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Characterization of post-fire bond behavior for postinstalled rebars in concrete

The high bonding capacity of mortars at ambient temperature has encouraged their use as postinstalled reinforcing systems for structural purposes. When post-installed rebars are exposed to high temperatures, however, their bond strength can be significantly weakened. Within the evaluation requirements of post-installed rebars under fire conditions, the relationship between bond stress and temperature is determined by a series of pull-out tests according to ("EAD 330087-01-0601" 2020), with the application of a constant load and a progressive temperature increase until its failure is achieved. While these testing conditions are critical to assess the pull-out performance of post-installed rebars during a fire event, they do not fully represent real-case situations where heat transfer phenomena continue during the post-fire phase. Capturing this aspect requires the characterization of a post-fire bond strength in correlation with temperature evolution in concrete.

This paper presents an experimental study on post-installed rebars using epoxy-based mortars aimed to evaluating the relationship between post-fire bond stress and temperature. Various heating temperatures between 50°C and 300°C, without reaching failure during the heating phase, were investigated. Results showed that post-fire pull-out resistances tend to increase with increase of cooling time as long as the decomposition temperature of the mortar is not reached during the test. Heating the samples beyond this temperature leads to irreversible drop of bond resistance of the mortar. It was also observed that the higher the attained bond temperature during the heating phase is, the lower the post-fire residual bond resistance becomes. This highlights the influence of the maximum reached temperature on the recovery of the bond strength. This study could set the basis for future development of a safe and reliable post-fire design concept of post-installed rebar connections.

INTRODUCTION

Anchoring systems have recently been used in reinforced concrete structures and in repair applications. They are classified into two main categories: "Cast-in place rebars" and "post installed rebars (PIRs)". The PIRs provide the flexibility in the construction sequence. They are inserted using mortars. The mortars referred to are principally "polymer mortars" which have been specifically formulated for use in the construction industry [START_REF] Shaw | A Review of Resins Used in Construction[END_REF]. Epoxy-based mortars were first developed in the early 1940's [START_REF] Shaw | A Review of Resins Used in Construction[END_REF]. They are used for injection into cracks, and for bonding concrete to concrete, metal to metal and steel to concrete [START_REF] Van Gemert | Force Transfer in Epoxy Bonded Steel/Concrete Joints[END_REF]. The mechanical properties of PIRs made with mortar are governed by several parameters such as materials, geometry and installation procedure (Çolak 2007), (Çolak 2001), [START_REF] Bingöl | Residual Bond Strength between Steel Bars and Concrete after Elevated Temperatures[END_REF]. At high temperature, however, a significant decrease of the bond capacity has been reported due to a change of the physical state of the mortar with the increase of temperature during the glass transition period [START_REF] Lahouar | Mechanical Behavior of Adhesive Anchors under High Temperature Exposure_ Experimental Investigation[END_REF]. In order to study the mechanical behavior of adhesive anchors under high temperature, [START_REF] Pinoteau | Effect of Heating Rate on Bond Failure of Rebars into Concrete Using Polymer Adhesives to Simulate Exposure to Fire[END_REF] and [START_REF] Lahouar | Mechanical Behavior of Adhesive Anchors under High Temperature Exposure_ Experimental Investigation[END_REF]) evaluated the bond resistance to temperature relationship by means of two pull-out tests procedures: pull-out tests at stabilized temperature and pull-out tests at constant load. [START_REF] Pinoteau | Effect of Heating Rate on Bond Failure of Rebars into Concrete Using Polymer Adhesives to Simulate Exposure to Fire[END_REF]) also studied the influence of the increase of heating rate on bond failure of post-installed rebars made with mortar in concrete using organic mortars, and concluded that a new bond stress distribution is obtained due to the thermal gradient along the steel rebar. The assessment of PIRs under fire conditions is covered by the European Assessment Document: ("EAD 330087-01-0601" 2020). The assessment method consists in describing the decrease of bond strength with temperature by a fitting curve using an exponential or power trend function. [START_REF] Pinoteau | Prediction of Failure of a Cantilever-Wall Connection Using Post-Installed Rebars under Thermal Loading[END_REF]) proposed a "bond resistance integration method" using thermal calculations and bond resistance variation at different temperatures to calculate the pull-out resistance of PIRs under fire conditions.

To date, limited experimental data is available on the behavior of PIRs during the cooling phase after exposure to high temperatures (i.e., fire conditions). [START_REF] Alhajj Chehade | BOND BEHAVIOR OF POST-INSTALLED REBARS DURING COOLING PHASE AFTER HIGH TEMPERATURE EXPOSURE[END_REF]) presented an experimental study on post-installed rebars using an organic (epoxy) mortar in concrete after exposure to high temperatures (below 300°C along the bond). The experimental results showed that the post-fire pull-out resistance increases with increase of cooling time, indicating a probable strength recovery of the epoxy-based mortar during the cooling phase. The authors established the need for additional investigations and research to develop a more representative characterization of the bond resistance vs. temperature relationship of PIRs during the cooling phase after exposure to high temperatures, to be used as entry data for a rational post-fire design method. Thus, the purpose of this paper is to introduce a model to predict the post-fire bond capacity of PIRs in concrete. It is based on experimental work that provides a basis for future development of a reliable post-fire design concept for postinstalled rebar connections. Several series of post-fire pull-out tests were carried out using an electric oven on PIRs inserted in cylindrical concrete specimens. A model is also proposed to investigate the reversibility of the degradation that the bond strength of PIRs experience after exposure to fire conditions up to several maximum heating temperatures. The results of this model were then compared to the experimental results. Hence, obtained results of post-fire bond characterization tests can be injected in Pinoteau's Resistance Integration Method to calculate the evolution of the post-fire pull-out capacity of PIRs.

MATERIALS AND EXPERIMENTAL PROCEDURE

Specimens

In this work, three materials were used: steel rebar, concrete and epoxy-based mortar. The steel rebar consisted of a 16 mm diameter Gewi type rebar. The rebar was installed according to the Manufacturer's Printed Installation Instructions (MPII), with 70 mm embedment depth in a concrete cylinder of 160 mm diameter and 250 mm height with the rebar installed along the axis of the cylinder. The diameter of the hole was 4 mm larger than the rebar diameter to obtain 2 mm thick of the epoxy mortar. The concrete cylinders were casted in a 2 mm thick steel layer to avoid cracks on their exterior lateral side. The embedment depth was chosen as the maximum depth corresponding to bond failure to prevent steel yielding and steel failure during the tests. The ultimate tensile stress value and the yield stress value of the rebars were determined experimentally on three rebar samples (fu,test = 670 MPa, fy,test = 577 MPa). The mean steel failure of the used Gewi rebar occurred at 135 kN.

Characterization tests were carried out on cubic concrete samples (150 mm × 150 mm × 150 mm) after 28 days of curing under ambient temperature and moisture conditions. The concrete used for casting was a C20/25, it showed a compressive strength equal to 25.8 MPa and a density equal to 2207 kg/m 3 . The cylinders used for testing had been kept under indoor ambient conditions for at least 3 months before testing.

The rebar was equipped with two thermocouples prior to installation. The used type K thermocouples (TC1 and TC2) were positioned along the rebar at the bottom of the rebar (70 mm below the concrete surface) for TC1 and at 10 mm from the concrete surface for TC2 as illustrated in Figure 1. 

Pull-out test procedure

The pull-out tests were divided into two series. In both series, the measurement of the load and the bond temperature (at TC1 and TC2) was recorded continuously during the test. The failure temperature was calculated as the weighted average of TC1 and TC2 temperatures when the pull-out failure occurs, as 1/3 of the higher measured temperature and 2/3 of the lower measured temperature according to ("EAD 330087-01-0601" 2020).

The concrete cylinder was placed above a 20 mm thick confinement steel plate containing 4 holes: a central 29 mm diameter confinement hole, through which passed the rebar, and 3 other holes of 15 mm diameter (sufficiently far from the confinement hole) each through which passed the displacement sensors. The confinement steel plate was placed in direct contact with the concrete surface of the cylinder. A nut connected between the jack and the specimen transmitted the tensile force to the rebar (Figure 2). This test procedure is provided by the ("EAD 330087-01-0601" 2020). It consists of applying a constant tension load (i.e., constant bond stress) on rebars bonded in concrete cylinders using a hydraulic jack. Once the target constant load is reached, a thermal loading on the lateral sides of the concrete cylinder is applied. The specimen is heated progressively while keeping the constant load up to the pull-out failure of the rebar.

2.2.2. Series 2: Pull-out tests to obtain the post-fire pull-out capacity It consists of:

 Applying a constant tension load equal to 70% of the load bearing capacity of the PIR at a temperature 𝜃 𝑖 using the bond strengthtemperature relationship of series 1, or not applying load in the heating phase for very low bond stress values. It should be noted that the application of a constant load during the heating phase aimed to reproduce the real manner in which behaves PIRs in a structure subjected to fire, and may reveal the presence of interesting phenomena such as creep. For low bond stress values (at higher temperature), the mortar only resists in friction due to the loss of adhesion and the carbonization of the mortar. That's why not applying a load was considered a negligible variable at high temperature, neglecting the effect of the creep induced by the applied load.  Heating the rebar to a temperature 𝜃 𝑖 , without attaining failure.  Cooling until reaching a target temperature 𝜃 𝑗 .  Increasing the force till failure in a way that the residual pull-out capacity of the rebar at temperature 𝜃 𝑗 is known. 

Heating device

The concrete cylinders were electrically heated using a cylindrical furnace controlled by a PID controller (Proportional-Integral-Derivative controller).

Acquisition and control

A PID controller was used to control the jack and to record the load and jack displacement. The acquisition of temperatures and jack displacement were recorded every 10 s. This acquisition frequency was sufficient to determine the temperature along the rebar when failure occurred.

Bond stress

The bond strength value depends on the mortar's shear strength capacity along the embedment depth of the rebar. Based on the previous studies reported by [START_REF] Pinoteau | Effect of Heating Rate on Bond Failure of Rebars into Concrete Using Polymer Adhesives to Simulate Exposure to Fire[END_REF]), a uniform bond stress distribution along the embedded length of the steel rebar is assumed and can be written as:

τ = 𝐹 𝜋 × 𝑑 × 𝑙 (1)
in which: τ is the bond stress, F the applied force, d the diameter of the rebar, and l the embedment depth.

RESULTS AND DISCUSSION

The main goal of these tests was to establish the post-fire bond strength vs. temperature relationship depending on the maximum attained heating temperature. Results obtained from post-fire pull-out tests (where constant load and no load were applied during the heating phase) are shown in Figure 3. Different tensile loads calculated as described in section 2.2 were applied, their values are presented in Figure 3. The bond stress for a given bond failure is calculated using equation 1, where F is the residual resistance obtained from the post-fire pullout test.

For a given post-fire temperature, it is observed that the bond strength decreases when the maximum attained temperature increases. For a given maximum heating temperature, the bond stress decreases when the post-fire temperature, at which the post-fire pull-out test was realized, increases. Up to a maximal attained temperature of 250°C (i.e. for temperatures lower than the temperature of decomposition of the mortar), results show that the post-fire pull-out strength tends to increase when the post-fire temperature decreases. Heating the samples beyond the decomposition temperature of the mortar (250°C) led to irreversible drop of bond strength of the epoxy mortar. 

CONSIDERED MODEL FOR THE POST-FIRE BOND STRESS

Results presented in section 3 have led to the proposition of the following model to assess the bond strength of the epoxy mortar in the post-fire phase: a reversible behavior is suggested up to 250°C, and no regain of resistance (compared to the obtained resistance with pull-out tests during the heating phase) where temperature exceeds 250°C.

Considering this reversible behavior up to 250°C, a 3D representation of the model can be expressed as in Figure 4. The x axis corresponds to the maximum reached temperature (𝜃 𝑚𝑎𝑥 ), the y axis to the post-fire bond strength (𝜏), and the z axis to the post-fire temperature (𝜃 𝑖𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 ), at which the post-fire pull-out test occurs. The red curve in Figure 4 corresponds to the bond stress vs. temperature relationship from the characterization during the heating phase according to ("EAD 330087-01-0601" 2020). Since a power trend function is used for the bond-strength temperature relationship during the heating phase, it was also adopted for the considered model in the post-fire phase. Knowing the starting point of the red curve and the end point while cooling to 26°C named 𝜏 26 which is the bond strength at 26°C, equation 2 was considered for the representation of the reversible behavior of the bond at a corresponding post-fire temperature up to 250°C. It should be noted that both 𝜏 26 and 𝜏 𝜃 𝑚𝑎𝑥 are calculated using the power trend function fitted to the experimental results of pull-out tests in the heating phase (series 1). Figure 5 and Figure 6 show the ratio of the experimental and theoretical bond stresses in order to assess the conservatism of the proposed model, where 2 points out of 8 showed slight unconservatism as presented in Figure 5. Moreover, the ratio of the experimental and theoretical bond stresses higher than 1 could be attribuated to the postcure phenomenon. In fact, exposing polymers to heat over time leads to increase the degree of cross-linking of the chemical reaction between the mortar and the hardener. Consequently, the mechanical performance of the polymer is improved as illustrated for some data point's ratio higher than 1. The conservatism of the model can be justified by neglecting the post-cure phenomena when heating the PIR until a given temperature. The corresponding coefficients of variation calculated by equation 4 are respectively 91 % and 23% for the ratios in Figure 5 and Figure 6. (2)

𝛾(𝜃 𝑚𝑎𝑥 ) = 𝑙𝑛 𝜏 26 -𝑙𝑛 𝜏 𝜃 𝑚𝑎𝑥 𝑙𝑛 26 -𝑙𝑛 𝜃 𝑚𝑎𝑥 (3)
The coefficient of variation 𝑐𝑣 was calculated according to equation 4 (according to EAD 330087-01-0601):

𝑐𝑣 = √ 1 𝑛 𝑡𝑒𝑠𝑡 -1 ∑ ( 𝑓 𝑏,𝑡,𝑖 𝑓 𝑏𝑚 (𝜃) -1) 2 𝑛 𝑡𝑒𝑠𝑡 𝑖=1 (4)
Where 𝑓 𝑏𝑚 is the bond resistance calculated using equation 2, and 𝑓 𝑏,𝑡,𝑖 is the calculated bond resistance using equation 1 with the experimental post-fire resistance. 

CONCLUSION

This paper aimed to provide experimental results on PIRs inserted in concrete cylinders using an epoxy mortar in order to assess the post-fire behavior by investigating the effect of temperature along the bond on the bond strength. It was established by conducting post-fire characterization pull-out tests on PIRs subjected to: 1) several maximum temperatures at 2) different post-fire cooling temperatures. These tests aimed to establish a relationship between three different parameters: post-fire bond strength, maximum temperature reached along the bond and temperature at the post-fire pull-out test.

In case PIRs have survived a fire event, the post-fire behavior of PIRs can witness a recovery of the resistance up to the decomposition temperature of the mortar (250°C for the studied epoxy mortar presented in this paper). Depending on the temperature profile at the steel/mortar interface over the embedment depth of the PIR, the assessment of the post-fire behavior of the PIR can proceed as follow: considering a reversible bond strength degradation up to the decomposition temperature of the mortar, and assuming no recovery of bond strength where temperature have exceeded the decomposition temperature. 
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 2 Figure 2: Pull-out test device The two test series are detailed below: 2.2.1. Series 1: Pull out tests at constant load during the heating phase
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 3 Figure 3: Bond stress vs. maximum attained temperature at different post-fire temperatures for post-fire pull-out tests, at constant load (Left) and without a load (Right) during the heating phase
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 4 Figure 4: 3D representation of the proposed model 𝜏(𝜃 𝑝𝑜𝑠𝑡-𝑓𝑖𝑟𝑒 ; 𝜃 𝑚𝑎𝑥 ) = 𝜏 26 26 𝛾(𝜃 𝑚𝑎𝑥 ) × (𝜃 𝑝𝑜𝑠𝑡-𝑓𝑖𝑟𝑒 ) 𝛾(𝜃 𝑚𝑎𝑥 )(2)
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 56 Figure 5: Ratio of experimental and theoretical bond strength for different post-fire temperatures
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