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Methodology for brick/mortar interface strength characterization at high temperature
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The interface between bricks and mortar is often the weakest part of masonry structures. For refractory linings, the interface strength must be measured at high temperature. Adapted slant shear tests and a new dedicated tensile test set up are proposed here for this purpose. To test the ability of the proposed method, it was applied on two representative brick/mortar couples from room temperature up to 1450°C. Slant shear tests were conducted to measure ultimate compression and shear stresses and to identify temperature dependent parameters of the Mohr-Coulomb failure criterion. Tensile tests were performed to identify the tensile cut-off.

Depending on the brick/mortar couples, the failure can appear at the interface or in the mortar.

Cohesion and tensile strength decrease sharply over 900°C.

Introduction

High temperature industries (i.e. steel or gas industries, glass making, …) require structures made of many different linings, from inside to outside: a working lining in contact with hot products, a safety lining, an insulating lining, and an outer steel shell. Parts of these linings consist of refractory masonries, with or without mortar. Masonry structure modelling is studied extensively owing to its wide application in many other fields such as civil engineering or cultural heritage renovation [1-3 for example].

Quasi-brittle materials, such as concrete, mortar, ceramics or refractory materials, generally fail due to progressive crack growth. This mechanical behaviour is usually explained by the heterogeneity of the material due to the presence of different phases and material flaws. The modelling of the thermo-mechanical behaviour of refractory materials presents many difficulties in common with concrete and geo-materials (e.g. asymmetric damage behaviour, interaction with the environment) added to particular effects due to service temperature in the range 800°C -1600°C such as the appearance of asymmetric creep behaviour [START_REF] Blond | Modelling of high temperature asymmetric creep behaviour of ceramics[END_REF]. However, in the case of masonries, cracks appear most of the time at the brick/mortar interface because it is generally the weakest link of the assembly [START_REF] Miranda Dias | Cracking due to shear in masonry mortar joints and around the interface between masonry walls and reinforced concrete beams[END_REF]. This observation, associated with the quasi-2 brittle behaviour of mortar, leads to the definition of a discrete damage kinetic law for masonry. This assumption is at the origin of the development of a homogeneous equivalent material with behaviour depending on the "joint state" [START_REF] Luciano | Homogenization technique and damage model for old masonry material[END_REF], i.e. perfect interface or broken joint. This approach was first used in the particular case of mortarless refractory masonries, to model the bottom working lining of a steel ladle with an adapted joint state definition: open or closed [START_REF] Gasser | Modelling of joint effects on refractory lining behaviour[END_REF]. In view of the promising results obtained, the approach was refined and experimentally validated at room temperature by Nguyen et al. [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF], confirming the ability of a model based on the homogenisation of the masonry combined with a "joint state concept" to reproduce the whole behaviour of a wall. An extension of this joint state concept, initially developed for 2D masonries at room temperature, to 3D refractory masonries with temperature dependent behaviour was then proposed by Landreau et al. [START_REF] Landreau | Modelling of a coke oven heating wall. UNited International TEchnical Congress on Refractory[END_REF].

In refractory applications, the high thermal gradient across the wall induces tensile stresses on the cold face. Moreover, the thermal expansion is never totally free in the whole structure and it can locally induce bending of the refractory lining, and thus tensile stresses in one part of the structure. As a result, refractory brick/mortar interfaces can fail under tensile load and under compression -shear load. It is therefore necessary to characterize the refractory brick/mortar interface with respect to these solicitations from room temperature up to 1500°C.

The combined compression/shear load in masonries is widely investigated in civil engineering with the classical shear wall test [START_REF] Raijmakers | Deformation controlled tests in masonry shear walls[END_REF] and deep-beam test [START_REF] Page | Finite Element Model for Masonry[END_REF]. At a local scale, dedicated devices have been developed to test brick/mortar interfaces. Figure 1 shows the main principles used to apply normal and tangential controlled stresses. Tests on two bricks pasted by one mortar joint as on the top right of Figure 1 [START_REF] Abdou | Experimental investigations of the jointmortar behaviour[END_REF][START_REF] Chaimoon | Modelling of unreinforced masonry walls under shear and compression[END_REF] or on three bricks pasted by two mortar joints as on the bottom left [START_REF] Riddington | A masonry joint shear strength method[END_REF][START_REF] Gabor | Modelling approaches of the in-plane shear behaviour of unreinforced and FRP strengthened masonry panels[END_REF] are the most frequently used. It is worth mentioning that the European standard corresponds to the test presented on the bottom left of Figure 1 [15]. Some authors have proposed more complicated tests on larger structures to ensure stress homogeneity [START_REF] Lourenço | Shear testing of stack bonded masonry[END_REF]. However, to the best of our knowledge, in every case available in the literature, these tests were performed at room temperature.

Figure 1: Set of devices for shear tests [START_REF] Abdou | Experimental investigations of the jointmortar behaviour[END_REF] On the other hand, although tensile fracture has also been considered in civil engineering [START_REF] Prado | Effect of particle structure on mode I fracture process in concrete[END_REF][START_REF] Kim | Mode I reflection cracking resistance of strengthened asphalt concretes[END_REF][START_REF]Standard test method for tensile strength of concrete surfaces and the bond strength or tensile strength of concrete repair and overlay materials[END_REF], it has been less studied in the framework of brick/mortar interfaces [START_REF] Taylor-Firth | A bond tensile strength test for use in assessing the compatibility of Brick / Mortar interfaces[END_REF]. Tensile fracture is increasingly studied in refractory materials with crack propagation tests such as the wedge splitting test for example [START_REF] Tschegg | Uniaxial and biaxial fracture behaviour of refractory materials[END_REF]. The bending test is the most popular mechanical test at high temperature since it is the easiest to perform in the range 800°C -1600°C even if it is difficult to use the experimental data properly [START_REF] De Bilbao | A new method to determine Young's modulus of refractory[END_REF][START_REF] Nazaret | Influence of the mechanical behaviour specificities of damaged refractory castables on the Young's modulus determination[END_REF]. However, this test is not fully suitable to study brick/mortar interface strength because the stress field is not homogeneous in the section of the sample, as is also the case in the wedge splitting test [START_REF] Tschegg | Uniaxial and biaxial fracture behaviour of refractory materials[END_REF].

Different test methods can be used to apply a tensile stress through a section of a specimen. Devices and set-ups have been developed to perform tensile tests on monolithic refractory samples at high temperature [START_REF] Massard | Etude du fluage de réfractaires électrofondus du système Alumine-Zircone-Silice[END_REF][START_REF] Bahloul | Evolutions en fonction de la température de propriétés élastiques de bétons réfractaires à base de carbure de silicium[END_REF]. They require sample preparation to ensure clamping and alignment which might damage the samples (made of an assembly of bricks and joints). On the other hand, Almeida et al. [START_REF] Almeida | Characterization of brick and brick-mortar interface under uniaxial tension[END_REF] presented a brief summary of methods to characterize the tensile strength of joints based on direct tensile tests, crossed brick couplets and bending tests.

The direct tensile test is the best method to study the tensile behaviour but some technical problems were pointed out by van Mier and van Vliet [START_REF] Van Mier | Uniaxial tension test for the determination of fracture parameters of concrete: state of the art[END_REF] such as the alignment of the loading chain including the specimen, the preparation of the specimen itself and the gripping. Different specially designed clamping devices have therefore been developed to be used at room temperature but all of them are too bulky to be placed in a furnace. Moreover, the materials used cannot withstand high temperature. Crossed brick couplets and bending devices present the same problem.

Other experimental set-ups exist in the refractory community, but they were designed to identify complex tensile behaviour relationships taking into account damage [START_REF] Schmitt | Tensile behaviour of magnesia carbon refractories[END_REF] or creep [START_REF] Massard | Etude du fluage de réfractaires électrofondus du système Alumine-Zircone-Silice[END_REF] at high temperature and do not seem to be well adapted to characterize the brick/mortar interface strength.

Finally, whatever the fracture mode investigated, to the authors' knowledge, there is not any complete set of devices to characterize the high temperature strength of interfaces. Thus, the purpose of this paper is to present two specially designed devices to identify the brick/mortar interface strength at high temperature: a slant shear test and a dedicated tensile test.

A simple model of the interface behaviour is proposed, namely an interface failure criterion based on a Mohr-Coulomb yield function (for compression and shear) and a tensile cut-off.

Its parameters can be determined using the previously developed tests.

To illustrate the ability of the devices developed, two couples of bricks and mortars were considered, covering a large temperature range. The use of the experimental results to identify the interface failure criterion is also described.

Interface failure criterion

The shear strength of the brick/mortar interface typically depends on the normal stress applied to the interface. This friction type behaviour is classically described by the Mohr-Coulomb yield function:

, , Φ = | | -+ Φ ( 1 
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where τ is the shear stress, n σ is the normal stress (negative in compression), c is the cohesion of the material and φ the internal angle of friction (Figure 2). Determining cohesion and the internal friction angle requires the measurement of normal and shear stresses until failure.

A tensile cut-off corresponding to tensile failure is added in order to complete the interface failure criterion. It is defined by:

, = - (2) 
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where ft is the tensile strength (Figure 2). In a tensile test of a quasi-brittle material, carried out under controlled displacement, the tensile strength corresponds to the peak of the stressdisplacement curve. It can be noted that this criterion concerns the interface failure, but it can also include the failure of the mortar. So it can model globally the failure of the joint (brick/mortar interface and mortar).

Materials

Depending on the brick and mortar compositions, various kinds of bonds can take place between mortar and brick. An interface is defined by the couple of brick and mortar. In this work, the two couples considered are typically dedicated to high temperature industries. The first one was made of dense silica bricks with a silica based mortar (used in coke ovens), denoted A. The second was made of high alumina bricks with a high alumina mortar, denoted B, which is used in blast furnaces. Information on the composition of the bricks and mortars is summarized in Table 1.

w. % A B Brick Mortar Brick Mortar SiO2 95 95 25 CaO < 3 < 1 Al2O3 < 1.5 < 1 72 90 Fe2O3 <1 <0.5 < 1 < 1
Table 1: Composition of refractory bricks and mortars Such refractory materials have to be stabilized before being tested. For interface A, the silica bricks were previously heated to stabilize quartz into cristobalite. For interface B, the high alumina bricks were previously stabilized into mullite mineralogical form. Then, green mortar was shaped between the two half samples, followed by hardening at room temperature during 24 hours and drying at 110°C during 24 hours.

The interface strength obviously depends on the couple of materials, but workmanship is also a crucial factor. However, the purpose of this paper is to present the experimental methods developed to characterize the interface strength at high temperature, and to show how to use them to determine the parameters of the interface failure criterion.

Compression -shear strength characterization 2.1 Experimental set-up

To characterize the shear strength from room temperature up to 1600°C, the loading set-up must be put in an appropriate furnace. This constraint induces two major difficulties: firstly, the set-up must be compact enough; secondly, the loading device must withstand high temperature. A possible solution to overcome these difficulties is to perform a slant shear test on two bricks pasted by one inclined mortar joint, as presented in Figure 3. This particular design of the specimen makes it possible to apply normal and shear stresses at the interface with a standard compression device. This type of test is a standard to characterize the adhesion of a repair material on concrete [START_REF]Testing of resin and polymer/cement compositions for use in construction. Method for measurement of bond strength (slant shear method)[END_REF] and is also used to characterize the adhesion between two different concretes for example [START_REF] Júlio | Influence of added concrete compressive strength on adhesion to an existing concrete substrate[END_REF]. The limits of this test at room temperature and the influence of different shapes and material parameters were studied by Austin et al. [START_REF] Austin | Shear bond testing of concrete repairs[END_REF]. The 
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where σ is the global homogeneous applied compression stress and α is the angle between the mortar joint and the plane normal to the compression loading axis (Figure 3). The global homogeneous applied compression stress σ is computed by dividing the applied force F by the specimen transverse area S.

The identification of the cohesion and internal friction angle requires at least three different slant angles as three points are the minimum to obtain an objective line. The choice of the angle values is driven by mechanical constraints and experimental feasibilities. Indeed, to produce a shear fracture instead of a compression one, the angle must maximize the ratio of shear stress to normal compression stress. So, angles superior or equal to 45° are necessary (see Figure 4). Furthermore, the size of the specimen must be compatible with the size of the homogeneous temperature area in the furnace. This constraint is deduced from geometrical considerations and can be expressed by:
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where a is the distance between the top (or the bottom) of the specimen and the closest intersection of the mortar joint with the lateral surface of the sample (see Figure 3). L is the largest specific dimension of sample section, while e is the thickness of the mortar joint. Hf and f φ are respectively the height and diameter of the cylindrical area in the furnace chamber which provides a homogeneous temperature field. Finally, the chosen specimen shape is a parallelepiped of section 35x35 mm 2 (i.e. L = 35 mm) with a = 15 mm. Its total height depends on the mortar joint angle α.

Specimen preparation and test conditions

The mortar thickness was 4 mm for samples A and 2 mm for samples B.

Samples A were first heated up to 1000°C, followed by a dwell of one hour to stabilize the mortar. Then, the samples were heated up or cooled down to the temperature of the test. A second dwell of 30 minutes at the temperature of the test was applied before performing the test to achieve the thermal treatment of the bonding. The tests were performed at 800°C, 1080°C and 1350°C for the three angles 45°, 55° and 65° of the mortar joint.

Samples B were first heated up to 450°C at a rate of 350°C/h, then up to 650°C at a rate of 125°C/h and finally to the temperature of the test at 325°C/h. A dwell of one hour was applied at the temperature of the test before performing the experiment. Tests (three for each material/temperature/angle combination) were performed at room temperature, 900°C and 1450°C for the three angles 45°, 55° and 65° of the mortar joint.

The tests were performed on a universal testing machine with a standard compression device with displacement control. The displacement speed rate was tuned to 0.5 mm/min.

As the interface strength is assessed by extracting the peak value of the load/displacement curve and the corresponding normal and shear stresses (estimated using equations ( 3)), the uncertainty of the calculation of the normal stress can be deduced from equation (3) and from uncertainties of stress σ assessment and angle α measurement. As σ is computed from the applied force F and the area (L*l), the uncertainty Uσ of σ is [START_REF]Joint Committee for Guides in Metrology, Evaluation of measurement data -Guide to the expression of uncertainty in measurement[END_REF]:

2 2 2 2 2 2 2 2 1 l L F U l L F U l L F U l L U       ⋅ +       ⋅ +       ⋅ = σ (3)
where L and l are the length and the width of the transverse section respectively. UX is the uncertainty of X (F, L or l in that case). The relative uncertainty of X is:

X U U X X R = (4) 
The relative uncertainty of σ is then:

( ) ( ) ( ) 2 2 2 l R L R F R R U U U U U + + = = σ σ σ (5)
The relative uncertainty of normal stress is:

( ) ( ) 2 2 2 tan 2 α σ σ α U U U R R n + = (6) 
The uncertainty of the determination of the shear stress can be deduced similarly from equations (3) and from measurement uncertainties of σ and α [START_REF]Joint Committee for Guides in Metrology, Evaluation of measurement data -Guide to the expression of uncertainty in measurement[END_REF]. The relative uncertainty of shear stress is:
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Assuming R UF = 0.5 % and R UL = R Ul = 1.5 %, then R Uσ = 2.2 %. Moreover, assuming that the total angle uncertainty is equal to ± 1° (Uα=1°), the relative uncertainty of the normal compression stress R Uσn increases from 3% to 4.8% for slant angles from 45° to 65°. For the shear stress, the relative uncertainty R Uτ increases from 2.2% to 2.8%. Finally, due to the low value of stress, this uncertainty is negligible compared to possible material scattering and workmanship effects.

Results

Figure 5 presents typical fractures after testing at high temperature. In samples A, cracks were clearly located at the interface between the mortar layer and the brick. In samples B, cracks appeared mostly in the mortar. In that case, we will consider the global joint failure (interface and mortar). In accordance with the concept of bond failure envelope [START_REF] Austin | Shear bond testing of concrete repairs[END_REF][START_REF] Robins | A unified failure envelope from the evaluation of concrete repair bond tests[END_REF] it is proposed to use an analytical exploitation of the experimental peak load. the slant angle increase. Figure 7 presents the effect of temperature for a constant joint angle of 55°. It appears that, after a strong decrease between 800°C and 1080°C, the maximum load is stabilized for higher temperatures. Furthermore, the curves exhibit a slight evolution of the whole behaviour of the sample from brittleness to nearly ductile. Since the silica bricks are stabilized, this is due to the mortar behaviour evolution. However, the fracture is still located at the interface and it is essentially brittle. 

Tensile strength characterization

In the previous section, the Mohr-Coulomb yield surface was considered to model the mixed compression-shear strength. This section deals with the identification of the tensile cut-off corresponding to tensile failure in order to complete the interface failure criterion.

Experimental set-up

In this work, high temperature tensile strength tests were performed using a universal testing machine equipped with a high temperature furnace (Figure 13). The force was measured with a classic load cell. A cooling device is set between the furnace and the load cell to protect the load cell. The displacement of the crosshead was also measured. However, the displacement measurement does not require accuracy since only the force peak is required to determine the tensile strength.

The experimental set-up has to be compact (to be put in the furnace) and to withstand high temperatures. To ensure a pure tensile failure, it is also necessary to provide good specimen alignment. Consequently, the clamping device must withstand high temperature and its design has to ensure its installation in the confined furnace workspace (Figure 13). To that purpose, a new set-up was designed. It consists of three parts: two clamps and an assembly including the specimen and two linking wires. The assembly is made up of a couple of cylindrical refractory units joined with mortar (Figure 14). Two wires, inserted in the units and going through them thanks to shouldered holes, allow the blocks to be clamped. A ball at the end of each wire stops translation. Each wire is made of nickel-chromium alloy (e.g. Nikrothal 70) to resist high temperature. It has a diameter of 2 mm so that it supports the applied stress while being flexible enough to ensure the alignment of the loading "chain". Finally, it must be long enough for the specimen to be positioned in the middle of the furnace. Both wires are gripped with specific clamps located outside the furnace, linked to cooling devices and to the testing machine. As expected, using these specific clamps and wires the specimen can be aligned in the force direction.

Specimen preparation and test conditions

It is well known that specimen dimensions and aggregate size have an influence on brittle fracture [START_REF] Bažant | Scaling of quasibrittle fracture: asymptotic analysis[END_REF][START_REF] Mo | Size effects in concrete fracture: Part I, experimental setup and observations[END_REF]. Assuming that the probability of cracking increases with the joint area, it can be deduced that the smaller the sample, the higher the tensile strength for the interface.

Knowing that in usual refractory linings the area of contact between bricks and mortar (2 to 4 mm thick) is around 200 × 80 mm 2 , the specimens should have the same area of contact. But the specimen size is restricted by the furnace workspace as mentioned previously. The specimens were therefore chosen as large as possible, compatible with the furnace dimensions.

Finally, the cylindrical units had a diameter of 20 mm, a height of 25 mm and the joint was 2 mm thick for samples B (Figure 14a). Therefore, the strength values obtained herein must be considered as an upper bound. Ensuring a good alignment of the loading "chain" requires meticulous preparation of specimens. To that purpose, the units were obtained by core drilling. Then the core samples were ground to allow the drilling of coaxial holes. The two units were assembled using a specific mould (Figure 14b) to ensure the good alignment between the two cylinders and to control the mortar thickness. After air drying for 24 hours, the specimen was removed from the mould to be pre-heated at a temperature of 300°C.

The tensile test can be divided into 3 main stages. In the first step the specimen was put into the furnace, then tightened and clamped through the wires, heated up to the set point value at a rate of 700 °C/h and stabilised during half an hour. In the second stage, the measured force was reset to zero because the wires and load cell had expanded. The test started applying a displacement to the upper crosshead. The last stage consisted in stopping the heating device, cooling down the specimen and removing it.

Tensile tests were performed on samples A at room temperature and on samples B at three temperatures: room temperature, 900 and 1200°C. For room temperature, the tests were performed with a displacement rate of 0.5 mm/min. For high temperature tests, the displacement rate was tuned to 30 mm/min to avoid wire creep. This displacement rate has a great influence at high temperature on the Nikrothal cable behaviour and a smaller influence on the refractory behaviour up to 1200°C (the influence is higher for higher temperatures).

But the interface strength was assumed to be independent of the strain rate.

The tensile strength ft was determined using the equations:

S F f t max = (10) 4 2 2 d D S - = π (11) 
where Fmax is the maximum load reached before the fracture of the sample, S is the area of the transverse section, D and d are the outer and the inner diameters of the cylindrical unit respectively.

The uncertainty of the determination of the tensile strength ft can be deduced from equations [START_REF] Raijmakers | Deformation controlled tests in masonry shear walls[END_REF][START_REF] Abdou | Experimental investigations of the jointmortar behaviour[END_REF] and from the measurement uncertainties of Fmax, D and d [START_REF]Joint Committee for Guides in Metrology, Evaluation of measurement data -Guide to the expression of uncertainty in measurement[END_REF]. The relative uncertainty of tensile strength is:
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where R UF, R UD, and R Ud are the relative uncertainties of F, D and d respectively. For the sake of simplicity, let us give a name to each of the three parts of the relative uncertainty (equation 12): The second term 2 U is larger than the others and the combined uncertainty is approximately twice as large as the relative uncertainty of the measurement of the outer diameter. As a result, the chosen diameter (20 mm) appears to be a good compromise to ensure homogeneity, compatibility with the furnace workspace and satisfactory uncertainty. For specimens A, the friction angle is almost independent from temperature, while the cohesion is temperature dependent (but the values are small, near zero). The tensile strength is also small and can be considered as zero. The brick/mortar interface is very weak. No real bond is created between the two materials during heating, and a small shear or tensile load causes interface failure. Brick and mortar can be considered as two independent parts in contact with friction.
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Failure criterion identification and discussion

For specimens B, friction angle, cohesion and tensile strength are temperature dependent. A marked decrease in the specimen properties can be observed for temperatures higher than 900°C. In particular at 1450°C, the interface strength is weak, as for specimens A. These observations on mechanical behavior are coherent with the possible development of an increasing amount of glassy phase inside the mortar when the temperature increases. As previously pointed out, in the case of specimens B, the failure appeared mostly in the mortar:

the mortar is weaker than the brick/mortar interface. So the joint property decrease at high temperatures is due to the decrease of mortar strength at these high temperatures.

Conclusion

Experimental characterization of the strength of the brick/mortar interface is a key point to ensure the reliability of masonry computation, as the brick/mortar interface is often the weakest link of the assembly. Although the characterization of interfaces at room temperature has been extensively studied in civil engineering, there is a real lack of data for high temperature masonry based on refractory materials.

Two set-ups and sample shapes were developed to carry out tensile and slant shear tests at high temperature. For the first one, dedicated clamping devices were designed and tests were performed in a temperature range from room temperature up to 1200°C. Results have allowed us to identify the tensile strength of the brick/mortar interface depending on the temperature.

The slant shear test was carried out in the temperature range from room temperature up to 1450°C. Mohr-Coulomb parameters of the brick/mortar interface (i.e. cohesion and friction angle) were identified and found to be temperature dependent.

For both methods, the uncertainties of the strength estimation induced by the specimen geometry and measurement device were computed. Results have shown that the uncertainty is lower than 5% for tensile, compression and shear strengths. These values confirm that the discrepancy between experimental values can be explained mainly by the discrepancy between the samples (i.e. mortar batch, refractory heterogeneity).

The two different brick/mortar couples tested are representative of the two possible joint failures: brick/mortar interface or mortar. As a result, the failure surfaces obtained (Mohr-Coulomb criterion) represent the global failure of the joint and not only the failure of the brick/mortar interface.

In conclusion, the two experimental set-ups proposed here enable a complete and accurate characterization of the brick/mortar interface strength at high temperature to be carried out.

The relative simplicity of these devices may facilitate their use in the refractory community to enlarge the knowledge on the ultimate strength evolution with temperature of such interfaces.
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 2 Figure 2: Failure surface (shear stress versus normal stress) of brick/mortar interface.
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 3 Figure 3: Slant shear test specimen.
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 4 Figure 4: Evolution of shear and normal stresses at the brick/mortar interface as a function of the angle in a slant shear test.
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 56 Figure 5: Specimens after testing (slant shear tests)
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 67 Figure 6: Load versus displacement curves for specimen A at 1350°C for three joint angles (slant shear tests)
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 8 Figure 8: Load versus displacement curves for specimen B with a joint slope of 65° at different temperatures (slant shear tests)
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 10 Figure 10: Mohr-Coulomb lines for specimen A at 800°C, 1080°C and 1350°C
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 11 Figure 11: Mohr-Coulomb lines for specimen B at 20°C, 900°C and 1450°C
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 13 Figure 13: Universal testing machine with the furnace (AET ref. OF 25 957 Type SP)

Figure 14 :

 14 Figure 14: Specially designed specimen for high temperature tensile test: principle (a), specimen and mould (b)

Figure 15

 15 Figure 15 represents the sensitivity of the tensile strength to the outer diameter D for an inner diameter d = 4 mm. Each part of the tensile strength uncertainty (U1, U2, U3) and the combined relative uncertainty R Uft (denoted Uf in Figure15) are plotted versus the outer diameter, with R UF = 0.5 %, R UD = 2.5 % and R Ud = 5 %. The combined uncertainty is a quadratic fraction of D while all other parameters are constant. As a result, uncertainty decreases with an increasing diameter. For a larger diameter, the uncertainty decreases more gradually and tends to an asymptotic value equal to the square root of the quadratic sum of the relative uncertainties.
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 15316 Figure 15: Uncertainties of tensile strength versus outer diameter
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 16 Figure 16: Load versus displacement for sample B at 900°C

Figure 17

 17 Figure 17 presents the evolution of the tensile strength versus temperature for specimens B.The curve can be divided into two parts. The tensile strength remains nearly constant from room temperature up to 900°C. In contrast, the second portion of the curves reveals a sharp decrease. The tensile strength of specimens B is low at high temperature, which implies joint opening (brick/mortar separation) when they are submitted to a low tensile load in a structure.
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 17 Figure 17: Tensile strength versus temperature for specimens B.
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 18 Figure 18: Specimen A failure in tension.

  Based on the tensile tests and slant shear tests performed in the previous sections, the different parameters of the Mohr-Coulomb failure criterion coupled with a tensile cut off were determined. Their values are given in
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 19 Figure 19: Failure surfaces of specimen A at different temperatures.
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 20 Figure 20: Failure surfaces of specimen B at different temperatures.
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