Fire Technology, 56, 515-543, 2020
© 2019 The Author(s) m

Manufactured in The United States Check for
https://doi.org/10.1007/s10694-019-00889-7 updates

Analysis of the Thermomechanical
Response of Structural Cables Subject
to Fire

Panagiotis Kotsovinos ®, Ove Arup & Partners, London, UK

Athina Atalioti, Neil McSwiney, and Francesca Lugaresi, Department of Civil
and Environmental Engineering, Imperial College London, London, UK

Guillermo Rein ®, Department of Mechanical Engineering, Imperial College
London, London, UK

Adam J. Sadowski* ®, Department of Civil and Environmental Engineering,
Imperial College London, London, UK

Received: 5 October 2018/Accepted: 5 July 2019

Abstract. Cable-supported structures such as bridges and stadia are critical for the
surrounding community and the consequences arising from a major fire event can be
substantial. Previous computational studies into the thermal response of cables often
employed simplistic heat transfer models that assumed lump capacitance or cross-sec-
tional homogeneity without proof of validity. This paper proposes a methodology for
calculating the thermal response of a cable cross-section allowing for heat transfer by
conduction through each strand contact surface and radiation across inter-strand cav-
ities. The methodology has been validated against two experiments of cables sub-
jected to radiant heating and an input sensitivity analysis has been undertaken for the
heat transfer and material parameters. The approach is compared against simple heat
transfer lumped methods for a parallel-strand cable where it is shown that these -
lumped models are not always conservative. The model is then coupled with a two-
dimensional generalised plain strain model to study the likely effect of the cross-sec-
tional temperature gradients on the mechanical response. The study considers three
qualitatively different hydrocarbon jet fire scenarios, both with and without external
insulation for fire protection. It is shown that the proposed methodology can repro-
duce realistic cross-sectional temperature distributions with up to 50% temperature
difference at the cable external surface and can capture the phenomenon of load
shedding in a gradually heated cable. It is also shown that assuming a lumped ther-
mal mass neglects the possibility of moment-inducing temperature gradients which
are not considered in the ambient design of cables that is driven by tensile capaci-
ties. The proposed model and its predictions contribute towards an improved under-
standing and a more informed structural design of cable-supported structures in fire.
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1. Introduction

The design of bridges involves the assessment and evaluation of effects caused by
all actions that may occur during the bridge’s life. Examples include permanent,
variable, wind and snow loads, as well as accidental actions such as earthquake,
blast or fire. The probability of occurrence of an accidental fire event on or
around a bridge leading to a structurally significant thermal load can be relatively
low, but the consequences are potentially severe and may need to be strategically
considered in design. The consequences depend on the associated life safety risks
and the importance given to fire safety objectives such as property protection and
business continuity. As the evacuation of a long span bridge may last several
hours and reaching the location of the fire may be difficult by the fire services,
structural resilience in a fire event is critical. Unfortunately, fire resistance require-
ments for bridges are not explicitly covered by national building regulations,
health and safety legislation or, even, by specific owner or operator requirements.
As a result, to establish appropriate fire protection measures, engineers must often
resort to establishing case-specific design fires from first principles and subse-
quently determining the thermal and mechanical response of the structure. How-
ever, the literature on how to undertake such assessments, in particular for cable
supported structures, is scarce and more research is needed.

Steel members are known to experience a degradation of their mechanical prop-
erties and expansion with temperature which can cause structural damage. An
open-air fire on a cable-supported bridge deck could lead to local failure or even
progressive collapse depending on the number of cables affected and their impor-
tance to load redistribution. Garlock et al. [1] and Peris-Sayol et al. [2] reported
on 154 fire incidents involving partial or global collapse of road bridges with sig-
nificant financial and social impact. Such fire incidents include the Charilaos Trik-
oupis (Rio-Antirrio) Bridge in Greece in 2005 or the Mezcala Bridge in Mexico in
2007. Both fires led to the failure of a single cable stay with damage to adjacent
ones, but fortunately not to total collapse. Structural design of cables is frequently
carried out only under ambient temperature conditions with only a limited degree
of redundancy, often allowing for the loss of only a single cable [3]. As a result,
where a number of cables may lose part of their load-bearing capacity in the event
of a fire, beyond what was accounted for during design for ambient conditions,
progressive collapse of the entire bridge could take place. Therefore, the accurate
prediction of the fire performance of individual cable stays is an important step in
the structural fire safety design of such structures.

In a cable-supported bridge, the cables are arguably the structural members
most susceptible to the detrimental effects of a fire around the bridge deck due to
their slender form and the potential for direct exposure to heat. Designers of
cable-supported bridges thus need to conceive of a range of credible design fires
on, below or around the deck, depending on the characteristics of the project, the
surrounding site and existing as well as future uses for the structure. The range
and the duration of these design fires must be agreed with the various stakehold-
ers of a project [4, 5]. Irrespectively of the selected design fire, three qualitatively
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Figure 1. Three possible scenarios for the cable position relative to a
fire on or near the deck of a cable-supported bridge.
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different heating scenarios can generally be identified (Fig. 1): the cable being fully
surrounded by flames (subject to uniform and intense heating all around), the
cable being within the smoke plume (subject to non-uniform and less intense heat-
ing) and the cable being at a distance away from the fire and plume (subject to
the least intense but most non-uniform heating). A single cable can experience
each of these three heating scenarios throughout its length. More details about the
boundary conditions for each of these three distinctively different scenarios is pro-
vided in Sect. 4 of this paper.

2. Knowledge Gap and Scope of this Paper

The majority of computational studies on the thermal and mechanical responses
of bridge structures in fire relate to steel girder bridges. This emphasis of much of
this research is a consequence of concerns raised following the MacArthur Maze
bridge collapse in Oakland in 2007 and other similar fire-induced structural fail-
ures of bridges predominantly in the USA [6-8]. Experimental studies on struc-
tural cables are rare, with the most comprehensive study possibly being that of
Fontanari et al. [9]. The majority of studies have been computational in nature
[10-13] and have considered bridge cable stays exposed to hydrocarbon fires using
simplified heat transfer models. The difficulty is compounded by the fact that
many different forms of structural cables exist; parallel strand, spiral strand, wire
rope strand and locked coil strand, though all types have in common that they
consist of a varying number of strands depending on the cable diameter and cavi-
ties in between the strands. Each strand in turn is usually a tight bundle of a
varying number of high-strength wires. A typical layout of a parallel-strand cable
with a hexagonal arrangement is shown in Fig. 2.

Four different approaches to analysing the thermal response have been identi-
fied in the literature, summarised as follows in order of increasing complexity. In



518 Fire Technology 2020
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Figure 2. Heat transfer model representations for typical parallel-
strand hexagonal arrangements: (a) vniform, (b) unprotected
heterogeneous and (c) protected heterogeneous.

the first, Quiel et al. [12] conducted a 1D heat transfer analysis of a parallel-strand
cable, determining the cable temperature using a lumped thermal mass approach
neglecting thermal gradients. In the second, Bennetts and Moinuddin [10] adopted
a 2D heat transfer approach treating each ring of strands as an individual lumped
thermal mass, with the heat transfer between the rings of strands occurring solely
by radiation. In the third, Main and Luecke [11] carried out a 3D conduction heat
transfer analysis of a parallel-wire cable assuming a uniform cross-section without
internal cavities for the whole cable. Finally, Fontanari et al. [9] considered a
detailed 3D model of a wire rope strand which included conduction and mechani-
cal contact between the strands, but not radiation. While the study of Fontanari
et al. [9] is perhaps the most advanced treatment undertaken to date in the litera-
ture, in their chosen thermal response parameters of the cable in the study
(namely the global heat transfer coefficient between air and exterior of the cable)
the contact heat resistances between the wires and between the strands were cali-
brated directly against experimental results without prediction by algebraic formu-
lae. Specifically, the calibration was conducted until the temperatures-time
relationships at different positions of the cross section were reproduced and a
comprehensive heat transfer model was therefore not considered. However, Fonta-
nari et al. [9] is the only study in the literature that has considered the mechanical
response of cables and established the failure strain based on the cable type (wire
rope and locked coil types were considered) and diameter.

Each of the aforementioned studies effectively considered only the fire scenario
of direct flame exposure (scenario 1 in Fig. 1) leading to uniform cross-sectional
heating, typically under a prescribed temperature—time curve. The thermal expo-
sure of a cable within the plume or away from the fire (scenarios 2 and 3 respec-
tively), where heating is non-uniform, does not appear to have been considered.
The aim of this paper is to offer a rigorous two-dimensional heat transfer method-
ology (adopted in ABAQUS) for use in the analysis of any cable cross-section,
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considering heat transfer between the strands by both radiation and conduction
across inner cavities and contact surfaces. The method is validated against two
experiments of cables subjected to radiant heating and an input sensitivity analysis
has been undertaken for the heat transfer and material parameters. The appropri-
ateness of adopting simplified models, such as those described in previous litera-
ture which rely on various assumptions of temperature uniformity, is compared
with the proposed method. The possible structural consequences of a uniform or
heterogeneous strand model under the three heating scenarios are explored via a
thermomechanical coupling under generalised two-dimensional plane strain condi-
tions. The methodology is presented in the form of a general thermomechanical
model that contains the relevant physics, with the understanding that further com-
parisons with experimental evidence will be carried out in future research as it
becomes available.

3. Thermomechanical Response of a Heterogeneous
Cable

3.1. Thermal Response

Both uniform (or homogeneous) (Fig. 2a) and heterogeneous (Fig. 2b) cable heat
transfer models are compared in this paper. The failure of cable stays is often
assessed on the basis of a ‘critical’ temperature of 300°C [3], yet a significant
amount of air cavities exists between the strands and ignoring these in a uniform
cross-section treatment may underestimate the thermal resistance that they offer to
heat flow. This potentially underestimates the non-uniformity of the cross-sec-
tional temperature distribution as well as the associated thermal gradients, differ-
ential thermal expansion of the strands and potential thermally-induced bending
moments. A representative hexagonal parallel-strand arrangement is considered
here (Figs. 2b, 3), although the proposed methodology is equally applicable to
other cable geometries (e.g. spiral strand and locked coil cables with prismatic and
helically-wound 3D arrangements).

The geometry of a parallel-strand cable was assumed due to its simple form and
also because it is the form most commonly employed in the design of long span
cable supported bridges. Each strand was treated as a circular body, representing
either a complete wire [14] or a tightly-packed bundle of galvanized wires ignoring
interstitial air cavities [15]. In practice, each strand is sometimes sheathed in a thin
High-Density Polyethylene (HDPE) sleeve (Fig. 2¢) for the purposes of corrosion
resistance, where HDPE is a polymer that degrades completely at temperatures
between 200°C and 400°C [16]. The influence of such an HDPE sleeve on inter-
strand heat transfer was omitted from the current analysis as such a sleeve is not
always present and its thermal resistance would likely disappear very early during
the heating process. An accurate assessment of the modes of heat transfer between
the cable strands requires a characterisation of the thermal resistances resulting
from the contacting strand surfaces R, and interstitial air cavities R; (Fig. 3), and is
presented as follows. Note that depending on the type and arrangement of sleeves
around the strands, its degradation at elevated temperatures could also have an
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Figure 3. Components of heat transfer between the cable strands
(assumed per unit length).

impact on the contact between the strands. The effect of such degradation on the
contact conditions between the strands requires further experimental research if it
is to be defined in a numerical model, and it was not considered here.

3.1.1. Conductive Heat Transfer Across the Contact Surface of Strands Heat trans-
fer by conduction occurs between two strands in contact, where the arc length of
the contact depends on the force between the strands and its modulus of elasticity.
The half-width b (see Fig. 2b) of the contact of two cylindrical solid bodies of
equal diameter and material (i.e. the strands) may be expressed as [17, 18]:

2

b= 8FD(1 — v?) (1)
ELn

where F is the normal contact force between the strands, v is the Poisson ratio, D

is the diameter of the strand and L is the strand length (taken as a unit value for

2D cross-sectional analysis). The contact resistance for a strip of contact width of

2b is given by [18]:

Ro= [l In (%D) _%] 2)

where L, D and k are the length, dimeter and thermal conductivity of the strands.
The total contact resistance, accounting for strips on both strands, is thus given
by:

R, = 2R, (3)

A wire is usually wrapped around the circumference of the cable to keep the sys-
tem together, and the resulting clamping action introduces normal contact forces
between strands. This contact force will be dependent on the cable characteristics
and a sensitivity study was carried out to evaluate the effect of the contact force,
taken as a multiple of the strand self-weight, on the contact resistance. It was pro-
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visionally determined that the resistance is largely insensitive to the magnitude of
the contact force, which was then adopted as equal to the self-weight of the strand
for illustration purposes in this paper. Future research should explore this param-
eter further.

3.1.2. Heat Transfer Across Interstitial Air Cavities Heat transfer across a cavity
occurs via convection if the air is in motion, via conduction if it is stationary and,
in both cases, additionally via radiation. For natural convection to occur, the
buoyancy forces in the air cavity must overcome the resistance imposed by viscous
forces to cause air motion, unlikely in cavities that are too small. This phe-
nomenon can be assessed using the Rayleigh number Ra (Eq. 4; [19]) which
strongly depends on the cavity thickness 6. When Ra does not exceed 1708, buoy-
ancy forces cannot overcome viscous forces and thus natural convection cannot
occur.

gB(Ty — 1)
oV

Ra = <1708 4)

In the case of small cavities, the thermal resistance due to conduction across the
interstitial air cavity depends on its thickness and the thermal diffusivity of air ().
The strand surface that is in contact with air A4, is taken as one-sixth of the
strand circumference and the contact surface A4, is deduced from the half-width b
(Eq. 1) of any two adjacent strands. The resistance to conduction of the intersti-
tial air cavity when Ra does not exceed 1708 is then given by:

L

Ri - kair (Ap - As)

(5)

In addition to convection and conduction, heat transfer across the cavity occurs
by radiation along the area A, according to the linearised radiative resistance:

1
Ry = where i, = eo (T} + T7) (Ty + 1) (©)
r<ep

In the above, A, is the radiative heat transfer coefficient, ¢ is the Stefan-Boltzmann
constant, ¢ is the system emissivity, while 7y and 7, are the temperatures of two
adjacent strand surfaces.

3.1.3. Total Thermal Resistance Between Strands The total thermal resistance
between two adjacent strands is obtained by combining the interstitial air cavity
resistance, the contact surface resistance and the radiative resistance, assuming a
parallel arrangement:

11 11 RiR,R,

——— 44— = R =
Rt Ri - RS +RV ! RiRr + RiRs + RrRs

(7)
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Figure 4. Components of heat transfer between external fire
insulation and the strands.

3.1.4. Heat Transfer Between the External Insulation and the Strands Insulation
material is often applied to the exterior of cables to limit the heating experienced
by the load-carrying strands and thus delay mechanical failure. Heat transfer
between the insulation and the strands occurs mostly by natural convection and
radiation (see Fig. 4), as the cavity in this case is sufficiently large to generate con-
vective flows. The conductive heat transfer through the insulation is considered in
the model as well as the convection and radiation between the external insulation
and the strands. Heat transfer by conduction across the contact between the insu-
lation and strands is ignored as the insulation is a poor conductor and the contact
surfaces are small. The thermal resistance is therefore:

1
Rt = Z (8)

where £ is the convective heat transfer coefficient of the insulation surface.

3.2. Plane Strain Mechanical Response

The preceding thermal model of the heterogeneous cable arrangement was imple-
mented in the ABAQUS [20] commercial finite element software. To investigate
the subsequent structural behaviour of the heated unprotected cable cross-section
under the three fire scenarios (Fig. 1), the model was enhanced to permit a gener-
alised plane strain thermomechanical response. In ABAQUS, a generalised plane
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strain model represents a cross-section through an ‘infinitely long” member, an
assumption commensurate with the characteristics of a parallel-strand cable stay
as examined in this paper, that is able to adopt a constant curvature in two
orthogonal directions. The 2D cross-section was assumed to be bounded by two
planes a unit thickness apart, whose freedom to displace is linked to the degrees
of freedom (dofs) of a reference point at the cross-section centroid (Fig. 5a). A
condition of zero biaxial curvature (cross-section bounded by parallel planes, rep-
resenting a prismatic cable) was enforced by restraining the rotational dofs of this
reference point (i.e. those about the x and y axes). If the cable cross-section is
heated non-uniformly and temperature gradients appear, the restraint offered by
the parallel bounding planes to the curvatures would instead cause bending
moments to develop about the section centroid [21]. A tensile force representing a
realistic level of constant pre-loading was additionally applied to the cable before
the transient heat transfer analysis, and the cross-section centroid was at all times
free to displace along the longitudinal z axis. To prevent spurious in-plane rota-
tion of the strands during heating, the dofs at the outer perimeter of every strand
were restrained to prevent circumferential displacement, though radial expansion
was still permitted (Fig. Sb). Additionally, to prevent rigid body motion of the
expanding strands in the x—y plane during heating, the centroid of each strand
was joined to the centroids of each neighbouring strands by a 1D axial spring (as-
sumed for the purposes of illustration to have a stiffness of 10> N mm, represent-
ing a bundle of strands held together quite firmly).

It should be clarified that a 2D representation was adopted by the authors with
the primary intent to capture the effects of unsymmetrical heating in the cross-sec-
tion and load redistribution between the strands under idealised conditions.
Future research will focus on developing appropriate 3D models that can capture
effects such as the influence of terminal connections, thermal creep, stress relax-
ation and the differential thermal expansion of the strands, amongst others. Such
models would likely require significant input from experimental data of loaded
cables subjected to both uniform and non-uniform heating.

a Pre-heating
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Figure 5. Mechanical boundary conditions for a plane strain cross-
sectional model.
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3.3. Thermal and Mechanical Material Properties

The thermal and mechanical models presented previously are independent of the
properties of the constituent materials and may be used with any temperature
dependency. However, for the purposes of illustration, the process of establishing
appropriate input properties for high-strength steel is described here. Values for
the thermal conductivity (45.5 W/(mK) at ambient) and specific heat (450 J/(kgK)
at ambient) of high-strength pre-stressed steel wire were adopted from Main and
Luecke [11], where these are given as a function of temperature up to ~ 726°C
(~ 1000 K) at which point recrystallisation of the steel takes place. Given that a
fire potentially exposes a cable to temperatures significantly in excess of this limit-
ing temperature, it is necessary to extend the characterisation above the phase-
change temperature. However, because the conductivity and specific heat for high-
strength steel from Main and Luecke [11] follow those for mild carbon steel from
EN 1993-1-2 [22] rather closely, and since the latter has a significantly higher
upper limit of 1200°C (1473 K), it was decided to adopt the EN 1993-1-2 proper-
ties for mild steel beyond 726°C. The density of steel (7850 kg/m?®) was assumed
to be independent of temperature.

The mechanical properties of high-strength steel wires under elevated tempera-
tures, including the initial modulus of elasticity £ (200 GPa at ambient), the yield
stress (1422 MPa at ambient), ultimate stress (1784 MPa at ambient), Poisson
ratio v (0.29 at ambient) and the coefficient of thermal expansion (1.07 x 107> K~
! at ambient), were similarly constructed using the data sourced by Main and
Luecke [11] up to ~ 726°C, with the relationship beyond this temperature cor-
rected by data from EN 1993-1-2 [22] for mild steels. These properties were used
in conjunction with a simple bilinear stress—strain law at all temperatures. It
should be noted that high-strength steel loses most of its strength benefits beyond
this phase change, a region where accurate thermal and mechanical properties are
in any case difficult to establish reliably. Nonetheless, further research is recom-
mended to establish more accurate relationships for high-strength steels in critical
structural applications, currently not available.

The properties of the fluid in the interstitial cavities were assumed to be those
of dry air [19], whose density decreases significantly with temperature. The ther-
mal properties of the external insulation were taken from a typical commercial fire
protection blanket (F120, Class A2) with a fire resistance of 60 min [23]. The ther-
mal conductivity, specific heat and density were taken as 0.2 W/(mK), 1009 J/
(kgK) and 100 kg/m? respectively, independent of temperature due to lack of such
further data by the manufacturer. The blanket was assumed to contribute negligi-
bly to the stiffness of the cable, and was assigned a nominal elastic modulus of
1 N/m? and a Poisson ratio of zero. Where a uniform cable cross-section was
studied for comparison purposes (Fig. la), the thermal and mechanical material
properties were obtained as an area-weighted average of the properties of the indi-
vidual constituent materials, namely steel and air (on the basis that interstitial air
comprises 6.97% of the cross-section studied here, the dimensions of which are
presented shortly):
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XeAs +x444
Xy=—— 8
AS +Aa ( )

where x is any relevant temperature-dependent thermal property, while the sub-

[P I}

scripts ‘u’, °s” and ‘@’ denote ‘uniform’, ‘steel’ and ‘air’ respectively.

3.4. Validation of the Thermal Response and Input Sensitivity

The Appendix describes a validation study of the heat transfer methodology pre-
sented in Sect. 3.1 against the two cable experiments subjected to radiant heating
recently conducted by Lugaresi [27], together with a sensitivity study of model to
the key heat transfer and material parameters. The validation study has shown
that the proposed heat transfer methodology compares well against the experi-
mental results producing the trends of the thermal gradients within the cables. For
the sensitivity study, five heat transfer parameters were considered: heat flux, con-
tact force, contact width, temperature of the fluid, and convective coefficient. Six
steel material parameters were also considered: conductivity, emissivity, density,
specific heat, Poisson ratio and elastic modulus. It was shown that of all the input
parameters to the heat transfer model, the variation of the surface heat flux ¢
produced the largest variation in the model output, while the thermal conductivity
of the steel was found to be the governing material parameter. Further details and
results may be found in the Appendix.

4. Design Fire Scenarios

The design fire considered in this study is that of a hydrocarbon jet fire with a
flame height of 40 m caused by a 10 kg/s petrol leakage through a cavity of a
diameter of 30 mm, realistic for a jet fire caused by a heavy goods vehicle. Such
fires are known to be of long duration and high heat release rate, and thus likely
to be structurally significant. A steady-state fire was considered to burn at max
heat release rate for up to 120 min, thought sufficiently long to capture any poten-
tial failure mechanisms under the assumption that the fire has not been sup-
pressed. The simulations were continued beyond the ‘onset of irreversible damage’
temperature of 300°C (573 K), the recommended temperature failure criterion in
the fire testing classification of prestressing stay cables [3]. Data on jet fires are
taken from Lowesmith et al. [24].

A total of nine thermomechanical simulations were carried out as part of this
study, each simulation corresponding to a combination of a cable cross-section
configuration and a fire scenario. The cable configurations included a ‘uniform’
(or homogeneous) cross-section, an ‘unprotected heterogeneous’ cross-section con-
sisting of a hexagonal arrangement of 37 uniform circular strands including inter-
stitial air cavities, and a ‘protected heterogeneous’ cross-section consisting of the
latter strand arrangement including a 15-mm circular exterior insulation (Fig. 2).
The actual dimensions of each configuration are summarised in Table 1. Prior to
the application of any thermal load, the heterogeneous configurations were subject
to an axial pre-load applied through the centroidal reference point (Fig. 4). The
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Table 1
Dimensions of Each Cable Configuration

Unprotected Protected
Uniform heterogeneous heterogeneous

Net section diameter (mm) 99.00 111.00 141.00
Strand diameter (mm) n/a 15.71 15.71
Horizontal spacing’ (mm) n/a 15.71 15.71
Vertical spacing’ (mm) n/a 13.65 13.65
Protection thickness (mm) n/a n/a 15.00
Spacing between insulation and strands (mm) n/a n/a 0.52

TEvaluated between strand centres, based on the orientation shown in Fig. 2

magnitude of this load was taken as N = f,Amn,/y ~ 6.4 MN, assuming an ulti-
mate strength of 1784 MPa, ng = 37 strands with cross-sectional area A4, corre-
sponding to a diameter of 15.7 mm and a safety factor of y = 2 [11].

For flame heights up to 40 m [24], a cable may find itself either fully inside the
flames (scenario 1), outside the flames but fully within the smoke plume (sce-
nario 2), or in proximity to both but in direct contact with neither (scenario 3).
These scenarios were illustrated in Fig. 1. In the first exposure scenario, a cable
fully surrounded by flames is assumed to be heated by convection and radiation
along its full outer perimeter, although heat is also emitted back to the ambient
environment (Fig. 6a). The cross-section is thus heated uniformly from all sides.
In the second exposure scenario, a cable is within the smoke plume and heated
only by convection around its full perimeter from the buoyant hot smoke gases.
It is assumed that radiation from the flames impinges only on a half-perimeter
of the cable, although the cable still reradiates heat to the ambient environment
along its entire perimeter (Fig. 6b). The cross-section will thus exhibit a uniaxial
temperature gradient. In the third exposure scenario, a cable located at a dis-
tance away from both the flames and the smoke plume is assumed to be heated
only by radiation along a quarter of its perimeter, although the entire heated
cross-section radiates back to the ambient environment (293 K) and cools
through convection (Fig. 6¢). In this case, the cross-section will exhibit a biaxial
temperature gradient.

The incident radiative flux received by the cable from the surrounding flames in
scenario 1 was taken as 180 kW/m? [24]. In fire scenarios 2 and 3, the incident
flux was taken as 23 kW/m? assuming that the cable cross-section is situated 15 m
away from the flames and using the point source simplified calculation method
[24]. In all scenarios, the incident radiation was treated as a constant surface heat
flux on the outer perimeter of the cross-section. The emissivity of the uniform and
unprotected heterogeneous configurations was taken as 0.62 [10], whereas that of
the protected configuration was taken as 0.9 [19]. For the purposes of establishing
the convective heat flux, it was assumed that the temperature of the smoke plume
was ~ 227°C or 500 K [25], a value adopted from data for hydrocarbon pool
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a Scenario 1: Cable b Scenario 2: Cable ¢ Scenario 3: Cable beyond
inside the flames inside the smoke plume the flame or smoke plume

Radiation: Received Emitted Convection: Heating Cooling

Figure 6. Heat transfer components at the external surface for each
fire scenario.

fires, whereas the temperature of the flames was ~ 1287°C or 1560 K [24]. The
convective heat transfer coefficient for fire scenario 1 was taken as 95 W/(m?K)
from Lowesmith et al. [24], but for scenario 2 it was estimated using the Nusselt
number as 20.3 W/(m’K).

5. Predicted Thermo-Mechanical Response

5.1. Fire Scenario 1

A selection of predicted evolutions of temperatures with time is presented in
Fig. 7 for the first fire scenario where the cable is subject to intense heating from
all sides. The temperature development was investigated at three locations across
the cross section of the three cable configurations (uniform and both unprotected
and protected heterogenecous), namely at the outer perimeter (location A in
Fig. 7), midpoint through the (effective) section radius (location B) and at the sec-
tion centroid (location C). Although the uniform and unprotected heterogencous
models offer reasonably close predictions of the temperature evolution, the simpler
uniform treatment underestimates the temperatures near the section perimeter by
an approximate maximum of 10% and overestimates the temperatures closer to
the section centroid by an approximate maximum of 20%. However, both treat-
ments suggest that the onset of damage temperature of 300°C or 573 K is reached
after only approximately 60 s of axisymmetric heating, whereas in the protected
section this is delayed for approximately 40 min. Also shown in Fig. 7 is the
development of the normalised temperature difference across the section as a met-
ric of assessing the validity of a lumped capacitance assumption, based on the
results from the unprotected heterogeneous configuration. This error in lumped
capacitance is defined as follows and expressed as a percentage:
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If valid, such an assumption would potentially permit the section to be repre-
sented as being at a uniform temperature. It is assumed that the aforementioned
ratio should not exceed 10% for lumped capacitance to be valid.

It is shown here that the lumped capacitance assumption is not appropriate for
the first 10 min of heating due to the fast heat transfer rate and delayed transient
heat transfer into the bulk of the section, evident by e values approaching 50%.
Eventually, the section temperatures reach a steady-state and a lumped capaci-
tance assumption becomes approximately representative, however this occurs after
significant temperatures have been obtained and therefore too late since predic-
tions would be wrong in time and no longer of practical importance. Thermal gra-
dients are important for loaded cables since they can lead to differential thermal
expansion of the strands which can lead to potential uncoiling and potentially
increased magnitudes of thermally-induced moments, as illustrated shortly.
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configurations for the fire scenario 1.

A more complete picture of the behaviour is offered by considering the evolu-
tion of the net centroidal strand forces with time and temperature (Fig. 8). As the
outer strands heat up faster, they suffer a degradation in their elastic stiffness.
However, as each strand must undergo the same total axial strain, the axial load
that the outer strands are able to support must also decrease correspondingly. To
preserve cross-sectional equilibrium at the 6.4 MN pre-load level, the cooler inner-
most strands whose stiffness has not yet degraded must therefore carry a higher
axial load. As a consequence, the innermost cool strands are at risk of mechanical
damage even without thermal attack and indeed were found to reach yield in less
than ~ 50 s, rather earlier than the predicted time at which the outermost strands
reach the ‘onset of damage’ temperature. This ‘load shedding’ phenomenon has
been reproduced computationally before [9] and illustrates the importance of per-
forming a thermomechanical analysis to obtain an accurate assessment of the
behaviour of a complex multi-strand cable cross-section under thermal loading.
Lastly, it should be noted that although the heating is nominally uniform around
the section, asymmetries in the heterogenecous configurations lead to very minor
biaxial bending moments (Fig. 9).
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5.2. Fire Scenario 2

In the second fire scenario, the predicted evolution of temperatures at various
cross-sectional locations in the direction of the uniaxial temperature gradient,
namely facing the radiative flux (location A), at the centroid (location B) and
opposite the heat flux (location C), is illustrated in Fig. 10. The uniform or homo-
geneous cable cross-section treatment now offers a very unconservative assessment
of the temperature evolution in this fire scenario, suggesting that the ‘onset of
damage’ temperature is reached after approximately 40 min in location A whereas
the more realistic heterogeneous treatment suggests this could occur much sooner
after only approximately 22 min. The protected cable does not suffer damage
within two hours of heating and predicts a more uniform cross-sectional tempera-
ture distribution.

The thermomechanical response is illustrated in Fig. 11, where a similar but
more modest ‘load shedding’ phenomenon sees an increase in the centroidal forces
of the coolest strands opposite the surface in receipt of the radiative heat flux.
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This redistribution causes a net bending moment to develop in the direction of the
temperature gradient (Fig. 9), where the maximum is approximately equivalent to
26% of the ambient moment that would cause first yield, clearly an undesirable
response for a critical tension member that may not have been designed for bend-
ing under ambient conditions. This response would be entirely missing from a
lumped capacitance treatment that is often used as the basis of simplified design,
even if the error e reaches a modest maximum of only 9% suggesting that lumped
capacitance could be appropriate. As a result, it has been illustrated that while
lumped capacitance may be ‘valid’ according to a simple criterion, a thermal anal-
ysis may not by itself always be conservative in giving an accurate estimate of
mechanical failure. Additionally, the thermomechanical response illustrates the
importance of investigating unsymmetrical heating regimes specifically as these
permit the exploration of a qualitatively different structural behaviour than what
is possible under uniform heating regimes where the aim of the treatment is only
to maximise the equivalent uniform section temperatures.
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configurations for fire scenario 2.

5.3. Fire Scenario 3

The heating regime of fire scenario 3 induces a temperature gradient in two direc-
tions, and the predicted evolution of temperatures at three locations relative to the
portion of the circumference in receipt of the radiative heat flux in each of the
configurations is shown in Fig. 12. While none of the configurations or locations
were found to attain the onset of damage temperature within 120 min of heating,
the more realistic heterogeneous configuration again predicts significantly higher
temperatures close to the heated perimeter than the uniform configuration. Fur-
ther, the redistribution of centroidal strand forces (Fig. 13) by the unsymmetrical
heating regime induces significant and approximately equal biaxial bending
moments with a maximum magnitude of approximately 14% of the ambient yield
moment (Fig. 9). This response would again be entirely missing from a simple
lumped capacitance treatment (the error e reaches approximately 8% in the initial
stages of heating, again suggesting such a treatment could have been appropriate).

It should be added that all sets of moments shown in Fig. 9 were normalised by
the first yield moment assuming ambient material properties for simplicity. How-
ever, as the first yield moment degrades with increasing temperature, this ratio will
in fact tend towards unity with increasing heating duration for all fire scenarios
investigated here, a particularly unfavourable response that is undetectable using
only simplified thermal treatments.
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6. Conclusions

This paper has proposed a novel thermomechanical methodology for assessing the
cross-sectional response of structural multi-strand cables under fire-related thermal
loads. In establishing the state of the art in the literature of cables under fire, it
was identified that previous research had not presented a detailed methodology
based on fundamental principles. In the present treatment, heat transfer between
individual strands is assumed to occur by conduction and radiation across the
contact surface and interstitial air cavities respectively, with the air cavities typi-
cally being too narrow to permit convection. The methodology has been validated
against two experiments of cables subject to radiant heating and an input sensitiv-
ity analysis was undertaken showing the contact resistance and the material con-
ductivity to be the influential parameters. It is rare for a heat transfer
methodology for cables to receive validation against experimental evidence due to
the scarcity of experimental data available in the literature.

The thermomechanical performance was also considered at a two-dimensional
level. This represents an advance on simplified treatments described elsewhere in
the literature which often rely on uniform or lumped capacitance thermal models.
The authors’ model is presented as a general template containing the underlying
physics to aid those performing such studies regardless of cable configuration.
Future research should consider experiments on the thermomechanical perfor-
mance of cables and the further calibration of input parameters of the proposed
model, as well as an extension to a three-dimensional configuration.

The appropriateness of adopting the simplified models such as those which
assume lumped capacitance over the more rigorous proposed methodology appli-
cable to heterogenecous cross-sections was explored through three qualitatively dif-
ferent scenarios of fire exposure, one leading to severe uniform heating and two
less severe but non-uniform exposures leading to uniaxial and biaxial temperature
gradients respectively. The latter scenarios have not been studied in previous
research. In all cases considered here, a heterogonous treatment with explicit mod-
elling of strands was found to lead to a more accurate and conservative prediction
of temperature evolution than a simpler uniform one, predicting an earlier onset
of damage than that according to a simplified but widely-used temperature failure
criterion. The discrepancy was found to be particularly significant, and a lumped
capacitance assumption thus particularly unconservative from a thermomechanical
perspective, under unsymmetrical heating regimes. Additionally, the authors’
methodology qualitatively predicts the realistic ‘load shedding’” phenomenon
known to occur in multi-strand cables that was rarely reproduced in previous
numerical studies.

Additionally, it was shown that while the lumped capacitance assumption, often
adopted in previous studies, can be taken as ‘valid’ on the basis of only tempera-
ture predictions from heat transfer analyses, such conclusions must be treated
with great care as the analysis may not always be conservative in mechanical
terms. In particular, unsymmetrical heating regimes may induce significant net
bending moments on the cable cross-section leading to an unfavourable structural
response that cannot be assessed on the basis of temperatures alone, even where
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the differences between the highest and lowest cross-sectional temperatures are
deemed ‘small’. This applies also to protected cables which, although they experi-
ence significantly reduced temperatures, similarly develop moments under non-uni-
form heating regimes. This finding and its potential consequences in terms of
mechanical performance do not appear to have been extensively considered in pre-
vious studies. Further research should consider experiments of loaded cables and
three dimensional models to examine whether such phenomena reproduced in two
dimensional models need further investigation.

Acknowledgements

Arup is acknowledged for supporting the first author in carrying out this research.

Open Access

This article is distributed under the terms of the Creative Commons Attribution
4.0 International License (http://creativecommons.org/licenses/by/4.0/), which per-
mits unrestricted use, distribution, and reproduction in any medium, provided you
give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Appendix: Model Validation and Input Sensitivity
Analysis

Introduction

This appendix describes the validation of the proposed heat transfer methodology
described in Sect. 3.1 of this paper through the assessment of the thermal response
of unloaded cable specimens against a set of hitherto unpublished experiments.
Unfortunately, only very limited experimental evidence exists on the mechanical
response of cables due to the practical difficulties in testing loaded large diameter
long-span cables until failure. The mechanical response model described in this
study therefore will benefit from further calibration based on future experimental
evidence as it becomes available. Such studies should additionally highlight the
potential influence of the applied load on the thermal performance of the cables.

The thermomechanical model presented in this paper requires a significant num-
ber of inputs, as discussed in Sects. 3.1 and 3.3. A ‘one-at-a-time’ (OAT) input
sensitivity analysis was therefore additionally undertaken based on the same
model geometry as used for the validation study to assess the effect that variations
in different input parameters may have on the stability of the model prediction.
This study will help to inform which model input parameters should be prioritised
in future research.
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Experiments on Thermal Performance of Unloaded Cables

Only very few experiments have ever been performed with the aim of understand-
ing the thermal behaviour of steel cables. Those that have been performed consid-
ered only either uniform axisymmetric heating by placing a cable sample in an
oven [26, 27] or asymmetric heating from one side [27, 28]. Degasperi [26] tested
two cable assemblies: a Locked Coil rope and a Warrington Seale rope (6 spiral
strands twisted around a polymeric core). The cables were uniformly heated in a
custom-made oven of the size | m x 0.62 m x 1 m that can reach temperatures
of 900°C. The oven was designed to host a cable with a maximum diameter of
90 mm and to enclose a length of 500 mm. The cable specimens were placed in
the oven which followed a heating regime according to the ISO 834 standard tem-
perature—time curve, while the temperature was measured at different cross-sec-
tional locations through the cable specimens. According to the authors of these
experiments, the set up was complex as the insertion of thermocouples into the
tight cable assemblies was not straightforward. The specimens were thus disassem-
bled, with some wires taken out to make space for the thermocouples. For the
locked coil rope, a thermocouple was placed in each of the three internal rings as
well as on the external surface to measure the temperature rise. For the Warring-
ton Seale rope, temperatures were recorded at the surface and at one internal
location, but no information was given on the exact position of the internal ther-
mocouples. The experiments were repeated twice for each cable assembly. How-
ever, repeatability is not straightforward due to the difficulties in placing
thermocouples inside cable assemblies.

A series of small-scale experiments have also been carried out at the University
of Edinburgh [27, 28]. The temperatures in the samples were recorded via K-type
thermocouples at different locations within the cable cross-section. Milne [28] tes-
ted existing cable specimens that were once part of a construction project and
were provided by a manufacturer. Due to the difficulty in inserting thermocouples
inside the samples, in the next set of experiments by Lugaresi [27] the specimens
were assembled in the lab from straight steel rods which facilitated the insertion of
thermocouples. The experiments at the University of Edinburgh were the first
attempt to measure the temperature increase inside a cable assembly due to asym-
metric heating. This heating regime was obtained by placing the cable specimens
in front of a radiative propane panel. Before starting the test, the panel was
ignited and was allowed to reach a steady state so as to emit a constant heat flux.
For each experiment, the incident heat flux on the cable surface was measured
with a heat flux gauge. Lugaresi [27] additionally considered experiments of speci-
mens under uniform heating. The cable specimens were inserted in an oven and
exposed to transient heating.

Validation Against the Experiments by Lugaresi

The experiments of Lugaresi [27] were chosen by the authors for the purposes of
an initial validation study of the heat transfer methodology because there is less
uncertainty in the location of the thermocouples and the repeatability of the
results as the specimens were put together by the researchers rather than been
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Figure 14. Experiments by Lugaresi [27]; (a) insertion of
thermocouples; (b) radiant panel.

Table 2
Dimensions of Each Cable Configuration Tested by Lugaresi [27]

Cable specimen A B
Wire diameter (mm) 10 10
Long diagonal (mm) 50 70
Short diagonal (mm) 44.6 62

provided by a manufacturer. Additionally, the same specimens were exposed to
both uniform and asymmetric heating and thus offer more opportunities for cali-
bration of parameters (although it should be noted that the uniform exposure is
not analysed in this paper). Two cable specimens consisting of a hexagonal
arrangement of uniform cross-section steel bars were used in the experiments by
Lugaresi [27], as shown in Fig. 14 with geometry summarised in Table 2. The
experiments conducted with the asymmetric heating applied by a radiation panel
from one side are used in this validation study as they lead to larger thermal gra-
dients in the cable and therefore are more appropriate to test the assumptions of
the current methodology.

To validate the model against the experimental data, the boundary conditions
imposed during the experiments need to be accurately defined. An important
parameter is the incident heat flux on the external surface of the cable since it has
been identified as one of the variables the have a major effect on the model out-
come. The cable was heated from one side by a radiating panel, and the incident
radiative heat flux on the surface of the cable sample during testing was measured
with a Schmidt-Boelter heat flux gauge. However, the incident flux calculated in
this way is relative to a small surface parallel to the radiating surface, and this
requires a correction because the constituent bars have concave surfaces. Radia-
tion received by a surface depends on its orientation with respect to the radiation
source and is thus a function of the angle of incidence. To account for this in the
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Figure 15. Model predictions (solid and dashed lines) against the
experimental measurements (shaded area) for the small diameter
Specimen A of Lugaresi [27].

model, the flux was defined for each bar as a cos(f) function corresponding to a
cylindrical coordinate system with the origin on the centre of the strand. This
results in a heat flux with a maximum value on the surface of the bar directly fac-
ing the panel (# = 0) and is equal to zero at a point on the surface located at
0 = £ 'am on either side.

During experiments, it was observed that some of the bars in the specimen were
not in contact. A visual inspection was performed to determine which bars were
not in contact during testing and at the identified regions no contact conduction
was allowed in the finite element model. The temperatures recorded by Lugaresi
[27] were compared to the temperature predicted by the proposed heat transfer
model in Sect. 3.1 as implemented in ABAQUS. The measured and predicted tem-
perature—time histories are illustrated in Figs. 15 and 16 respectively for cable
specimens A and B respectively (as defined in Table 2) at four different locations
through their respective cross-sections. Note that the model results are shown as
solid lines while the experimental results are shown as clouded areas to cover the
range of the various tests performed. It can be seen that the finite element model,
and thus the constituent heat transfer methodology, compares very well with the
experimental results in capturing the trends of the thermal gradients.
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Specimen B of Lugaresi [27].

‘One-at-a-Time’ Input Sensitivity Analysis

A base model needs to be defined to undertake a ‘one-at-a-time’ (OAT) sensitivity
analysis on the basis of a best estimate for each input from the available litera-
ture. The inputs of the base model can be then changed individually to test their
sensitivity on the stability of predictions of the system. The base model input
parameters are summarized in Table 3. The nominal values were extracted from
literature and selected to correspond to the heating regime of the Lugaresi [27]
asymmetric heating tests (radiation impinging on half the cables surface). As part
of the OAT sensitivity analysis, each individual parameter was increased by 25%,
then by 50% and then decreased by 25% and then by 50% while all others were
kept constant. The subsequent prediction of the system was assessed according to
an output metric (defined shortly) and compared to the prediction for the base
model according to the same metric.

The contact width was included in heat transfer parameters since the conductive
heat transfer across strands depends on its magnitude. If the contact width is
increased, the contact resistance will decrease, resulting in a higher rate of heat
transfer between strands. The contact width depends on the contact force, thus
the variation in the force affects the outcome in the similar way: a greater force
leads to a larger contact and thus a faster rate of heating. The cable samples were
heated from one side with a radiating panel and therefore the heat transfer mech-
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Table 3

Base Model Input Parameters [27]

Fire Technology 2020

Parameter Nominal value Reference
Strand diameter 0.0l m Lugaresi [27]
Interaction surface 524 x 1073 m? Atalioti [29]

Length Im Unit length assumption
Poisson ratio of steel 0.3 EN 1993-1-2 [22]
Elastic modulus of steel 210 GPa EN 1993-1-2 [22]

Conductivity of steel
Heat capacity of steel

Temperature-dependent
Temperature-dependent

Bentz and Prasad [30]
Bentz and Prasad [30]

Density of steel 7850 kg/m> EN 1993-1-2 [22]
Emissivity of steel 0.7 EN 1993-1-2 [22]
Conductivity of air 0.0263 W/(m K) Incropera et al. [19]
Convective heat transfer coefficient 15 W/(m? K) Incropera et al. [19]
Incident heat flux 23.2 kW/m? Lugaresi [27]
Ambient fluid temperature 293 K Lugaresi [27]
Ambient surface temperature 293 K Lugaresi [27]
Contact width 8.1695 x 107" m McGee et al. [18]
Contact force (self-weight) 6N n/a

anisms considered was radiation to the surface of the cable facing the heat source.
The constant surface heat flux was measured during testing with the aid of a high
precision temperature gauge. As the cable was not surrounded by flames or by
smoke, cooling convection was included from the external surface of the cable to
the environment (7, = 293 K). Radiation to the surroundings was also mod-
elled and the enclosing surface was assumed to be at ambient temperature (7T, =
293 K). The convective heat transfer coefficient was calculated following the Incr-
opera et al. [19] procedure for cylinders in cross flow, treating the cable as a
homogeneous cylinder with a hexagonal geometry.

To understand how sensitive the model is to each input parameter, the changes in
the output function are used as a metric to quantify the effect of the parameter vari-
ability on the model predictions. Although the model has many possible outputs, an
outcome function was selected that permits the estimation of a linear cross-sectional
temperature gradient component. This temperature component was chosen as it
structurally meaningful, in that it is linked to the differential thermal expansion of
the cables and the possible stresses and bending moments that may arise in the cable
due to heating [31]. From the finite element model output, it is possible to extrapo-
late the nodal temperatures at different locations along the cable’s centreline (e.g.
akin to path 1-2-3-4 in Fig. 16). The cross-sectional temperature distribution
obtained in this way is nonlinear at each time step due to the transient nature of the
heat flow, but a conservative approximation of the linear cross-sectional tempera-
ture gradient may be found by normalising the difference between opposing fibre
temperatures by the section depth, or AT/d. The maximum value of this approxi-
mate gradient over any simulation was then taken as the output metric.

The relative sensitivity of each input parameter is shown in Figs. 17 and 18,
expressed as a percentage change in the output metric against the percentage
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change in the given input parameter. The OAT sensitivity analysis demonstrates
that the variation of the surface heat flux ¢’ produces by far the largest variation
in the model output. This is because a high incident heat flux causes high internal
temperature gradients, and although the temperature of the heated side rises
rapidly its transient conduction into the remainder of the cross-section occurs rela-
tively slowly. A lower heat flux, on the other hand, heats the cable slowly and the
rate of absorption is comparable to the rate of internal heat conduction, resulting
in a more uniform temperature distribution. For the same reason, the thermal
conductivity of the steel was found to be the governing material parameter as it
controls heat flow through the solid strands and across the contact width. Chan-
ges of all other heat transfer and material parameters had only a very minor influ-
ence on the output function (up to less than 5% change of output for a 50%
change of input).
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