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ABSTRACT

ARTICLE HISTORY

Pre-tensioned steel cable is a crucial load-bearing component of steel structure, the fire behavior of which affects the overall
performance of the structure. However, it presently lacks research and fire safety design method to consider steel cable
members subject to localized large-space building fire. In this paper, the mechanical behavior of normal steel strand cable

Received: 8 December 2022
Revised: 8 June 2023
Accepted: 27 August 2023

and full-locked steel cable under large-space building fire is investigated, to provide guidance for the fire safety design of

steel cable. Firstly, the numerical model of temperature field of steel cables subject to large-space building fire was
established and verified with the test results. Secondly, based on the verified temperature field model, the sequential therm al-
mechanical coupling numerical model was established to study the fire behavior of steel cable, including temperature field,
temperature gradient, failure mechanism, internal force and contact stress. Thirdly, the numerical method was adopted for
the parametric analysis on the fire resistance of steel cables, considering the effect of temperature-field model, non-uniform
fire, load ratio and span of steel cable. The following conclusions are obtained: 1) The average temperature can be taken to
simplify the transverse temperature field due to the small amplitude of transverse temperature gradient of steel cable section;
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2) Because of the size effect of steel wire, the overall temperature of normal steel strand cable is higher than that of full -
locked steel cable under the same conditions of same nominal diameter and fire conditions, and the damage occurs earlier

than that of full-locked steel cable under fire.
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1. Introduction

Spatial cable-truss structure is a widely used large-space steel structure. At
present, in addition to focusing the static or dynamic properties of cable-truss
structure, people begin to pay attention to the influence of length errors,
structural layout optimization, construction forming optimization on the
performance of cable-truss structure [1][2][3][4]. With the development of urban
construction, the fire accidents occur more and more frequently in buildings.
Scholars have started to focus on the phenomenon of a decline in the overall
load-bearing capacity of large-space steel structure caused by cable rupture
under fire, which can result in the further progressive collapse of whole steel
structures. The studies [5][6] show the high-temperature environment caused by
fire has a negative effect to reduce the material strength of steel cables, affecting
the load distribution of overall structure, the evaluation of the fire-resistant
capacity of steel cable members in engineering design practice is important.
Thus, it is essential to study the fire behavior of steel cables subject to localized
fire in large-space buildings, providing research basis to develop the fire safety
protection standards for steel cable.

In the early 1950s, Frank Day et al. [7] conducted a preliminary elevated
temperature test on the prestressed steel wires used for concrete components.
Gales et al. [8] and Hou et al. [9] studied the mechanical performance of
prestressed steel wires with different strength under high temperature. It was
found that the additional prestress loss caused by high-temperature creep under
fire impacts significantly on the fire-resistant limit of structure. Sun et al. [10]
investigated the mechanical behaviors of Z-shape steel wire under elevated
temperature, the modified two-stage Ramberg-Osgood model of which was
proposed to present the constitutive relationship. With the further researches
were conducted, the studies of the fire behaviors of prestress steel cables are
focused. Zong et al. [11], Kotsovinos et al. [12] Du et al. [13][14][15] and Sun
et al. [16][17][18] carried out the steady-state tests of the steel cables with
different strength, including normal steel strand cable, stainless steel cable,
parallel wire cable, etc., concentrating on the fire behaviors of material including
the stress-strain relationship at elevated temperature, the reduction laws of
mechanical properties and the high-temperature creep. Du et al. [19] conducted
the post-fire tensile tests on Grade 1670 steel wire, the fitting equations of post-
fire mechanism performance for the steel wire were proposed. Sun et al. [20],
Fontanari et al. [21][22] conducted transient thermal simulations on normal steel
strand cables, steel wire ropes and parallel wire cables subject to ISO-834 fire,
the mechanical behavior and the temperature field of which under continuous
temperature history were studied comprehensively.

At present, the studies of the fire behaviors of steel cables mostly
concentrate on the steady-state heating study or the transient thermal study based
on the ISO-834 fire. However, the investigations on the fire behaviors of steel
cables subject to large-space building fire in transient heating condition are not

fully carried out. In this paper, the numerical method is used to analyze the
temperature field and the tensile fracture mechanism of steel cables under the
large-space building fire, to reveal the thermo-mechanical behaviors of normal
steel strand and full-locked steel strand, including failure mode and
redistribution of internal force in fire. Furthermore, the parametric study on the
fire resistance is performed to clarify the main factors that affect the fire-
resistant capacity of steel cables in the large-span fire condition.

2. Setup and validation of numerical models
2.1. Development of thermal FE model

2.1.1. Temperature-field model for fire in large-space building

The ISO-834 curve recommended by the specification “Code for fire safety
of steel building structures” (GB 51249-2017) [23] is mainly appropriate to
indoor fire scene of small space, but not applicable to the fire scene in which the
steel cable components subject to the large-space building fire. The literature
[24] was referred in this paper, and the temperature-time curve applied to the fire
behavior investigation on steel cable was introduced to depict the large-space
fire:

T(x,H,t) = Ty(0) + T;"*(1 — 0.8e7* — 0.2e 7017 - K, (1)
T,m% = (20Q + 80) — (0.4Q + 3)H + (52Q + 598) x 10?/Ay, @)
Kom = B + (1= pe®22/7 3)
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Where T(x,H,t) is the air temperature (°C) when the calculation location is x
(m) from the fire source center and H (m) from the ground; T,™** is the
maximum air temperature; @ (MW)is the heat release rate; A, (m?) is the
floor area; A, (m?) s the fire area; y is the factor of fire growth type; K, is
the factor for regression ratio of maximum air temperature; [ is the shape
factor related to space height and the floor area.

2.1.2. Thermal FE model setting

The FE software Abaqus is used to analyze the thermal behavior of steel
cable under the large-space fire. The unit DC3D8 was applied as the heat transfer
element for the model. The thermal boundary conditions of thermal radiation
and convective heat transfer were respectively set on the surface element of steel
cables, and a closed-cavity radiation condition was established on the surface
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element of inner steel wires. In reference to European specification [25], the
convective heat transfer coefficient was taken as 25W-m>2-K'!, the Stefan-
Boltzmann constant was set as 5.67 X 10~8w/(m? - K*), the surface heat
emission was set as 0.8. In reference to the European specification [26], the
cavity heat emission was taken as 0.8; the initial ambient temperature was 20°C.
In the process of thermal simulation, the thermal contact resistance between steel
wires was ignored, and the interaction between the steel wires was simulated by
the “tie-boned” contact.

2.1.3. Thermal parameters of materials

The density of steel was taken as 7850kg-m™3. In reference to the
European specification [27], the thermal conductivity of steel A, (W -
(m?-°C)~") was taken as A; = 52.57 — 1.541 X 10™2Tg — 2.155 x 10757,
and the specific heat capacity ¢; (J* (kg '°C)™') was taken as ¢, = 470 +
20 X 1072Ts + 38 X 1075T%, where Ty, (°C) is the temperature of steel
material.

In reference to the specification [23], when verifying the thermal FE model,
the equivalent thermal conductivity of non-swelling fire protection coating 4;

W - (m?-°C)71) and the equivalent thermal resistance of intumescent fire
q
protection coating R; ((m? - °C) - W™1) were taken as follows:
d;
A= 5x10~° SFi ®)
Ts—Tso 2 v
55 50+02)2-0.044
_ 5x107° Fy
Ri=—FF—=Xy (6)
(B550+0.2)
to

Where % is shape factor of cross-section of steel cable with fire protection
coating; Ty, (°C) is initial temperature of steel cable before heating; T (°C) is
average temperature of steel cable; t, (s) is the time of the temperature of steel

cable reaching average temperature.

2.2. Development of mechanical finite element

2.2.1. Mechanical FE model setting

In the finite element analysis, the unit C3D8R was adopted as the element
of mechanical analysis. In terms of mechanism, the interaction between steel
wires was simulated by the general contact, in which the tangential friction
coefficient was taken as 0.3 and ‘hard contact’ was applied for the normal
contact simulation. In the setting of the boundary conditions at both ends of the
steel cable, it was assumed that the steel cable was completely constrained to the
anchoring devices. Thus, the displacement boundary condition of the unloaded
end of the steel cable was set to be completely fixed, and that of the loaded end
was only released the displacement degree of freedom that was consistent with
the loading direction.

2.2.2. Mechanical parameters of material

It is essential to fully take account of deterioration of material, thermal creep
and thermal expansion when the steel cable is under the fire conditions. In
referrence to the test results of the literature [15], the stress-strain relationship
for steel at elevated temperature is adopted as follows:
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Where the coefficients ay,a,,as, by, b,, b; are the factors fitting the regression
formula, the specific values refer to the literature [15]; o (MPa) is the stress of
steel wires; € is the strain of steel wires; E (MPa) is the elastic modulus of
steel wires at elevated temperature; &,,¢ is the rupture strain at elevated
temperature; &,,4 is the proportional limit strain at elevated temperature; &9
is the limit strain for yield strength at elevated temperature.

In reference of the literature [28], the thermal expansion coefficient is
acquired as follows:

gn = 187x107°XT2+4+122x10°%XT ®)
—3.14 x 1074

deg

ap =2 =374x107" X T +122x107° )

Where ¢y is the strain caused by thermal expansion; ap is the thermal
expansion coefficient; T (°C) is the temperature of steel wires, ranging from
20°C~800°C.

The thermal creep coefficient of steel cables at elevated temperature is
calculated as follows:

_ O _cppeztl— cop—
Er = o2t e T + cg0%e’ T (10)
c3+1

Where ¢, is the creep strain at elevated temperature; c;~c;, are the regression
parameters in reference of the literature [28]; t (min) is the heat up time.

2.3. Validation of FE model

To verify the FE model in analysis of the fire behavior of steel cables, the
thermal FE model was established, and its simulated results were compared with
the test result of the specimens with fire protection reported by the literature [29].
In the thermal FE model, the mesh division of the specimen with the non-
swelling fire protection coating and the specimen with the intumescent fire
protection coating is presented in Fig.1. Fig.21 shows the comparative results of
the simulation and the test, where A (mm) denotes the distance from the
checkpoint to the surface of the steel cable, d (mm) denotes the thickness of
the fire protection, D (mm) denotes the diameter of the steel cable.
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Fig. 1 Mesh division of specimens
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The simulation result of the specimen with the non-swelling fire protection
coating shown in Fig.2 (a) was nearly consistent with the experimental result,
while the simulation result of the specimen with the intumescent fire protection
coating shown in Fig.2 (b) had a certain error. The reason for the difference in
the fitting degree of the two species is that, the actual thermal conductivity of
non-swelling fire protection coating is relatively stable in heat up time, changing
little over the elevated temperature. Therefore, the temperature field of the
specimen with the non-swelling fire protection coating can be well simulated by
adopting the equivalent thermal conductivity of the non-swelling fire protection
coating in reference to the specification [23]. However, the thickness of the
intumescent fire protection coating changes dramatically during the thermal
expansion phase, and the actual thermal conductivity of which varies greatly
over the elevated temperature [30]. Thus, the simulation deviation exists in the
temperature of the specimen surface, approaching to 5%-~10% during the
thermal expansion phase, when the actual thermal resistance of the intumescent
fire protection coating is replaced by the equivalent thermal resistance in
reference to the specification [23]. Though the deviation existed in the
simulation, it was still generally within a reasonable range, the numerical model
can still be adopted as the reference for subsequent analysis.

3. Fire behavior of steel cable in large-space fire
3.1. Specimen design
The normal steel strand cable and the full-locked steel cable were chosen as

the study specimen in this paper. The diameter of the round steel wire used in
the specimens was 7 mm. The height of the Z-shape steel wire was 7 mm and

3

the area was 51.32 mm?’. The diameter of the steel cable was 35 mm. The length
was 2500 mm. The second layer of twist angle was 7.2° and the third layer of
which was 14.4". The type of the steel cable was 1x19.

The numerical simulation of monotonic tension at room temperature was
carried out on the steel cables. The ultimate break force of the normal steel strand
cable was 1264.07 KN, and the ultimate break force of the full-locked steel cable
was 1459.96 KN. In the simulation, the load ratio was 0.7.

3.2. Parameters of uniform and non-uniform fire distribution

In this section, the fire scenario is simulated according to the temperature-
field model of the large-space building fire stated in Section 1.1. Equation ( 1)
~ (4) indicates the meaning of physical parameters in the large-space building
fire model, including floor area A4,,, position height /, heat release rate Q, factor
of fire growth type y, effective diameter of the fire source D and regression ratio
of the fire Kj,. In this paper. The large-space building refers to the building
space with a floor area of no less than 500 m* and a space height of no less than
4 m [31]. The setting parameters of the uniform and non-uniform fire
distribution within the definition of large-space building were set as follows:
The floor area 4, was 500; the position height H was 6 m; the heat release rate
QO was 25 MW; the factor of fire growth type y was 0.004.

For the uniform fire condition, the effective diameter of the fire source was
2500 mm, covering the longitudinal span of the steel cable; for the non-uniform
fire condition, the effective diameter of the fire source was 1000 mm, and the
non-uniform fire was set below the median part, the regression ratio of the fire
K, was taken as 0.6. The detail arrangement of the fire source under the non-
uniform and the uniform fire distribution are presented in Fig.3.
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Fig. 3 Arrangement of fire source

3.3. Judging criteria of fire resistance

In the simulation, the judging criteria of the fire resistance of steel cable was
adopted in reference to the literature [15]. The total strain of the mechanical
element of the steel cable is composed of mechanical strain, thermal creep strain
and thermal expansion under the thermo-mechanical coupling condition. As the
total strain reaching the failure criterion of its rupture strain or the element
achieving ultimate strength at elevated temperature, it is judged that the steel
cable loses the fire-resistant capacity, reaching the fire resistance. The element
of the FE model in the analysis should be checked by the following criterion:

O_p,e < fpt,B (10)
or
Etotal < Epu,B ( 11 )

Where oy, ¢ is the total stress of the element at elevated temperature; €y, is
the rupture strain of steel wire at elevated temperature; &, 1is the total strain
of the element; f.o is the ultimate strength of steel wire at elevated
temperature.

3.4. Analysis of temperature field of steel cable

Under both the non-uniform fire and the uniform fire distribution conditions,
the temperature fields of the two types of the steel cables were analyzed for 180
min. In the uniform fire condition, both the center and the surface of the steel
cables were taken as the temperature measuring points, the layouts of which are
presented in Fig.4 (a)(b). For the non-uniform fire condition, the measuring
positions of temperature arranged along the longitudinal span of steel cable are
presented in Fig.4 (c), where the center of cross section was taken as the
temperature measuring point.

3.4.1. Temperature field

Under the uniform fire condition, the temperature field of the transverse
sections and the temperature development of the measuring points are presented
in Fig.5 (a)(b); under the non-uniform fire condition, the temperature
development of the longitudinal measuring points of the steel cables is presented
in Fig.6. It can be seen from Fig.5 and Fig.6, under the two types of the fire
conditions, the transverse temperature and the longitudinal temperature of the
normal steel strand cable was higher than that of the full-locked steel cable. At
the measuring position Z6, the peak temperature for the normal steel strand cable
was 588.5°C, and the peak temperature of the full-locked steel cable was
468.14°C; at the measuring position Z1, the peak temperature of the normal steel
strand cable was 509.67°C, and that of the full-locked steel cable was 388.37°C.
It indicated that the strength deterioration of the normal steel strand cable
occurred earlier than that of the full-locked steel cable.
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Fig. 4 Layout of temperature measuring position
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Fig. 5 Transverse temperature field of steel cable under uniform fire
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To reveal the difference of the temperature field between the two types of
the steel cables, the temperature measuring points at the same position of the

two steel cables were compared. Under the uniform fire, the measuring points
S4 and F4, S1 and F1 were taken in comparative analysis, Fig.7 (a) shows the
comparative result. Under the non-uniform fire condition, the measuring points
Z6 at fire position and the measuring points Z1~Z3 at non-fire position were
compared, Fig.7(b) shows the comparative result.

As shown in Fig.7, for the two types of fire conditions, the temperature of
the normal steel strand cable was higher than that of the full-locked steel cable,
and the temperature difference continued to expand with time. In the condition
of uniform fire, the peak temperature difference between the surfaces of the two
types of steel cables was 138.30 degrees; under the non-uniform fire, the peak
temperature difference between the two was 122.05 °C. Moreover, the
temperature difference of the two steel cables decreased with the distance from
the measuring point to the fire resource increased. The reason for this
phenomenon is that, under the condition of the same section diameter, the
geometric curvature of the third layer of steel wires of the normal steel strand
cable is higher than that of the full-locked steel cable, there is the size effect
leading to more heat absorption during the heating process [20].

At the same time, due to the steel ration of the full-locked steel cable higher
than steel ration of the normal steel strand cable, the temperature development
of the full-locked steel cable in the longitudinal direction lagged that of the
normal steel strand cable.
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3.4.2. Temperature gradient

The transverse temperature gradient was obtained by calculating the
temperature difference between the measuring points S4 and S1, F4 and F1,
while the longitudinal temperature gradient was acquired by calculating the
temperature difference of the center wires of the two types of the steel cables at
the measuring point Z6 and Z1. Fig.8 shows the results of the temperature
gradient .

As shown in Fig.8 (a)(b), under both the uniform fire and the non-uniform
fire, the peak value of the transverse temperature gradient of the two types of the
steel cables was small, the normal steel strand cable was 22°C, and the full-
locked steel cable was 17°C. It shows that the extent of the stress redistribution
caused by the transverse temperature gradient is low. To simplify the calculation
in fire design, it is recommended that the transverse temperature field can be
simplified by taking the average temperature of the section. However, as shown
in Fig.8 (c), the peak value of the longitudinal temperature gradient was large,
the normal steel strand cables was 81°C, and the full-locked steel cable was 79°C,
which cannot be ignored in fire design.

There was the large difference between the longitudinal temperature
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5

gradient and the transverse temperature gradient. This is mainly because the
heating rate of the non-fire part of the steel cable is much smaller than that of
the fire part, and there is a lag in the longitudinal transfer of heat flux from the
higher temperature area to the lower temperature area along the cable length. In
the example, the temperature hysteresis phenomenon of the non-fire part tends
to be more obvious with the increase of the distance from the fire part.

It is noted that Fig.8 shows the descending period of the temperature
gradient when the steel cables were in the later stage of the heat up time. The
reason is the thermal conductivity A decreases and the specific heat capacity
¢, increases when the temperature increases, so the rate of temperature
increment of the steel cables declines with the heat up time. While during the
process of heat transfer from high temperature position to low temperature
position, the thermal lag behavior exists between the surface and the center of
the transverse section, and also exists between the longitudinal measuring point
76 and Z1. The temperature-elevation rate of the measuring point with relatively
higher temperature first declines compared with the measuring point with lower
temperature, and therefore the temperature gradient decreases during the later
stage of the heating process.
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3.5. Mechanism analysis of steel cable

3.5.1. Damage development and mode

Fig.9 shows the damage locations and modes of the steel cables under
uniform fire and non-uniform fire conditions. It can be found that the steel cables
mainly experienced three stages of necking, spiral decoupling and breakage
when working in a fire environment.

In the stage of necking, the first layer and the second layer of steel wires
entered the yield stage, the deformation development of the steel wires was
accelerated. The necking phenomenon was intensified with the elevated
temperature.

In the stage of spiral decoupling, all the steel wires entered the plastic stage,
and the deformation of the steel wires developed rapidly. The torsional moment
produced in the inner part of the steel cables caused the second and the third
layer of steel wires to spread out to different extent.

In the stage of breakage, when the steel cable was subject to the uniform
fire, the center steel wire firstly ruptured at the position where the necking
phenomenon occurred near the end of the steel cable, then was pulled out. When
the steel cable was subject to the non-uniform fire, the center steel wire firstly
ruptured near the boundary of the fire position and the non-fire position. The
second and the third layer of steel wires were broken almost at the same time,
leading to the transmission path of the internal force was cut off totally and the
inner torsional moment disappeared. Thus, the phenomenon that the steel wires
spread out cannot be observed.

3.5.2. Axial deformation and fire resistance

As shown in Fig. 10, the axial displacement-time curves of the steel cables
under the two fire conditions are acquired. In the uniform fire condition, the fire
resistance of the normal steel strand cable was 77.18 min, and that of the full-
locked steel cable was 98.98 min. In the non-unform fire condition, the fire
resistance of the normal steel strand cable was 80.20 min, and that of the full-
locked steel cable was 101.90 min.

The axial deformation of the steel cables was in a growing trend in the
heating process, but the deformation rate of which was changing. In the heating
period of 20 ~ 40 min, the axial displacement of the steel cable increased rapidly,
this is because, in this period, the steel cables are in the necking stage, the first
and the second layer of steel wires entered the plastic state, causing the axial
deformation rate of the steel cables increases.
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(a) Normal steel strand cable in uniform fire
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(b) Full-locked steel cable in uniform fire
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(c) Normal steel strand cable in non-uniform fire

=
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Fig. 9 Damage location and mode of steel cable under large-space fire
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Fig. 10 Axial displacement-time curves of steel cables
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3.5.3. Energy analysis

According to the energy conservation, the external work done by the tensile
force loaded on the steel cable is mainly converted into the internal strain energy,
the internal energy mainly caused by thermal expansion and the friction energy
dissipation (energy dissipated by overcoming friction between the steel wires).
The relevant data of the overall external work, friction energy dissipation and
internal strain energy of the steel cables were directly extracted in the post-
processing program of Abaqus. The internal non-strain energy mainly caused by
thermal expansion was obtained by subtracting the internal strain energy and
friction energy dissipation from the external work of the steel cables.

Fig.11 presents the variation curves of the proportion of the internal strain
energy to the external work and the variation curves of the proportion of the
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internal non-strain energy mainly caused by thermal expansion to the external
work during the heating process under different fire conditions.

As shown in Fig.11, thermal expansion primarily caused the deformation
development of the steel cables during the early stage of heating; while in the
middle and late period of heating, stress deformation mainly caused the
deformation development. The reason is that, during the early stage of the
heating process, the extent of material strength deterioration is low. With the
elevation of temperature, the extent of the deterioration is gradually deepened,
so that the axial displacement increases over time. During the middle and late
period of heating process, the temperature-elevation rate of the steel cables
gradually decreases, leading to the development of thermal expansion
deformation slows down.
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Fig. 11 Contribution analysis of axial deformation of steel cables

3.5.4. Internal force development of steel wires

Fig.12 shows the development of the average internal force of the steel
wires at the mid-span position under the uniform fire. Fig.13 shows the internal
force development of the steel wires at the boundary of the fire position and the
non-fire position under the non-uniform fire.

Fig.12 and Fig.13 show that the average internal force of the first two layer
of steel wires increased and then declined, while the average internal force of
the third layer of steel wires decreased first, then increased and finally destroyed.

It indicated the internal force was redistributed in the steel cables under the
fire condition. The reason is that, during the early stage of the heat up time,

~a— First layer—e— Second layer—— Third layer

1500

Internal force variation (N)
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(a) Normal steel strand cable

compared with the first two layer of steel wires, the third layer of steel wires
exposed directly to the high-temperature environment has deeper extent of
material strength deterioration and thermal expansion deformation, and the
tensile stiffness of which is lower due to the larger twist angle. Thus, in this stage,
the tensile force loaded on the steel cables is mainly borne by the first two layer
of steel wires. When the steel cables enter the necking stage, the first two layer
of the steel wires begin to deform plastically, causing the tensile stiffness
decreases sharply. And at this moment, the internal force starts to transfer from
the first two layer of steel wires to the third layer of steel wires.
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Fig. 12 Development of average internal force of steel cable in uniform fire
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Fig. 13 Development of average internal force of steel cable in non-uniform fire
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3.5.5. Contact stress development

Taking the mid-span section of the steel cables under the uniform fire as the
object, where the contact stress during the heat up time was analyzed. Fig.14
shows the arrangement of the contact points of the section.

Fig.15 shows the development of the contact stress over time. Overall, the

7

contact stress of the steel wires declined over time, especially the contact
relationships between A33, B33, A21 and B21 were the most sensitive. This is
because as the temperature rises, due to the spiral decoupling of the steel wires,
the deformation of the transverse section gradually increases, causing the overall
contact stress between the steel wires decreases over time.

(a) Y-Z section and transverse section of normal steel strand cable

(b) Y-Z section and transverse section of full-locked steel cable

Fig. 14 Arrangement of contact points between steel wires
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Fig. 15 Stress-temperature curves of steel cables
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Fig. 16 Variation of average resultant force of friction of steel cables

Taking the steel cables under the uniform fire as the object , the average
resultant force of friction between each layer of steel wire was analyzed. Fig.16
shows the variation of the average resultant force of friction.

Fig.16 shows that the average resultant force of friction of the normal steel
strand cable and the full-locked steel cable was much smaller than the contact
stress of the steel cables, which indicated that the friction contributed little to the
force transmission inside the steel cable. With the increase of time, the average
resultant force of friction of the first two layer of steel wires presented a
decreasing trend in general. Combined with the phenomenon that the contact
stress decreased with the elevated temperature, it indicated that the contact
relationship of the steel wires had been weakened in general. In addition, as the

internal force of the first two layer of steel wires was transferred to the third
layer of steel wires over time, the average resultant force of friction of the third
layer of steel wire declined with time.

4. Parametric analysis of steel cable in large-space fire
In this section, the numerical investigation of 41 normal steel cables was
carried out. The parametric analysis of the fire-resistant capacity and the

deformation development of the normal steel cable was performed.

4.1. Effect of temperature-field model for large-space fire
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The parametric investigation on the fire-resistant capacity of the steel cable
was conducted under the large-space building fire condition, including the
parameters of floor area, position height of steel cable, fire grow type and heat
release rate, and the numerical examples for which are shown in Table 1. In Table
1, the non-uniform level 1 denotes the ratio of the span of the unburned part to
the total span of the steel cables. When the non-uniform level 7 is 0, it indicates
the steel cable is uniformly subject to fire along the whole span. In addition, in

Table 1
Numerical examples for parametric analysis of temperature-field model
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reference to the literature [6], the parameter of load ratio in Table 1 denotes the
ratio of the horizontal tension to the ultimate break force of the steel cable after
the design load is applied at room temperature. In this section, the ultimate break
force of the numerical examples is 1253.36 KN, and the other geometric
parameters not given in Table 1 are consistent with the FE model of the normal
steel strand cable stated in section 2.1.

Factor of fire growth

Specimen Floor area Position height type Fire release rate Non-uniform level Load ratio Span

Asp (mm?) H (m) y Q (MW) n R L (m)
RF-0 500 6 0.004 25 0 0.3 15
Area-1 1000 6 0.004 25 0 0.3 15
Area-2 3000 6 0.004 25 0 0.3 15
Area-3 6000 6 0.004 25 0 0.3 15
Height-1 500 11 0.004 25 0 0.3 15
Height-2 500 16 0.004 25 0 0.3 15
Height-3 500 21 0.004 25 0 0.3 15
Height-4 500 26 0.004 25 0 0.3 15
Growth-1 500 6 0.001 25 0 0.3 15
Growth-2 500 6 0.002 25 0 0.3 15
Growth-3 500 6 0.003 25 0 0.3 15
Power-1 500 6 0.003 12 0 0.3 15
Power-2 500 6 0.003 14 0 0.3 15
Power-3 500 6 0.003 16 0 0.3 15
Power-4 500 6 0.003 19 0 0.3 15
Power-5 500 6 0.003 22 0 0.3 15

4.1.1. Floor area

As shown in Fig.17, in the condition of remaining other parameters
unchanged, when the building area rose from 500 m? to 6000 m? the fire
resistance rose from 141 min to 455 min. The lag phenomenon of the axial
deformation development of the steel cable was deepened when the floor area
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0
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(a) Effect on axial deformation

increased, and the fire resistance increased in nonlinear tendency. This is
because as the floor area increases, the ambient temperature of the large-space
building decreases in nonlinear tendency, causing the lagging development of
the material strength deterioration, the thermal creep and the axial deformation
caused by thermal expansion.
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g
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(b) Effect on fire resistance

Fig. 17 Parametric analysis of floor area on steel cable

4.1.2. Position height

As shown in Fig.18, in the condition of remaining other parameters
unchanged, when the position height increased from 6m to 26m, the fire
resistance rose from 141 min to 341 min. The lagging phenomenon of axial
deformation development of the steel cable was deepened when the position
height of the steel cables increased, leading to the higher fire resistance.

This is because according to the temperature-field model for large-space fire,
the greater position height leads to the lower elevated temperature of the steel
cable, which causes the lagging development of the material strength
deterioration, the thermal creep and the axial deformation caused by thermal
expansion under the same heat up time.

4.1.3. Fire growth type
As shown in Fig.19, in the condition of remaining other parameters
unchanged, the fire resistance declined from 187 min to 141 min, as the fire

growth type rose from 0.001 to 0.004. During the early stage of the heat up
process, the fire growth type had little difference in the deformation
development, but the difference in the deformation development gradually
became larger over time. As the fire growth rate increased, the fire resistance of
the steel cable presented a nonlinear downward trend. Compared to the other
parameters, the increase of the fire growth type had little influence on the
downward trend of the fire resistance.

4.1.4. Heat release rate

As shown in Fig.20, in the condition of remaining other parameters
unchanged, when the heat release rate rose from 14 MW to 25 MW, the fire
resistance decreased from 434 min to 141 min. As the heat release rate of the
steel cables increasing, the fire resistance of the steel cables reduced over time,
and the difference in the deformation development was greater. The heat release
rate of the fire had the significant effect on the fire resistance.
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Fig. 20 Parametric analysis of heat release rate of fire

4.2. Non-uniform level of fire and fire source location

The parameter of non-uniform level of fire is set ranging from 0~0.8, and
the non-uniform fire is located at the mid-span and the end of steel cable. As the
non-uniform fire is located at the mid-span, the non-uniform fire extends from
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(a) Effect on axial deformation

the middle to both ends of the steel cable; as the non-uniform fire is located at
the end of the steel cable, the non-uniform fire extends from the one end to the
other end. In addition, for the other parameters, the floor area is 500 m?; the
position height is 6 m; the factor of fire growth type is 0.004; the load ratio is
0.3; the fire release rate is 25 MW; the span is 15 m.
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Fig. 21 Parametric analysis of non-uniform level of fire at mid-span of steel cable
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Fig. 22 Parametric analysis of non-uniform level of fire at end of steel cable

Fig.21 and Fig.22 show the effect of non-uniform level of fire and fire
source location on the deformation and the fire resistance.

Fig.21 shows that, when the fire was set at the mid-span, with the increase
of the non-uniform level, the deformation of the steel cable was smaller and the
fire resistance was higher. The reason is that the increasing continuous area of
the steel cable causes more heat absorption under the non-uniform fire condition,
which makes the accumulated axial deformation due to thermal expansion and
thermal creep larger. Thus, the strain of the steel wire reaches the rupture strain
early, and the fire resistance decreases.

As shown in Fig. 22, when the fire source was set at the end of the steel
cable, with the increase of the non-uniform level, the deformation of the steel
cable was smaller, but the fire resistance did not change. The reason is the
damage of the specimens with fire at the end is induced by the fact that the first
layer of steel wires at the loading end reaches the rupture strain first, and breaks
at the necking part near the end, which is different from the failure mode when
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(a) Effect on axial deformation

the steel cable is subject to the fire source located under the mid-span. It
indicates the failure pattern of the steel cable is mainly related to the location of
fire source.

4.3. Load ratio

The parameter of load factor is set ranging from 0.2~0.7. The non-uniform
level of fire is set as 0. For the other parameters, the floor area is 500 m?; the
position height is 6 m; the factor of fire growth type is 0.004; the fire release rate
is 25 MW; the span is 15 m.

As shown in Fig.23, in the condition of remaining other parameters
unchanged, the fire resistance decreased from 158 min to 87 min, as the load
ratio rose from 0.2 to 0.7. As the load ratio increasing, the deformation was larger
and the fire resistance declined in nonlinear tendency, indicating that the
parameter of load ratio greatly affects the fire behavior of the steel cables.
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Fig. 23 Parametric analysis of load ratio

4.4. Span

The parameter of fire source location is set under the mid-span and the end
of steel cable. The non-uniform fire level is set ranging from 0~0.8. The span is
set ranging from 15 ~35 m. In addition, the floor area is 500 m?; the position
height is 6 m; the factor of fire growth type is 0.004; the fire release rate is 25
MW ;the load ratio is 0.3. Fig. 24 shows the parametric analysis result.
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Fig. 24 Parametric analysis of span under different fire conditions

According to Fig.24, the fire resistance of the specimens subject to the edge
fire is the same as that of the specimens subject to uniform fire, which is 141
min. When the end part of the steel cables was directly exposed to fire, the
specimen was damaged earlier than when the mid-span position was exposed to
fire. This phenomenon is consistent with the conclusion pointed out in the
literature [6], in which the effect of the non-uniform level of fire on the fire
resistance of steel cable was studied. When the end part of the steel cable subject
to fire, the fire resistance is independent of the parameter of span and non-
uniform level of fire. The uniform fire condition of the steel cable can be taken
as the unfavorable working condition in the fire safety design to ensure the
reliability of steel cable.

Moreover, it can be found that when the mid-span of the steel cable was
subject to fire resource, the fire resistance decreased in nonlinear tendency with
the increase of span. And the fire resistance increased as the non-uniform level
of fire increased, but with the increase of the span, the influence of the non-
uniform level of fire on the fire resistance was weakened.

5. Conclusion

This paper numerically analyzes the fire behavior of the normal steel strand
cable and the full-locked steel cable under the large-space building localized
fire. The following conclusions for providing fire safety design guidance of steel
cable can be drawn:
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(1) In the uniform fire condition, the peak temperature difference between
the normal steel strand cable and the full-locked steel cable is 138.80 °C, while
in the non-uniform fire condition, the maximum temperature difference is
122.05°C. 1t indicates that the outer surface geometric curvature of the full-
locked steel cable is smaller than the outer surface geometric curvature of the
normal steel strand cable, which causes that the full-locked steel cable needs to
absorb more heat. Therefore, the overall temperature of the normal steel strand
cable is higher than that of the full-locked steel cable.

(2) In the fire safety design, it is suggested that the average temperature can
be used to simplify the temperature field of the steel cable when calculating the
transverse temperature of section, due to the small temperature gradient
amplitude of the steel cables( the transverse temperature gradient of normal steel
strand cable is 22 °C, and that of the full-locked cable is 17 °C ). However, the
longitudinal temperature gradient amplitude of the two types of steel cables is
large (the longitudinal temperature gradient of normal steel strand cable is 81 °C,
and that of the full-locked steel cable is 79 °C ), which cannot be ignored in fire
safety design.

(3) In the condition of remaining other parameters unchanged, when the
floor area increases from 500 m? to 6000 m?, the fire resistance of the steel cable
rises from 141 min to 455 min ; when the position height increases from 6m to
26m, the fire resistance rises from 141 min to 341 min; when the fire growth
type rises from 0.001 to 0.004, the fire resistance decreases from 187 min to 141
min; when the heat release rate rises from 14 MW to 25 MW, the fire resistance
decreases from 434 min to 141 min; as the load ratio increases from 0.2 to 0.7,
the fire resistance decreases from 158 min to 87 min. The effect extent of the
parameter in the model on the steel cable is as follows: heat release rate, position
height of steel cable, floor area, fire growth type. In addition, the parameter of
load ratio greatly affects the fire resistance.

(4) The influence of non-uniform level of fire and span on the fire resistance
of the steel cable is related to the fire location. When the fire location is at the
end of the steel cable, the non-uniform level of fire and the span have no effect
on the fire resistance. When the fire location is only at the mid-span of the steel
cable, the non-uniform level of the mid-span fire increases from 0 to 0.8, the
fire resistance of the steel cable increases from 141 min to 158 min. In the
condition of remaining other parameters unchanged, the fire resistance
decreases with the increasing span, the span factor greatly affects on the fire
resistance.
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Notations

As-Thermal conductivity of steel

2;- Equivalent thermal conductivity of non-swelling fire protection coating
R;- Equivalent thermal resistance of intumescent fire protection coating
H- Position height

T,"*-Maximum air temperature

Q- Heat release rate

Agp- Floor area

Ag- Fire area
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K- Factor for regression ratio of maximum air temperature
(- Shape factor dependent on the floor area and space height
Cs- Specific heat capacity

Ty~ Temperature of steel material

o- Stress of steel wires

€- Strain of steel wires

E - Elastic modulus of steel wires

&pp,0- Proportional limit strain at elevated temperature

&ptg - Limit strain for yield strength at elevated temperature
£pu,0 - Rupture strain at elevated temperature

&y, — Thermal expansion strain

ar- Thermal expansion coefficient

T- Temperature of steel wires

&.r- Creep strain at elevated temperature
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