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The fire-induced collapse of steel structures is very likely to cause secondary casualties in fire rescue. In order to
predict the structural response, as well as give early warning of the collapse location of steel truss structures in
fire to the rescue team, this paper develops a safety monitoring system for steel truss structures. Firstly, the the-
oretical basis of the system, including the member failure index and the collapse index is derived. Secondly, a nu-
merical example is analyzed in SAP2000 to illustrate the calculation process of the collapse index, and the results
indicate that the limit value of the collapse index can be chosen as 0.45. Subsequently, the development of the
system, including the theoretical framework, the design of the system, and the user interface, is described. Finally,
the system is used to monitor a fire test on a steel truss roof structure. The comparison of the output and exper-
imental results indicated that the system is able to evaluate the real-time status of the members and the global
structure. Besides, the structural response predicted by the system can be given to the user 180 s ahead of
time, which provides precious information for the fire brigades to determine a safer route during the rescue
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1. Introduction

According to the data of the World Fire Statistics Center, about 7
million fire accidents happen every year worldwide, and the number
of casualties can reach up to about 70,000. Among all kinds of fire acci-
dents, building fire accidents are the most threatening to mankind. Spe-
cifically, as steel trusses have widely been used as the roof structures of
large-space enclosures, their sudden fire-induced collapses can trap
people inside the building, which leads to tremendous losses of
human lives and properties. Even worse, without knowing the real-
time status of the structure in fire, instructors cannot give the most ac-
curate rescue decision, resulting in secondary casualties. Therefore, a
structural safety system in fire, which monitors the real-time structural
behavior and predicts the collapse of the structure, is essential for miti-
gating the hazard caused by building fires.

As an essential prerequisite, as well as responding to the concept of the
performance-based fire design [1], the global fire-induced collapse behav-
ior of steel structures has dragged the attention of many researchers. Based
on the Vulcan software developed by the University of Sheffield, Sun et al.
[2,3] obtained the failure modes and corresponding internal force changes
of steel frames under single column fires and multi-column fires. Fang
et al. [4,5] proposed the evaluation method of the progressive collapse re-
sistance of steel structures with composite floors under localized fire, with

* Corresponding author.
E-mail address: zhushaojun@tongji.edu.cn (S. Zhu).

https://doi.org/10.1016/j.jcsr.2020.106216
0143-974X/© 2020 Elsevier Ltd. All rights reserved.

and without considering the temperature. Jiang et al. [6,7] studied the pro-
gressive collapse mode of planar steel frames under localized fires, and an-
alyzed the dynamic failure mechanism of constrained columns, based on
which a simplified evaluation method was proposed. With respect to
steel truss roof structures, Lu et al. [8] carried out a case study of the fire be-
havior of the roof structure of an exhibition center, and some suggestions
for enhancing the fire resistance were given. Most recently, Jiang et al.
[9] conducted a full-scale fire test on a steel truss roof structure, and de-
tailed failure mode, structural and thermal responses were exhibited,
which provided experimental data for verification.

However, studies on the monitoring and early warning of fire-
induced collapses are relatively rare. For the time being, the warning
and prediction are mainly realized based on the deformation, vibration
characteristics, and other parameters of structural components in fire.
Qu and Wang [10] developed an instrument to measure the vertical dis-
placement of reinforced-concrete frames in order to predict the global
failure of the structure. Based on the structural fire resistance test
data, Bai et al. [11] obtained the variation of structural parameters in
fire, and found that the deformation velocity of members is the most re-
lated to the collapse of the structure. Duron et al. [12] conducted tests on
the vibration of wood structures under fire conditions, and proposed
that the structural damage can be evaluated by monitoring the struc-
tural vibration, so as to predict the collapse. However, traditional instru-
ments, including vibration or displacement sensors, are very likely to be
destroyed in fire, thus making their data invalid. To solve this problem,
Madrzykowski and Kent [13] tried to verify the feasibility of using the
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thermal imager for temperature monitoring to realize the prediction of
the integrity of structural wood plates in fire. Disappointedly, the results
indicated that the data measured by the thermal imager had a large
error, compared to the precise data measured by thermocouples. There-
fore, a potential safety monitoring system may be based on the data pro-
duced by thermocouples.

This paper aims at developing a safety monitoring system for steel
truss structures to provide the fire brigades with the real-time state of
the structure. Firstly, the theoretical basis, including the component im-
portance coefficient, the failure index of truss members, and the collapse
index of the structure in fire, are introduced. Then, the numerical analysis
is carried out using SAP2000 to explore the limit value of the collapse
index. Subsequently, a steel truss safety monitoring system based on
temperature index to evaluate the global structural behavior, and to pre-
dict the fire-induced collapse, is developed. Finally, the system is tested
using the results of the fire test conducted by Jiang et al. [9].

2. Theoretical basis for safety monitoring of steel truss in fire
2.1. Member importance coefficient

Arranging sensors for all the members in the structure will lead to
considerable cost. Instead, it should be more reasonable to place sensors
for important members. Therefore, it is necessary to evaluate the impor-
tance of each member in the structure.

When evaluating the progressive collapse resistance, a concept
called robustness was proposed [14], which indicates the structural ca-
pacity of resisting the global failure of the structure, under the circum-
stance of local damage. Scholars have proposed several models of the
member importance index to quantitatively evaluate the role of the
member in a structure, including models based on the structural topol-
ogy [15-16], the probabilistic risk [17], and the energy method [18].
Among these models, the model based on the energy method can con-
sider the action of load, as well as the influence of the single-member
on the whole structure, rather than a local area. Hence, the importance
coefficient of the members is calculated based on the strain energy:
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where vy; is the importance coefficient of the ith member; U is the total
strain energy of the perfect structure; U; is the total strain energy when
the ith member fails; R is the external load; K; is the structural stiffness
matrix when the ith member fails.

2.2. Failure index of truss members

The structural safety monitoring at room temperature mainly in-
volves the frequency, deformation, and strain (stress) of the structure,
and the state of the structure can be judged by their variation. However,
traditional sensors are difficult to work stably in fire due to the high
temperature, while the thermocouples can produce stable and reliable
temperature data. Therefore, this section tries to investigate a member
failure index based on the temperature.

In steel truss structures, the members can be regarded as two-force
bars, which only bear axial compressive or tensile forces. Let Q and q de-
note the member stress ratios at elevated and room temperatures. For
axial compression (N < 0, N is the axial force):
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where a1 is the influence factor of the axial-compression stability coef-
ficient at T°C, ¢ is the axial-compression stability coefficient at room
temperature, 7}y is the reduction factor of the yield strength at T°C, fis
the room-temperature design strength, and A is the area of the cross-
section. For axial tension (N > 0):
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It can be seen from Eq. (2) and Eq. (4) that only ot and 7}; are re-
lated to the temperature. Besides, Q equals to g at room temperature
To, indicating the safest condition; the member fails when its tempera-
ture reaches the critical temperature T, and the corresponding stress
ratio Q = 1. Therefore, Q can be used to evaluate the stress state of the
member, which is defined as the member failure index. In order to pro-
vide early warning of the failure, the state of the member has been di-
vided into six different levels according to the development of Q,
namely safe, secondary safe, secondary dangerous, dangerous, critical
and failure, where Tg; (i = 1, 2, 3, 4) is the member temperature of at
the ith level. While Q varies from g to 1, the range “q ~ 1” has been clas-
sified into 5 parts to correspond to the six danger levels, as shown in
Table 1.

2.3. Collapse index of truss structures in fire

When a member fails in fire, the truss structure may collapse due to
the chain reaction. Hence, it is necessary to explore an index, which can
identify the risk of global collapse due to member failure in order to
raise an early warning.

The total structural strain energy will increase with the failure of a
single member. Meanwhile, if the global collapse is triggered due to in-
ternal force redistribution, the members near the failed member will
present excessive deformation, resulting in a larger increase in their
strain energy. Hence, the proportion of the strain energy of the affected
members to the total strain energy can be used to characterize the pos-
sibility of global collapse, which is defined as the collapse index Ip:

o Ua,i
Ipe = Uu (6)

where U, is the sum of the strain energy of affected members, when the
ith member fails; Uy; represents the total structural strain energy when
the ith member fails.

Considering the characteristic of truss structures, the affected mem-
bers can be determined according to the follows:

(1) A chord member fails - all the members in its zone, and the two
adjacent zones;

(2) A web member fails - all the web members in its zone, and the
two adjacent zones.

The visual illustration of the location of the affected members is

given in Fig. 1.

Table 1
Classification of member danger levels.

Failure index Q Level Member temperature
q 0: safe To
0.8q + 0.2 1: secondary safe Ts1
0.6q + 0.4 2: secondary dangerous Ts2
0.4q + 0.6 3: dangerous Ts3
0.2q + 0.8 4: critical Tsa
1 5: failure Ter
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Fig. 1. Visual illustration of the location of the affected members.

2.4. Calculation procedure of the limit value of steel truss in fire

Based on the aforementioned indexes, the limit value of the collapse
index can be determined according to the procedures exhibited in Fig. 2.
Note that the calculation of y; serves as a general selection of the impor-
tant members, on which sensors can be placed. Afterward, the calcula-
tion of Ip.; should be more precise in predicting the status of the
structure.

3. Numerical example

This section aims to illustrate the determination of the limit value of
the collapse index for the safety monitoring system of steel truss struc-
tures in fire by means of numerical analysis, in order to give early warn-
ing of the collapse.

3.1. Numerical model

A simple steel truss model is analyzed in SAP2000, as shown in Fig. 3.
The span of the truss is 8 m, the height is 1 m, and the width of each zone
is 1 m. All of the members have a cross-section of 040 x 2, and are made
of Q235 steel. In order to simulate the structure in service, the dead load
of the truss is g = 0.5 kN/m?, and the live load is g = 0.5 kN/m?. The load
combination is “1.2 g + 1.4q", and the load is distributed to the joints of
the top chords by assuming the longitudinal distance between adjacent
trusses as 4 m.

Steel trusses are mainly used in large-space structures such as facto-
ries and shopping malls, where the fire is usually regarded as localized
fire. Therefore, single members are removed to simulate the failure
caused by localized fires, and the corresponding stress ratio of the struc-
ture will be calculated to check whether the structure collapses.

3.2. Numerical results
The calculation result of I, of the truss structure after removing each
member is tabulated in Table 2, and the corresponding stress ratio of the

structure is shown in Fig. 4. Note that the stress ratio is calculated with
respect to the yield strength, which indicates that when the stress of any

Calculate y;

Determine important members _

v
Calculate the internal forces and the structural
responses when the ith member is removed |

1

[Calculate U,i, U, and Ipc‘,z]

Fig. 2. Calculation procedures of collapse index limit value.
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Fig. 3. Diagram of the numerical model.

microelement on the section of the member exceeds the yield strength
of the material, the stress ratio will exceed 1.0.
An example is given for the calculation process of the I, of member 18:

(1) Calculation of Uy qg: Calculate the strain energy of the whole
structure, and Uy 15 equals to 271.34 N-m;

(2) Calculation of U, 15: Calculate the strain energy of the affected
members. According to the illustration in Fig. 1, the affected
members include members 4-7, members 16-17, members
19-21, members 29-31, and members 37-39. U, 5 is the sum
of the strain energy of the members mentioned before, which
equals t0 210.84 N-m;

(3) Calculation of I¢15: According to Eq.(6), Ipc1s = Ua18/Up1s =
210.84/271.34 = 0.777.

It can be seen in Table 2 that the collapse index of the structure is in
good agreement with the response of the actual structure. That is, the
collapse index is able to describe the damage degree of the structure.

As can be seen from Fig. 4a, the stress ratio of the web members was
small. Correspondingly, most of the members remained elastic after re-
moving a web member. However, when a chord member was removed,
the stress ratios of the chord members and oblique web members in its
zone all increased dramatically. Besides, from the results exhibited in
Fig. 4f and g, it can be seen that the stress ratios of the two-way web
members both increased, while the truss did not collapse, so it can be
concluded that the safety of the truss can be improved with double-
diagonal web members. When the members with a stress ratio larger
than 1.0 were no longer able to transmit the load, the structure became
geometrically deformable and was regarded as having collapsed.

In order to explore the variation of Ip. with respect to the structural
response, model A and model B are analyzed based on the original
model in Section 3.1. The section of the lower chord of model A is re-
duced into 020 x 1, and the load of model B is 1.5 times of that of the
original model. The calculated results are also summarized in Table 2.
It can be seen that I,,c increased for the modified models, while the struc-
tural response of removing member No.22 changed from “all elastic” to
“collapse”. Therefore, there should be a limit value of I, above which
the structure collapses. For all the collapsed structures, the frequency
distribution histogram of their corresponding Iy, is shown in Fig. 5,
where results of the original model and the modified models are in-
cluded. Most of the instances were distributed between 0.5 and 0.9,

Table 2
Summary of the collapse index results of the models.
Element number  Original model Model A Model B
Ipe Response I, Response I Response
6 0.007 Allelastic 0.008 Allelastic 0.008 All elastic
18 0.777  Collapse 0.906 Collapse 0.931 Collapse
20 0.683 0.798 0.818
21 0.676 0.789 0.810
22 0.441 Allelastic 0.514 0.470
24 0.196 0229 Allelastic 0.209 All elastic
30 0.008 0.009 0.008
31 0.026 0.032 0.028
32 0.076 0.089 0.081
33 0.075 0.087 0.080
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Fig. 4. The stress ratio of the structure after the demolition of some components. (a) Original structure. (b) No. 6. (c) No. 18. (d) No. 20. (e) No. 21. (f) No. 22. (g) No. 24. (h) No. 30. (i) No.
31. (j) No. 32. (k) No. 33.
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Fig. 4 (continued).

and 97% of the results exceeded 0.45. Therefore, the limit value of the
collapse index for steel truss structures in fire can be conservatively
set as 0.45.

4. Development of the monitoring system

The monitoring system is to be installed on an existing monitoring
station of the fire control center. After completion of the structure, the
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Fig. 5. Summary of collapse index distribution of steel truss.

initial structural information, including the geometric dimensions and
the internal forces, will be stored in the database in advance. When a
fire occurs, the temperature sensors installed on the structure can
send the real-time temperature data to the station, and the software
can directly evaluate danger levels of the components and the overall
collapse index of the structure based on the pre-stored structural infor-
mation, so as to achieve the purpose of fire safety monitoring.

4.1. Theoretical framework

The theoretical framework for the safety monitoring system of steel
truss in fire can be described as follows:

(1) Preparation Step

Structural information
{ Data input module

{ Safety assessment module ]—E

[ Result output module }

Sensor data

Evaluate member danger level
Update internal forces
Evaluate global structure status

Fig. 6. System modules and functions.
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[ Calculate member danger level ]1—[ Update internal forces ]

Fig. 7. Design of the module of safety assessment.

Input the information of the structure, including the geometric di-
mensions, boundary conditions, load conditions, et al. Based on the
structural information, calculate the importance coefficient of each
member, and arrange the temperature sensors according to the cost,
the fire separation zones, and fire risk.

(2) Step 1

Calculate the member failure index according to Section 2.2;

(3) Step 2

Remove the most dangerous member(s) and calculate the internal
forces.

(4) Step 3

Calculate the collapse index according to Section 2.3.

4.2. Design of the system

In order to realize the functions mentioned above, there exist several
requirements for the system:

(1) A concise and complete user interface is needed, which can dis-
play the information such as the real-time member danger levels
in fire and the overall structural status;

(2) A stable and responsive database is needed;

(3) The system should be compatible and universal to ensure stable
operation on various platforms.

Therefore, the database is established in SQL Server 2017, and the
user interface is written in the Visual Basic language. The system is com-
piled in Microsoft Visual Studio 2017. The modules of the system and
their functions are shown in Fig. 6. The main module of the system is
the safety assessment module, and its flow chart is shown in Fig. 7.
Note that the current software can be operated stably on various versions
of Microsoft Windows, which is one of the most commonly-used operat-
ing systems worldwide, while the software with the same principle is to
be compiled for other operating systems, including MacOS and Linux.

4.3. User interface

The user interface of the system operation process is shown in Fig. 8,
which can be divided into the display area, the operation area, and the
warning area.

The left side of the display area is the catalog tree. The stored infor-
mation, including the dimensions of the structure, members, joint
loads, member loads, as well as the structural response information in-
cluding displacements, internal forces, and temperatures can be re-
quested to be displayed on the right side, by clicking the
corresponding labels.

82 Monitoring system for steel truss structures
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Fig. 8. User interface of the fire monitoring system.
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[ F 5 X6 Sec safe 660.43603501... |361.186 173 2019/3/30 15:27 |351. 166 2019/3/30 15:26 |243.977 =
Internal forces ondary 8 8
- Temperatures 6 SX6 Secondary safe €60.43603501... (293,842 278 2019/3/30 15:27 |293.842 2019/3/30 15:26 |214. 721 60
& Monitoring ? SX6 Secondary safe €60.39916756... |124. 150 m 2019/3/30 15:27 |124.193 2019/3/30 15:26 |02.507 60
- Danger levels 8 S¥6 Safe €63 132.875 €25 2019/3/30 16:27 |132.876 2019/3/30 16:26 |82, 1C8 60
- Collapse index 9 XA6 Safe €63 281. 957 176 2019/3/30 15:27 |281.967 2019/3/30 15:26 |152. 166 60
10 XX Sccendary safe €58 160. 296 423 2019/3/30 15:27 |180.296 2019/3/30 15:26 |112.676 60
11 X4G Secondary safe €63 178,899 246 2019/3/30 15:27 |173.899 2019/3/30 15:26 |95.019 =
12 XX6 dary safe €58 180, 2% 423 2019/3/30 15:27 |180.296 2019/3/30 15:26 |112.676 60
13 £ Safe €60. 74565753537 263,979 208 2019/3/30 15:27 |263.979 2019/3/30 15:26 |149.563 60
| Update temperature | | Maximum danger level:
=y Secondary safe
Predict e
[ respons ] MembesiD: §
Update danger level Corresponding RestTime: 173 s
Start monitoring
Stop monitoring

(b)
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Directory| ]
© Information NemberTD Type DungerLevel LT Tenp RestTine Tinel Teapl Tined Teapd DeltaTine
| - Global structure, 18 ]xm Sccondary safc (€59, 12477199, .. €30.13 20 2019/3/30 15:31 |630.13 2019/3/30 15:30 565.05 47
.~ Members 19 |xrc Sccondary safe (663 €01.082 69 2019/3/30 15:31 601082 2019/3/30 16:30 |569.038 a7
| Jointsloads 20 Y6 Secondary dan... [639. 99180375, . §34.359 ™ 2019/3/30 1531|534 359 2019/3/30 15:30 |470. 783 a7
-')D/{errlberload? 21 XFG Secondary safe |663 772,511 53 2019/3/30 15:31 |172.511 2019/3/30 15:30 (690,876 a7
I 22 XPG 650, 12477199, .. €30.13 20 2019/3/30 15:31 630, 13 2019/3/30 16:30 |665.06 47
| Toteenal ferces Sccondary safc /3/30 /3/30
| L Temperatures 23 XFG Secondary safe [663 €01.082 6 2019/3/30 15:31 |01 082 2019/3/30 16:30 559,038 47
& Monitoring 24 X1G Secondary dan. 639, 99160315, .. 467.599 8 2019/3/30 15:31 487.599 2019/3/30 16:30 |402.415 ar
Danger levels 25 SX6 Secendary safe |660.43600501. .. 702.626 65 2019/3/30 15:31 |762. 626 2019/3/30 16:30 |694. 713 47
- Collapse index 2 sx6 Secondarysafe |66, 43608501, .. 706,194 8 2019/3/30 15:31 706, 194 2019/3/30 16:30 |661.838 4
2 SIG Secondary safe |660. 38916766, . €42.172 17 2019/3/30 15:31 642,172 2019/3/30 16:30 (693,404 47
28 X6 Secondary safe |63 521.203 123 2019/3/30 15:31 (521.203 2019/3/30 15:30 |467.288 a7
2 SX6 Secondary safe |660.43608501. .. 749.604 169 2019/3/30 15:31 |749. 604 2019/3/30 16:30 |740.676 17
30 X6 Secondary safe 660 43508501 . 724.586 23 2019/3/30 15:31 |724 536 2019/3/30 16:30 |593. 711 47
| Update temperature | | Meximum danger level:
ey .. 1 | Secondary dangerous
Predict response
L——I MemberID: 20
Update danger level Corresponding RestTime: 78 s
 Start monitoring |

Fig. 13. System output results at various times. (a) 590 s. (b) 636 s. (c) 665 s. (d) 695 s.

In the warning area, the warning of the most dangerous member,
which is about to fail, will be given. Besides, the corresponding collapse

index and its limit va

lue will also be given.

In the operation area, there are the six main function buttons of the

system, including:

1) Start monitoring

After clicking this button, the system starts to operate automatically

according to the process illustrated in Fig. 7. Firstly, the system will read
the temperature input data from the sensors at regular intervals set by
the user (default by 60 s). Secondly, the built-in function will be called
to calculate the member danger level, and the member that is about to

fail will be recognized and warned. Then, the system will assume the
failure of the member by removing it from the structure, and update
the internal forces and displacement data of the structure. Finally, the
collapse index is calculated and displayed in the warning area.

2) Stop monitoring

After clicking this button, the system will enter the manual opera-
tion mode, in which the user needs to click the buttons to enable its
function. Due to the variety of fire situations on-site, the manual mode
is added to facilitate users to use the functions according to the actual
situation.
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s Monitoring system for steel truss structures

Stop monitoring

Pleaseevacuate in 58 s!

Directory| |
ti MenberID Type DangerLevel LT Tenp RestTi Tinel Tenpl Tind Teny0 DeltsTi
" Global structure 18 XFG Secondary dan . |659 12477199, .. |666. 41 - 2013/3/30 15:32 |666. 41 2019/3/30 15:31 (630.13 29
Members 19 XFG Secondary safe (663 626,67 40 2019/3/30 15.32 |626.87 2019/3/30 1531 |601.062 29
~Joints loads 20 1r6 Dangerous  |639. 99180375.... [569. 41 58 2019/3/30 15:32 |569. 41 2019/3/30 15:31 534. 369 20
'M"‘“;b“k’“ds 21 XEG Secondarysafe 663 843.02 14 2019/3/30 15:32 (843,02 2019/3/30 15:31 (772511 20
E:an;cle;:::: 22 XFG Secondary dan... 659 12477199... 666,41 -5 2019/3/30 15:32 |666. 41 2019/3/30 15:31 [630.13 29
: ures 23 XFG Sccondary safe (663 626,07 40 2019/9/30 15:32 626,81 2019/3/30 15:31 (601. 062 29
Monitoring 24 XFG Secondary dan. ..[639. 99180376, . . |541.76 52 2019/3/30 16:32 [541.76 2019/3/30 15:31 (487.599 29
~ Danger levels 2% SXG Secondary safe |g61 311,14 -154 2019/3/30 15:32 [811. 14 2019/3/30 15:31 |782.826 29
- Collapse index 26 SXG Sccondary safe 660 43608801.. . |723.13 -107 2019/3/30 15:32 |723.13 2019/3/30 15:31 |706.194 29
21 SXG Sccondary dan...|660. 36916756, .. 662,27 -2 2019/3/30 15:32 |662. 27 2019/3/30 15:31 (642.172 29
28 SXG Secondary safe (663 563. 21 99 2019/3/30 15:32 |563.21 2019/3/30 15:31 (521.203 29
29 S¥G Secondarysafe (660 43608501, |792 46 -£9 2019/3/30 15:32 |792. 46 2019/3/30 15:31 |749. 604 29
30 SXG Secondary safe 660, 43608501... |757.36 -5 2019/3/30 15:32 |151.36 2019/3/30 15:31 |724.586 29
Update temperature | Maximum danger level:
o Dangerous
Predictresponse | 8 D20
Update danger level | Corresponding RestTime: 58 s
— Collapse index: 0.573
Start monitoring | jmit collapse index: 0.450
The structure will collapse!

(d)

s Monitoring system for steel truss structures
Directory|
© Information MeaberID Type Tinel Dungerlevel  Tenpl LT Tind Tenz0 DeltaTine Tenp RestTine
|- Global structure 18 IFG 2019/3/30 15:32 | Dangerous 754 96 65912477199, . |2019/3/30 15:32 |688. 63 10 754.96 -14
' Members 19 IFG 2019/3/30 15:32 | Secondary dan..|698.23 663 2019/3/30 15:32 |642. 82 10 698.23
| Jointsloads 20 G 2019/3/30 16:32 | Failure 65236 639.99180975. .. |2019/3/30 15:32 |594.32 10 652.36 -2
i g{:‘;‘:‘::nﬁ; 21 86 2019/3/30 16:32 | Secondary dan...|90. 03 63 2019/3/30 15:32 (871,08 10 a60. 08 -3
. -Di — — — —
| Intemal forces 22 G 2019/3/30 15:32 | Dangerous 764 96 659, 12477199, |2019/3/30 15:32 |688. 63 10 754.96 14
| Temp 23 IFG 2019/3/30 16:32 | Sccondary dan...|698. 23 663 2019/3/30 15:32 |842. 62 10 698,23
& Monitoring 24 XFG 2019/3/30 16:32 | Failure 638.47 639, 99180376. .. (2019/3/30 16:32 (569. 61 10 638. 47 0
- Danger levels % X6 2019/3/30 16:32 | Secondary dan...|896. 35 661 2019/3/30 16:32 (832.67 10 206. 36 ~0
Collapse index 2% SXG 2019/3/30 165:32 | Sccondary dan... 767 64 660 43508501 [2019/3/30 15:32 |133.8 10 767.54 31
27 X6 2019/3/30 15:32 | Sccendary daa...| 713, 61 660. 38916756 |2019/3/30 15:32 |630. 78 10 713.61 -16
28 SXG 2019/3/30 16:32 | Secondary safe 628,19 663 2019/3/30 15:32 [§76.97 10 620. 19 3
29 SXG 2019/3/30 16:32 | Secondary dan... 865 68 661 2019/3/30 15:32 |801.3 10 865. 68 -31
30 SX6 2019/3/30 15:32 | Secondary dan...|807. 73 661 2019/3/30 15:32 |780.29 10 807.73 -53
Update temperature | Maximum danger level:
0 Failure!
Pmdxctrespmsc MemberID: 20
pdate danger level | Corresponding RestTime:0s
— — Collapse index: 0.573
Start Limit collapse index: 0.450
Update warning The structure will collapse!
— — | Pleaseevacuate right now!
Stop monitoring

3) Update temperature (Manual operation button)

After clicking this button, the system will immediately read the tem-
perature data from the sensors.

4) Predict response (Manual operation button)

Fig. 13 (continued).

After clicking this button, the system will calculate the structural dis-
placement based on the structural temperature and the elevated-
temperature material properties.

5) Update danger level (Manual operation button)

After clicking this button, the system will calculate the danger level
of all the members, and show the results in the display area.

6) Update warning (Manual operation button)

After clicking this button, the collapse index will be calculated and
displayed in the warning area.

5. Experimental verification
5.1. Test program

The destructive fire test conducted by Jiang et al. [9] is used to test
the monitoring system developed in this paper.

The test specimen, exhibited in Fig. 9, was a full-scale steel truss roof
structure. The diameter of the structure was 8 m, and the total height of
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Fig. 14. Displacement-time curves in the test.

the test model was 4.02 m. The specimen was composed of six planar
RHS (Rectangular Hollow Section) steel trusses, purlins and roof panels.
The details of the main trusses are shown in Fig. 10. The specimen was
loaded by iron sand buckets, and the designed surface was 0.439 kN/
m?. The test used wood cribs as the fuel, and the density of fuel was
20 kg/m?. Due to the symmetry, thermocouples were placed on all the
members of the truss at axes 3 and 6, and displacement sensors were
used to record to vertical displacements of the joints, as shown in
Fig. 11. Other details of the fire test can be found in reference [9].

5.2. Comparison of monitoring and test results

The member temperature-time obtained by the temperature sen-
sors is shown in Fig. 12. It can be seen that the process of combustion
can be classified into two stages, namely the initial growth stage (0's ~
650 s) and the stable combustion stage (650 s ~ 1100 s).

1) Initial growth stage

The fire test started at 15:21:00, denoted as 0 s. At 15:23:00 (120 s),
the system output results showed that the member temperatures were
at a low level. Although the temperature of some components rose to
45 °C, the calculated structural displacement was basically unchanged.
At this time, all the members were at the “safe” level.

At 15:25:00 (240 s), the temperature of some members reached
176 °C, and its danger level changed to “secondary safe”. However, the
collapse index was close to zero, and the warning module did not
make any response.

2) Stable combustion stage
At this stage, the fuel began to combust thoroughly, and the member

temperatures rose rapidly. However, the initial stress ratios of the mem-
bers were relatively low, so the majority of the members were still at the
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Fig. 15. Comparison of the predicted structural response and the test results.

“secondary safe” level at 15:30:50 (590 s), as shown in Fig. 13a. How-
ever, the temperature of components was increasing very fast, and the
system predicted that some “secondary safe” members would fail
within 200 s (the “RestTime” column). With this information, the com-
mander can grasp the time for the rescue.

At 15:31:36 (636 s), the temperature of some oblique web members
reached 400 °C, and their danger level changed to “secondary danger-
ous”, as shown in Fig. 13b. The prediction result indicated that there
were only 78 s before the failure of the member No. 20. It is noteworthy
that the temperature of some members had already exceeded their crit-
ical temperature (denoted as “LT”). This is because the critical tempera-
ture was calculated according to the Chinese code GB 51249 [19]. It is
specified that for tensile members whose stress ratios are lower than
0.3, the critical temperature should be conservatively chosen as
663 °C. Since the internal forces have not exceeded their bearing capac-
ity, their danger level did not change into “dangerous”.

At 15:32:05 (665 s), the member No. 20 approached its critical tem-
perature, and the corresponding danger level changed to “dangerous”,
as shown in Fig. 13c. The predicted time of failure was 58 s, at which
time the firefighters should be advised to evacuate the corresponding
area. When the danger level of a member changed to “dangerous”, the
system began to calculate the collapse index, and the result 0.573
exceeded the preset limit value 0.450, so warning of the collapse was
also given.

At 15:32:25 (685 s), the danger level of members No. 20, No. 44, and
No. 68 changed to “critical”, and the minimum predicted time of failure
was 30 s. Meanwhile, members No.24 and No.72 also changed to the
“dangerous” level, which required special attention.

At 15:32:35 (695 s), the system indicated that failure occurred in
members No. 20, No.24, No.44, No.68, and No.72, as shown in Fig. 13d.
At this time, the structure might remain integral due to the ductility of
steel, so the system was warning the commander to evacuate all the
people as soon as possible.

The displacement-time curves of the structure are exhibited in
Fig. 14. Note that the black line indicates the time of first warning,
namely 665 s. At the warning time, the prediction of the structural re-
sponse is given in Fig. 15, where the data of the displacement sensors
at various times are also given for comparison. It can be seen that the
global deformation of the specimen changed from arching to sinking,
which indicated that the structure would collapse. The predicted dis-
placement is the closest to the displacement at 845 s, which means
the monitoring system could give the warning of the collapse location
at least 180 s ahead of time.

Therefore, it can be concluded that the safety monitoring system can
be helpful to give warnings about the location of the collapse (the failure
member), which provides a reference to the commander to instruct the
fire brigades, in order to avoid approaching related areas.

6. Conclusions and expectations

The main conclusions of this paper are as follows:

1) The member importance coefficient is proposed based on the total
strain energy, to roughly select the important members for arrang-
ing measuring points;

2) The member failure index for steel truss structures in fire is proposed

based on the temperature, and six danger levels, including safe, sec-

ondary safe, secondary dangerous, dangerous, critical and failure, are
proposed;

The collapse index for steel truss structures in fire is proposed based

on the structural strain energy, and the limit value can be chosen as

0.45 according to numerical results;

4) A safety monitoring system for steel truss structures in fire is devel-
oped to evaluate the real-time structural safety and predict the col-
lapse, which can provide a reference for the commander to instruct
the fire brigades;

3
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5) By comparing the output and early warning results of the safety
monitoring system with the experimental phenomena and results,
it is found that the monitoring system can reflect the failure of the
members, and predict the overall structural response. The collapse
prediction can be provided at least 180 s ahead of the collapse.

However, though the system was tested using the experimen-
tal data, and was envisaged to be helpful, further verification by
evacuation experiments and numerical simulations will be con-
ducted to raise the reliability of the system, before its application
to real structures.
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