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ABSTRACT

Demountable shear connectors are a key component of reusable structural systems. The
intention behind the development of these systems is substituting, or at least providing a valid
alternative to the widely utilized beam-to-slab connection via shear studs, which are welded to
the flange of the steel profile and embedded in the concrete slab, therefore eliminating the
possibility for the slabs to be reused in a new structure. To ensure that these demountable
connectors are a valid option in practice, it is necessary to analyse them under different actions,
including the fire situation. This is the primary purpose of the experimental campaign presented
in this investigation, where a series of push-out tests at elevated temperatures are performed to
extend the previously available results at ambient temperature, as a response for the need of
characterization of the behaviour of the proposed demountable shear connectors in the fire
situation, thus facilitating their applicability in the construction sector. This study shows how
temperature affects the shear resistance of the connectors, their ductility, and the slip resistance.
The available design provisions in EN 1993-1-8 and the reduction factors in Annex D of EN
1993-1-2 for bolts loaded in shear are tentatively applied to high temperatures, as a way to
assess their validity for fire design.

Keywords: Reusable systems, push-out tests, circular economy, fire resistance, shear

connectors
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1 INTRODUCTION

The demand for sustainable building solutions that minimize the associated carbon
footprint is increasing in recent times. One of the main concerns related to traditional building
systems is their lack of reusability, turning most of their components into waste once the
structure is demolished and presenting high greenhouse gas emissions during the phases of their
life cycle. A big goal for the construction industry, considering how much of an impact it
generates on the environment, is to move from a linear economy model to a circular economy
model, where the lifecycle of materials is extended and the reusability of the structural
components is an inherent feature of the building.

The first investigations on demountable bolted shear connectors were conducted by
Dallam [1] and Marshall et al. [2] almost five decades ago. However, the research on
demountable shear connections is still very limited compared to welded studs in the past
decades. Dedic and Klaiber [3], Sedlacek et al. [4], Pavlovi¢ [5,6], Dai et al. [7], Rehman et al.
[8] and Wang et al. [9] investigated encased studs or bolts that were placed in pre-drilled holes
of the steel flange before concrete casting. Kwon et al. [10] studied the strengthening
possibilities of existing non-composite steel girder bridges with post-installed shear connectors.

Through bolts that were used in combination with prefabricated deck elements were
investigated by Chen et al. [11] and Lee and Bradford [12]. More recently, Suwaed and
Karavasilis [13] developed a demountable shear connection with through bolts, where the bolt
clearance was grouted after installation. Feidaki and VVasdravellis [14] conducted push-out tests
on demountable shear connectors that used a steel-yielding mechanism provided by a steel
section with slotted holes. Blind bolts were investigated by Ban et al. [15], Pathirana et al. [16]
and Uy et al. [17].

Although the previously studied solutions facilitate the demounting process, they provide

different levels of reusability. For example, the embedded bolts and studs are not replaceable.
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When dismantled, they stand out of the concrete. This makes the threads vulnerable during

transportation. If thread damage occurs, the reuse potential of the slab element is lost. On the
other hand, in the case of through bolts, it is sufficient to replace the bolts to maintain the
reusability of the slab and thus lengthen the service life of the system.

The project REDUCE [18], carried out at the University of Luxembourg and funded by
the “Research Fund for Coal and Steel” of the European Commission, examined two types of
demountable shear connection solutions to develop reusable and modularized flooring systems
for concrete floor slabs with down-stand beams. The outcomes of the referred project, supported
by the PhD dissertation from Kozma [19], demonstrated the functionality and reuse capacity of
the proposed connection systems. The first system was the so-called ‘Cylinder System’,
denoted as ‘P3.1’ (Fig. 1a). The second one was named ‘Coupler System’, designated as ‘P15.1’

(Fig. 1b).

a) / sams D)

S$355

Fig. 1. a) ‘Cylinder system’ (P3.1) and b) ‘Coupler system’ (P15.1) configurations.

Even though these systems were mechanically analysed by performing push-out tests at
ambient temperature [20], they have not been tested under the combined action of mechanical
load and elevated temperatures simultaneously. That is the starting point of the research project
FIREDUCE, which is currently underway at ICITECH, Universitat Politécnica de Valéncia,

Spain — the first outcomes being presented in this paper —. This project aims to provide results
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that allow for a precise understanding of the behaviour and failure mechanism of these systems

in a fire situation. The same types of demountable shear connectors as those previously studied
at the University of Luxembourg [18] are studied in this new project, with the focus on their
fire behaviour, an aspect that has not been addressed yet, being much needed for fully
characterizing these types of connectors before their introduction into the market.

It is worth mentioning that, although studies on the fire behaviour of demountable shear
connectors have not been carried out to date, the effect of temperature was previously studied
for the more common system of welded shear studs. Yasuda et al. [21] performed an
experimental study on the shear strength of shear studs at elevated temperatures for composite
beams, considering different types of slabs (reinforced concrete slab and concrete slab with
profiled steel deck). Chen et al. [22] studied the performance of shear connectors in composite
beams at high temperature, utilizing slabs with profiled sheeting, also performing a
complementary numerical analysis and a parametric study.

As it is the case with any other structural systems, providing a framework that establishes
the performance in case of fire of the proposed demountable solutions for the future
development of practical design recommendations that guarantee the accomplishment of the
safety regulations is a concern that must be addressed.

To give more insight into this question, this paper presents the results of an experimental
campaign of elevated temperature push-out tests on the proposed type of demountable shear

connectors.
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2 EXPERIMENTAL CAMPAIGN

2.1 Preparation of specimens

The experimental campaign presented in this work is focused on analyzing the behaviour
at elevated temperatures of the demountable shear connectors introduced in the previous
section, by combining the standard push-out tests protocol with the heating of the test specimens
to certain target temperatures. This section provides a detailed description of each connection
system tested.

The dimensions of the different components used at each of the connection systems
replicated those previously studied at the University of Luxembourg [18], as the aim of the
present investigation is to extend the characterization of the proposed demountable connection
systems to elevated temperatures.

The first system is known as ‘Cylinder system’, also denoted as ‘P3.1’, whose main
feature is a steel cylinder with a through bolt, see Fig. 1a). The components of this system are
the following: an HEB 260 profile with S355 steel grade, an L 75x75x5 mm S355 steel profile,
a steel tube CHS 33.7x4x90 mm S355 for materializing the cylinder, pre-tensioned M20
through bolts with a grade 8.8, steel washer plates 37x2 mm, hexagonal nuts with a thickness
of 15 mm and an S355 steel plate on top of the cylinder with dimensions 85x85x5 mm. The
system is connected to two portions of a reinforced concrete slab.

The second system is known as the “Coupler system”, also referred to as ‘P15.1’, see Fig.
1b). The system is composed by a coupler, with a steel grade 10.9, welded to an L 75x75x5
mm S355 steel profile. Two M20 grade 8.8 bolts are connected to the coupler. Both the upper
bolt and coupler remain embedded in the concrete. The lower bolt is the one responsible for
materializing the demountable connection between the concrete slab and the HEB 260 beam.
The washer plates and the nuts utilized in this system are the same as those utilized for the P3.1

system. The purpose of using a coupler with a higher steel grade than the one being used for
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the bolts is to force the connection to fail because of the failure of the replaceable element of

the system, which is the lower bolt, instead of by failure of any part that belongs to the slab,
which would lead to the loss of its reusability. Both systems share this design concept.

The specimens for the push-out tests consisted of an HEB 260 steel profile of 900 mm
length to which four solid concrete slab portions of 150 mm depth were attached through the
described demountable connectors, see Fig. 2a). A test specimen ready for being inserted into

the testing rig is shown in Fig. 2b).

Lateral view Cut A-A'
a)

HEB profile—

Concrete slab—

Top view

o
0|

260
560

150

Units: mm

b)

Fig. 2. Push-out test specimens: a) schematic views and a
ready for testing.

RS,

nnotated dimensions; b) specimen
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The length of the concrete slab portions was the same of the HEB profile (900 mm), but

the slab portions were attached to the steel profile flanges with a vertical offset of 65 cm, so
that the load could be applied only to the top end of the steel profile. The push-out tests
configuration was double-mounted, in a way that the connection between the steel profile and
the concrete slabs was materialized on each flange (two bolts per flange). Also, two levels of
connectors were disposed along the length of the specimen, with a distance of 333 mm between
them. In total, eight connectors were used on each test.

The portions of reinforced concrete slabs connected to the HEB profile are common to
both systems. The reinforcement of the concrete slabs consists of two layers of ribbed bars of

28 mm grade B 500 S, see Fig. 3.

Cut A-A'

HEB profile

91 _ 55 44 55 55

/—Concrete slab

63, 65__65__65_ 55 43 56 88

Units: mm

Fig. 3. Reinforcement arrangement of the concrete slabs.

A custom formwork was used for the fabrication of the concrete slabs, see Fig. 4a). This
formwork allowed for the concrete pouring of 16 reinforced concrete slab portions
simultaneously, which could be used to generate four push-out test specimens at once. Some

details of the slab reinforcement for the cylinder system are shown in Fig. 4b).
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Fig. 4. Formwork (a) and details of the reinforcement (b, c) for the cylinder system before
concrete pouring.

2.2 Material tests

Coupon tests were performed for all the steel components of the connection system (HEB
profile, L-profile and bolts) to obtain the real yield strength and ultimate tensile strength values.
The results of these material tests are given in Table 1. Regarding the concrete of the slabs,
cube specimens with dimensions 150x150x150 mm were subjected to compression tests. The
mean value of the compressive cube strength for the concrete mix prepared for each system is

also presented in Table 1.

Table 1.  Material properties obtained from steel tensile coupon tests and concrete
compression tests

M20 bolts
HEB 260 L 75x75x5 (Grade 8.8)
Steel yield strength (fy) Nominal 355 355 640
2
(N/mm?) Measured 392,75 414 626
Steel ultimate tensile strength (fu) Nominal 510 510 800
2
(N/mm?) Measured  480,5 518 858
P3.1 P15.1
Concrete compressive cube strength (fc) 49 49 50 66
(N/mm?) ' '
© 2024 The Authors. This manuscript version is made available under the CC BY-NC-ND 4.0 license 8
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A dynamometric torque wrench was used to apply the desired pretension force to the
bolts. An isolated test materialized with the connector and a load cell attached to it was
performed to calibrate the tool for each of the connection systems. Fig. 5 shows the setup of the
isolated pretension test, while Table 2 provides the values of the applied torque and the effective

pretension force measured by the load cell.

a)

Fig. 5. Pretension test with load cell: a) cylinder syste (F;é.l); b) coupler system (P15.1).

Table 2.  Pretension tests results

System 1D Description Applied torque (N-m)  Applied pretension (kN)

P3.1 Cylinder system 496 142
P15.1 Coupler system 620 175

A comparison between the theoretical values of the pretension force and those obtained
experimentally from the isolated pretension tests was made. Equation (1) provides the
expression for the calculation of the pretension force of the bolts No, which is adapted from
Clause 3.6.1(2) in EN 1993-1-8 [23], to be used with the measured ultimate tensile strength (fuo
= 858 MPa for the 8.8 bolt, as given in Table 1), being Asthe area of the bolt, equal to 245 mm2.

No = 0,7 fup - As 1)

The torque corresponding to No is denoted as My, and it can be obtained by means of

equation (2). Parameter d is the diameter of the bolt, which is equal to 20 mm for M20 bolts.
M, =0,18-d - N, 2)
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The theoretical values of the pretension force arising from the presented equations are

137 kN for P3.1 system and 172 kN for P15.1 system. As can be seen, the difference of the
measured values with respect to the theoretical values was residual, guaranteeing that the

required pretension force was achieved.

2.3 Specimen instrumentation and test setup

The experimental campaign presented in this work was carried out at the testing facilities
of ICITECH, Universitat Politecnica de Valencia, Spain.

Each configuration (P3.1 and P15.1) was analysed under four different levels of
temperature, therefore a total of 8 tests were carried out. Three steady-state tests were carried
out at different high temperature levels (300 °C, 500 °C and 600 °C), plus one reference push-
out test at ambient temperature (20 °C) for each system. The reason behind the choice of these
temperature thresholds is that in a real fire situation on a building, it would be highly unexpected
that the connection system of the steel-concrete composite beam would reach temperatures
higher than 600°C, since it would be protected from the direct fire exposure.

The tests performed at 20 °C are considered as reference cases, allowing for an actual
understanding of the failure modes occurring in a situation where no previous damage or loss
in strength was experienced by any of the components of the specimens due to temperature,

retaining their full capacity.

2.3.1 Ambient temperature tests

The tests were conducted by means of a hydraulic jack with a load capacity of 5000 kN.
The applied force was continuously monitored during the tests through a load cell interposed
between the hydraulic jack and the top end of the specimen. A schematic view of the test setup
for the ambient temperature push-out tests can be seen in Fig. 6a), together with a front view in
Fig. 6b).
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a) LOAD b)

1 Hydraulic
/— jack

Spherical
bearing

p—

L
Hydraulic
jack

|

£

? —LVDT
a

Concrete
slab

Fig. 6. Setup for the ambient temperature push-out tests: a) schematic view; b) front view.

Four linear variable differential transducers (LVDTs) were installed for each test to obtain
more precise information on the displacement evolution, one LVDT for each bolts alignment.
The purpose of the LVDTSs was to measure the relative vertical displacement between the steel
profile and the slab elements, therefore obtaining the longitudinal slip experienced at the
connection between the two, materialized by means of the rows of bolts. This measure is a
required output for push-out tests by EN1994-1-1 [24]. The arrangement of LVDTs for each
test specimen can be seen in Fig. 7. Note that no horizontal L\VVDTs were installed, as it was not
possible to attach them to the inner parts of the test specimen in the elevated temperature tests

due to the high temperatures reached inside the furnace chamber.
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Lateral view Cut A-A'

LVDT LvDT

A
—

!

Top view

Fig. 7. LVDT arrangement.

A general view corresponding to push-out test P15.1-T20 at room temperature can be

seen in Fig. 8, before (a) and after failure (b).

!_J.(si © O RSN N
Fig. 8. Test P15.1-T20: a) specimen before test; b) specimen after failure.

2.3.2 Elevated temperature tests
The elevated temperature push-out tests were carried out at the same testing rig, equipped

with a hydraulic jack of 5000 kN capacity, to which a specifically designed electric furnace was

attached.

© 2024 The Authors. This manuscript version is made available under the CC BY-NC-ND 4.0 license 12
https://creativecommons.org/licenses/by-nc-nd/4.0/



Mansilla R, Espinds A, Odenbreit C, Paya-Zaforteza I, Romero ML. Characterization of the elevated temperature behaviour of
demountable shear connectors in steel-concrete composite beams through push-out tests. Structures 2024; 59: 105810. doi:
10.1016/j.istruc.2023.105810

It consisted of two ad-hoc manufactured frames of rectangular shape, each one containing
two ceramic heating panels of 400x400 mm? surface with inner electric resistances of 0.75 kW
power each. The heating panels were placed in upright position forming a closed chamber
between them and the slab portions of the test specimens, using fibre blanket as insulation where
required to avoid the heat loss.

A schematic view of the elevated temperature push-out test setup can be seen in Fig. 9a),
together view a front view in Fig. 9b), where the heating panels attached to the testing rig can

be seen. Fig. 9c) shows a detail of a heating panel assembled into the supporting frame.

a) LOAD b)
l Hydraulic Hydraulic jack
/ jack —
1 i

bearing Load cell ; Pr?]tggéive

A

HEB profile

At

Heating—/

panel

Concrete slab—

Cut A-A'

Heating—
panel

l—Heating Heating panels
panel

/i ‘ A S
Fig. 9. Setup for the elevated temperature push-out tests: a) schematic view; b) front view; c)
detail of a heating panel.
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The type of test performed was a thermo-mechanical steady-state test, where the

specimen was heated until a target temperature was reached at a defined control point (i.e. the
shear plane of the bolts). Once this target temperature was achieved, an increasing displacement
was applied to the top end of the HEB profile up to failure through the hydraulic jack. The
heating panels were programmed for every test performed with a target temperature at the
control point equivalent to that specified for the test (300, 500, 600°C).
The testing procedure for the thermo-mechanical tests followed the next sequence:
(1) The specimen was positioned under the hydraulic jack on a stable base that guaranteed
its proper support. A high strength mortar base was fabricated for each specimen to ensure
that the support base for the four concrete slabs was homogeneous. This is a requirement
established by Section B.2 of EN 1994-1-1 [24] for push-out tests. A protective hood was
installed between the test specimen and the load cell of the hydraulic jack to provide
thermal protection for the second.
(2) The heating panels were attached to the free sides of the specimen (parallel to the web
of the HEB profile) and fixed to it securely by a system of adjustable chains. This
configuration allowed for a significant exposure of the demountable shear connectors to
the heat source. The top and bottom ends of the test specimen were covered with mineral
wool to avoid temperature losses as much as possible.
(3) The heating panels were turned on and a target temperature was set up. The heating
of the specimen was continued for the needed period of time so as to reach the target
temperature at the established control points.
(4) Once the target temperature was reached, the loading of the specimen was started
through the hydraulic jack by imposing a displacement at its top end. The applied load

was increased until failure at the plane of the shear connectors occurred.
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The temperature evolution at the relevant points of the tested specimens along the

exposure time was measured using a set of K-type thermocouples. The total number of
thermocouples utilized was dependent on the system being analysed.

The thermocouple locations were conceived in a way that allowed for adequately
determining the temperature distribution of the components. For example, taking measurements
at three relevant positions along the bolts (shear plane, web and outer head) provides enough

information for their thermal characterization. The arrangement of thermocouples can be seen

in Fig. 10.
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Fig. 10. Thermocouple arrangement: a) P3.1 system; b) P15.1 system; c) codification of slab
elements.
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All the thermocouples were assigned an alphanumeric code, dependent on their location.

These codes are explained here, starting with system P3.1 (Fig. 10a), even though both systems
share almost the same notation. Thermocouples with code ‘Tbi’ were utilized to measure the
temperature evolution of the bolt at the shear plane, which is considered as the most relevant
point of measurement. If “Tbi’ is followed by a number 1°, it means that it is located at the top
bolt, while if it is followed by a ‘2’ it is at the lower bolt. The ‘code’ followed by a number rule
also applies to other thermocouples. ‘Tbe’ was located at the exterior head of the bolt, in the
contact between the top plate of the cylinder and the washer. ‘BC’ was used for control
thermocouples located at the bolt thread right after the nut. ‘“Tw’ was located at the weld of the
cylinder or the coupler with the L-profile. The number of ‘Tw’ thermocouples installed was
smaller than other measurement points since the installation of it was technically complicated
and laborious. ‘Tuf” was located at the contact between the HEB profile and the top of the
concrete slab, and only one of these was installed by test. ‘TIf” is the equivalent of ‘Tuf” at the
bottom of the HEB profile. ‘TA” was located at the middle of the web of the HEB profile, being
one on each face of the profile. ‘Ths’ is a thermocouple located in the concrete at the level of
the upper reinforcement layer, while “Thi’ is situated in the concrete at the level of the lower
reinforcement layer.

System P15.1 (Fig. 10b) shares the following thermocouples in common with system
P3.1: Tbi, Tw, Ths, Thi, TA, Tuf, TIf. For this system, ‘BC’ was eliminated, since the process
for the proper installation of the thermocouple in the head of the bolt was highly laborious. ‘Tci’
is specific for this system, and it is located at the contact between the thread of the bolt
embedded in the concrete and the top of the coupler. The number following the letter ‘P’ refers

to the slab element attached to the bolt (P1, P2, P3, P4), as indicated in Fig. 10c).
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3 EXPERIMENTAL RESULTS

3.1 Failure observations at the push-out tests

The behaviour observed at the push-out tests for the demountable shear connectors
studied in this experimental campaign was somewhat different from that observed in the case
of headed stud connectors, where typically concrete failure precedes bolt shear failure, as
reported at the DISCCO project [25]. In the investigations carried out by Pavlovi¢ [5,6] on
encased bolted shear connectors, it was also observed that concrete damage always
accompanied the bolt shear failure. This phenomenon was not observed, however, in the tests
carried out in the present investigation, given the large bearing surface of the cast-in cylinder
and of the mechanical coupler device, which prevented concrete cracking in the vicinity of the
shear connectors. Therefore, it is evidenced that the L-profile, the steel cylinder and the
mechanical coupler make the proposed systems robust while they help preserve the reusability
of the concrete slab elements, as already proved by Kozma [19] at room temperature.

In the room temperature push-out test carried out for the cylinder system (P3.1-T20), all
the bolts failed by shear, and they were easily demounted after the test. Some details of the

sheared bolts are shown in Fig. 11.

Fig. 11. Test P3.1-T20: a) bolts after shear failure; b) detail of the sheared section of one bolt.
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However, the failure observed at the elevated temperature push-out test series for the

same type of connection (cylinder system) was different. For test P3.1-T300 (300°C target
temperature), only two bolts (of the same concrete slab) experienced shear failure, which
happened in a brittle way. Fig. 12a) shows the tested specimen after failure, where it can be
clearly seen that the bolts in one side failed in shear, while the other two experienced a plastic
deformation without reaching the shear failure, Fig. 12b) . Fig. 12c¢) shows a detail of the section
of one of the bolts which failed at the sheared plane, where it is visible how the L profile

penetrated into the bolt thread.

,*“ -

Fig. 12. Test P3.1-T300: a) specimen after failure; b) upper row deformed bolt at the no-
sheared plane; ¢) upper row bolt after shear failure.

Tests P3.1-T500 and P3.1-T600 showed a significant decrease in terms of shear capacity
and failed at much lower loads as a consequence of the higher temperature thresholds reached,
where the properties of the steel were severely affected. It should be mentioned that in test P3.1-
T500 only one bolt of the lower row experienced shear failure, while the other bolts deformed
in a ductile manner and needed to be removed with a wrench after the test was finished. During
this test, the lower radiant panel of the side where the bolt failed was heating at a lower rate

than the other panels, leading to a situation where two bolts were less affected by temperature,
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thus conserving more rigidity and absorbing more force than the other bolts. For test P3.1-T600,

the complete shear failure of the bolts happened at a very late stage during the unloading phase,
as the bolts behaved in a very ductile manner, which might be the reason for the large
displacement observed.

In turn, for the coupler system push-out test series (P15.1), all bolts failed by shear on
every test. A decrease in shear capacity and an increase of the measured maximum displacement
occurred as a result of rising the target temperature, as a consequence of the material strength
reduction and the increased ductility. As previously explained, the connection was designed so
that the failure occurred exactly at the plane where the bolts connect the slab to the HEB profile.
This is what happened on every test of this series. Fig. 13a) shows the tested specimen after
failure, where it can be clearly seen that all the bolts in both sides failed in shear. A detail of

two sheared bolts at different rows can be seen in Fig. 13b-c).

Fig. 13. Test P15.1-T300: a) specimen after failure; b) and c) details of bolts after shear failure.
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3.2 Temperature evolution during the heating stage

The measured temperature-time curves at the different locations where the thermocouples

were installed are provided in Fig. 14.
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Fig. 14. Temperature evolution at the thermocouple locations for the elevated temperature
tests: P3.1 (left) and P15.1 (right).

As it can be seen in the presented graphs, thermocouples “Tbil” and “Tbi2” experienced

both the fastest temperature rise and the highest final temperature values reached for all tests

performed, as it was expected, considering that they were installed at the inner side of the

connection, with greater exposure to radiation from the heating panels.
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It was also evidenced that heat convection led to higher temperatures reached at the upper
row bolts (level 1) compared to those measured at the lower row bolts (level 2) in every test.
Thermocouples “Tbel” and “Tbe2” for the cylinder system reached much lower temperatures
(with temperatures about 100°C lower at the end of the fire exposure period), as they were
located at the unexposed side of the bolt (i.e. at the outer pocket). In the case of the coupler
system, the lowest temperatures were found at thermocouples “Tc1” and “Tc2”, located at the
coupler, which was embedded inside the concrete mass. For the slabs, significant temperature
differences were found between the measurements taken at the lower reinforcement layer (Thi)
and the upper reinforcement layer (Ths), which was due to the low conductivity of concrete.

By plotting the temperature gradient along the bolt for a particular fire exposure time, as
given in Fig. 15 for a selected bolt in the T500 series (located at the same position in the push-
out test arrangement for both connection systems), it can be observed that, the temperatures
decreased significantly along the longitudinal direction of the bolts (x-direction), from the inner
thermocouple installed at the shear plane (Thi) to that located at the outer head (Tbe) in case of
the P3.1 system or at the end of the coupler for the P15.1 system, with differences greater than
100 °C in most cases. These differences tend to increase with the fire exposure times (60, 120,
180 min), the temperature gradient being more pronounced for the cylinder system. It is
important to note that the temperatures along the bolt were generally higher for the cylinder
system (P3.1) than for the coupler system (P15.1), therefore it is expected that the cylinder
system experiences a faster mechanical deterioration. This more favourable temperature
development along the bolt at the coupler system is due to the “physical separation” along the
bolt thread in this system, along with the fact that the non-exposed bolt is embedded inside the
concrete mass, which due to the “heat sink” effect delays the temperature rise along the bolt. In
turn, at the cylinder system, heat transfer by conduction along the bolt thread is direct from its

inner (exposed) end to its outer (non-exposed) head.
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Fig. 15. Temperature gradient along the longitudinal direction of the bolt, for test P3.1-T500
(a) and P15.1-T500 (b).

The point at which the temperature was considered most relevant for every test was the

one where thermocouple ‘Tbi’ was installed, providing the temperature for the shear plane of

the bolts. Table 3 provides a summary of the temperatures registered at the shear plane of each

bolt, as well as the average value, which will be used for assessing the reduction of shear

capacity of the connection systems with temperature.

Table 3.  Summary of relevant temperatures obtained at the shear plane (Thbi) for all the
performed push-out tests.
Test|p  TPiIP1 Tbi2P1 TbilP2 Thi2P2 TbilP3 Thi2P3 ThilP4 Thi2P4 Average
€S (€S (€S °C) (€S (€S ) (°C)  Thi(*C)
P3.1-T20 - - - - - - - - -
P3.1-T300 2934 2639 2893 2645 2934 2663 2915 2784 283.5
P3.1-T500  483.2 4448 4847 4637 4849 4657 4853  436.7 468.6
P3.1-T600  549.7 5212 5586 5302  561.8 5333 5447 5162 539.5
P15.1-T20 - - - - - - - - -
P15.1-T300 329.1 3096 3275 3074 3282 3083 3271  306.9 318
P15.1-T500 546 499.2 5513 5001  558.2 5075 5545  506.2 527.8
P15.1-T600 629.7 5732 6277 5712 6231 567.7 6203  567.3 597.5
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As some temperature differences were observed between the different bolts at each test,

it was difficult to know precisely what degree of shear load each of the bolts was bearing at
failure. In order to solve this, the average of the temperatures measured at the shear plane of the
eight bolts at failure was used as a representative temperature for the subsequent calculations

to be performed in Section 4, in order to have a uniform framework for comparison.

3.3 Shear response at the loading stage

The typical load-displacement curve registered during a push-out test can be divided into
three stages, which are labelled in Fig. 16 for a fast identification:

1. High initial stiffness of the specimens due to friction resistance, depending on the
amount of pretension force applied to the bolts (initial “vertical” segment).

2. Once the friction resistance is surpassed, a certain degree of slip in the bolt holes occurs
and the stiffness of the specimen is significantly reduced (flattened stage, with smooth slope).

3. When the bolts regain contact with the inner surface of their holes, bearing and shear

deformation occurs, until failure takes hold (convex part of the curve and softening branch).

Load A @

@ 1 = Friction resistance

— 2 = Slip in the bolt hole

@ { 3 = Bolt deformation

> Displacement

Fig. 16. Typical load-displacement behaviour observed at the push-out tests.
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Stages one and three could be easily recognized at the elevated temperature push-out tests
carried out in this experimental campaign. However, the extension of the second stage was very
reduced, as the hole clearance and the position of the bolts inside their holes was controlled
during the installation of the specimens, so that the possible slip had a reduced impact over the
mechanical response of the system.

The complete load-displacement curves captured from the performed push-out tests in
this experimental work are presented hereafter, being useful for working out the degradation of
the shear resistance with temperature. Fig. 17 shows the load-displacement curves registered
for system ‘P3.1° (a) and ‘P15.1” (b) at the different target temperatures, where T20 stands for
20°C, T300 stands for 300°C, T500 stands for 500°C and T600 stands for 600°C. Note that the

load value shown in the vertical axis is referred “per bolt”, that is, the total load applied during

the test divided by eight.
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Fig. 17. Load-displacement curves at each temperature for series ‘P3.1” (a) and ‘P15.1° (b).

It should be mentioned that specimen P3.1-T500 has been marked with * in this figure,
since an anomalous behaviour was encountered during the test, leading to a premature failure,
as explained before. This anomaly led to an early stoppage of the test, reaching a maximum
displacement of 9.56 mm, inferior to that of test P3.1-T300, and a lower ultimate load than

expected, therefore the values obtained for this case should not be taken as definitive.
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In turn, the load-displacement curve for test P3.1-T600 shows the largest displacement of
all tests (18.96 mm), given the highly ductile behaviour of the bolts observed before reaching
failure.

As a reference, a comparison between the results obtained for both systems at the room
temperature push-out tests carried out in this project and those previously obtained by Kozma
[18] is shown in Fig. 18. It can be seen that the cylinder system results (P3.1) were quite similar,
with a prediction in ultimate load, initial friction resistance and stiffness of the loading stage
very close to each other, while for the coupler system (P15.1) a significant deviation was
observed, with a higher friction resistance measured in the test performed in this investigation
as compared with the reference test, where perhaps the initial pretension applied to the bolts
was lost. In fact, both curves present the same shape, with a quantitative gap in terms of load
due to the difference in the starting point at the load axis, indicating the value of the threshold

load where slippage starts to occur.
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Fig. 18. Comparison between the ambient temperature push-out tests performed in this
investigation and those carried out at the University of Luxembourg [18].
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The ultimate load per bolt (Fy) and maximum displacement values obtained from the two
series of push-out tests performed are presented in Table 4. The higher registered ultimate load
values corresponded evidently to the tests performed at ambient temperature — 148.22 kN for
the cylinder system and 159.12 kN for the coupler system-, while it can be clearly seen that
temperature severely affected the shear resistance of the connectors, especially above a
threshold of 500 °C, with shear capacity reductions close to a 50% for both systems. The
ultimate load values at a target temperature of 600 °C decreased to 69.72 kN and 51.69 kN,
respectively, showing significant shear capacity reductions. By comparing the values of the two
test series, it is possible to anticipate that the coupler system (P15.1) was capable to attain higher

ultimate loads than the cylinder system (P3.1), although showing a lower ductility.

Table 4.  Ultimate load values (per bolt) and maximum displacements registered at the
push-out tests

Test ID Ultimate load Max. displacement

Fu (KN) (mm)

P3.1-T20 148.22 7.89
P3.1-T300 132.84 11.58
P3.1-T500 70.01* 9.56*
P3.1-T600 69.72 18.96
P15.1-T20 159.12 5.28
P15.1-T300 156.68 10.08
P15.1-T500 87.21 16.45
P15.1-T600 51.69 15.66

* Anomalous result

The main aim of the experimental push-out test series presented in this work was to
investigate the degradation of the shear capacity of the studied connection systems with
temperature. For that purpose, Fig. 19 shows the shear capacity loss for both test series ‘P3.1°
and ‘P15.1°, where the decrease in terms of maximum load per bolt along with temperature can

be observed.
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Fig. 19. Shear capacity degradation with temperature for series ‘P3.1° and ‘P15.1°.

There was an obvious reduction of the shear capacity of both demountable connection
systems with increasing temperatures, which caused the reduction of the yield strength of the
bolts and eventually induced the shear failure at lower load values. This temperature
degradation was more evident above 500°C, where the steel yield strength was severely
affected, resulting in a shear capacity reduction of about a 50% for both systems.

As it can be seen in Fig. 19, the maximum load values per bolt were higher for the coupler
system (P15.1) than for the cylinder system (P3.1), in all the temperature range studied. The
higher capacity values shown by the coupler system can be explained with the lower
temperature development along the bolt direction that was observed and discussed in the
previous temperature analysis section. It is important to note that the starting point of the
maximum load at the ambient temperature tests was higher for the coupler system, therefore an
improved mechanical performance at elevated temperature was also expected, which combined

to the more beneficial thermal behaviour may lead to an enhanced thermo-mechanical response.
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4  ANALYSIS OF RESULTS AND DISCUSSION

4.1 Shear resistance of the bolts at ambient temperature

The shear resistance values obtained through the experimental testing are compared in
this section with the theoretical values to assess their accuracy and how they correlate with
temperature. EN 1993-1-8 [23] provides in Section 3.6.1 an expression for the calculation of
the shear resistance of bolts per shear plane, see equation (3), which is adapted from Table 3.4
of EN 1993-1-8 for the case where the shear plane passes through the threaded portion of the
bolt. The terms in this equation are oy, with a value of 0.6 for a class of bolt 8.8, Aswhich is the
tensile stress area of the bolt, with a value of 245 mm?2 for an M20 bolt, and fu, is the ultimate
tensile strength of the bolt, with a nominal value of 800 MPa for 8.8 bolts. The real strength of
the bolts was obtained from the tensile tests (see Table 1), with a measured value of the ultimate
tensile strength equal to 858 MPa, which is used in the calculations instead of the nominal value.
Therefore, the expression provided in the design code has been adapted accordingly to take the
measured values, thus the material safety factor ym2 has been removed from this expression.

F,=ay, fu A 3)

Evaluating equation (3), the value of the shear resistance per bolt would be F, = 126.13
KN. If the experimental ultimate loads at ambient temperature (20°C) are compared with the
shear resistance per bolt obtained through this equation, then F, accounts for a 85% of P3.1-
T20 (148.22 kN) and for a 79% of P15.1-T20 (159.12 kN), therefore leading to conservative

predictions.

4.2  Shear resistance of the bolts at elevated temperature

The values of the ultimate loads (Fue) registered in the elevated temperature push-out

tests are presented in Table 5.
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Table 5. Deduction of the experimental reduction factors for the elevated temperature
push-out tests and comparison with theoretical values

. . Experimental Reduction factor
Test ID Ultimate load Averoage Thi reduF::tion factor kb,0 (Annex D EN
Fue (kN) (C) Ko, exp (Fuo/ Fuz0) 1993-1-2)
P3.1-T20 148.22 - 1 1
P3.1-T300 132.84 283.5 0.89 0.91
P3.1-T500 70.01* 468.6 0.47* 0.58
P3.1-T600 69.72 539.5 0.42 0.30
P15.1-T20 159.12 - 1 1
P15.1-T300 156.68 318 0.98 0.88
P15.1-T500 87.21 527.8 0.55 0.46
P15.1-T600 51.69 597.5 0.32 0.23

* Anomalous result

For both series, the ultimate load experiences a significant decrease as the temperature at
the shear plane rises, especially when the 500°C threshold is reached. This decrease in ultimate
load is frequently associated with an increase in the displacement, which translates into a more
ductile failure.

Annex D of EN1993-1-2 [26] provides expressions to calculate the fire design resistance
of bolted joints under different types of loading, including shear, bearing, slip and tension. The
formula utilized to calculate the fire design resistance of bolts loaded in shear at elevated

temperature Fyrdis:

_ YM2
Fv,t,Rd - Fv,deb,G ] (4)
YMm, fi

where Fyrd is the design shear resistance of the bolt per shear plane calculated assuming
that the shear plane passes through the threads of the bolts, ym2 is the partial factor at normal
temperature and pw i is the partial factor for fire conditions.

Strength reduction factors for bolts in shear at elevated temperature (ks ) are given in
Table D.1 of the referred Annex. These reduction factors can be understood as the relationship
between the elevated temperature shear resistance of the bolts to the corresponding value at

ambient temperature. To compare with the experimental results, where the actual material
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properties are known, the formulation given in the code (equation 4) is modified, neglecting the

partial factors of the materials, resulting in the expression shown in equation (5).
— Bt
kno = % ()

This section presents a comparison of the different values of the shear resistance of the
bolts calculated according to Annex D of EN1993-1-2 [26] and the values obtained through the
experimental push-out tests performed in this investigation.

The experimental elevated temperature reduction factors (Ky0 exp), calculated as given in
equation (5), are shown in the fourth column of Table 5. These values have been obtained as
the quotient between the ultimate load (Fy) of the corresponding elevated temperature push-out
test divided by the value of the ultimate load of the test performed at 20°C (Fy20) for the same
connection system. As it can be observed, the most significant loss of shear strength of the bolts
occurs at the range of temperatures between 500 °C and 600 °C. As a reference for comparison,
the reduction factors (kn) taken from Table D.1 of EN 1993-1-2 [26] corresponding to the
average temperature measured at the shear plane for each case are added in the last column of
this table. Similar values of the reduction factors are obtained for temperatures up to 500°C,
while for 600°C a higher deviation is obtained between the theoretical and the experimental
results, with a 28% lower capacity for both P3.1 and P15.1 systems according to the strength
reduction factors for bolts from Annex D, as compared to those experimentally obtained from
the test results. Especially for the coupler system (P15.1) series, it can be seen how the Annex
D factors result conservative in comparison with the experimental reduction factors, for all the
temperatures studied.

It should be reminded that the connection type studied herein is much different from the
conventional bolted connections in EN 1993-1-2. Therefore, the results obtained in this section
are just an attempt to assess the applicability of the temperature reduction coefficients to other

types of shear connectors, such as the demountable systems studied in this paper.
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4.3 Friction resistance at the shear plane

The friction resistance at a certain shear plane can be understood as the opposition that
the connection bolt offers to the applied load due to pre-tensioning before any slip can occur. It
can be measured from the push-out tests results as the starting load value at the vertical axis of
the load-displacement graphs. Once this threshold value is exceeded, the pre-tensioning effect
at the bolt is lost and slip at the shear plane starts.

The evolution of the friction resistance with temperature (Fs), for the different push-out

tests carried out, is shown in Table 6.

Table 6.  Evolution of the friction resistance with temperature

Friction resistance Pretension force Friction coefficient

TestD Foo (KN) Foc (KN) wo (Fso/ Foc)
P3.1-T20 26.90 142 0.19
P3.1-T300 24.16 142 0.7
P3.1-T500 25.93* 142 0.18*
P3.1-T600 20.17 142 0.14
P15.1-T20 53.73 175 0.31

P15.1-T300 41.77 175 0.24
P15.1-T500 45.80 175 0.26
P15.1-T600 28 51 175 0.16

* Anomalous result

In views of these results, it can be stated that, for both systems, there is a progressive loss
of friction resistance as the temperature rises, being more significant above the threshold of
500°C. It can also be seen that the decrease in terms of friction resistance with temperature is
more evident for the coupler system (P15.1).

The differences in friction resistance between the two systems can be justified with the
pretension forces applied to each system, being the preloading force 33 kN higher for the
coupler system (P3.1) than that for the cylinder system (P15.1). Another essential factor to take
into consideration is the geometric tolerance of each system. For system P3.1, the bolt passes
through a cylinder in a way that contact between the interior of this cylinder and the thread of

the bolt does not occur, providing some room for the bolt to move inside the cylinder. On the
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contrary, the coupler utilized for system P15.1 restricts any movement of the bolt once this is
screwed inside of it.

In light of the results in Table 6, it can be thought that the preloading force initially applied
to the bolts may be affected by the temperature, as the friction resistance suffers a progressive
reduction.

According to Section 3.9.1 in EN 1993-1-8 [23], the design slip resistance (or friction
resistance) of a pre-tensioned class 8.8 bolt can be calculated by means of equation (6), where
ks is a factor dependent on the type of hole; n is the number of shear planes, equalling 1; x is the
slip factor at the friction plane depending on the surface treatment, which is taken as 0.3 for
steel-brushed surfaces; and Fpc is the preloading force, equal to 142 kN for series P3.1 and 175
kN for series P15.1. Again, the material safety factor yazhas been neglected when applying the
design equation, as the actual value of the preload force has been used.

Fs=ksn uFyc (6)

It should be noted that the mechanical behaviour of the demountable shear connections
studied in this paper is much different from that of the conventional bolted connections.
Therefore, the application of the design provisions in EN 1993-1-8 [23] for evaluating the
friction resistance of the bolts is just tentative.

From equation (6), the experimental friction coefficient at elevated temperature (uq) can
be worked out as the quotient between the friction resistance obtained from the corresponding
push-out tests and the preloading force, provided that the factor ks is taken as one, which is the

value corresponding to “bolts in normal holes”, according to table 3.6 in EN 1993-1-8 [23]:

Fso
Ho = —F— (7)
p,.C
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Evaluating equation (7), the friction coefficient values corresponding to the different
temperatures tested in this experimental programme can be obtained. These values have been
included in Table 6. It can be seen that the friction coefficient becomes more or less stable for
the cylinder system (P3.1), with a value around 0.19 - 0.14 and a slight decrease with
temperature, while for the coupler system (P15.1) this decrease is more pronounced, from a
value of 0.31 at room temperature to 0.16 at 600°C. What is also important to note is that a
certain degree of slip resistance still remains at elevated temperatures, even above the threshold
of 500°C.

According to the results obtained in the push-out tests performed in this investigation, it
is evident that the current hypothesis being made in Annex D of EN 1993-1-2 [26] is overly
conservative, as it states that “Slip resistant joints should be considered as having slipped in
fire and the resistance of a single bolt should be determined as for bearing type bolts”’. Hence,
slip resistance is not considered in the code in a fire situation. This assumption is not realistic,
since it has been shown by the experimental results presented in this investigation that a certain
degree of opposition to slip still exists at elevated temperatures, at least up to 600 °C. Therefore,
it is necessary to develop a formula to account for the variation of the slip resistance of the bolts

at elevated temperature, which is suggested as future work.

5 CONCLUSIONS AND FUTURE WORK

In this work, the results of a series of push-out tests have been presented to analyse the
behaviour of demountable shear connectors for steel-concrete composite beams at elevated
temperatures. Two different types of demountable shear connectors were studied: the so-called
cylinder system and the coupler system. A total of eight push-out tests were performed,
combining the mechanical load and the thermal action, applied by means of two electric heating
panels. Four tests were conducted for each of the studied systems, corresponding to four
different temperature levels, ranging from ambient temperature to 600 °C.
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The temperature evolution at certain relevant points of the connection system was

monitored during the elevated temperature push-out tests. Also, the load-displacement curves
were registered during the elevated temperature tests, showing higher ultimate loads and a
higher stiffness for the coupler system, with lower ductility as compared with the cylinder
system. It was found that temperature severely impacted the shear resistance of the connectors,
which was evidenced by a progressive reduction in shear capacity with exposure to elevated
temperatures, especially above a threshold of 500 °C, with almost a 50% reduction of capacity
for both systems. The type of failure was also affected by temperature, showing a more ductile
failure with larger displacements than those measured at the ambient temperature tests. An
improved thermal response was observed at the coupler system when analysing the temperature
gradient along the bolts, which eventually contributed to delay its deterioration with
temperature and thus enhance its mechanical performance, resulting in a higher shear capacity.

Elevated temperature reduction factors for every test series were calculated based on the
push-out tests results, allowing for a comparison with those given for bolts loaded in shear in
Annex D of EN 1993-1-2 [26]. Conservative results were generally obtained by applying the
reduction coefficients given in the code. It was also highlighted that the hypothesis stated in
Annex D - which neglects the friction resistance in the fire situation - is overly conservative,
as it was proved by the experimental results presented in this work that a certain degree of
friction resistance still exists at elevated temperatures.

The load-displacement curves obtained as an output from the elevated temperature push-
out tests presented in this work constitute a novelty in the state-of-the-art in this field and can
be very useful for their application in numerical models, as they provide a realistic
representation of the mechanical behaviour of the demountable shear connectors at different
temperature levels. Therefore, they can be introduced as input in the numerical models for

characterizing the tangential behaviour at the steel-concrete interface and its degradation with
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temperature in an implicit way. This would be the next step of this investigation, where realistic

numerical models for the fire behaviour of steel-concrete composite beams that make use of the
studied demountable connection systems will be developed to extend the available experimental
database, which will eventually serve as a basis to derive future design recommendations.

The two types of demountable shear connector systems studied in this paper proved to be
adequate for reuse, since failure happened at the connector itself, while the rest of the elements
of the steel-concrete composite system maintained their integrity. However, after a fire
situation, the level of damage of the other components, such as the primary steel beams and the
concrete slabs should be checked in order to verify their reusability.

Further research on specific fire protection measures adequate for composite floors that
utilize demountable shear connections is needed to improve the reusability of these systems.
Also, their residual post-fire resistance should be investigated in the future, since it plays an
essential role in the reusability of the structural elements after a fire. Procedures for the correct
assembly of the demountable system components should also be defined, guaranteeing the

accomplishment of the structural and fire safety requirements.
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