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Abstract

External insulation is the most widely used technique in Northern and Continental Europe.
This technique generates thermal bridges where the building facade has some projecting
element like balconies. The thermal requirements of actual standards lead to restore the
continuity of the insulation at the interfaces by using thermal break systems (TBS). They
are usually made of a box containing the insulation material, and a minimalist structural
system able to transmit the shear force and the bending moment from the balcony to the
wall. In most cases, structural elements are made of stainless steel, as it is less heat-
conducting than normal steel. The paper focuses on a specific TBS, that uses shear keys
and steel profiles to ensure the transfer of forces.

TBS are also submitted to important horizontal cyclic shear deformations, provoked by the
variations of the dimensions of the balconies due to climatic effects. The objective of the
study presented in the paper is to show that significant yielding under these cyclic actions
can be accepted during service life. First experimental cyclic loading tests have been
performed in order to characterize the behaviour of the TBS, as well as its fatigue strength.
Then the loading has been defined on the basis of the database of the ECA&D, the European
Climate Assessment and Dataset. Finally, the fatigue resistance of the system has been
verified. It is shown that the developed TBS can resist to fatigue loading for large lengths
of balconies, while exhibiting significant yielding during service life.

Keywords: Hybrid concrete-steel, Thermal break, low cycle fatigue, thermal actions.

1. Introduction

The level of  energy-performance
requirements in buildings has substantially
increased over the last twenty years. As the
thickness and the efficiency of the insulation of
the walls increase, the energy lost in the building
is now mostly due to the discontinuity of the
insulation, where so called thermal bridges are
created. These thermal bridges induce moreover
a local condensation of water that can cause a
deterioration of the internal coating of the
building and even a degradation of the indoor air
quality due to the development of decay. In the
specific case of buildings with an external
insulation, thermal bridges develop at locations
where the building facade has projecting element
such as balconies, see Fig. 1.

Fig. 1. Balcony thermal bridge and TBS
location.

As a consequence, thermal bridges must be
reduced by the use of appropriate solutions like
thermal break systems (TBS). Usual TBS are
made of a box containing the insulation material,
and a minimalist structural system able to
transmit the shear force and the bending moment
from the balcony to the wall. In most cases,
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structural elements are made of stainless steel, as
it is less heat-conducting than normal steel.

The structural role of the TBS is not only to
resist to vertical forces, wind or even seismic
action, but also to absorb the relative
displacements induced by the thermal expansion
of the balcony. This critical point is discussed in
the specific case of a TBS called SUNE. It is an
assembly of different components consisting of
tensile rebars, U-shaped steel sections, and
special shear keys, see Fig. 2 .
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Fig. 2. SUNE thermal break system.

sulation box
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The tensile rebars and the U-shaped steel
sections are used to balance the tension and
compression forces due to bending while the
shear key is used to resist the vertical shear force.
The web of the U member presents longitudinal
slots at each end in order to provide some
horizontal flexibility. On the lintel side, it relies
on an end plate with a U section, with flanges
embedded in the concrete. On the balcony side,
a rectangular end plate is welded on the U
member. This end plate is connected by two
screws to a U-shaped end plate embedded in the
concrete in the same way as on the other side.

Mechanical performances of the SUNE under
vertical loads are presented in [1]. To contribute
to the thermal performance of the TBS, duplex
stainless steels with a limit of elasticity greater
than 600 MPa and 550 MPa are used for the
rebars and the steel profiles, respectively. A
mineral wool is used as insulation material in the
insulation box of 100 mm thick. The use of those
materials leads to a good thermal performance
with linear thermal transmittance values below
0.27 W/(m K).

Being located outside the building thermal
envelope, the balcony suffers climatic hazards
and is caused to expand or shorten following
climatic conditions (outside temperature, solar
radiation, etc.). The thermal break is placed in
line with the insulation and thus ensures the
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connection between the outside balcony and the
inner floor slab. The latter is located inside the
building envelope; consequently it only
undergoes low changes in temperature. The
thermal break is therefore subjected to shearing
induced by the horizontal deformation of the
balcony as a function of the outside temperature
variations. For that reason, the components of
TBS must be designed to be able to sustain such
deformations. The bars and Z-profile have
sufficient horizontal flexibility to deform freely
under the thermal forces, but the U-shaped steel
element undergoes yielding even under frequent
actions.

The objective of the work presented in this
paper is to prove that this yielding is admissible
and does not reduce the capabilities of the TBS
during its service life. Accepting yielding at SLS
requires a verification against low-cycle fatigue,
given the fact that the yielding may occur several
times during the service life of the element.

In this paper, the verification of the thermal
break system SUNE against low-cycle fatigue
loads is performed. To do so, cyclic loading tests
of the TBS are conducted. Their results serve to
establish the cyclic force-displacement
relationship, as well as the fatigue design curve
of the system. The fatigue design curve is then
used to verify the fatigue strength of the thermal
break system under the deformations of the
balcony generated by the temperature variation
outside the building. The latter is originally
obtained from a European database. Finally, the
verification of TBS against thermal loading is
done by determining the damage accumulation
developed during the building life. Several
meteorological stations as well as balcony
lengths are considered in the final parametric
study.

2. Low cycle fatigue tests

The mechanical behavior of the TBS under
cyclic horizontal loads is evaluated through low-
cycle fatigue tests. The specimen consists of the
balcony, the negative bending moment zone of
the adjacent RC slab, and the balcony-slab
connection component (TBS), see Fig. 3.
Concrete class is C25/30. To consider the gravity
load at service limit state for frequent load
combination, a block of concrete is suspended on
the balcony. The cyclic horizontal action is
provided by a hydraulic jack, see Fig. 4.
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Fig. 4. Fatigue test set-up.

Eight specimens are considered in the
experimental test program as required by NF
A03-403 [2] to produce the resistance fatigue
curve, which covers at least 4 points with
different numbers of cycles.

The loading procedure is divided in two
phases.  First, a series of cycles with an
increasing amplitude is applied in order to get
information on the load-displacement curve of
the specimen, see Fig. 4. At each level, three
cycles are made. Then the amplitude of the
loading is maintained (see Table 1) and cycles
are applied up to the collapse of the specimen.

1.50 | 10 cycles Amplitude increases 0.1 mm Loading up to failure
<

>

after each 3 cycles
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Fig. 5. Example of loading procedure.

Table 1. Testing loading amplitudes (mm)

CH1/2 CH3 CH4 CHS/6 CH7 CHS
122 244 1.83 1.52 275 5

The force-displacement curves under

increasing amplitude show a hardening plateau
provoked by the yielding of the stainless steel, as
well as a pinching due to the concrete damaging,
see Fig. 6. Asaconsequence, a coupled damage-
plasticity model is developed to represent the
behavior of the TBS.

Displacement (mm)

Fig. 6. Force-displacement behavior — CHS test

In the constant amplitude phase, Cracks
appear in the U-shaped steel member, first
starting from the end of the slot, then also in the
weldings of the end plates, see Fig. 7. For larger
amplitudes, the collapse is attained by crushing
of concrete. The specimen is considered as
collapsed when a rapid increase of the rotation of
the TBS is observed.

Balcony

Lintel

Fig. 7. Typical damaging of a U-shaped profile

The evolution of the rotation with the number
of half-sine cycles is presented Fig. 8, and the
force and rotation at collapse £, and 6, in Table
2, as well as the number of cycles at failure Ny
Nris expressed in half cycles in all the paper.
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Fig. 8. Evolution of the rotation

Table 2. Testing loading amplitudes (mm)

o, F.
(rad) &N) 1V
CHI1 0.0139 37.8 36000
CH2 0.0174 350 30000
CH3 0.0229 47.0 8000
CH4 0.0180 40.3 20000
CH5 0.0255 38.0 54000
CH6 0.0172 379 36000
CH7 0.0295 473 4600
CHS 0.0388  67.1 68

Specimen

3. Low cycle design criterion

To perform fatigue analysis, two common
empirical approaches can be used : stress-life or
strain-life method. In the stress-life approach,
the life of a structural component is estimated
based upon the magnitude of the alternating
stresses. One of the major drawbacks of this
approach is that it ignores the actual material
response and treats all the behavior as elastic.
This generally results in an overestimation of the
fatigue life when the plastic strain contribution is
significant, particularly for the stainless steel.
Thus, the stress-life method is not applicable
when the plastic strain is not negligible, in low-
cycle fatigue for example. Alternatively, the
strain- life approach estimates fatigue life using
the total strain amplitude, including both the
plastic and elastic strain contributions. Thus, it
can be applied in low-cycle fatigue where
significant plastic strains are present.

For metallic materials, the Manson-Coffin
strain life equation [3,4] is able to give a
prediction of the fatigue life for a cyclic loading
with constant strain amplitude €, and zero mean
stress in both elastic and plastic regimes :

Eq = gg + gg = %,]:(Nf)b + Elf(Nf)c (1)
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Where &£ is the elastic strain, ¥ the plastic
strain, o', the stress amplitude, Ny the fatigue
life, and b and c¢ constants determined
experimentally.

The mean stress influences very significantly
the total fatigue life [5]. In conjunction with the
local strain life approach, many models have
been proposed to quantify the effect of mean
stresses on fatigue behavior. One of the
commonly used models is the so-called SWT
model, that modifies the Manson-Coffin
equation by taking into account the maximum
tensile stress g, gy

(mf)z 2b . b+c
Omax€a =~ (Nf) toye f(Nf) 2)

Similar to SWT model, an energy-based
fatigue criterion was proposed by Jahed and
Varvani-Farahani [6] to assess the fatigue lives
of engineering components, expressed as :

AE; = E'o(N)" + E's(N;)© 3)

Where AEf is the energy due to the applied
loading, E'; the fatigue toughness, E',the
strength coefficient, C the toughness exponent
and B the fatigue strength exponent. In this
study, this equation has been simplified by
neglecting the elastic energy :

' C
AE*™ = Fpaxxq = E's(Ny) 4)

Where Fpq 18 the maximum force during
loading cycle, and x, is the displacement
amplitude.

Hence, the energy-fatigue life curve for TBS
is constructed based on Eq. (4), see Fig. 15. The
mean model parameters are obtained by
applying a linear regression analysis, and the
characteristic and design curve are obtained
following the method proposed in annex D of
EN1990 [7].
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Fig. 9. AE. — Nycurves
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The choice of partial factor y,, value can be
taken based on the failure modes of the
specimens. It has been observed that the failure
modes of the specimen subjected to fatigue
loading are mostly related to the fracture of the
steel components. As a consequence, it may
seem reasonable to adopt y,, = 1.35 as proposed
in EC3-1-9 [8] for non-fail-safe structural details
poorly accessible. However, this value is
defined for polycyclic fatigue while low-cycle
fatigue is here under consideration. As a
consequence, three different values of y,, will be
considered to get some information on the
sensibility of the design of the TBS to y. :
ym=1,1.35,2.

4. Thermal action

As mentioned in Section 1, the balcony
suffers climatic hazards and is caused to expand
or shorten following the wvariation of the
temperature outside the building. This variation
is computed based on the European Climate
Assessment & Dataset (ECA&D) [9]. ECA&D
is receiving data from 68 participants for 63
countries and the ECA dataset contains 43271
series of observations for 12 elements at 10586
meteorological stations throughout Europe and
the Mediterranean zone.

Five different stations have been chosen in
France for this study in order to see what
differences can exist between a large city (Paris),
places submitted to an oceanic climate (Rennes
and Bordeaux), a continental one (Strasbourg)
and a mountainous one (Embrun). Recordings
cover a period of about 100 years, varying from
station to station.

The comparison of maximum and minimum
shade air temperature distribution with the one
given by the default values of EN 1991-1-5 [10]
is made Fig. 10 and 11. As could be expected,
some differences exist. It has been decided to
scale the temperature signals of ECA&D data
base to fit the 5% fractile of extreme
temperatures of the national annex of the
Eurocode, in order to comply with the level of
safety imposed by this actual standard, as shown
on Fig. 12 and 13.

The effect of solar radiation on extreme
values has been added, and then the horizontal
deformation x, has been determined in function
of the balcony length L, and the coefficient of
thermal dilatation o =10":

Xq(t) = a AT(t) Ly/2 )
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Fig. 10. Distribution of minimum temperatures

®
B Rennes

0.7 ¢  Strasbourg
¥V Bordeaux
O8] & Embrun .
05 = EN1991-1-5 (defaut) ke
"o 0.2 04 06 0.8 1

Cumulative probability (p)

Fig. 11. Distribution of maximum temperatures
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5. Verification to thermal loading

The verification of TBS against thermal
loading can be performed by determining the
damage accumulation developed during the
building life. This can be done for an existing
building where the distribution of temperature is
already known. To design a new building where
the climate surrounding the building is not yet
known during the building life, a probabilistic
approach has to be developed.

It is assumed that the statistical distribution of
the climatic action can be computed on the basis
of the distribution of the recordings of ECA &
D, transformed as explained in previous
paragraph in order to get thermal amplitudes
compliant with actual European standards. The
climatic action in fatigue is defined on the basis
of a duration of one year. The annual
accumulated damage D, of the year i is then
obtained from :

nE,'

Dy; = Zﬁlﬁ (6)

where m is the number of different
displacement amplitudes x,;, obtained from
rainflow counting technique [11]; ng; is the
number of semi-sinusoidal cycles of each
rainflow displacement amplitude x,; ; and N; is
the number of semi-sinusoidal cycles to failure
obtained from AE,..« — Nydesign curve for each
rainflow displacement amplitude x,; . In order to
use AEn. — Ny design curve, the maximum
absolute-generalized forces during loading
cycle, Fyua, 1s required. The analysis with the
annual displacement signal is then primarily
performed to capture the corresponding force
signal acting on the structure by using the
coupled damage-plasticity model.

Processing all the data of ECAD for one
station gives a set of values of D,; that is used to
obtain an estimation of the mean value denoted
uﬁy and of the standard deviation, 0/53,.

The service life is fixed to 50 years in
Eurocodes for usual buildings, and the related
accumulated damage denoted Dsy has to be
limited to 1. D35 is a random variable equal to the
sum of 50 annual damages. Each annual damage
is supposed to be independent. Hence, according
to the central limit theorem, the data set of D3y,
which is a sum of independent random variables,
follows a normal distribution N (50 uﬁy ,

5 OG/D\yZ) even if D,; is not normally distributed.
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Within a data sample size equal to #yeqr, the
characteristic value of Dsgr can be obtained
using the following expression :

Dso = 50 uDy + t, V50 0D, (7)

It is worth mentioning that the available data
signal from ECA&D is usually greater than 50
years and that the value of ¢, is determined by
using the inverse value of Student’s cumulative
distribution function, multiplied by

14+ 1/nyeqr. Since the AE,. — Ny design
curve is used to determine the damage
parameter, the characteristic value Dsx is the
design value Ds,q.

40

= Embrun (2016-2017)
—+— Rennes (2016-2017)
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Year

Fig. 14. Factorized Temperature signal in
Embrun and Rennes over one year
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Fig. 15. Rainflow matrix for Rennes

As an illustration, detailed results are
presented for the cities of Embrun and Rennes.
First the factorized temperature signal is
presented in Fig. 14 over one year. Itis clear that
variations are larger in Embrun, located in the
Alps, than in Rennes, located near the Atlantic
Ocean. The result of the rainflow counting
algorithm is presented in Figs. 15 and 16 for a
balcony with a length L, = 19 m, where x,, is the
mean value of the displacement of the half-cycle,
and x, the amplitude. There are only few data
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with large amplitudes, corresponding to the
annual variations of temperature.

rainflow matrix (Embrun)

Number of cycles

Fig. 16. Rainflow matrix for Embrun

Fig. 17 shows the evolution of the annual
accumulated damage, still for L, = 19 m. It can
be seen that the evolution of D, is very random.
D, during the last 50 years at Rennes city,
featuring an oceanic climate, is quasi constant
compared to the one in Embrun, in the Alps,
which is very fluctuating with a growing global
trend. On the contrary, the damaging in Paris is
rather decreasing. Bordeaux and Strasbourg give
intermediate levels of damaging.
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Fig. 17. Evolution of D, for L;=19 m
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Fig. 18. Evolution of Dsg4 for Li=19 m, 3, =1

The evolution of the 50-year building life
damage D34 is calculated for the five different

cities under consideration for a safety coefficient
ym equal to 1. Its evolution in function of the
balcony length is illustrated in Fig. 18.

As could be expected, the life-time
accumulated damage is larger in Embrun.
Strasbourg, which is located in the east of France
and is subject to a continental climate, gives also
large damaging, while Rennes gives the lower
ones. Bordeaux and Paris give intermediate
values. These differences are consistent with the
climatic zones defined in the Eurocodes.

The evolution of the damaging with various
values of the safety coefficient y, is computed
for different lengths of balconies in the most
unfavorable city, i.e. Embrun, as illustrated in
Fig. 19. The TBS can sustain fatigue load during
the building service life for a balcony length up
to 16.5 m, 18 m and 19 m (D594 = 1) for a safety
factor y,, = 2, 1.35 and 1, respectively. It appears
thus that the safety factor does not substantially
influence the possible balcony length. For the
fact that the balcony is, in general, made with a
length smaller than 12 m, the use of y, = 2
already gives a large margin. Such large margin
provides a proof that it is possible to develop
stresses in a plastic range in SLS without the risk
of being collapsed during the building service
life. However, a reliability analysis in the safety
format with larger database of the cities is
needed to determine the actual value of the safety
factor.

Embrun City
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Fig. 19. Evolution of Dsg4 in function of Ly in
Embrun with different values of yn,

6. Conclusions and perspectives

The procedure for verifying the thermal break
system SUNE against low-cycle fatigue loads
induced by the deformations of the balcony due
to the variations of the temperature has been
presented in this paper. Primarily, eight cyclic
experimental tests of the system are performed
with several loading amplitudes. On one hand,
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they serve to define the fatigue design curve. On
the other hand, they allow to develop a coupled
plastic-damage mechanical model of the device.
Then, the past temperature variations taken from
ECA & D database for five different cities are
scaled in order to comply with the extreme
values recommended in the Eurocodes. After
adding the effect of the solar radiations, the
elongation histories are computed for different
lengths of balconies. Force-displacement
histories are deduced using the mechanical
model, and the cycles applied to the system are
counted by a rainflow algorithm. Finally, the
fatigue design curve allows to verify the fatigue
strength of the thermal break for the different
configurations considered.

As could be expected, the annual
accumulated damage is larger in mountainous
regions than in tempered areas, and the evolution
of the damaging follows the same trends as the
minimum and maximum shade air temperatures
defined in the French national annex of the
Eurocode.

The design format and the related safety
coefficients are not known at this stage. But, it
is clear that a safe design can be achieved for
usual lengths of balconies, at least up to 12 m.
Moreover, a parametric study shows that the
maximum length of the balcony is not
proportional to the safety coefficient and that,
even with a safety coefficient of 2, a balcony
length of 16 m can be reached in the most
unfavorable location considered in the study.

This specific case illustrates that it is possible
to exceed the conventional yielding limit during
service life without any risk for the integrity of
the components made with stainless steel. This
offers a wide range of new possibilities,
particularly in the case of shear keys used in
thermal break systems.

Further investigations through reliability
analysis are however needed in order to define
an accurate safety format.
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