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Intumescent fire protection coatings are used to improve the fire resistance of steel members. Due to slender
cross-sections typically used for tension members, high demands are placed on the effectiveness and reliability of
the intumescent coatings. This paper describes real-scale fire tests of intumescent coatings applied to steel
tension members with circular solid and hollow sections. First, the current regulations for the application of
intumescent coatings on steel tension members are discussed. After that, a comparison between the foaming
behaviour and failure mechanisms of intumescent coatings applied to steel tension members with different cross-
sections and loading conditions is given. Next, the experimental setup and procedure of the performed fire tests
are presented. In addition, the influences of various parameters on the performance of the intumescent coating
are analysed, including the geometry of the steel profile, dry film thickness of the intumescent coating, load
utilisation level as well as the orientation of the member. Based on the theoretical considerations and results of
the fire tests, it is evidenced that mechanically loaded fire tests are essential to assess accurately the contribution
of intumescent fire protection coatings to the fire resistance of steel tension members with circular solid sections.

1. Introduction

In civil engineering constructions, tension members are generally
used for bracings, suspensions and underbracing systems. Typically, for
tension members, slender sections are used with circular solid section
(CSS). Because tension members often serve to stabilize the structure, in
the event of a failure of these members, a collapse of the entire structure
can happen. Under fire exposure, unprotected steel structures lose their
load-bearing capacity at an early stage due to rapid heating. The use of
reactive fire protection systems, or in short intumescent coatings,
significantly reduces the heating rate of the steel. Thus, the fire resis-
tance of steel members can be improved. In addition, the appearance of
the slender tension members remains essentially unchanged as intu-
mescent coatings are applied in relatively thin layers.

The application of intumescent coatings is regulated by National
Technical Approvals (abZ and aBG) in Germany and the European
Technical Assessments (ETA) in Europe. In Germany, the approvals are
issued by the German technical assessment body, i.e. Deutsches Institut
fiir Bautechnik (DIBt). Before an approval or assessment is granted, the
fire resistance of the intumescent coating is examined with regards to its
thermal protection and adhesion by fire tests on unloaded as well as

* Corresponding author.

mechanically loaded steel members. Generally, the fire tests are carried
out on steel beams and/or steel columns according to EN 13381-8 [1].
Therefore, the scope of application of intumescent coatings is usually
limited to these steel members and the types of profiles used for them, i.
e. I-profiles and hollow sections. In 2010, the regulations for National
Technical Approvals in Germany were modified by DIBt based on a
numerical comparison between the strains at the bending tension zone
of a steel beam and those in a tension member, both with identical
cross-sections and load utilisation factors. As a result, intumescent
coatings tested on beams can also be used for tension members with
open profiles such as I-, L-, T- and U-profiles as well as rectangular or
square hollow sections under certain restrictions [2-5]. However, steel
tension members with solid sections were excluded from the scope of
application according to the German National Technical Approvals due
to the lack of normative tests and assessment guidelines. For such
members, the application of intumescent coatings must be verified on a
case-by-case analysis.

To extend the scope of application of intumescent coatings on steel
tension members with solid sections, a research project was conducted
[6-8] at the Bundesanstalt fiir Materialforschung und -priifung (BAM).
The aim is to develop proposals and approval guidelines for the testing
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Fig. 1. Comparison of the foaming behaviour of intumescent coatings on beams with I-profile and tension members with circular solid section (CSS).

and assessment of intumescent coatings applied to steel tension mem-
bers with solid sections by unloaded and mechanically loaded fire tests.
In this paper, the current regulations for the application of intumescent
coatings on steel tension members are discussed first. After that, the
experimental setup, test procedure and results of the performed fire tests
are presented. Furthermore, the influences of several parameters on the
performance of the intumescent coating are analysed. They include the
geometry of the steel profile, the dry film thickness of the intumescent
coating, the load utilisation factor and the orientation of the steel
member. Finally, the conclusions and outlook of the work are given.

2. Behaviour of intumescent coatings — theoretical
considerations

2.1. Foaming behaviour of intumescent coatings on bending members
compared to tension members

To demonstrate a problematic transfer of the results from fire tests of
intumescent coatings on steel beams with I-profile to tension members
with circular solid section, the foaming behaviour of an intumescent
coating for an I-profile and a circular solid section is schematically
shown in Fig. 1. The respective profile types have different demands on
the foaming behaviour and thermal protection performance of the
intumescent coating. Two scenarios of mechanical loading were
considered, i.e. unloaded and loaded. Excluding the edges, an unloaded
steel beam with I-profile requires mainly a one-dimensional foaming of
the intumescent coating. The intumescent coating expands almost
exclusively in the thickness direction, i.e. direction perpendicular to the

surface of the steel member. The performance of common intumescent
coatings is optimized for this case. A possible reduction of the thermal
protection of the intumescent coating due to cracking in critical areas,
such as edged and curved areas, remain unconsidered according to EN
13381-8 [11], as the steel temperature measurement is carried out only
in areas with flat surfaces. As a result, possibly higher steel temperatures
at critical cross-sectional areas, for instance at the edges of the profile,
are excluded from the assessment of the fire tests. In contrast to I-pro-
files, for an unloaded tension member with circular solid section, the
curved surface and the increase of the circumference during the foaming
process results in radial tension stresses of the intumescent coating. If
these stresses are higher than the tensile strength of the foam of the
intumescent coating, cracks occur. This phenomenon usually results in a
reduction of the thermal protection of the intumescent coating. There-
fore, the intumescent coating on tension members with circular solid
section foams necessarily in two directions, i.e. thickness direction
perpendicular to the member’s surface as well as circumferential di-
rection of the section. This requirement also applies to circular hollow
sections.

Compared to the foaming in the thickness direction, the lateral
expansion capacity of intumescent coatings is rather limited [7,9,10].
Based on the observations from fire tests, intumescent coatings tend to
form cracks especially at cross-sectional edges as well as on convexly
curved surfaces of steel profiles because of their limited lateral expan-
sion capacity. As a result, there is usually a reduction of the thermal
protection performance and a rapid rise of steel temperature in those
areas. To avoid this, it is important that intumescent coatings also have a
certain capacity to expand in the lateral direction, i.e. parallel to the
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Fig. 2. Schematic presentation of possible failure mechanisms of foamed
intumescent coating on vertically and horizontally oriented steel tension
members with circular solid section.

member surface.

Beside the type of profile, the type of loading also influences the
foaming behaviour of the intumescent coating. For a loaded beam with I-
profile, the bending load results in longitudinal tensile stresses in the
bottom flange of the beam. Due to the resulting strains, a foaming of the
intumescent coating becomes necessary in two directions, i.e. direction
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Table 1
Geometrical and mechanical properties of steel specimens in the fire tests.
Profile Designation ~ Diameter  Section Material Strength
type factor (fpo,2/f)
Circular CSS D20 20 mm 200 m™! Extruded 585/679
solid cold-drawn N/mm?
section CSS D30 30 mm 133 m™! steel 570/661
$355J2C +  N/mm?
C
Circular CHS D60 60 mm* 133m! Hot-rolled 457.5/
hollow steel S355 600.5 N/
section J2H mm?

Note: For more detailed information see [7,11].
*The profile has a wall thickness of 8.8 mm.

Table 2
Overview of the fire tests (pg: load utilisation factor; DFT: dry film thickness).

Designation Test series (TS) Number of specimens
unloaded mechanically loaded
CSS D20 TS a (DFT = 1.5 mm*) 4 8 (ps = 0.15-0.65)
TS b (DFT = 2.5 mm) 4 8
TS ¢ (DFT = 3.5 mm) 4 8
CSS D30 TS d (DFT = 2.5 mm) 4 6 (ps = 0.15-0.65)
TS e (DFT = 3.5 mm) 4 6
CHS D60 TS f (DFT = 2.5 mm) 3 3 (pg = 0.25-0.60)
TS g (DFT = 3.5 mm) 3 3

Note: For more detailed information see [6,7].

* On three of the mechanically loaded specimens with CSS D20 from “TS” a
higher DFT was applied, i.e. 3.0 mm, 3.5 mm and 4.5 mm. The aim was to
investigate the influence of higher DFT.

perpendicular to the surface and longitudinal direction of the beam. For
loaded tension members, tensile stresses in longitudinal direction also
occur additionally to those in radical direction due to the curved surface
of circular solid sections typically used for tension members. Thus, for a
mechanically loaded tension member with circular solid section, the
intumescent coating requires a three-directional expansion in radial
direction as well as in circumferential and longitudinal directions of the
section. This places particularly high demands on the performance of the
intumescent coating on mechanically loaded circular solid tension
members, which represent the most critical case compared to other
sectional profiles and loading conditions.

Another aspect to consider is that in contrast to beams, tension
members have no stress transfer capability within the cross-section.
Therefore, in the case of a fire, no additional load capacity reserves
can be activated. In addition, based on numerical calculations
comparing mechanically loaded beams and tension members of the
same I-profile and identical load utilisation [2,3,5], the results show that
at equal steel temperature, tension members have higher strains
compared to the bending tension zone of beams. Since the level of strain
affects the adhesion of the intumescent coating, this is a further evidence
of higher stresses in the intumescent coatings applied to steel tension
members compared to beams. Furthermore, not only hot-rolled steel is
used for tension members with solid section, but also cold-drawn steel.
Due to the manufacturing process, cold-drawn steel has different me-
chanical material properties than hot-rolled structural steel commonly
used for beam and column profiles. Information regarding the me-
chanical properties of cold-drawn steel at elevated temperature are
presented in [7,11].

To summarize, the results from fire tests of intumescent coatings on
steel beams with I-profile cannot be straightforwardly transferred to
steel tension members with circular solid sections. Moreover, a reliable
assessment concerning the fire resistance of intumescent coatings
applied to solid steel tension members requires mechanically loaded fire
tests. Fire tests on unloaded tension members can overestimate the
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Fig. 4. Transverse and longitudinal cracks and partial sliding of the intumescent coating at a mechanically loaded steel tension member.

thermal protection performance of the intumescent coatings due to
missing tensile load or resulting stress in the intumescent coating.
Therefore, they are not sufficient to evaluate critically the fire resistance
corresponding to the actual loading situation in the building construc-
tions. Mechanically loaded fire tests, on the other hand, are able to
consider appropriately the most critical case. Thus, they are necessary
for an accurate assessment of the fire resistance of intumescent coatings
in practice.

2.2. Failure mechanisms of intumescent coatings

From fire tests on steel beams and columns with intumescent coating,
it is known that cracks in the intumescent coating can occur due to the
foaming process for both unloaded and mechanically loaded steel
members. The progression of the cracks, their length, width as well as
depth vary and generally cannot be predicted. At areas with cracks, the
thermal protection of the intumescent coating is reduced. Thus, the
temperature of the steel increases and results in an earlier failure of the
steel member. For steel tension members with circular solid section,
possible failure mechanisms of foamed intumescent coating are shown
in Fig. 2. Considering horizontally oriented tension members, a

broadening of longitudinal cracks on top of a circular solid member can
lead the intumescent coating to slide down. For vertically oriented
tension members, sliding can occur downward due to the self-weight of
the intumescent coating (see Fig. 2). This phenomenon is critical
because it results in relatively large unprotected areas. As a conse-
quence, there can be a rapid heating and an early loss of the load-bearing
capacity of the tension members.

3. Experimental study
3.1. Specimens and test programme

The fire tests of steel tension members with intumescent coating
were carried out in real-scale. The test programme was designed to
assess the different factors that influence the behaviour of the intu-
mescent coating specifically, i.e. the profile geometry and orientation of
the tension member, dry film thickness (DFT) of the intumescent coating
and the tensile stress level in terms of the load utilisation factor in case of
fire (pg).

Concerning the profile geometry, as slender profiles are generally
used for tension members, among that circular sections represent the



D. Hapler and S. Hothan

Fire Safety Journal 131 (2022) 103605

Fig. 5. Comparison of the foaming behaviour and crack formation of the intumescent coating of unloaded (left) and mechanically loaded steel tension members
(right); the crack pattern is highlighted by light blue lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 6. Foaming process of the intumescent coating during the fire test of a mechanically loaded steel tension member.

most critical cases compared to other sections, circular solid sections
with a diameter of 20 and 30 mm (D20 and D30) were used in the fire
tests. In addition, to investigate the influence of larger bar diameters
without exceeding the maximum allowable tensile force of the test fa-
cility, circular hollow sections (CHS) with a diameter of 60 mm (D60)
and a wall thickness of 8.8 mm, whose section factor is the same as that
of the CSS D30, were tested. For all specimens, steel grade S355 was
used. The solid profiles were made of extruded cold-drawn steel, the
hollow profile of seamless finished hot-rolled steel. The geometrical and
mechanical properties of the steel specimens are provided in Table 1.
The section factor is equal Ap,,/V, where Ay, is the surface area of the steel
section exposed to fire per unit length and V is the sectional volume per
unit length. The steel members with the same profiles were taken from
the same batch and therefore have identical material properties. The
steel strength was determined by small-scale material tests. The first
strength value in Table 1 refers to the offset yield point of 0.2%-proof
stress (fp0.2) and the second value to the tensile strength (f,). To ensure a
good adhesion between the steel members and the intumescent coating,
a surface preparation grade SA 2! according to DIN EN ISO 8501-1 [12]
was created for the specimens by sandblasting. Regarding the member
orientation, the fire tests were performed in most cases for horizontally
oriented tension members. To identify the effect of the orientation of the
tension members on the performance of the intumescent coating,
generally two unloaded vertically oriented specimens of each test series
were tested.

For comparability reasons, all fire tests were carried out with the
same intumescent coating that is a water-based conventional product
with a valid European technical assessment [13]. The use of this product
is to fire protect various sizes of structural steel ‘H’ and ‘I’ beams and
columns as well as rectangular hollow sectioned columns for a fire
resistance classification of up to R120. The system consists of a primer
and an intumescent layer. A topcoat was omitted in the fire tests. Since
the principle of the behaviour of intumescent coatings under fire is not
dependent on the particular product used, the findings obtained from
the performed fire tests are of general nature.

For the examination of the effect of the DFT on the performance of
the intumescent coating, two different thicknesses were applied to all
specimens, i.e. 2.5 and 3.5 mm. In addition, for the specimens with CSS
D20, coating thicknesses of 1.5, 3.0 and 4.5 mm were analysed.

Table 2 gives an overview of the test programme. The test series (TS)
were designed to combine specimens with the same DFT in one group.
To take into account the critical cases, the test programme was specified
to consist of mainly mechanically loaded fire tests. In total, 42 me-
chanically loaded and 26 unloaded steel tension members with intu-
mescent coating were tested. The load utilisation factor in case of fire of
the mechanically loaded tension members pg was varied from 0.15 (low
capacity) to 0.65 (full capacity, i.e. full utilised tension member under
normal design temperature) at an interval of 0.1. Beside the amount of
the applied tensile load, the influence of the timing of the applied load
was considered. In general, the tensile load can be applied before or after
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the application of the intumescent coating on the members. The latter
case is considered more critical because the application of the tensile
load can result in the formation of micro-cracks in the already hardened
intumescent coating, which could have a negative effect on the perfor-
mance of the intumescent coating. To examine the more critical testing
condition for the intumescent coating, the tension members were first
coated with the intumescent coating, i.e. factory coating, and the me-
chanical tensile load was applied after curing.
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3.2. Setup and execution of the fire tests

A three-dimensional model of the furnace showing the installed
mechanically loaded and unloaded steel tension members is presented in
Fig. 3. Thermocouples (TC) were used to measure the steel temperature
of the specimens as well as the gas temperature in the furnace during the
fire tests. The setup of the tension members in the actual testing furnace
and the position of the furnace plate thermocouples (FTC) to measure
the gas temperature are described in [6-8]. In the fire tests, the flamed
length of the mechanically loaded tension members was approximately
1 m. The ISO 834 standard temperature/fire curve [14] was applied.

3.3. Results

3.3.1. Tension members with CSS D20 (“TS a” to “TS c¢”)

About 2 minutes after the start of the fire tests, the intumescent
coating started to foam. The surface of the intumescent coating turned
black and bubbles developed. The blackening resulted from the carbon
that was released during the foaming process. Because of the large
volume expansion and the increase of the circumference, cracks were
formed in the intumescent coating in longitudinal and transverse di-
rections of the tension members (see Fig. 4). For specimens with high
DFT, crack healing abilities of the intumescent coating could be acti-
vated. Thus, cracks could be partly closed-up by after-foaming of not yet
fully reacted coating material. In the absence of this crack healing
ability, a widening of cracks could be observed. Consequently, the
thermal protection of the intumescent coating was reduced in the
cracked areas and the steel temperature increased rapidly. In general,
mechanically loaded tension members showed a more intensive
cracking than unloaded specimens (see Fig. 5).

The crack formation and crack healing were confined to the foaming
process of the intumescent coating. Due to longitudinal cracks at the top
of horizontally oriented mechanically loaded specimens in some fire
tests, the intumescent coating slid down (see Fig. 5). In such areas, the
specimens were nearly unprotected, which resulted in a rapid rise of the
steel temperature and a premature failure of the mechanically loaded
specimens. It was observed that the intumescent coating slid down only
at mechanically loaded tension members, in comparison to unloaded
ones. Especially at the mechanically loaded specimens of the test series
“TS a” with a small bar diameter of 20 mm and a comparatively small
DFT of 1.5 mm, the intumescent coating slid down often. The risk that
the intumescent coating slides down relates to the DFT, the crack
healing ability of the intumescent coating and the profile geometry of
the bar as well as the tensile stress level. The theoretical failure mech-
anisms of the intumescent coating (see Fig. 2) were in agreement with
the performed fire tests. Depending on the profile geometry and the DFT,
the largest expansion of the foaming was reached after about 10-20
minutes of fire duration. Thereafter, the surface of the foamed intu-
mescent coating began to ash and turn white. New carbon-rich com-
pounds were not formed and the foaming process ended. The white
crust-like surface of the intumescent coating changed its appearance
during the further duration of the fire test insignificantly. The foaming
behaviour of the intumescent coating during the fire duration is shown

Fig. 8. Foaming behaviour of the intumescent coating on mechanically loaded steel tension members.
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Fig. 9. Bottom view of the mechanically loaded and unloaded tension members tested in horizontal orientation showing the longitudinal cracks (CHS D60; DFT =

2.5 mm).

Table 3

Increase in the fire duration [min] until the rupture of the mechanically loaded tension members by increasing the bar diameter from 20 to 30 mm (pg: load utilisation

factor; DFT: dry film thickness).

pe [-] 0.15 0.25 0.35 0.45 0.55 0.65 Average value
DFT 2.5 mm +19.3 +15.8 +16.2 +15.3* +14.8 +13.1 +15.7 min
3.5 mm +26.4 +22.0 +21.1 +19.8 +18.2 +18.1 +20.9 min

* The CSS D30 was tested with a reduced load utilisation factor of pg = 0.42.

The time is calculated based on the time value of CSS D30 minus the time value of CSS D20.

Table 4

Reduction in the heating rate of the steel [K/min] of the mechanically loaded
tension members by increasing the bar diameter from 20 to 30 mm (pg: load
utilisation factor; DFT: dry film thickness).

e [-] 0.15 0.25 0.35 0.45 0.55 0.65 Average
value
DFT 25 -55 -58 -69 -62 -61 -70 —6.3K/min
mm
3.5 -74 -60 -73 -74 -96 -7.6 —7.5K/min
mm

* The CSS D30 was tested with a reduced load utilisation factor of pg = 0.42.
The value is calculated based on the value of CSS D30 minus the value of the CSS
D20.

The heating rate of each specimen is calculated for temperatures ranging be-
tween 350 and 550 °C, which corresponds to the foamed condition of the
intumescent coating.

in Fig. 6.

The rupture of the tested mechanically loaded tension members was
usually indicated by several transverse cracks in the foamed intumescent
coating and occurred at the location of the maximum steel temperature.
Therefore, the assessment of the fire tests always refers to the maximum
measured steel temperature of the tension member. Because of the large
strains and longitudinal deformations that occurred near the time of
rupture of the tension member, the crack width in the intumescent
coating increased. Based on the location of the transverse cracks and the
measured maximum steel temperature, the position of the rupture can
be predicted relatively well. Depending on the load utilisation factor, the
DFT and foaming behaviour of the intumescent coating, the mechani-
cally loaded tension members failed approximately after 21 to 46 mi-
nutes. An example of the foaming behaviour of the intumescent coating
is presented in Fig. 7 and Fig. 8. Because of the impact at the rupture of
the loaded specimen, the intumescent coating partially fell apart from
the steel.

3.3.2. Tension members with CSS D30 (“TS d” and “TS e”)
The specimens CSS D30 showed a similar behaviour compared to CSS

30
— CSS D20 (p;=0.45)
£, | —DFT=15mm
E — DFT=2.5mm
= — DFT=3.0mm
20 -
E — DFT=3.5mm
< — DFT=4.5mm
© 15 -
S
<
=
g 10
£
g
5 s
=]
-
0 1 T T T T T T T T

0 5 10 15 20 25 30 35 40 45
Fire duration [min]

Fig. 10. Influence of the dry film thickness on longitudinal bar deformation
and time until the rupture of the mechanically loaded tension members with
CSS D20.

D20. The increased diameter of the specimens allowed a more uniform
foaming behaviour and better crack healing abilities of the intumescent
coating. Cracks in longitudinal and transverse direction also occurred in
the intumescent coating, but usually they could be closed due to the
after-foaming effect of the coating material. In addition, because lon-
gitudinal cracks mainly occur at the bottom of the rods, the intumescent
coating did not slide down. In general, mechanically loaded tension
members showed a more intensive cracking formation than unloaded
specimens. The rupture of the mechanically loaded specimens occurred
between 42 and 72 minutes. The foaming behaviour of the intumescent
coating is exemplary presented in Fig. 8.
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3.3.3. Tension members with CHS D60 (“TS f” and “TS g”)

The foaming behaviour and crack formation of the intumescent
coating on tension members with CHS D60 was observed similarly to
that on the circular solid sections (CSS). Other than expected, the bigger
diameter and the resulting lower surface curvature of the circular hollow
section did not reduce the cracking formation. In some cases, the
cracking in the intumescent coating was even increased. It should be
noted that this observation was based on a comparison of two different
section types, i.e. CSS and CHS. Moreover, relatively wide longitudinal
cracks also occurred at the bottom of the specimens. To exclude the
effect of the thermocouples that are located at the bottom of the tension
member to the cracking formation, the thermocouples were installed at
the top of some specimens. Fig. 9 presents the longitudinal cracks at the
bottom of the specimens. Some mechanically loaded tension members
also experienced the phenomenon that the intumescent coating slid
down. Even though the tension members with CHS D60 have the same
section factor and DFT as the specimens with CSS D30, the measured
maximum steel temperature curves of the mechanically loaded CHS D60
showed significantly stronger scattering between the individual tests.
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The mechanically loaded tension members failed after about 37 to 90
minutes. A cross-sectional view of a specimen with CHS D60 after the
fire tests is presented in Fig. 8.

3.4. Factors affecting the performance of the intumescent coating

The cracking and foaming behaviour, the thermal protection per-
formance of the intumescent coating, the time until rupture as well as
the heating rate of the tension members were analysed based on the fire
tests. The most important factors affecting the behaviour of the intu-
mescent coating and the tension members were investigated. These
factors are identified as the profile geometry, the DFT of the intumescent
coating, the level of tensile stress resulted from applied tensile load and
the orientation direction of the tension member. The influence of each
factor is discussed next.

3.4.1. Influence of the profile geometry

The influence of the profile geometry was analysed based on the
mechanically loaded specimens with circular solid sections (CSS D20
and CSS D30). For this profile type, the section factor (Ap,/V), which is
commonly used in fire engineering, depends only on the bar diameter.
The CSS D20 has a section factor of 200 m ™", while the CSS D30 has a
section factor of 133 m™!. An increase of the bar diameter decreases the
section factor. Because of the direct correlation between the section
factor and bar diameter, only the bar diameter had to be considered. The
effect of the bar diameter can be evaluated based on the fire duration
until rupture of the tension member as well as the heating rate of the
steel and the cracking and foaming behaviour of the intumescent
coating.

An increase of the bar diameter from 20 to 30 mm results in higher
fire durations until the rupture of the mechanically loaded tension
members occurs (see Table 3). Depending on the load utilisation factor
in case of fire and the applied DFT, the time until rupture could be
increased by approximately 13 to 26 minutes. In addition, by an increase
of the bar diameter, the heating rate of the steel could be reduced by
approximately 5.5 to 9.6 K/min (see Table 4). An influence of the bar
diameter on the foaming behaviour and crack formation of the intu-
mescent coating can also be observed by the fire tests (see Fig. 5). In
general, the tension members with CSS D30 showed a more uniform
foaming of the intumescent coating in longitudinal and circumferential
directions than the specimens with CSS D20. However, the foaming
thickness depends mainly on the applied DFT of the intumescent coating
rather than on the bar diameter. The increase of the bar diameter im-
proves the crack healing ability of the intumescent coating so that the
thermal protection of the intumescent coating can be maintained.

3.4.2. Influence of the dry film thickness

The influence of the dry film thickness (DFT) was examined based on
the mechanically loaded tension members with CSS D20 and a load
utilisation factor in case of fire of pg = 0.45. The DFT varied from 1.5 to
4.5 mm. In Fig. 10, the rupture of the loaded tension members is char-
acterised by high deformation values and the almost vertical course. In
Fig. 11, the rupture time is equal to the end of the temperature mea-
surement. Both figures show that an increase of the DFT of the intu-
mescent coating increases the fire duration until the rupture of the
mechanically loaded tension members occurs. This results from the
improved thermal protection of the intumescent coating that increases
with higher DFT. Thus, the heating rate of the steel can be reduced and
its strength can be maintained for a longer time. Because all analysed
loaded tension members have the same load utilisation in case of fire,
the DFT has no effect on the maximum steel temperature at the rupture
time (see Fig. 14). Except for the specimen with a DFT of 4,5 mm, where
the location of the temperature measurement and the rupture is
different, the temperature at rupture was about 615 °C.

To assess the influence of the DFT, the time to reach a maximum steel
temperature of 550 °C was determined for all mechanically loaded
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Fig. 13. Comparison of mechanically loaded and unloaded tension members tested in horizontal orientation.

tension members with CSS D20 (see Fig. 12). This reference temperature
almost corresponds to the rupture temperature of a fully utilised tension
member (pg = 0.65). In general, the time to reach a temperature of
550 °C increases with higher DFT. However, the increase in time is
getting smaller with increasing DFT. Consequently, the improvement of
the thermal protection of the intumescent coating by increasing the DFT
is limited. The gain in time develops under-proportional to the increase
of DFT.

Because of the different cracking and foaming behaviour of the
intumescent coating within a test series (TS), time differences to reach
the reference temperature occurred. The relatively large time difference
in “TS a” resulted from longitudinal cracks on top of some specimens,
where the intumescent coating began to slide down partially. An in-
crease of the DFT improved the crack healing ability and results in a
more uniform foaming of the intumescent coating. Thus, the time dif-
ferences within a test series could be reduced. For example, in “TS a”, the
difference between the minimum and maximum time to reach the
reference temperature of 550 °C was about 7 minutes; in “TS b” it
reduced to 2 minutes and in “TS ¢”, it was only 1 minute. The described
statements on the influence of the DFT can be also applied to other steel
temperatures.

3.4.3. Influence of the load utilisation level

To investigate the influence of the tensile stress on the temperature
development in each test series, two fire tests with a simultaneously
tested mechanically loaded and unloaded tension member were carried
out. All specimens were horizontally installed in the furnace. Except the
member length, the corresponding number of attached thermocouples
and the applied tensile load to both specimens are identical. To mini-
mize shadowing effects, the two specimens were positioned with a
certain distance to each other, i.e. 250 mm in horizontal and vertical
direction (see Fig. 3). This complies with the requirements of the

regulations given in DIN EN 1363-1 [15].

Fig. 13 presents a comparison of a mechanically loaded tension
member and an unloaded one before and after the fire tests as well as the
measured steel temperatures along the member axis. Both specimens
have a circular solid section (CSS) with a diameter of 20 mm. An intu-
mescent coating with a DFT of 2.5 mm was applied. The mechanically
loaded tension member has a load utilisation factor in case of fire of pg
= 0.55. The measured steel temperatures along the member axis are
given in a time interval of 3 minutes. The rupture of the loaded specimen
occurred near mid-span after about 30 minutes. The maximum steel
temperature at the position of failure was about 570 °C. At the same
point of time, the temperature of the simultaneously tested unloaded
specimen was approximately 50 °C less than that of the loaded spec-
imen, i.e. 520 °C. This confirms that the testing of mechanically loaded
tension member places particularly higher demands on the performance
of the intumescent coating compared to unloaded fire tests.

Due to the relatively close distance between the thermocouples, i.e.
150 mm, local temperature differences along the member axis could be
detected. These temperature differences could be resulted from different
foam thicknesses and cracks in the intumescent coating as well as from
shadow effects near the furnace walls and local fluctuations of the gas
temperature in the furnace. The evaluation of the measured steel tem-
peratures in Fig. 13 shows that the temperature near the furnace walls
was reduced due to edge effects. However, from about 150 mm to the
furnace wall, these effects were largely diminished. In the centre of the
furnace, an approximately 500 mm long undisturbed bar area with an
almost constant steel temperature was present. Thus, the selected
flamed length of the mechanically loaded and unloaded tension mem-
bers was sufficient.

A comparison of the measured maximum steel temperature for each
test series is shown in Fig. 14. For each test series, the pair of a me-
chanically loaded specimen and an unloaded one with the highest
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temperature difference was selected. Because of the identical profile
geometry and DFT of the intumescent coating, the maximum steel
temperature-fire duration curves were principally similar for the pair of
loaded and unloaded tension members. For the mechanically loaded
tension members, the end of the temperature measurement corresponds
to the time of rupture of the specimen. In general, the thermal protective
effect of the intumescent coating and thus a slower heating of the steel
could be obtained by increasing the DFT or the cross-section of the
tension member. Based on the results shown in Fig. 14, mechanically
loaded tension members have higher maximum steel temperatures than
unloaded specimens. This resulted from the increased tendency of
cracking in the intumescent coating due to the applied load and corre-
sponding tensile stress. Consequently, the thermal protective effect of
the intumescent coating was reduced and the heating rate of the steel
was increased. Furthermore, for mechanically loaded tension members,
the intumescent coating slid down partially during the fire test, which
resulted in nearly unprotected areas of the steel with a fast increase of
the steel temperature.

3.4.4. Influence of the tension member orientation

Based on fire tests of unloaded tension members with circular solid
sections installed in horizontal direction (see Fig. 3) and vertical posi-
tion (see Fig. 15), the influence of the member orientation on the
behaviour of the intumescent coating was analysed. The results of the
measured maximum steel temperature are given in Table 5. In the fire
tests, the tension members in vertical direction heated up faster than
those installed in horizontal position. Due to the different orientation of
the specimens, a difference in the steel temperature occurred already
after about 15 minutes. The reason for the fast heating of the vertically
installed unloaded tension members were intensive longitudinal cracks
and an uneven distribution of the foamed intumescent coating over the
cross-section (see Fig. 15). The longitudinal cracks normally ran over the
entire length of the bar and reached the surface of the steel. Because of
these cracks, the thermal protection of the intumescent coating was
significantly reduced. The unloaded tension members that were tested in
horizontal orientation also showed longitudinal cracks in the foam.
However, these cracks were usually at the bottom of the specimens and
could be closed during the foaming process by the crack healing ability
of the intumescent coating.

For some vertically tested specimens, the intumescent coating slid
down in longitudinal direction, particularly at the upper end of the
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Table 5

Comparison of the measured steel temperatures between the unloaded tension members tested in horizontal and vertical orientation.
Fire duration 15 min 30 min 45 min
Designation CSS D20 CSS D30 CSS D20 CSS D30 CSS D20 CSS D30
Test series TS a TS b TS ¢ TS d TS e* TS a TS b TS c TS d TS e* TS a TS b TS ¢ TS d TS e*
DFT [mm] 1.5 2.5 3.5 2.5 3.5 1.5 2.5 3.5 2.5 3.5 1.5 2.5 3.5 2.5 3.5
Ohorizontal [°Cl 368 295 238 241 203 651 541 463 418 357 - 742 694 601 549
Overtical [°Cl 465 329 246 275 - 754 617 482 470 - - - 712 652 -
AByertical-horizontal 97 34 8 34 - 103 76 19 52 - - - 18 51 -

* Only specimens in horizontal orientation were tested.

The values are based on the measured maximum steel temperature of the tension members.
Base value for the temperature difference (A0) of each test series is the specimen tested in vertical orientation.

specimens (see Fig. 15). For these areas, an increase of the steel tem-
perature was expected. Since the distance between the end of the bar
and the attached thermocouples was about 225 mm, the temperature
measurement was not affected. The behaviour that the intumescent
coating slides down due to its self-weight is known from fire tests for
columns protected with intumescent coating.

The temperature difference between the horizontally and vertically
oriented unloaded tension members with circular solid section in
Table 5 shows that with increasing fire duration, the temperature dif-
ference also increased. This resulted from the differences in the heating
rates of the steel, which are a measure of the thermal protection per-
formance of the intumescent coating. In general, tension members in
vertical orientation have higher heating rates than specimens tested in
horizontal direction. By an increase of the DFT of the intumescent
coating or higher bar diameters, the differences in the steel temperature
and heating rates between the horizontally and vertically oriented ten-
sion members could be reduced. This is due to the better crack healing
ability and the decreasing cracking risk of the intumescent coating.

Based on the results of the fire tests, the orientation of the tension
member affects the thermal protection of the intumescent coating. A
direct transfer of the temperature data between tension members with
horizontal and vertical orientation is therefore not recommended.
Hence, the scope of application of the intumescent coating has to be
identical to the orientation of the tested tension member. Due to the
limited number of tested specimens, further investigation on this topic is
necessary.

4. Conclusions and perspective

The fire tests show that intumescent coatings can be applied to steel
tension members with circular solid section to improve their fire resis-
tance. Because of relatively slender cross-sections that are typically used
for tension members and the missing stress transfer capability, high
demands are placed on the performance and reliability of the intumes-
cent coatings. Due to the lack of a scientifically sound basis, a direct
comparison between the bending tension zone of a mechanically loaded
steel beam with I-profile and a loaded tension member with circular
solid section is not possible.

In the numerous fire tests carried out at BAM, the cracking, crack
healing and foaming behaviour of the intumescent coating as well as the
heating and the maximum steel temperatures of the tension members
were analysed. Particularly, cracks in longitudinal direction of the ten-
sion members, together with the phenomenon that the intumescent
coating slides down, reduced significantly the thermal protection of the
coating. By applying a sufficiently high dry film thickness (DFT), crack
healing effects can be activated. Thus, cracks that arise during the
foaming process can be closed and the thermal protection of the intu-
mescent coating can be maintained.

The assessment of the fire tests shows that the profile geometry, the
DFT, the tensile stress level and the orientation direction of the tension
member have a significant influence on the thermal protection of the
intumescent coating. In addition, these factors interact with one another
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[7,8]. Generally, the fire resistance of the tension members can be
improved by an increase of the bar diameter, a reduction of the section
factor, an increase in the DFT of the intumescent coating or a lowering of
the tensile stress level, i.e. load utilisation factor in case of fire. In the fire
tests, the horizontally oriented unloaded tension members showed a
better thermal protection of the intumescent coating compared to the
specimens tested in vertical orientation. Due to the limited number of
tested specimens, the generality of this statement has to be verified by
further investigation.

Based on the results of the fire tests and theoretical considerations, it
is evidenced that the necessary three-dimensional foaming direction of
the intumescent coating applied to members with circular solid sections
subjected to tension results in the highest stress level in the coating in
comparison to unloaded members or loaded members of other types of
cross-sections. Therefore, to analyse and assess the fire resistance of
intumescent coatings, fire tests of mechanically loaded tension members
are necessary.

Recommendations on the implementation of fire tests for intumes-
cent coatings applied to mechanically loaded and unloaded tension
members are described in [6,7,15]. Based on this research, the German
building authority, i.e. DIBt, has defined the national safety level and
extended the national approval principles for intumescent coatings
applied to steel tension members with solid sections. A summary of the
current regulations in Germany for the application of intumescent
coatings on steel tension members is described in [16,17], in which
mechanically loaded tests are mandatory. The German mirror commit-
tee for standardization has prepared a proposal for the testing and
assessment of intumescent coatings applied to steel tension members
with solid sections [18]. Based on this proposed testing procedure, an
intumescent coating has firstly obtained a national approval in Germany
for the application on steel tension members with circular solid and
hollow sections [19]. In addition, a proposal for a European testing
standard of intumescent coatings applied to steel tension members with
solid section is currently developed as part of an ongoing research
project at BAM [20]. In this project, the influence of different member
orientations on the thermal performance of the intumescent coating is
investigated, as well as the transferability of the results from members
with circular solid section to those with rectangular or square solid
sections is evaluated. Findings regarding the behaviour of intumescent
coatings on the associated connecting components of tension rod sys-
tems can be found in [10,21,22].
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