation conditions and the fire development stage significantly affect
the thermal load of the structure. In the local fire scenario, the temperature distribution
will be highly uneven, and the ventilation heat loss effect may be more significant for
components far away from the fire plume. Therefore, the quantitative results proposed in
this paper are directly applicable to the global analysis under uniform fire.

When the fire develops to a stable stage of full development, the situation changes
significantly. At this stage, the indoor heat release rate increases significantly, and the
fire intensifies, resulting in an accelerated oxygen consumption rate. However, enhanced
ventilation conditions can provide a sufficient oxygen supply to support the continuous
combustion of the fire. At this stage, the temperature rise curve of the column near the
window shows a sharp upward trend, which is significantly higher than the standard
temperature rise curve, and the maximum temperature difference is 251.86 °C. This indi-
cates that in the full development stage of the fire, thanks to the ventilation conditions, the
fire near the window is more vigorous, resulting in accelerated heat accumulation in the
adjacent column and a sharp rise in temperature, far exceeding the standard temperature
rise curve that characterizes the average fire development. In contrast, the direct thermal
radiation intensity of the beam member is relatively weak due to it being relatively far
away from the core area of the fire source. In the full development stage, the temperature
rise curve of the beam is basically consistent with the standard temperature rise curve,
indicating that the temperature evolution conforms to the typical fire development law,
and there is no significant deviation.

For the columns and beams (L;, Z;) far away from the vent, due to the poor ventilation
conditions, the heat is difficult to effectively dissipate, and the temperature rise curve is far
lower than the standard temperature rise curve, and the maximum temperature difference
is as high as 496.38 °C. This indicates that during the fire process, the temperature rise of
the components far away from the vent is significantly inhibited due to the lack of sufficient
oxygen supply and heat loss pathways, which is greatly deviated from the normal fire
temperature development represented by the standard temperature rise curve. This further
highlights the important influence of ventilation conditions on the temperature change of
beams and columns during fire. The temperature changes of components at different posi-
tions show significant differences due to the different ventilation environments. The spatial
heterogeneity of the temperature caused by ventilation differences seriously challenges the
accuracy of simplified fire models that rely on the assumption of uniform temperature. This
type of model will simultaneously underestimate the thermal invasion of near-opening
components and overestimate the heating of components in poor ventilation areas, resulting
in misjudgment of the risk of key parts and over-design of other areas. Therefore, the use
of high-precision simulation tools that can restore the non-uniform thermal environment
has become a necessary means for structural fire safety and reliability assessment.

The significant increase in the temperature of the column at the opening has an impor-
tant influence on the fire resistance design of the structure. This indicates that the standard
ISO 834 curve, which is the basis of the traditional fire rating, may seriously underestimate
the thermal load of the key structural members located in the well-ventilated area during
the fire period. This finding challenges the universal applicability of specification-based
design methods and emphasizes the need for performance-based design methods. This
method can take into account the effects of ventilation and real fire dynamics to ensure
structural safety.
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2.3. Steel Frame Mid-Span Fire Heating Conditions

When the mid-span of the steel frame is under fire, a low unilateral-ventilation window
is set to simulate the ventilation conditions during the fire, and other conditions are the
same as the fire conditions of the side-span. The room with the fire is shown in Figure 4:

Figure 4. Ventilation condition diagram of mid-span room.

The temperature rise curves of beams and columns under uniform fire and ISO 834 in
mid-span room fires are shown in Figure 5:
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Figure 5. Comparison of temperature rise curves of mid-span beams and columns under fire.

Under the condition of uniform fire in the mid-span room, the temperature change
in the beam column shows different characteristics from that of the side-span room. In
the initial growth stage of the fire, the temperature change trend in the beam and column
near the side of the window is differentiated. Due to the gradual increase in the room
temperature, with the ventilation conditions to the outside world being limited, the heat
loss of high-temperature air out with the ventilation flow is greatly reduced. This leads to
the temperature of the column in the initial growth stage being significantly higher than
the standard heating curve, indicating that the column is heated more quickly in the initial
stage of the fire, probably because the position of the column is closer to the fire source
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or the thermal radiation is more concentrated. The temperature rise curve of the beam is
basically the same as the standard temperature rise curve, indicating that the temperature
change in the beam in the initial stage is similar to the general fire development law, and
there is no obvious lead or lag.

When the fire develops to a stable stage of full development, the indoor heat release
rate increases significantly, the fire reaches its peak, and the oxygen consumption rate
increases sharply. However, at this time, it is difficult for the ventilated low window set
on one side to provide sufficient oxygen to maintain the further development of the fire,
resulting in a limited oxygen supply. Under this condition, the temperature rise curve of
beam and column members near the window area is significantly lower than the standard
temperature rise curve, and the maximum temperature difference is 246.3 °C. This shows
that in the full development stage, limited by the oxygen supply, the fire development
near the window is inhibited, and the heat accumulation is slowed down, resulting in the
temperature rise rate of the adjacent beams and columns being significantly lower than
the standard temperature rise curve that characterizes the development of the normal fire
temperature. For components away from the vent, the ventilation conditions are more
unfavorable. The lack of oxygen supply is exacerbated, and heat is difficult to dissipate
through effective convection. Therefore, the heating curve is much lower than the standard
heating curve, and the maximum temperature difference is as high as 500.46 °C. This
shows that during the fire process, the temperature rise in the components far away from
the vent is significantly inhibited due to the serious lack of oxygen supply and effective
heat dissipation channels, which is significantly deviated from the typical fire temperature
development law represented by the standard heating curve. The results highlight the
decisive influence of ventilation conditions on the temperature evolution of structural
members in fire. The difference in the ventilation environment in the location of the
components leads to significant spatial heterogeneity in temperature changes.

The Pyrosim model describes the different thermal behaviors in the initial stage of
a fire and the heyday of a fire in more detail. This refined thermal boundary condition
simulation provides a more realistic basis for subsequent mechanical analysis. By analyzing
the degradation of mechanical properties of steel frames under this non-uniform fire, this
study systematically quantified the critical failure threshold and accordingly proposed
a more refined early warning threshold optimization model based on elastic modulus
degradation. The model significantly improves the accuracy of the existing early warning
methods and effectively reduces the actual prediction error of the project.

3. Fire Deformation Failure Analysis of Steel Frame
3.1. Introduction of Steel Frame Model

The ABAQUS sequential-thermal-coupling analysis module was used to simulate
the collapse process of the steel frame structure. The thermal parameters are shown in
Table 1: the unit type is a solid unit. In the sequential-thermal-coupling analysis, the
temperature field is first analyzed by Pyrosim. The preset thermal boundary condition is
that the convective heat transfer coefficient of the cylinder near the fire source is 1500, and
the thermal radiation is 0.7. The convective heat transfer coefficient of the cylinder at the
far fire source is 1100, and the thermal radiation is 0.5. The initial temperature of the model
is 20 °C, and then the stress and displacement coupling analysis of the steel frame is carried
out by adding a predefined temperature field. The overall size of the test steel frame is
18 x 10 x 15 m, the geometric size is shown in Figure 6, and the beam—column section size
is shown in Table 2. The steel grade is Q235, and the initial stiffness is 206 GPa. In the static
analysis of the steel frame structure, all beam—column joints are fixed, all column bases are
rigid, and the influence of floor and wall is not considered. The frame does not consider
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the influence of the horizontal load, and the floor load is converted into the beam load for
calculation. The standard value of beam dead load is 20 kN /m, and the standard value of
the beam live load is 10 kN/m. The load combination was calculated by using ‘1.2 times
dead load +0.5 times live load’ for collapse analysis. In this simulation, two simulated fire
conditions were set up. The first case is that the first-floor side room is on fire, and the
second case is that the first-floor middle room is on fire. The selected heating curve is the
heating curve simulated by Pyrosim.

Table 1. Steel thermal parameter local failure properties.

Temperature/°C Thermal Conductivity  Specific Heat Capacity Coefficient of
W/(m-K) J/kg°O) Thermal Expansion
20 3200.5 440.1 1.4 x 107°
100 3040.2 492.6 1.4 x 107°
200 2840.4 549.76 1.4 x 1075
300 2640.6 609.74 1.4 x 107>
400 2440.8 685.88 1.4 x 1075
500 2241 791.5 1.4 x 107°
600 2041.2 939.92 1.4 x 107°

Figure 6. Overall size diagram of steel frame.

Table 2. Beam—column section size diagram.

Major . . Flange Web
Parameter Height/m Width/m Thickness/m Thickness/m
Beam 0.4 0.25 0.008 0.01
Column 0.2 0.2 0.008
Plate 6.4 54 0.1

3.2. Partial Lateral Collapse of Steel Frame

The parameters of the steel members that bear the load capacity are the deformation
and deformation rate of beams and columns [14]. According to the specification ISO 834-
1990 [28], the compression deformation and compression deformation rate of vertical
load-bearing members are as follows:

5>L

> 0

d5>3H

dt = 1000 @
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In the formula, 6 represents the axial deformation of the column; L is the calculation
span of the specimen; H is the initial fire height before the temperature rise of the specimen;
and T is the fire time/min.

The maximum deflection of the horizontal-load-bearing member beam is as follows:

L
4255 (©)

The maximum deformation rate of beam deflection is as follows:
ds 12
>

At = 900h @)

In the formula, 6 is the deflection of the beam; L is the calculation span of the beam; H
is the structural height of the beam section; and T is the fire time.
The parameters of steel frame members with large displacement under fire are shown

in Figure 7:
]
— ‘ ‘
| z3 L6 |z4 L3 |72
L7 L4 L2
i |
] 76 L5 73 L1 71

Figure 7. Key component location diagram.

The distribution of the temperature transfer in the fire room is shown in Figure 8.

NTI11
+8.283e+02
+7.591e+02
+6.899e+02
+6.206e+02
+5.514e+02
+4.821e+02
+4.129e+02

- +3.436e+02
+2.744e+02
+2.051e+02
+1.359e+02
+6.665e+01
-2.595e+00

Figure 8. Temperature field distribution of side-span under fire.
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The temperature field distribution of the steel frame shows obvious regional dif-
ferences. The external columns and beams Lj, Ly, Z;, Z5, and Z3 are exposed to the
environment, the ventilation conditions are good, and the heat is dissipated faster through
thermal convection and thermal radiation, resulting in higher temperatures. At the same
time, the external structure has high thermal conductivity, a large exposed area, and high
heat transfer efficiency, which further aggravates the temperature difference. In contrast,
the internal components L3, L4, and Z, are surrounded by other structures, and the ventila-
tion conditions are insufficient. The heat is difficult to dissipate through heat convection
and mainly depends on heat conduction. However, due to the high ambient temperature,
the heat dissipation efficiency is low, resulting in a lower temperature. This significant non-
uniformity of the temperature distribution produces a serious thermal gradient, and the
measured temperature difference between the columns is as high as 485 °C. The measured
temperature difference between the beam components is as high as 220 °C. The external
components (Z1, Z,, Z3) near the ventilation opening reached a critical temperature of
more than 780 °C in 32 min, resulting in a rapid decrease in strength and stiffness. On the
contrary, the internal member (Z4) is kept below 300 °C due to the avoidance of direct cool-
ing and heating effects, thereby maintaining its structural integrity and carrying capacity
at room temperature. This imbalance greatly changes the force transmission path of the
structure and accelerates the collapse mechanism. The overall displacement diagram of the
steel frame with a fire-damaged side-span is shown in Figure 9:

U, Magnitude
+6.008e-01
+5.508e-01
+5.007e-01
+4.506e-01
+4.005e-01
+3.505e-01
+3.004e-01
+2.503e-01
+2.003e-01
+1.502e-01
+1.001e-01
+5.007¢-02
+0.000e-+00

Figure 9. Overall displacement diagram of side-span steel frame under fire.

When the axial displacement and displacement rate of the column reach the following
values, it is proved that the fire column member loses its bearing capacity.

o> L = 4000 = 40mm 5)

=100 100

dé _ 3H  3x4000

—_— > = = i

dr ~ 1000 1000  ‘2mm/min ©
The displacement is positive upwards and negative downwards. The axial displace-

ment of different fire columns is shown in Figure 10:
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Figure 10. Axial displacement diagram of different fire columns.

Through the analysis of the data in the diagram, it can be concluded that the thermal
expansion effect of Z1, Z,, and Zj3 is significant, while the thermal expansion effect of Z is
weak, which is mainly due to the live load in the middle of the steel frame. To a certain
extent, this offsets the thermal expansion effect of Z4. A, B and C represent the critical
points of three-level early warning respectively. Warning point A marks the end stage of
thermal expansion. At the initial stage of the fire, the axial deformation rate of each column
is maintained at about 1.5 mm/min. At warning point B, the axial deformation rates of Z;
Zy, Z3, and Z4 were 6 mm/min, 5.6 mm/min, 5 mm/min, and 3 mm/min, respectively,
which did not reach the limit value. At early warning point C, the axial deformation rates
of Z1, Zy, and Z3 reached 15.2 mm/min, 13.6 mm/min, and 12.4 mm/min, respectively,
which exceeded the limit value and lost the bearing capacity, while the axial deformation
rate of Z4 was 5.6 mm/min, which did not reach the limit value and still had a certain
bearing capacity. The axial force changes of different fire columns are shown in Figure 11:

ok Axial force change of column 1
—&— Axial force change of column 2
| —&— Axial force change of column 3
—v— Axial force change of column 4

-500

-1000

Axial force/KN

-1500

-2000

Time/min

Figure 11. Axial force changes of different fire columns.

The fire test data show that the axial force evolution and failure mode of the structural
column are significantly affected by the ventilation conditions of its location: the axial forces
of Z1, Z, and Z3 columns show a typical degradation path of transient increase first, then
continuous decrease, and finally a sharp loss within about 30 min, which marks the rapid
failure of the bearing capacity; in contrast, the axial force of the Z; column with limited
ventilation changes gently and tends to be stable only after a short increase in the initial
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stage, so that it still maintains an effective bearing capacity at 30 min. In addition, Z5 and Zg
columns show gentle displacement development and ductile failure characteristics, while
the side-span columns are subjected to severe asymmetric heating due to good ventilation
on three sides of the fire, which leads to bending and torsion instability, while the mid-span
columns are more prone to sudden axial compression instability due to slow heating due
to less ventilation difference on the fire surface. The fire resistance limits of different fire
columns are shown in Table 3:

Table 3. Fire resistance limit of different fire columns under side-span fire.

Three-Level Early Three-Level Warning  Three-Level Early Warning Elastic

Member Warning Time/min Temperature/°C Modulus/GPa
6.2 420 164.5
Z 18 560 117.5
29 730 58.75
6.4 440 157.1
7y 18.8 575 1144
31 732 58.58
6.5 452 152.8
Zs 20.4 586 1123
32 750 57.2

When the deflection displacement and the displacement rate of the beam reach the fol-
lowing values, respectively, it shows that the beam is close to the ultimate bearing capacity.

L 5600
(5 > = =
% 20 280 mm (7)
2 2
do > : 2600 = 87.2 mm/min 8)

dt = 900k — 900 x 400

The mid-span deflections of different fire beams are shown in Figure 12:

100
Security phase | _ First-level warning __Secondary warning
! I |

-100

-200

Mid-span deflection/mm

&

(=3

(=]
T

—®—Beam | mid-span deflection
—e&—Beam 2 mid-span deflection
—4A—Beam 3 mid-span deflection
-400 H—v—Beam 4 mid-span deflection
1 1 1 1 1 1 1

5 10 15 20 25 30 35

Time/min

Figure 12. Mid-span deflection curves of different fire beams.

Through the analysis of the data in the figure, it can be concluded that the beam is
basically consistent in the thermal expansion stage, and early warning point A is the end
stage of thermal expansion; warning point B is that the deflection value of the beam is
greater than 100 mm or the deflection rate of the beam is greater than 30 mm/min, and the
secondary collapse warning is issued; warning point C is that the deflection of the beam
is greater than 300 mm or the deflection rate of the beam exceeds 87.2 mm/min, and a
three-level warning is issued. L and L, exceeded the limit value and lost their bearing
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capacity at 30 min and 33 min, respectively. L3 and L4 did not exceed the limit value and
could continue to carry the load. The fire resistance limits of different fire beams are shown
in Table 4:

Table 4. Fire resistance limit of different fire beams.

Three-Level Early Three-Level Warning  Three-Level Early Warning Elastic

Member Warning Time/min Temperature/°C Modulus/GPa
8.4 490 141.2
Ly 215 640 77.8
30 745 53.68
8.5 440 157.1
L, 23 664 76.8
31 776 51.24

When the bearing capacity of the Z; Z,, and Z3 columns and the L; and L, beams
degrades under a sustained load for about 30 min, the high-temperature creep effect of steel
and the deterioration of section stiffness jointly cause the buckling instability of members,
resulting in the change of the original load path and triggering the redistribution of internal
forces, which eventually leads to the local lateral collapse of the steel frame.

The local lateral collapse of the steel frame is mainly realized as a ductile failure, which
is mainly due to the combined effect of its constraint conditions, deformation capacity, and
load transfer path. The side-span is usually less constrained, allowing thermal expansion
deformation to release part of the thermal stress and reducing the accumulation of internal
stress. The softening and ductility improvement of steel at high temperatures promote
the local formation of plastic hinges and continuous energy consumption through plastic
deformation; at the same time, the load after the failure of the side-span can be redistributed
through the redundant paths of the adjacent spans, delaying the overall instability process,
thus showing the progressive ductile collapse characteristics. This ductile and progressive
failure mechanism is critical to life safety. It provides a critical time buffer after the initial
failure occurs, significantly extending the time window for evacuation and emergency
intervention from the trigger warning to the final loss of structural stability.

3.3. The Steel Frame Collapses Inward as a Whole

The temperature distribution of the fire room under the second working condition is
shown in Figure 13.

Figure 13. Temperature field distribution of mid-span under fire.
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It can be seen from Figure 13 that there are significant differences in the response
characteristics of the side-span and the mid-span of the steel frame under fire:

Side-span column: Due to the fire on three sides and good ventilation conditions, the
cross section of the column forms a severe unilateral temperature gradient in a short time,
and the inner temperature is as high as 700-800 °C, resulting in a fast heating rate. This
non-uniform heating mainly causes the asymmetric bending deformation of the cylinder
with the risk of torsional instability. Therefore, the horizontal displacement of the top of
the column should be monitored.

Mid-span column: The fire surface is less and the ventilation is limited. The tem-
perature distribution is relatively symmetrical, but the heating rate is slow. Under this
condition, the steel column is more prone to axial compression instability dominated by
axial compression. It is necessary to focus on monitoring the vertical displacement of the
column top and the horizontal displacement of the mid-span. Such instability often has
sudden characteristics. The failure mechanism caused by the ventilation difference requires
a targeted design response: the side-span column needs to strengthen fire protection or
adopt a box section with stronger torsion resistance to prevent torsional buckling; the
mid-span column should control the axial compression ratio and ensure redundant load
paths, such as catenary force, to prevent axial instability. This conclusion highlights the
value of performance-based fire protection design.

The stress cloud diagram of each component after 40 min of fire combustion is shown
in Figure 14:

Figure 14. Mises cloud map of the mid-span room.

According to the analysis of the stress cloud diagram, the mechanical properties of steel
under fire are significantly degraded. As the temperature increases, the elastic modulus of
the steel column and the steel beam decreases significantly. The yield strength of the fire
component decreases significantly after 40 min of combustion, and the column enters the
plastic state and yields as a whole. Under the action of an eccentric load, there is a large
deflection in the mid-span of the column and the mid-span of the beam, and a significant
displacement occurs at the top of the fire column, and the axial force also plummets. The
adjacent members of the fire room do not reach the yield strength and can still bear the load
normally. As the bearing capacity of the fire column continues to decline, the internal force
redistribution effect causes the stress of the upper column to increase, and the stress of
the beam end flange connected to the steel column also increases. The yield development
process under different collapse modes is significantly different. The local lateral collapse
starts from the asymmetric yielding of the beam—column assembly, forming a plastic hinge
that leads to the lateral displacement mechanism. The overall inward collapse is driven by
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the symmetrical axial yield of multiple columns, which eventually leads to the general loss
of vertical support. The key point is that the two failure sequences are consistent with the
severe stress concentration at the beam end connection as the precursor, which indicates the
activation of catenary action and is a universal signal for predicting collapse. The overall
displacement diagram of the mid-span steel frame under fire is shown in Figure 15:

U, Magnitude
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Figure 15. Overall displacement diagram of mid-span steel frame under fire.

The axial displacement of different fire columns is shown in Figure 16:
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Figure 16. Axial displacement diagram of mid-span fire column.

It can be seen from the diagram that the expansion of the column under the condition
of mid-span fire is reduced. First-order warning point A marks the end of the free thermal
expansion stage and represents the maximum expansion point with a net deformation
rate of zero. Subsequently, the development of the binding force begins to dominate. At
the initial stage of the fire, due to uniform heating and expansion, the axial deformation
rate of each column is generally maintained at about 1 mm/min. At secondary warning
point B, the axial deformation rates of Z3, Z4, Z5, and Zg are 5 mm/min, 5.8 mm/min,
5.6 mm/min, and 6 mm/min, respectively. The critical limit value and the limit rate defined
for structural collapse have not yet been reached. This stage marks the transition from
pure thermal expansion to significant compressive stress development. As the columns
expand axially, they are increasingly constrained by the colder, more rigid parts of the
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surrounding structure. This constraint converts thermal expansion into compressive stress
in the heating column. The transition to the local damage warning level at point C is
characterized by significant differentiation of behavior. The deformation rate of the Z3 and
Z4 columns increased sharply to 32 mm/min and 38 mm/min, respectively, indicating that
they completely lost their bearing capacity. The physical mechanism of this rapid failure
is a chain reaction triggered by stress concentration and thermal softening. The bottom
areas of Z3 and Z, are identified as high-stress concentration areas. With the increase
in temperature, the yield strength and elastic modulus of steel deteriorate significantly.
The initially developed compressive stress eventually exceeds the yield strength of the
material due to the high temperature, causing local plastic yield. This yield leads to a
catastrophic loss of stiffness in the affected area, effectively forming a plastic hinge. The
structure then undergoes rapid stress redistribution, transferring the additional load to
the already-damaged section. This process accelerates the plastic flow, resulting in an
exponential increase in the observed displacement rate without significant additional
plastic deformation, which is a sign of quasi-brittle failure at high temperatures. The
decrease in material ductility and the lack of rotational capacity at the support in the high-
temperature environment further aggravate this process, prevent the ductility behavior,
and lead to sudden failure. In contrast, the deformation rates at warning point C of Z;
and Zg are 13.4 mm/min and 12.6 mm/min, respectively. It is because these columns are
less constrained or the temperature is slightly lower, delaying the triggering of the same
failure mechanism.

The maximum horizontal displacement of different fire columns in the mid-span of
the fire is shown in Figure 17:
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Figure 17. The maximum horizontal displacement diagram of the mid-span fire column.

According to specification ISO 834-1 [28], the maximum allowable horizontal displace-
ment of the steel frame structure is H/25, which is 160 mm. Through careful analysis of the
graphic data, for Z3 and Z4, the deformation rate of horizontal displacement is relatively
low in the early stage of fire. The displacement rate of Z3 maintains a relatively stable
and slow growth trend in the first 33 min after the fire, while Z, shows similar low-rate
deformation characteristics in the first 27 min. When the above time points are reached,
the deformation rate of the two columns rises sharply, the displacement curve rises steeply,
and the maximum deformation threshold is quickly reached, resulting in the failure of
the components. This failure mode shows typical brittle failure characteristics and lacks
obvious plastic deformation stage, indicating that it bears stress exceeding its own bearing
capacity in a short period of time, thus causing sudden instability failure.
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Compared with the Z3 and Z; columns, the horizontal displacement development rate
of the Z5 and Z4 columns is relatively flat. During the whole fire process, the displacement—
time curve of the two columns showed a relatively stable growth trend. When the fire
lasts for about 35 min, the displacement value approaches the limit state. This response
characteristic presents a typical ductile failure mode, which shows that the component
undergoes a significant plastic deformation stage before reaching the ultimate displacement,
reflecting its good energy dissipation capacity and continuous deformation capacity under
high temperature. The fire resistance limits of different fire columns are shown in Table 5:

Table 5. Fire resistance limit of different fire columns under mid-span fire.

Three-Level Early Three-Level Warning Three-Level Early Warning Elastic

Member Warning Time/min Temperature/°C Modulus/GPa

7.3 480 168.7

Zs 24 565 1224
33 720 72.6

74 485 142.8

Zs 23 532 126.5
27 654 86.6

6.8 438 156.6

Zs 235 541 124.3
35 746 68.4

7 446 154.6

Zs 23.8 555 122.8
35.5 758 64.2

The mid-span deflection of different beams under fire in the mid-span is shown in
Figure 18:
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Figure 18. Mid-span deflection diagrams of different fire beams.

Through the analysis of the data in the figure, it can be concluded that the beam is
basically consistent in the thermal expansion stage, and early warning point A is the end
stage of thermal expansion; at warning point B, the deflection rates of L4, L5, Lg, and Ly are
9 mm/min, 10 mm/min, 10.5 mm/min, and 11.5 mm/min, respectively, and the secondary
collapse warning is issued. At warning point C, the deflection rates of L4, Ls, Lg, and
L; are 145 mm/min, 95.4 mm/min, 57.8 mm/min, and 68 mm/min, respectively, and a
three-level collapse warning is issued. L4 and Ls exceeded the limit value and lost their
bearing capacity at 29 min. Although L¢ and L; did not exceed the limit rate value at
30 min, they could not continue to bear the load due to the lack of obvious plasticity in the
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fire damage of the mid-span. The fire resistance limits of different fire beams are shown in
Table 6:

Table 6. Fire resistance limit of different fire beams under mid-span fire.

Three-Level Early Three-Level Warning Three-Level Early Warning Elastic

Member Warning Time/min Temperature/°C Modulus/GPa

8.4 450 153.6

Ly 23 680 78.6
27 703 57.5

8.5 460 147.2

Ls 20 620 92.6
32 766 54.2

8.4 450 153.6

Le 21 625 89.4
33.5 784 52.6

8 415 162.7

Ly 215 630 86.5
32 770 53.8

The brittle failure of the mid-span is determined mainly from the energy ratio and the
brittleness index, IB. The plastic energy dissipation, E, of Ls and Ly is calculated according
to the plastic hinge of the whole section:

Eo=2X Mpl x 0 pl x L =2x650kN-m x 0.03rad x 6 m = 234 k] (9)

In the formula, Ej is the total energy dissipated by the plastic rotation of the beam
after the plastic hinge is formed in the mid-span, Mpl is the full-section plastic bending
moment, Opl is the ultimate rotation angle of the plastic hinge, and L is the length of the
plastic hinge section and takes the span of the beam.

The calculation is based on the following assumptions: (1) The plastic hinge is formed
at the beam end and reaches the plastic state of the whole section. (2) The length of the
plastic hinge region is taken as the span of the member, which is a simplified macroscopic
treatment method to characterize the overall energy dissipation capacity of the entire
plastic zone. (3) The ultimate plastic rotation angle 0pl is 0.03 rad, which refers to the
common value range in the study of fire resistance and progressive collapse resistance of
steel structures in European codes, and reflects the typical ductility of steel under high
temperatures and large deformation.

The potential energy released by the overall collapse of the mid-span is as follows:

E = %(mgh) ~ 20,000 x 9.8 m/s?> x 0.4 m ~ 784 k] (10)

Eo/E =29.8%, which is much lower than the ductile collapse threshold of 70%, indicat-
ing that the energy is mainly released by the overall instability at one time, rather than the
continuous energy consumption of the beam. It is manifested as a brittle failure.

The brittleness index, IB:

IB = (A dmax/At) x (Fdrop/Fpeak) (11)

In the formula, Abmax is the maximum deflection value monitored, At is the time
that the displacement falls from the peak to the residual value, Fpeak is the peak bearing
capacity, and Fdrop is the loss of bearing capacity in the same time period.

When the side-span is under fire,

IB = (360/12) x 0.32 = 9.6 (12)
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When caught in the middle of a fire,

IB = (410/5.5) x 0.58 = 43.2 (13)

The brittleness index of the side-span under fire is much smaller than that of the
mid-span under fire, so the side-span under fire presents a ductile failure, and the mid-span
under fire presents a brittle failure.

The main reason for the absence of an obvious plastic failure of the structure under
the fire condition of the mid-span can be attributed to the combined action of the constraint
effect, the sensitivity of the force transmission path, and the instability mechanism: the
mid-span is limited by the strong constraint of the surrounding structure, and the thermal
expansion deformation cannot be fully released, resulting in a sharp increase in compres-
sive stress at high temperatures and the superposition of the live load, causing stress
concentration; at the same time, as a key force transmission hub, the failure of the mid-span
directly cuts off the load redistribution path, with low redundancy, and the compressive
members after high-temperature softening are prone to sudden buckling instability. In
order to quantify the redundancy of adjacent spans, the load redistribution is analyzed
from the axial force migration ratio. The axial force transfer ratio is defined as follows:

AN
Rap = — 14
AF = 5 (14)

RAF is the axial force transfer ratio, AN is the axial force increment of adjacent columns,
and N is the original axial force of the failed column.

From Figure 11, the original axial force of column 1 is 1100 KN, the axial force after
failure is 0, and the new axial force of adjacent columns is as follows: the axial force
increment (peak-initial value) of column 2 after the fire is 650 KN, the axial force migration
ratio is 59%, and column 2 shares 59% of the original load of failure column 1; the axial
force increment of column 3 after the fire is 750 KN, the axial force migration ratio is 68.2%,
and column 3 shares 68.2% of the original load of failure column 1; the axial force increment
of column 4 after the fire is 260 KN, the axial force migration ratio is 23.6%, and column
4 shares 23.6% of the original load of failure column 1. Because the load redistribution
of column 4 is less, column 4 is not damaged. The path of load redistribution is mainly
manifested as the load redistribution of adjacent members—column 2, column 3, and
column 4—after the failure of column 1. It shows that the adjacent columns are significantly
overloaded, which verifies the intensity of load redistribution under the redundancy
mechanism. Finally, the local instability triggers the chain collapse of the whole structure,
which is manifested as the collapse failure without obvious plastic deformation.

4. Determination of Early Warning Threshold of Acoustic Emission Parameters

The method of new early warning technology based on acoustic emission is to determine
the change of elastic modulus of steel by using the change in the transverse and longitudinal
wave velocity of steel at high temperature. The theoretical formula is as follows:

~ pCE(3T—4)

E
T -1

(15)

In the formula, p is the steel density, Cs is the shear wave velocity, and T is the ratio of
the longitudinal wave velocity to the shear wave velocity.

Xie [27] described the parametric response of steel acoustic emission at high tempera-
tures in detail and verified the theoretical formulas of the elastic modulus and the transverse
and longitudinal wave velocities. Yang [30] describes the transverse and longitudinal wave
velocity conversion and propagation path of steel, as shown in Figure 19:
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Figure 19. Acoustic emission transverse and longitudinal wave velocity propagation path.

The thickness of component d is 8 mm; the transverse waves are Ty, T, and T3; the
longitudinal waves are L1, Ly, and L3; W is a converted echo; and « is the angle between
the transverse wave velocity and the longitudinal wave velocity. The unidirectional prop-
agation time of the transverse wave is tt, and the unidirectional propagation time of the
longitudinal wave is ty.. T, T», and Tj are the first, second, and third echoes of the trans-
verse wave [31], so ty1 =2 X t1, t;p =4 X t1, and tr3 = 6 X ty. Ly, Ly, and L3 are the
first, second, and third echoes of the longitudinal wave, so Ty; =2 X t;, Tip =4 x t, and
T3 =6 X t.. Wy and W), therefore, are twy = tt + t;, and tyy = 2tT + 2ty.

The three-level early warning elastic modulus threshold of the fire column under the
overall inward collapse mode of the steel frame is known. The three-level early warning
transverse and longitudinal wave velocity parameters based on acoustic emission are
shown in Tables 7-9:

Table 7. Acoustic emission parameters under first-level warning.

. - . Transverse and Early Warning
Risk Level Acoustic Emission Echo Time Longitudinal Wave Elastic Modulus
Parameter Ins .
Velocity/m/s GPa
Ty 28,140
T, 56,318 2843
first-level Wy 42,196
warning Ly 13,862 168.7
W» 88,036 5771
W3 126,588

Table 8. Acoustic emission parameters under second-level warning.

. oo . Transverse and Early Warning
Risk Level Acoustic Emission Echo Time Longitudinal Wave Elastic Modulus
Parameter /ns .
Velocity/m/s GPa
Ty 33,030
T, 69,363 2422
second-level T3 110,650
warning L 16,270 1224
L, 30,913 4917
Wy 49,566

Table 9. Acoustic emission parameters under third-level warning.

. - . Transverse and Early Warning
Risk Level Acoustic Emission Echo Time Longitudinal Wave  Elastic Modulus
Parameter Ins .
Velocity/m/s GPa
Ty 42,895
Wy 64,025 1865
third-level T, 81,500 796
warning Ly 21,130 )
L, 38,034 3786

Ls 67,616
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Based on acoustic emission technology, the block diagram of the new early warning

method is shown in Figure 20.

Real-time monitoring of fire scene
temperature sensor
Thermograph
Flue gas concentration detection

Acoustic emission signal processing
piezoelectric sensor array
noise filtering
T extraction

Early warning decision and response
Calculate the wave velocity ratio R

Matching elastic modulus threshold
3-level threshold for early warning

Health baseline library of steel frame
structure
Initial wave velocity ratio T,
Elastic modulus-wave velocity model

Damage state mapping
E <threshold 1 : slight injury
E < threshold 2 : moderate injury
E < threshold 3 : critical damage

Implement emergency plan
First-order response : local cooling
Secondary Response : Load Transfer
Tertiary Response : Evacuation

Figure 20. New warning method block diagram of acoustic emission transverse and longitudinal

wave velocity.

5. Conclusions

Based on a sequential thermo-mechanical coupling numerical simulation, this paper
deeply studies the collapse mechanism of and an early warning method for a steel frame
under fire. The core innovation is to establish a set of quantitative early warning threshold
systems from structural instability mechanical responses to material acoustic performance
parameters, which lays a solid theoretical foundation for real-time collapse warning for
steel structure fires based on the acoustic emission wave velocity. The main innovative
conclusions are as follows:

(1) Refined modeling and revealing of fire temperature rise characteristics: Pyrosim
software is used to simulate the non-uniform temperature field at different positions of
steel frame members in real fire scenarios, which breaks through the limitations of standard
temperature rise curves. The results show that the heating process of the component is
significantly affected by the fire location and ventilation conditions. The refined modeling
provides the key input for the accurate simulation of the subsequent structural response
and the determination of the critical threshold. At present, this study only considers the
working conditions under a specific fire source location and opening rate. Future work will
include a systematic parametric analysis of the opening rate and the fire source location
to more fully reveal their influences. In practical applications, engineers can integrate this
CFD-based simulation workflow into performance-based design projects, especially for
complex or important buildings where conventional methods are not applicable, to obtain
a more realistic assessment of structural behavior in fires.

(2) The mechanism of different collapse modes and the three-stage elastic modulus
early warning threshold system based on instability criterion are as follows: By simulating
the response of the structure under the fire temperature field, the criterion of the critical
point of structural instability is proposed and applied based on the displacement of the key
nodes of the beams and columns and the mutation characteristics of the change rate. The
three-level early warning elastic modulus thresholds of the fire beam and the fire column
under two typical collapse modes are systematically and quantitatively determined. The
early warning thresholds of the local lateral collapse fire beam are 141.2 GPa, 77.8 GPa, and
53.68 GPa, and the early warning thresholds of the fire column are 164.5 GPa, 117.5 GPa,
and 58.75 GPa. The early warning thresholds of the overall inward collapse of the fire
beam are 153.6 GPa, 78.6 GPa, and 57.5 GPa, and the early warning thresholds of the fire
column are 168.7 GPa, 122.4 GPa, and 72.6 GPa. The overall inward collapse limits thermal
expansion due to strong constraints, resulting in a sharp increase and concentration of
stress, and the damage is more sudden. The warning threshold is relatively higher, and the
risk of collapse is greater, which highlights the importance of setting a threshold based on a
specific mode.
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(3) This study pioneered the establishment of a quantitative correlation model be-
tween the elastic modulus threshold of steel structures under fire and the propagation
characteristics of ultrasonic transverse and longitudinal wave velocities. For the first time,
the three-level warning thresholds of transverse and longitudinal wave velocities for the
overall inward collapse of the fire column is derived and provided: the three-level warning
thresholds of the shear wave velocity are 2843 m/s, 2422 m/s, and 1865 m/s. The third-
level warning thresholds of the longitudinal wave velocity are 5771 m/s, 4917 m/s, and
3786 m/s. An accurately quantified wave velocity threshold is the core input parameter
for an early collapse warning system for high-temperature steel structures based on the
acoustic emission signal. For the first time, this study provides a direct, reliable theoretical
basis and key setting values for the development of such real-time monitoring and early
warning technology for specific failure modes and realizes a major leap from mechanical
mechanism research to an engineering application interface.
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