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Abstract

Thanks to the improvement in mechanical and adhesion properties of polymer resins, Post-Installed
Rebars (PIRs) succeeded progressively in replacing cast-in place rebars in some applications by
offering equivalent or even higher mechanical properties at ambient temperature. However, the
mechanical behavior of PIRs is essentially governed by the mechanical behavior of polymer resins,
which is highly sensitive to temperature. Consequently, fire safety presents a potential hazard that
should be taken into account when designing. This paper presents an experimental full-scale fire test
carried out on the Vulcain furnace of CSTB Champs-sur-Marne on its 7m x 4 m horizontal
configuration, in order to test a new fire design method proposed for PIRs. The 2.94 x 2 x 0.15 m?
tested slab was mechanically loaded by 325 kg and heated following the ISO 834-1 time-temperature
curve until its collapse. The experimental time of collapse is compared to that predicted by the new
design method.

Keywords: Chemical post-installed rebars, Full-scale fire test, Cantilever slab-wall connection, Bond
strength, Fire design method.

1. Introduction

Anchoring systems are used in reinforced concrete structures in order to ensure the stress transfer
between two neighboring structural elements [1]. Their installation can be carried out using two
different methods. The first method, called “Cast-in-place rebars”, consists in placing a steel rebar in
a desired position in the formwork and then casting the concrete around. While, the second method,
called “Post-installed rebars”, consists in embedding the steel rebar inside a hole drilled into the
hardened concrete [2]. Post-installed rebars (PIRs) offer advantageous solutions for concrete
construction by proposing a viable and economical method for adding new concrete sections or
attaching steel members to existing structures [3] [4]. Indeed, PIRs were initially used for correcting
fabrication errors in precast concrete, and then in retrofitting, extending and repairing existing
structures [5] [6]. Today, PIRs are also used in new constructions to meet the high architectural
requirements by providing more flexibility in the planning and design of concrete structures [7].

Post-installed bonded rebars can be divided into two groups according to the bonding agents used for
the rebar setup [8]. “Chemical post-installed rebars”, where rebars are bonded using chemical bonding
agents such as polyester, vinylester and epoxy resins, and “Grouted rebars”, where rebars are bonded
using nonchemical bonding agents such as mortars and cement grout [3]. Mortars and cement grout
can be easily pumped into deep embedded holes, which allows making PIRs with high load bearing
capacity [9]. However grouted rebars require a long curing time and generally a large hole diameter.
Nevertheless, chemical post-installed rebars provide a high load bearing capacity using small hole
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diameter and embedment length. Therefore, the use of chemical PIRs in concrete constructions is today
more suitable than grouted rebars. Indeed, the preference for chemical PIRs is the result of the
minimization of the curing time of chemical bonding agents by the introduction of fast-curing
adhesives, and is also the result of the high stiffness provided by the fillers added to structural resins
in order to increase their viscosity and mechanical properties [10] [11].

Several experimental research studies have been conducted in order to compare the mechanical
behavior between the various existing anchoring systems. Spieth et al. [12] had carried-out a series of
pull-out tests on cast-in-place rebars, chemical PIRs bonded with epoxy and polyester resins and on
hybrid PIRs bonded with a combination of vinylester and cementitious compounds. Results showed
that the hybrid system had a mechanical behavior very close to cast-in-place rebars with a slightly
better bond resistance. While chemical PIRs bonded with epoxy resin showed a much higher stiffness
and a larger bond strength than cast-in-place rebars. However, chemical PIRs bonded with polyester
resin showed a softer behavior and a significantly lower bond strength than all other systems. These
results were subsequently confirmed by Rosca et al. [13] with an experimental study on grouted rebars
bonded with a cement mortar. Results showed that the mechanical behavior of grouted rebars was very
close to cast-in-place rebars. Thus, the comparison between the different anchoring systems showed
that in general, PIRs bonded with epoxy resins provide higher mechanical properties than all other
anchoring systems.

The mechanical behavior of chemical PIRs is governed by several parameters such as materials and
geometric parameters [1] [14] [15] [11], the installation process [16] [17] [18] [19] and by the
environmental factors to which they are subjected. Several studies had confirmed the sensitivity of
polymer resins to environmental factors such as moisture and temperature [20] [21] [22]. Indeed,
temperature seems to be the factor that affects the most the mechanical behavior of chemical PIRs. In
a previous paper [23], we showed that the temperature increase up to values blow the resin glass
transition temperature leads to increase the mechanical properties of chemical PIRs due to the resin
post-cure phenomenon. However, when temperature exceeds the resin glass transition temperature, a
change in viscosity and physical state occur [24], leading therefore to a new bond stress distribution
along the bond joint [25] [26]. The influence of the heating increase rate was studies in [5], and it is
shown that high heating rates can generate a thermal gradient along the steel rebar and consequently
can lead to a new bond stress distribution. To conclude, the mechanical behavior of chemical PIRs at
high temperature seems to be very complex due to several mechanical and physicochemical changes
happening at the adhesive joint, affecting its mechanical properties [23] [27]. Therefore, fire is a
potential hazard which should be taken into account when designing structures containing chemical
PIRs [28].

Finally, several evaluation methods and design rules exist today in order to design and to secure the
use of chemical PIRs at normal operating temperatures [29] [30] [31] [32] [33]. Nevertheless, few
researchers have focused on the variation of the mechanical behavior of PIRs at high temperature and
have suggested design methods in case of fire. Zhang el al. [22] has carried out several pull-out tests
at different temperatures and proposed an empirical method allowing deducing the bond stress value
at different temperature ranges. Pinoteau et al. [26], Eligehausen et al. [34] and Lahouar et al. [23]
have proposed a “bond resistance integration method” allowing predicting the time of collapse of post-
installed rebars using thermal calculations and bond resistance variation at different temperatures. This
method was validated in [26] by performing a full-scale I1SO fire test on a cantilever-wall connection
using chemical PIRs and figures today on the European Assessment Document (EAD) 330087-00-
06.01 [35].

This paper presents an experimental full-scale fire test on a cantilever concrete slab (2.94 m x 2 m x
0.15 m) connected to a wall using 8 chemical post-installed rebars. This paper aims to predict the time
of collapse of PIRs under mechanical and thermal loading (according to the ISO 834-1 time-
temperature curve [36]), in order to compare between experimental and calculated times of collapse.
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The calculation method used to predict the fire resistance of post-installed rebars was inspired from
that presented in the European Assessment Document (EAD) 330087-00-06.01 [35]. The goal was to
verify the relevance of the proposed design method on a new configuration, other than that tested in
[26]. The first part of this paper explains and details the design method used to predict the fire
resistance of chemical post-installed rebars in a concrete structure, and then shows how it can be
applied in the case of a slab-wall connection. The second part presents the full-scale fire test used to
validate the design method. Analyses and discussion are developed in the last part to explain the
phenomena that occurred and led to the collapse of the slab, and finally to conclude on the accuracy
and the weakness of the method.
Vertical lines of

Horizontal lines of thermocouples

Post-installed
thermocouples

rebars

Concrete frame
Dead weight

Wall
(portion of the frame)~

Partition wall of the

furnace ~_

2 YA S Wire displacement
1SO £ iz = % .
O Fire 8344 ’ &,@_, Inclinometers sensors

Fig 1: Vulcain fire test configuration: Instrumentation and set up on the furnace

2. Fire design method description
The bond resistance integration method is a design method allowing to calculate the evolution of the
bearing capacity of a PIR subjected to a temperature variation and then to predict its time of collapse.
To reach this goal, the design method requires the knowledge and the determination of several
parameters. The prediction of the time of collapse of a structure containing PIRs requires five steps.

1- Determination of the applied load (Fapp)

PIRs embedded in concrete structures have the function of transferring the tensile forces applied on
the concrete section. The first step in calculating the fire resistance of PIRs consists in determining the
applied load, which can be done either by analytical calculations (Eurocode 2 part 1-1 method [29]) or
by finite element analysis. In all cases, this step requires the knowledge of some parameters such as
the geometric parameters of the structure, the concrete density and the position of the steel rebar in the
structure...

2- Temperature mapping (6(x,t))

After determining the amount of tensile load applied on the PIRs, the next step consists in determining
the temperature distribution at each element of the bond and at different moments of fire exposure,
using thermal calculations. Thermal calculations can be done either by finite element analysis, or using
finite difference method to solve Fourier’s equations (Eg. (1), (2) and (3)). Regardless of the chosen
method, it is necessary to know the thermal properties of the PIR components (thermal conductivity
4(0), specific heat C,(6) and materials density p(9)) to be able to perform thermal calculations.
Materials thermal properties can be determined by carrying out appropriate tests or can be directly
found in design guides such as Eurocode 2 part 1-2 [36].
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p(0Gx0).Cp(B(x.0). E22 = (0(x.0). T2 (1)
qconv: h(eext (X,t) 'esurf (X’t)) (2)
0= 0-8-(0 (,0-033, (x,1)) (3)

Where p is the material density [kg/m°]
C, is the material specific heat [J. K. Kg™]
/ is the material thermal conductivity [W. m™. K]
6(x,t) is the temperature of an element of the PIR at position x and at time t [K]
q...ny 1S the convective heat flux [W. m?]
q,,4 18 the radiative heat flux [W. m?]
h is the heat transfer coefficient [W.m2.K*]
o is the Stefan-Boltzmann constant [W.m?2.K™*]
¢ is the emissivity of the material
Bext 1S the gas temperature [K]
Bsur is the temperature at the surface of the material [K]

3- Bond strength —temperature relationship (7,4, (0))

The third step in the calculation of the evolution of the PIR bearing capacity is to assign a bond
resistance value to each element of the PIR depending on its temperature. This step relies on the bond
strength-temperature relationship obtained by pull-out tests at high temperature [5] [23] performed on
chemical PIRs made from the same resin.

4- Calculation of the load baring capacity (F;)

At the end of the previous step, a bond resistance distribution is obtained over the whole PIR
embedment length for each moment of fire exposure. Thus, the load bearing capacity of the post-
installed bonded rebar at a given moment “t” of the fire exposure can be obtained by integrating the
bond resistances at the time “t” over the entire embedment length following Eq. (4).

F=2.nr fOL rmax(e(x,t)) dx (4)

Where Ft is the load bearing capacity of the PIR at time t [N]
7is the radius of the steel rebar [mm]
£ is the embedment length [mm]
Tmax IS the bond resistance obtained by pull-out tests [MPa]
O(xt) is the temperature of an element of the PIR at position x and at time t [K].

5- Time of collapse

The design model assumes that failure occurs when the shear stress reaches the bond strength at all
elements composing the PIR. Therefore, the time of collapse is considered as the time at which the
load bearing capacity becomes equal to, or lower than the tensile load applied to the steel rebars, i.e.

when Fy <F,,.

Fig. 2 summarizes the main steps of the calculation of the bearing capacity evolution of PIRs during a
fire exposure using the bond resistance integration method, as represented by Pinoteau et al. [26].
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Fig. 2: Bond resistance integration design method applied to chemical PIRs subjected to fire (Pinoteau et al. [26])

3. Test Specimen set-up and design method application

3.1 Test specimen conception

The objective of this section is to explain how the configuration and the dimensions of the test
specimen were chosen in order to evaluate the fire resistance of PIRs on a full-scale wall-slab
connection.

The full-scale fire test was carried out on the “Vulcain” modular gas furnace of CSTB Champs-sur-
Marne, France (Fig. 3). The furnace offers three possible exposure areas to perform fire tests in the
horizontal configuration: 3m x 3m, 4m x 3m and 7m x 3m. The fire test presented in this paper was
performed on the 4 m x 3 m horizontal configuration. The test specimen configuration was composed
of a concrete slab attached to a wall by post-installed rebars. The choice of this configuration can be
justified by the fact that it could be representative of balconies maintained by chemical PIRs sealed
into a concrete wall. The set-up of the test specimen on the furnace required the presence of a concrete
frame allowing to close the furnace and to ensure its fire integrity during the test. The concrete frame
was made from a C45/55 reinforced concrete containing propylene fibers, and represents the wall in
which post-installed rebars are anchored. The configuration and dimensions chosen for the test
specimen were a 2.94 m x 2 m x 0.15 m cantilever slab made from C20/25 reinforced concrete
containing propylene fibers, connected to the wall by means of 8 post-installed rebars, bonded into
concrete using an epoxy resin (Fig. 1). The number of PIRs was determined according to the EC2 part
1-1 design rules [29] which allow a maximum spacing between bonded rebars equal to two times the
thickness of the slab (i.e. 300 mm). The diameter of the steel rebars was chosen equal to 16 mm and
the embedment length was set at 135 mm. The thickness of the bond joint was equal to 2 mm, according
to the resin supplier’s recommendations. A spacing of 80 mm at the sides and 200 mm at the free end
of the cantilever slab was left to take into account the thermal expansion and the rotation of the slab,
in order to prevent any possible blocking against the frame during the fire test (Fig. 4). The test
specimen was mechanically loaded during the fire test with 325 kg dead weight positioned at 2200
mm from the wall, as shown in Fig. 1.
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Fig.3 : Vulcain furnace of CSTB Champs-sur-Marne, France
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Fig. 4: Position of the slab in the concrete frame

The concrete mixture proportions are represented in Table 1. Characterization tests were carried out
on cubic concrete samples (150mm x 150mm x 150mm) after 28 days of curing under ambient
temperature and moisture conditions. The concrete used for the frame showed a compressive strength
equal to 58.7 MPa (* 1.3 MPa) and a density equal to 2263 kg/m?® (+ 7 kg/m?®), while the concrete used
for the cantilever slab presented a compressive strength equal to 22.4 MPa (+ 0.3 MPa) and a density
equal to 1987 kg/m® (£ 5 MPa).

Table 1 : Mixture proportions of the concrete used for the slab and wall casting

Unity Wall Slab
Cement (C) [Kg/m?] 280 300
Aggregate/Sand ration [%] 107 100
Water/Cement ratio (wi/c) [%0] 59 57
Superplasticizers [% of C] 0.3 0.54
Propylene fibers [Kg/m?] 1.2 1.2
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3.2 Design method application

3.2.1 Quantification of the applied tensile load Fapp

Chemical post-installed rebars installed in the studied structure are subjected to tensile forces generated
by vertical forces induced on one hand by the mass of the slab (5.9 kN/m), and on the other hand by
the dead weight positioned at the non-exposed surface of the slab (3.2 kN at 2200 mm from the wall)
(Fig. 1). Calculations showed that the total bending moment at the wall-slab interface is equal
to M;,; = 32.3 kNm. The position of the neutral axis of the slab is determined by an equilibrium of
forces between the compressed area of the concrete section and the rebars. The position of the neutral
axis is found equal to Z,, = 25.5 mm. Hence, the pivot point position (Zg) is determined by the
position of the gravity center (G) of the triangle representing the concrete compressed area, as
explained in Fig. 5. The steel strain is obtained by dividing the applied bending moment (M) by the
lever arm distance (Z = d — Z;) and by the section and the elastic modulus of the steel rebars. Then,
the compressive stress in the concrete section could be calculated according to Eq. (5), by considering
the strain compatibility between the concrete and the steel rebars. The resulting compressive force is
then obtained by integrating the compressive stress over the entire thickness of the compressed zone,
according to Eq. (6) (by assuming that the concrete deforms elastically). Finally, the total tensile force
applied to the whole PIRs is therefore equal to the value of the force obtained by Eq. (6).

Nevertheless, the slab-wall connection through 8 post-installed rebars represents a statically
indeterminate system. Therefore, the load distribution between the steel rebars is in reality not uniform.
In order to simplify the calculations, it is supposed at this stage that the tensile force is uniformly
distributed between the steel rebars. Consequently, the tensile load applied on each rebar is equal to
the total tensile force divided by the number of rebars. Thus, the calculated value of the tensile force
applied to each rebar is found equal to Fapp = 48 kKN (= 3 kN). The uncertainties on the applied tensile
load result from the uncertainties on the position of the steel rebars in the slab, the position of the dead
weight at the non-exposed surface and on the mechanical properties of steel and concrete.

e.(2) = Z:i" 0<z<z, )
F. = [ &.(2).Ecb.dz (6)

Where d is the position of the rebars in the slab (d = 92 mm + 4 mm)
b is the width of the slab (b = 2000 mm)
E; s the elastic modulus of the steel rebars (Es= 205 GPa + 5 GPa [29])
E. is the elastic modulus of the concrete (Ec = 30 GPa + 2 GPa [29])
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Fig. 5: Determination of the neutral axis and the pivot position in the concrete slab cross section
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3.2.2 Calculation of temperature profiles (0(x,t))

The calculation of the temperature propagation in the concrete section is carried out using a 2D finite
element analysis. The studied geometry is composed of the slab section and of the entire thickness of
the wall, in order to take into account the impact of the wall geometry on the temperature propagation.
The mesh is created using quadrilateral elements with 4 nodes. The element size is set equal to 5 mm.
The initial temperature of the entire structure before starting calculations is set equal to 20°C. The
structure is then heated on the lateral surface of the wall and on the lower surface of the slab (Fig. 7)
by applying convective and radiative thermal flux in accordance with the Eurocode 2 part 1-2. The gas
temperature follows the 1ISO 834-1 time-temperature curve. The ISO 834-1 curve [36] is a conventional
time-temperature curve, described by Eq. (7), which reproduces the temperature increase in a structure
in fire situation. The consistency of thermal calculations is checked by verifying the propagation of
isotherms parallel to the exposed surface of the slab, at the furthest area from the wall/slab interface.
The influence of the resin and the steel rebars on the thermal propagation is not considered in this
model. The heat exchange coefficients and the thermal properties of the concrete used in thermal
calculations are those provided by the Eurocode 2 part 1-2 [36] (Fig. 6) (Table 2). The thermo-physical
properties of the concrete used in calculations correspond to a concrete with 1.5% moisture content.

Thermal calculations allowed obtaining the thermal distribution at the PIRs position at different times
of fire exposure (Fig. 7). The thermal profiles highlights the presence of a thermal gradient along the
PIRs. Indeed, the beginning of the PIRs exhibits the highest temperatures, with a high temperature
increase rate, while temperatures at the bottom of the PIRs are much lower with a slower increase rate.
The thermal gradient between the two ends of the PIRs increases continuously during the fire exposure.

0(t) =20+ 345 log, ,(8t+1) @)

Where 0 is the gas temperature [°C]
t is the fire exposure time [min]
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Fig. 6: Concrete thermal conductivity, density and specific heat variation under heat effect

Table 2: Heat exchange coefficients for concrete surfaces exposed and non-exposed to fire

Convective exchange Emissivity of the Stephan-Boltzmann
coefficient (h) concrete (g) constant (o)
Exposed surface 25 Wim?/K 0.7 8 )
Non-exposed surface 4 W/m?/K 0.7 5.67x 107 W/m?/K

1200
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Fig. 7: Thermal distribution along the PIR at different moments of 1SO fire exposure obtained by F.E. analysis

3.2.3 Bond strength — Temperature relationship (7,;,4.(0))

The relationship between the bond strength and temperature is obtained experimentally through pull-
out tests performed by applying a constant bond stress in the adhesive joint. The description of the test
procedure and the main results are presented in a previous paper [23]. The tests are performed on steel
rebars bonded into concrete cylinders (160 mm diameter and 250 mm height) using the same epoxy
resin than that will be used in the full-scale fire test. Steel rebars are mechanically loaded by applying
a constant tensile force using a hydraulic jack. The generated shear stress in the bond joint is calculated
following Eq. (8) by assuming a uniform stress distribution along the PIR. The applied bond stress is
comprised between 3 MPa and 27 MPa. Once the constant load is applied, the concrete cylinders are
heated using an electrical heating device until the total extraction of the rebars. The average
temperature at failure is measured by two thermocouples positioned at the end and at 10 mm from the
top surface of the bond. Therefore, for each pull-out test, a failure temperature is associated to a given
bond resistance. Pull-out test results are shown in Fig. 8. The bond resistance decay at elevated
temperatures is mainly caused by a set of physical, chemical and mechanical phenomena such as resin
glass transition. These phenomena are detailed and examined from experimental and theoretical point
of view in a previous paper [23].

Eq. (9) represents the bond strength — temperature relationship. The bond resistance is assumed to be
constant for temperatures below 27°C. The decay in the bond resistance under heating effect is
described by an exponential law, which represents a good accuracy with experimental results
(R=0.998). Above 115°C, the bond resistance is considered equal to zero.

F
Tmax™ nd_L (8)

Where F is the tensile load applied on the steel rebar [N]
d is the diameter of the steel rebar [mm]
L is the embedment length [mm]
Tmax IS the bond strength [MPa]

27 MPa 0<31°C
Toax (0) = 162.367 exp (-0.0270)  31°C<0<115°C 9)
0 0> 115°C
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Fig. 8: Bond strength - Temperature relationship determined by means of pull-out tests at constant load [23]

3.2.4 Bearing capacity evolution and time of collapse prediction

Using calculated thermal profiles (Fig. 7) and the bond strength-temperature relationship (Fig. 8), a
bond resistance value is assigned to each element of the PIR at different times of fire exposure,
according to its temperature. The predicted evolution of the bond resistance profile at different
moments of fire exposure is shown in Fig. 9. Results show a constant bond resistance at the beginning
of the fire test (t = 0 min) equal to 27 MPa, when the entire bond is at 20°C. As the temperature
increases along the bond during heating, the bond resistance decreases progressively. The decay in the
bond resistance is more significant at the beginning of the PIR than that at its end. This can be attributed
to the important thermal gradient present along the embedded part of the steel rebars (paragraph 3.2.2).
Therefore, the most resistant parts of the PIR are located at its end, where temperatures are relatively
low. Thus, the thermal gradient leads to a new bond stress distribution along the PIR with a stress
concentration in the coolest zones. By heating the slab, the temperature continues to increase along the
PIR and therefore the bond resistance decreases. Calculations predict that after 180 minutes of 1SO
fire exposure, only 75 mm of the total bond length would resist to fire.

It is then possible to calculate the evolution of the load bearing capacity of the PIR, as described in
paragraph 2, by the use of data from Fig. 9 and Eq. (4). Fig. 10 represents the evolution of the PIR load
bearing capacity during the ISO fire exposure with margins of uncertainties resulting from the bond
strength — temperature relationship (Fig. 8). The applied tensile load is represented in Fig. 10 by the
horizontal lines, including the corresponding uncertainties (Fminand Frmax).

The time of the slab collapse is determined by the intersection between the bond resistance curves and
the applied load curves. The first intersection point corresponds to the safest time of collapse. It is
obtained from the intersection between the bond resistance evolution curve indicating the lowest
resistance values with the applied load curve indicating the highest values of tensile force (Fmax).
While, the last intersection point is the least safe. It corresponds to the intersection between the bond
resistance evolution curve indicating the highest bond resistance values with the applied load curve
corresponding to the lowest tensile load values (Fmin). Therefore, obtained results predict a potential
collapse of the slab between 114 min and 136 min of ISO 834-1 fire exposure for 48 kN (£ 3 kN)
tensile force applied to each PIR.

10


https://doi.org/10.1016/j.engstruct.2018.07.069

Final version of the paper published in Engineering Structures, 174, October 2018,
[https://doi.org/10.1016/j.engstruct.2018.07.069]
30
25
=
[a )
220
(o]
g
a 15
= 10
&
]
5
0
0 15 30 45 60 75 90 105 120 135
L )
Beginning of End of the
the PIR Embedment depth [mm)] PIR
~——0min 15 min 30 min 45min ——60min ——75min
——90min ——105 min ——120 min ——135 min —— 150 min —— 180 min
Fig. 9: Evolution of the PIR bond resistance during an ISO fire exposure
200
& & s
180 | g
160
z .
=2 140 + .
= + 120 min
3120 ¢ Lo
o . .
S 100 F + 114 min 136 min
fé() "..'V‘__
2
60 - N E
jae - ‘max
= | _—
- 40 + e ﬁ - Fmin
o | f" ................. §
0 L L L 1 1 L L L 1 1 L
0 15 30 45 60 75 90 105 120 135 150 165 180
Time [min]
—— Applied load  --#-- PIR bearing capacity
Fig. 10: Evolution of the load bearing capacity of the PIR during 1SO fire exposure

3.3 Metrology
3.3.1 Temperature measurements

p.

81-94

In order to study the temperature increase during the fire test, rows of thermocouples are installed at
different positions in the test specimen (Fig. 1). 5 rows of thermocouples are introduced horizontally
into the wall (portion of the concrete frame in which the chemical post-installed rebars are embedded)
at the same height as the PIRs, and positioned respectively at 111mm, 555mm, 1000mm, 1450mm and
1889mm from the lateral side of the slab . Each row is composed of 5 thermocouples positioned
respectively at 10mm, 20mm, 30mm, 100mm and 150mm depth. These thermocouples measure the
temperature increase along the PIRs during the fire test. In addition, 3 rows of thermocouples are
introduced vertically at the mid-width into the slab, at 500mm, 1500mm and 2440mm respectively
from the wall. Each row is composed of 5 thermocouples positioned respectively at 10mm, 20mm,
30mm, 70mm and 100mm depth from the fire exposed surface of the slab. These thermocouples
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measure the temperature increase inside the slab during the fire exposure. Finally, the gas temperature
inside the oven is controlled by 6 pyrometer plates located below the test specimen.

3.3.2 Displacement measurements

The measurement of the vertical displacement of the slab during the fire test is carried out using three
wire displacement sensors attached to the slab at 2600mm from the wall and at 500 mm, 1000 mm and
1500 mm from the lateral side of the slab (Fig. 1). These displacement sensors are attached to a metallic
beam positioned above the test specimen, allowing the measurement of the relative displacement
between the slab and the concrete frame (Fig. 11).

Wire displacement |,
sensor

Metallic
beam

Wire

Concrete slab

Fig. 11: Wire displacement sensor installed on the concrete slab

In addition to displacement sensors, a stereo digital images correlation system (DIC) is positioned
above the test specimen in order to measure the displacement fields during the fire test (Fig. 12).
Besides displacement measuring, the digital images correlation system will help in the analysis of the
curvature of the slab under the temperature effect during the fire test.
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Fig. 12: Digital Image Correlation System installed above the test specimen

3.3.3. Slab rotation measurements

Two inclinometers are installed at the non-exposed surface of the slab, at 2400 mm from the wall and
respectively at 500 mm and 1500 mm from one lateral side of the slab (Fig. 13). These two
inclinometers allow the measurement and the analysis of the slab rotation in directions X and Y under
the heat effect during the fire test.

Inclinometers .
N Insulation
material
Concrete Metallic
slab beam
Concrete

wall \

Fig. 13: Inclinometers installed at the non-exposed surface of the concrete slab

3.3.4 Wall/slab interface displacement

9 Invar bars are installed horizontally in the test specimen in order to measure the slip of the PIRs
during the fire test. In fact, the Invar is a nickel-iron alloy, known for its very low thermal expansion
coefficient [37] and therefore, expands very little when it is heated. Consequently, the sliding of the
Invar bars during the fire test corresponds to the relative displacement between the slab and the
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concrete wall. Indeed, these Invar bars are on one hand welded to the slab reinforcements and in the
other hand cross the concrete section of the wall through holes drilled with a diameter equal 1.5 times
the diameter of the bars, in order to ensure their free sliding during the fire test and to prevent their
friction with the concrete.

The Invar bars are divided into 3 rows positioned respectively at 555 mm, 1000mm and 1455 mm from
one lateral side of the slab (Fig. 14). Each row is composed of 3 Invar bars, positioned at 25 mm, 75
mm and 125 mm height respectively from the surface of the slab directly exposed to fire. Behind each
of these Invar bars, an LVDT sensor (Linear Variable Differential Transformer sensor) is installed to
measure the displacement of the bars relatively to the surface of the wall during the test. Therefore,
these bars will help in determining both the average amount of the PIRs slip and the slab rotation
during the fire test.

S T —

— . 4
i

",

Concrete slab

LVDT
sensors

Fig. 14: Positions of the Invar bars and LVDT sensors in the test specimen

4. Results and discussion

4.1 Experimental observations

Several verification tests of the metrology and the acquisition systems were carried out before
performing the full-scale fire test. The purpose of these tests was to verify the proper functioning of
the metrology in order to avoid any unforeseen that might occur during the fire test. The full-scale fire
test was performed 123 days after the slab concrete casting and 196 days after the concrete frame
casting. The gap between the slab and the concrete frame was filled with thermal insulation material
(Fig. 13) in order to confine heat. The fire exposed surface of the test specimen was continuously
observed during the test with an endoscopic camera. During the heating, no concrete spalling was
noticed. The slab collapsed after 117 minutes of ISO fire exposure, when the temperature inside the
gas furnace was of 1045°C, i.e. in the time interval predicted by the design method. The gas burners
were turned off after the slab collapse. A loss of concrete occurred during the cooling along the slab
length, on the lower surface up to the reinforcement. The slab collapse was caused by the slip of the
bonded rebars. No concrete cone failure was noticed. The failure mode is investigated further in this

paper.

4.2 Thermal distribution analysis

Fig. 15 represents the evolution of calculated and the average measured temperatures in the wall, at
the PIRs position. The dotted lines represent the evolution of the calculated temperatures and the full
lines represent the evolution of the average measured temperatures. The analysis of measured thermal
profiles, recorded by the thermocouples installed horizontally in the concrete wall, shows that the slab
heating had generated a thermal gradient along the PIRs. Indeed, the beginning of the bonded rebars
exhibited the highest temperatures, while the end of the PIRs showed the lowest ones. Despite the fact
that measurements of the gas temperature inside the furnace show that the heat was uniformly
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distributed on the whole test specimen (Fig. 17), a temperature difference between the rebars was
noticed. The maximum temperature difference was recorded between the rebar N°1 and N°8 (Fig. 4),
at the beginning of the bond position. The maximum temperature value was reached at the beginning
of the first PIR and was equal to 97°C. The temperature difference between rebars N°1 and N°8 was
around 20°C. However, temperatures at the end of the bond were close (ABmax = 4°C). This temperature
difference can be attributed to the fact that temperature measurement is very sensitive to the position
of thermocouples. Indeed, the uncertainty on the position of a thermocouple can be estimated at + 2
mm. Due to the high thermal gradient at the beginning of the bond, the uncertainty on the measured
temperature is about + 13°C at 10 mm depth, while the uncertainty on the measured temperature is
about = 2°C at 100 mm depth.

Fig. 15 shows that temperatures measured along the PIRs had not exceeded 100°C over the entire fire
test duration. Indeed, the temperature had increased continuously during the first 90 minutes of fire
exposure and then, a plateau was formed at the first 30 mm depth of the bond. This plateau can be the
result of the water vaporization at the beginning of the bond and its accumulation in the coolest
neighboring zones, which slowed down the temperature increase by consuming the thermal energy
supplied by heat.

The superposition of measured and calculated temperatures reveals that calculated temperatures are
close to measured temperatures, with a maximum difference around 30°C. The slight difference
between measured and calculated thermal profiles can be explained on one hand by the use of
theoretical values of emissivity (€) and convection factor (h) in thermal calculations, provided by the
Eurocode [36]. Indeed, values provided by the Eurocode are generally multiplied by a safety factor,
and lead therefore to an overestimation of the thermal propagation in the concrete section [26]. On the
other hand, the temperature difference can be attributed to the non-consideration of the steel rebars
contribution when measuring temperatures with thermocouples. In fact, the bonded rebars were
extended into the concrete slab. The heating of slab had generated a temperature increase in the rebars
which transferred the heat to the end of the bond. However, thermocouples installed in the concrete
wall were fixed to a steel rod which was not extended into the slab. Therefore, thermocouples measured
only the temperature increase in the concrete section of the wall and did not consider the contribution
of the steel rebars in the heat transfer. Consequently, the temperature of the PIRs measured by
thermocouples could be slightly underestimated.

Fig. 16 represents the evolution of calculated and the average measured temperatures in the concrete
section of the slab. The dotted lines represent the evolution of the calculated temperatures and the full
lines represent the evolution of the average temperatures measured by the vertical lines of
thermocouples (paragraph 3.3.1). Measured temperatures highlight the presence of a plateau which
takes place near 100°C, reflecting the water vaporization inside the concrete. Indeed, the vaporization
of the water retained in the concrete was observed during the fire test through a water condensation at
the non-exposed surface of the slab. The duration of the vaporization plateau is very short for areas
close to the fire exposed surface, and increasingly long for the furthest areas.

The comparison between calculated and measured temperatures inside the slab shows that the model
allows predicting correct temperature values for the first minutes of heating. However, the formation
of the water vaporization plateau leads to a large gap between the calculated and measured
temperatures. Indeed, calculated temperatures are considerably higher than measured temperatures
when temperature exceeds 100°C. For example, at 10 mm depth inside the slab, the difference between
measured and calculated temperatures is about 212°C after 100 minutes of 1SO fire exposure. In fact,
the temperature difference is the result of the water vaporization phenomenon which slowed down the
temperature increase in the concrete section. The retarding effect of the vaporization plateau on the
temperature propagation is simulated by a peak of specific heat between 100°C and 115°C (Fig. 6).
However, the variation of the specific heat with temperature provided by the Eurocode do not fully
reproduce the effect of the water vaporization plateau in delaying the temperature increase in the
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concrete section. Hence, calculated temperature profiles are overestimated. Consequently, thermal
calculations using materials thermal properties provided by the Eurocode [36] lead to a conservative
thermal distribution when temperature exceeds 100°C.

10 mm
120 - v (calculated)
! 20 mm
| 2 (calculated)
100 | .
-7 i 10 mm
¢/ l(average measured)
s0 | 4 20mm (average measured )
o
2,
g == - 100 mm
= L leulated
Gl 60 (calculated)
o
o
E — 100mm
= (average measured)
40 150 m
1oU0mm
calculated)
150 mm
20 = (average measured
0 1 1 L L L I
o 20 40 60 80 100 120
Time [min]
Fig. 15: Evolution of the average measured temperatures along the horizontal thermocouple lines
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Fig. 16: Evolution of the average measured temperature along the vertical thermocouple lines
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Fig. 17: Evolution of the gas temperature measured during the fire test

4.3 Slab displacement analysis

Displacements recorded by the wire displacement sensors (paragraph 3.3.2) are shown in Fig. 18. The
moment of the ignition of the burners is set as the reference time in the measurement of the vertical
displacement of the slab. Consequently, vertical displacements shown in Fig. 18 represent only the
displacement of the slab during the fire test.
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Fig. 18: Vertical displacement evolution during the fire test

The three wire displacement sensors had recorded a positive vertical displacement of the slab since the
first minutes of heating. In fact, the positive vertical displacement of the slab is mainly due to a
differential thermal expansion phenomenon created in the concrete section under thermal effect.
Indeed, the concrete in contact with fire was rapidly heated and therefore expended considerably under
the temperature effect. However, temperatures at the areas far from the fire exposed surface were
relatively low. Consequently, a thermal gradient was created in the concrete section and generated a
differential thermal expansion between the two surfaces of the slab, leading to its upward
displacement.

By pursuing the heating of the slab, the temperature at the areas near to the exposed surface had
continued to increase leading to their expansion. Thus, the slab had continued to rise upward until
reaching a maximum value of vertical positive displacement. The maximum positive displacement
value recorded during the fire test was equal to +18.7 mm, reached after 28 minutes of I1SO fire 834-1
exposure (8,45(28 min)= 832°C)). The upward vertical displacement of the slab can be estimated
analytically from the calculation of the thermal stress generated in the cross-section of the slab.
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Analytical calculations, not shown in this paper, gave values very close to those measured during the
fire test. After 28 min of heating, the positive vertical displacement started to decrease gradually and
the slab started falling slowly inside the furnace. The zero value of vertical displacement was reached
again after 92 minutes of heating. After that, the fall of the slab inside the furnace was continued until
the collapse.

The fall of the slab inside the furnace could be attributed to the slip of the PIRs as a result of the
temperature increase. Indeed, as explained in paragraph 3.2.4, the temperature increase along the PIR
leads to decrease its mechanical properties and therefore causes its slip. Fig. 18 shows that starting
from 109 minutes of fire exposure, the negative displacement of the slab was accelerated until the total
failure of the PIRs and the collapse of the slab after 117 minutes of fire exposure. The time of collapse
was selected as the moment when the negative vertical displacement rate exceeded 10 mm/min. The
negative vertical displacement acceleration observed at the end of the fire test can be explained by the
rapid decay in the PIRs bearing capacity under the temperature effect, leading to the collapse of the
slab.

Displacements recorded by the three wire displacement sensors during the fire test shows that the
values measured by the sensor positioned at the mid-width of the slab (sensor 2) are slightly higher
than those measured by the two lateral sensors (sensor 1 and 3), which indicate sensitively identical
values. This assumes that under the heat effect, the concrete slab was curved symmetrically to an axis
passing through its mid-width plan. This assumption is confirmed by the results obtained from the
digital images correlation system (DIC) as shown in Fig. 19. In fact, DIC results shows the creation of
displacement fields concentrated in the center of the slab during fire exposure, reflecting the bending
of the slab symmetrically to its center.
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Fig. 19: Fields of vertical displacement recorded by DIC during the fire test

Using data collected from the DIC system, it is possible to plot the evolution of the slab curvature
during the fire test. The slab curvature is reconstituted by plotting the evolution of the vertical
displacement of three straight lines passing from the three wire displacement sensors position,
designated by segment 1, 2 and 3 (Fig. 19). The displacement measurements provided by the DIC
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system are identical to those measured by the wire sensors. As observed above, the measured vertical
displacements in the mid-width of the slab are greater than displacements recorded at the lateral sides
due to the symmetrical curvature of the slab in its center under the thermal effect.

The evolution of the slab curvature presented in Fig. 20 shows that the maximum vertical displacement
was reached around 30 minutes of 1SO fire exposure. After that, the slab started to fall progressively
inside the furnace due to a rotation at the wall/slab interface. The rotation of the slab can be explained
by the PIRs sliding under the thermal effect as explained in the previous paragraph. The curves show
that the differential expansion of the slab was continued until 90 minutes of heating, highlighted by
the curvature of the slab in its center. After 90 minutes of heating, a change in the shape of the slab
was observed. The curvature of the slab in its center was less pronounced and the negative vertical
displacement had become more important. This fact can be explained by the decay in the thermal
gradient between the exposed and unexposed surface of the slab.
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Fig. 20: Evolution of the curvature of the slab during the fire test plotted from the DIC data

4.4 Slab rotation analysis

Fig. 21 shows the slope evolution of the slab in the X and Y directions. The inclinations along the X-
axis recorded by the two inclinometers were sensitively identical over the entire fire test duration (Fig.
21 a). Curves show a constant increase rate of the slab inclination in the X-axis direction up to 28
minutes of fire exposure. As a reminder, 28 minutes corresponds to the moment when the maximum
positive vertical displacement was reached. After 28 minutes, the curvature of the slab had continued
to increase but with a slower increasing rate until reaching a maximum value equal to +1.39° at 92
minutes of fire exposure. This observation confirms the fact that the differential thermal expansion of
the slab was not interrupted until 92 minutes of heating. After 92 minutes, the slab started to fall inside
the furnace and the inclination value in the X-axis direction started to decrease. The zero inclination
value was reached for the second time at 115 minutes of fire exposure. Therefore, the recorded
inclination value at the moment of the slab collapse (117 minutes) was negative. The sign change of
the slab rotation following the X-axis indicates a reversal curvature of the slab and confirms the change
of its shape at the last minutes of the fire test, as shown in paragraph 4.3, indicating the collapse.
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Inclinations recorded along the Y-axis were almost symmetrical (Fig. 21 b), which confirms the
curvature of the slab symmetrically to its center. Curves highlights a constant increase rate of the slab
rotation in the Y direction up to 28 minutes of fire exposure. After 28 minutes, a change in the rotation
increase rate is observed. Results in Fig. 21 b) indicate that the slab had continued to curve under the
thermal effect with a slower rate until failure, which confirms that the differential thermal expansion
of the slab in the Y-axis direction was not interrupted during the test.

The inclination analysis pointed out that the curvature of the slab under thermal effect was continued
until at least the moment of the slab falling inside the furnace. Finally, the slab curvature analysis
allowed to notice that the decay in the load bearing capacity of the PIRs under temperature effect had
started to become critical from 92 minutes of fire exposure.
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Fig. 21: Slab curvature during the fire test. a) Along the X-axis. b) Along the Y-axis

4.5 Invar bars displacement

As mentioned in paragraph 3.3.4, three rows of Invar bars were installed in the test specimen in order
to measure the PIRs slip and the slab rotation during the fire test. The evolution of the PIRs slip during
the fire test is presented in Fig. 22. The curve shows that during the first 5 minutes of heating, the PIRs
slip was almost equal to zero. After 5 minutes of ISO fire exposure, the slip of the rebars started to
increase with a constant increase rate until reaching a slip value equal to 0.7 mm at 82 minutes of
heating. Starting from that moment, the rebars slip rate was accelerated following an exponential trend
until the failure of the bond after 117 minutes of fire exposure. The maximum value of the rebars slip
was recorded at the moment of the slab collapse and was equal to 2.8 mm.

35 r

0 20 40 60 80 100 120
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Fig. 22: Evolution of the PIRs slip during the test measured by the Invar bars

In addition to the measurement of the PIRs slip, the Invar bars were used to assess the rotation of the
slab during the fire test. Fig. 23 represents the rotation of the slab during the fire test over a time
interval of 15 minutes. At the beginning of the fire test, the wall/slab interface is supposed to be
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perfectly vertical and the slab is in contact with the wall over its entire thickness. During the first 15
minutes of fire exposure, a small opening was observed at the wall/slab interface caused by a 0.1 mm
rebars slip (Fig. 22), which could be generated by the mechanical loading of the slab. After 30 minutes
of heating, the wall/slab interface seemed to not rotate but shifted by 0.1 mm. This shift can be
attributed to the thermal expansion of the wall under temperature effect. Indeed, calculation showed
that after 30 minutes of fire exposure, the wall could expand by 0.1 mm [26].

After 45 minutes of heating, a combination of rotation and horizontal translation was recorded. In fact,
the slab horizontal translation can be explained by the temperature propagation in the section of the
wall, which leads to an additional thermal expansion. However, the slab rotation can be explained by
the slip of the PIRs under the temperature effect, which is the origin of the progressive fall of the slab
inside the furnace, as described in paragraph 4.3. Starting from the 60" minute of heating, the slab
rotation had become more important and was continuously increasing. The rotation of the slab is
highlighted by the important sliding of the Invar bars indicating the PIRs slip (Fig. 22). This is also
confirmed by the analysis of the slab curvature in Fig. 20, where it is shown that the decrease in the
vertical displacement of the slab after 30 minutes of heating was mainly due to a rotation at the
wall/slab interface.

After 75 minutes of fire exposure, a negative displacement values of the order of - 0.7 mm were
recorded by the Invar bars positioned at 25 mm height in the slab section. This negative displacement
values recorded in the bottom of the slab reflect the softening of the concrete at the wall/slab interface
under high temperature effect (paragraph 4.3), leading consequently to the penetration of the slab into
the softened portion of the wall.

Fig. 23 shows that the rotation movement at the wall/slab interface was accelerated during the last
minutes of the fire test, and was the cause behind the slab collapse after 117 minutes of ISO fire
exposure. Hence, these results confirm that the slab collapse was essentially caused by the PIRs sliding
due to the decay in their load bearing capacity under the temperature effect.
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Fig. 23: Evolution of the slab rotation during the fire test measured by the Invar bars

4.6 Fracture interface analysis

The analysis of the data collected during the fire tests showed that the failure was caused by the PIRs
sliding and extraction under the high temperature effect. Fig. 24 shows a section of a PIR after the fire
test. The fractography analysis highlighted the presence of a mixed failure mode along the bond. A
resin/concrete interface failure mode was observed at the beginning of the bond, up to the two thirds
of the embedment length, while the last third of the embedded part presented a steel/resin interface
failure mode. This mixed failure mode is the result of a significant thermal gradient present along the
bond at the moment of failure, as confirmed by the thermal profiles recorded during the test (Fig.15).
The presence of a mixed failure mode along the PIRs suggests that failure was caused by the glass
transition of the epoxy resin. Indeed, the resin glass transition leads to a significant decay in the anchors
load bearing capacity as mentioned in a previous paper [23]. Previous characterization tests carried out
on the epoxy resin used in this fire test showed that the resin glass transition temperature was around
61°C [23]. Thermal profiles recorded along the PIRs (Fig. 15) showed that the temperature at the bond
had largely exceeded 61°C, which confirms that the resin glass transition is the main cause behind the
collapse of the slab.
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Fig. 24: Anchor's section analysis after collapse

Conclusion

This paper presents a full-scale validation test of a design method proposed for post-installed rebars in
a slab/wall configuration in fire situation. The tested structure was composed of a concrete cantilever
slab connected to a wall by 8 chemical PIRs, mechanically loaded by a 325 kg dead weight and
thermally loaded following the ISO 834-1 time-temperature curve [36]. The time of the slab collapse
predicted by the design method was comprised between 114 minutes and 136 minutes of 1SO fire
exposure. The prediction of the time of collapse was carried out by the determination of the PIRs
bearing capacity during heating and by the quantification of the tensile force applied on each rebar.
The slab collapse occurred after 117 minutes of heating. The validation test showed that the proposed
design method provides a failure time close to the experimental one. Therefore, results show that the
established assumptions are in good agreement with the reality.

From the analysis of the results obtained during the experimental validation test, several conclusions
could be derived.

= The temperature measured along the PIRs during the fire test has not exceeded 100°C. In fact,
calculated thermal profiles, using the concrete thermal properties provided by the Eurocode 2
part 1-2, allowed to correctly predict the temperature increase along the PIR, which helped in
some ways to accurately estimate the time of collapse of the cantilever slab. Indeed, the
superposition of thermal profiles showed that the finite element thermal model using data from
the Eurocode 2 allows to precisely predict the temperatures in the concrete section as long as
the temperature is below 100°C. However, above 100°C, the model is not able to predict the
retarding effect of the vaporization plateau and therefore, leads to an overestimation of the
temperature profiles.

= The heating of the slab during the fire test have generated a thermal gradient in the concrete
section, causing a differential thermal expansion between the two surfaces of the slab, and
leading to an upward vertical displacement, which should be taken into account when
designing PIRs in a fire situation.

= The maximum positive vertical displacement of the slab was reached after 28 minutes of 1ISO
fire exposure and was equal to +18.7 mm. After 28 minutes, the slab started falling inside the
furnace due to the sliding of the bonded rebars, caused by the decay in their mechanical
properties at high temperature.

= The analysis of displacements recorded by the DIC system during the fire test showed that the
slab had curved in its center under the thermal effect. The DIC system highlighted that the
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thermal curvature of the slab under the thermal effect was continued after at least 90 minutes
of ISO fire exposure. After that, a change in the shape of the slab was observed, which can be
the result of the concrete softening at high temperature and the attenuation of the amplitude of
the thermal gradient between the two surfaces of the slab.

= The analysis of the slab rotation during the fire test showed that the PIRs sliding had become
critical starting from 92 minutes of heating.

= Finally, the slab collapse was mainly caused by the slip of the chemical PIRs due to the resin
glass transition.

To conclude, the analysis of the different results obtained during the fire test showed how much
the design of structures in fire situation is complicated due to the intervention of several
phenomena. The design method presented in this paper allowed to determine the time of collapse
of PIRs directly from the evolution of the bond resistance profile and from temperature profiles,
which allowed escaping all the complexities and difficulties linked to the determination of the
bond stress distribution along the bond. Indeed, the determination of the bond stress distribution
along PIRs in fire situation can be carried out using analytical models, and will be the subject of
an upcoming paper.
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