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[bookmark: _Toc6564000]Abstract 
The use of local tropical species in plate and shell structures could be of considerable interest. This is all the more possible when the properties and technological characteristics of the assemblies are known. However, this is not enough when several species are combined. It is therefore necessary to be able to understand the behaviour of the material in different states of degradation, including exposure to flames. With this in mind, the work we are presenting deals with the analytical modelling of GLW structures in plates and shells in different degradation phases, in the face of rheological and fire resistance stresses. Rheological behaviour is mainly represented by elasto-plastic and elasto-viscoplastic models. The three phases of mechano-thermal degradation of the GLW plate and shell structure are mainly drying, pyrolysis and combustion. For each of these three phases, we have modelled the strain rates, the corresponding strain stresses and the membrane forces. These analytical models enabled us to develop two finite element approaches: the first using a global equation to be solved, based on the internal energy, and the second using the variational formulation taking account of the temperature tensor. For the specific behaviour of adhesive joints, we have not described a modelling model, but have integrated this into the overall approach to the structure.  However, to model the glue joints, it is necessary to start with the evolution of the material in the absence of temperature, with priority given to the elastic models, and end with the influence of the flames that degrade the GLW structure, where the viscoelastic models are taken into account. Overall, the analytical modelling in this study starts from the hypotheses put forward, and leads to analytical models of internal energy and of the various degradation phases of our GLW plate and shell structure. Numerical work will then be carried out using these analytical models to understand the displacement and strain rate fields. 
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[bookmark: _Toc73461670]Introduction  
Glued Laminated Wood (GLW) is a construction material used in civil engineering. In Cameroon, its use has already been tested. One example is the Minor Basilica of Mvolyé, where a combination of several species was used for beams with long spans. In addition to long-span beams, GLW can also be used in the construction of engineering structures, with special geometries such as plates and shells. To achieve this, it is necessary to know in advance certain properties that characterise the behaviour of the structure in the face of various stresses. For example, a plate or shell structure made from various types of GLW material is subject to rheological behaviours that condition the response of the said structure to a certain state of deformation. If, in addition, the structure is exposed to fire, this behaviour can rapidly damage the structure, leaving no time for evacuation. This state of rheological behaviour coupled with the fire resistance of the structure can obviously be very damaging for the occupants or users of the structures. Some research has been carried out in this area, in particular by Michaud (2003), who has worked on the rheology of wood/thermoplastic composite panels under thermomechanical loading, in which he proposes improvements that will enable physico-mechanical characteristics similar to those of medium-density panels to be obtained. Mohssine (2006) discusses the modelling of the mechanical behaviour of wood during drying, resulting in a proposal for a new rheological model for the hydro-thermomechanical modelling of wood during the drying process. Bouyaya (2011), focused on the numerical analysis of the dynamic behaviour of fibre-reinforced composite structures, in particular through formulations and numerical discretizations of certain models and theories. He concludes that damping and the consideration of transverse shear, in the case of thick plates, influence the results obtained.  This has enabled us in this study to contribute to the development of analytical models for plate and shell structures. Consequently, for each of the three phases of degradation of the GLW material subjected to flames, we have worked on different models of behaviour laws, taking fire resistance into account. The variables in these models are the resulting strain rates, and the integrating parameters are Young's modulus and temperature. Overall, our work is based on an analytical approach to the consideration of rheological behaviour and fire resistance in different states of stress, for tropical species of the Congo Basin in general, and those of local forests in particular. This follows several cases of destruction of structures by local fires. This is the case of repeated fires that have occurred in several markets in Douala, Yaoundé and Bafoussam. After establishing the modelling hypotheses, we will model the dissipation of internal energy in the structure, followed by the development of the drying, pyrolysis and combustion phases. The analysis will be completed using the finite element approach.   
1. Basic assumptions and load constraints 
1.1 Key assumptions 
Hypotheses are formulated on the basis of the wood species used in association. The associations are made up so as to have the species with the lowest shear stress in the middle, while the ends are made up of species with the highest shear stress towards the outside (Figures 1 and 2). Thus, starting from the outer structural lamellae to the inner structural lamellae, the shear stresses decrease. Figure 1 shows the arrangement of the softwood (BS), intermediate wood (BI) and hardwood (BR) lamellae in the case of a plate structure. In this case, the outer BR strips are thicker than the other strips. The direction of assembly of the lamellas is that of the axis (OY). 


Figure 1 : Layout model for the lamellae of the different species (BS, BI, and BR for plates).
In Figure 2, the thickness of the shell is taken to be 12 cm. This means that two species of wood, each cm thick, are used in combination. The central lamellae are BS, while the outer lamellae are BI. The use of two species of average weight in the combination of the shell structure helps to reduce its own weight. Given the radius of curvature imposed by the shape of the structure, my slats are placed longitudinally, along the axis (OY) of our structure. This configuration makes it easier to join the slats together. 


Figure 2 : Layout model for the lamellae of the different species (BS, BI, and BR for the shells).
In order to lay the foundations for the modelling of the various associations selected, we have assumed the following for the plate and shell structures: 
Assumption-1 : The outer lamellae are thicker and mechanically superior to the inner lamellae. This means that they are better able to withstand the impacts and loads to which the structure is subjected; 
Assumption-2 : The outer slats are more exposed to the elements than the inner slats. The slats that make up the two outer faces of the structure are in direct contact with the loads and shocks (flames and others);
Assumption-3 : Mechanosorptive deformation due to climatic variations is not taken into account in the modelling. In fact, we are not taking into account the effects of ambient temperature that can act in the structure, due to fire, which has much greater and more widespread thermal effects. Also, under the effect of the temperature gradients of the flames, the different phases of deformation are not elastic;
Assumption-4 : The deformation caused by free shrink-swell is not taken into account in the modelling. This is verified when the flames actually attack the structure. Consequently, shrink-swell of the structure is minimised in favour of simple shrinkage, which leads to degradation and progressive deformation of the structure. This is a phase that cannot both absorb water and reject it, as the temperatures reached by the flames shrink the structure by gradual evaporation of the water on contact with the external faces;
Assumption-5 : Deformation due to prevented or bound shrinkage-swell is not taken into account in the modelling. This is a deduction from the previous assumption. We assume that since shrinkage-swell is not the main cause of deformation, changes in shape (warping) cannot occur because water can no longer migrate inside the wood;
Assumption-6 : Creep deformation coupled with mechanosorption deformation is not taken into account during modelling. In fact, only creep deformation is taken into account, as mechanosorption is not predominant in the face of the temperature gradients generated by the flames;
Assumption-7 : Deformation due to shrink-swell coupling, both free and under load, is not taken into account during modelling. As the shrink-swell phenomenon is not taken into account, the actions of the loads only act in the face of the deformations caused by the loads of the flames;
Assumption-8 : The action of additional climatic variations (winds, vibrations, rain, etc.) is not taken into account during modelling. The modelling is carried out during the deformation phases of the loads and flames acting in the structure. As mechanosorption and shrink-swell are not taken into account, the effects of rain and the actions of vibrating loads are not taken into account;
Assumption-9 : The basic stresses acting on the structure are the structure's own weight and the operating load applied to the structure. The structure is modelled with these two load variants. In fact, these two loads take into account the actions that can induce deformations during the operation of the structure in limit states;
Assumption-10 : The accidental load taken into account is fire, without consideration of an explosion that could generate vibration stress. In fact, the actions of flames are primarily those that cause the degradation of the structure's slats during the various degradation phases. Fire actions caused by explosions are not taken into account, since these explosions are considered to be vibrations of the structure, which we excluded in hypothesis 8;
Assumption-11 : The type of combination of GLW plate and shell that we will use in the modelling is of the symmetrical heterogeneous type. The lamellae on the external faces will be of the same species, as will the intermediate lamellae. As a result, for a GLW plate structure we will have three different species, whereas for a GLW shell structure we will have two different species.
1.2 Load constraints 
In order to take account of the loading stress in our structure, we will consider the weight by volume of the construction materials and stored materials, the structure's own weight, and the structure's operating loads. For the operating models of our GLW structures, we will have to consider residential, social, commercial and administrative buildings, storage areas and surfaces used for industrial activities, as well as roofs. The permanent load G is made up of the structure's own weight and the equipment's own weight, as defined in standard NF EN 1991-1-1 of March 2003. This is equivalent to considering the weight of each slat involved in the construction of our structure (Figure 3). Next, we will take into account the loads applied to the structure to make it usable, noted Q, and defined by standard NF EN 1991-1-1 of March 2003. 


Figure 3 : Plate structure loading model.
In the case of permanent and operating loads, a critical load and fatigue load model should be established. Finally, the action of flames on the GLW structure will be considered as a progressive accidental A load. To highlight these different actions applied to our GLW structure, we will carry out a load combination as defined in Eurocode 5 (Benoit, Bernard, & Vincent, 2008), which is an application guide published for the calculation of timber structures. In order to determine the average weight of our GLW structure, we start from equation (1) for obtaining the average mass of our structure. In this expression, each mi represents the average mass of the associated species. By summing the average masses of the lamellae of the associated species, we obtain a total mass which is a sum of the average masses of the different species of the associated lamellae.   
                 (1)
This last equation leads to the self-weight of the structure using relations (2) and (3). However, if fire is taken into account as an accidental load, the exchange of thermal energy can be introduced for a body undergoing a variation in temperature, of mass mGLW. This would lead to the relationship (4).
                 (2)
                 (3)
                 (4)
Where :
: The mass of the lamella i of the GLW structure consisting of;
: The mass of the GLW structure made up of;
: The gravitational constant;
: The dead weight of the GLW structure made up of;
 (J) : Heat energy exchanged;
 (J.C-1.kg-1) : Mass heat capacity depending on the nature of the body;
: Final temperature after energy exchange;
 : Initial temperature before energy exchange. 
For the application of loads on the structure, we have chosen those defined by Eurocode 5. Several load considerations will be made, such as people, materials, coverings, certain light materials, as well as certain point actions. Different values will be applied for the loads during the numerical modelling phases. For permanent loads, it is necessary to define a critical load model, while for operating loads, it is useful to define a fatigue load model. These two models take into account the most unfavourable loads. 
In order to highlight these loads and models, we have drawn up Table 1, which classifies the corresponding loads according to the type of building. The operating loads are obtained from standard NF EN 1991-1-1 of March 2003, while the volume weights are obtained from Eurocode 5. Considering the critical load model for permanent loads, and the fatigue model for operating loads, we will take the corresponding maximum values for each category. These values take account of the floor coverings. For local tropical species, we will take a surface weight of 10 kN.m-². The permanent load values are calculated as a function of the weight per unit area of each category. 
Table 1 : Volume, permanent and operating loads according to category.
	Category
	Nature of the charged surface
	Density of timber construction materials γ (kN.m-3)
	Permanent loads
	Operating loads on floors and balconies qk (kN.m-2)

	A
	Floors
Balconies
	Bois
Resistance class C14 : 3,5
Resistance class C16 : 3,7
Resistance class C18 : 3,8
Resistance class C22 : 4,1
Resistance class C24 : 4,2
Resistance class C27 : 4,5
Resistance class C30 : 4,6
Resistance class C35 : 4,8
Resistance class C40 : 5,0
Resistance class D30 : 6,4
Resistance class D35 : 6,7
Resistance class D40 : 7,0
Resistance class D50 : 7,8
Resistance class D60 : 8,4
Resistance class D70 : 10,8
Glulam  
Homogeneous laminate GL24h : 3,7
Homogeneous laminate GL28h : 4,0
Homogeneous laminate GL32h : 4,2
Homogeneous laminate GL36h : 4,4
Homogeneous laminate GL24c : 3,5
Homogeneous laminate GL28c : 3,7
Homogeneous laminate GL32c : 4,0
Homogeneous laminate GL36c : 4,2

	
	1,5 à 2,0 
2,5 à 4,0

	B
	Bureaux
	
	
	2,0 à 3,0

	C
	C1: schools, restaurants, banqueting halls, reading rooms, reception rooms.
C2: churches, theatres or cinemas, conference rooms, amphitheatres, meeting rooms, waiting rooms.
C3 : museum halls, exhibition halls, hotels, entrances to public and administrative buildings, hospitals, stations, etc.
C4: dance halls, gyms, stages. 
 C5: concert halls, sports halls including grandstands, terraces and access areas, station platforms.  
	
	
	C1 : 2,0 à 3,0
C2 : 3,0 à 4,0
C3 : 3,0 à 5,0
C4 : 4,5 à 5,0 
C5 : 5,0 à 7,5

	D
	D1: general retail. 
D2: department stores.
	
	
	D1 : 4,0 à 5,0
D2 : 4,0 à 5,0

	E
	E1 : Storage space (warehouses, libraries, etc.)
	
	
	E1 : 7,5



For the combination of the strength of the structure (STR) and the verification of the equilibrium (uplift) of the structure (EQU) of the actions intended to ensure the ultimate limit state (ELU), we have the following relationship (5) given by Eurocode 5.
                 (5)
: Partial coefficient of permanent action;
: Partial coefficient of the variable share; 
: Statistical factor (reflects the probability of actions occurring simultaneously);
For verification in the service lime state (SLS), we have the following relationship (6):
                 (6)
: Deformation coefficient;
 : Tatistical factor (reflects the probability of actions occurring simultaneously).
2. Model development 
2.1 Heat diffusion model: internal dissipation energy
Heat is diffused from the source of the flame in the structure to the contact surface of the GLW. Once this heat comes into contact with the structure, a flow of heat is transmitted from the outer lamella to the internal lamella. This heat will propagate to the outer lamella not in contact with the flame. However, some of this heat will be stored in the structure. So we have two modes of heat transfer in our structure: 
· Heat transfer by radiation from the heat source to the contact surface of the GLW;
· Heat transfer by conduction between the GLW lamellae and the glue joints, due to the stored heat flux. 
Thus, the resulting stress will be the sum of the mechanical stress and the stress of the thermal behaviour of heat diffusion (coupling of conduction and radiation). It is this stress that will act in the entire structure, and in the adhesive joints. For fracture mechanics, we will favour a global approach based on the dissipation energy in the GLW structure. However, if we were to focus solely on the adhesive joints, we could take a local approach using the radial stress , tangential stress , and longitudinal stress in the adhesive joints.
According to the internal energy balance in the GLW structure, we have the relation (7) of the first principle in thermomechanics of continuous media. To control the dissipation energy in the GLW, we need to go through the entropy balance such as the Clausius-Duhem inequality defined by relation (8). 
                 (7)
                 (8)
We know that the internal energy is given by relationship (9)
                       (9)
If we replace relation (9) with the expression on the left of relation (7), we then have the following relation (10):
            (10)
We also know that expressions of the relation (11). 
               (11)
This leads us to the relationship (12).
               (12)
By replacing the expression in relation (12) in relation (7), we obtain expression (13), which is the heat equation derived from the first principle of thermodynamics. In this equation, the incoming heat flux is taken into account, as well as entropy and the elastic, plastic, viscous and thermal strain rates. This means that the resulting stress σ is a form that takes into account all the different phases and states of deformation of the GLW structure.     
                 (13)
Avec :
;
; 
 ; 
;
. 
Switching to index notation, we obtain the expression for our heat equation as defined by relation (14). 
                 (14)
In relation (13) above, the expression of the thermal strain rate is linked to each of the three phases of degradation of the structure exposed to the flames, namely: the drying, pyrolysis and combustion phases. 
The initial and boundary conditions are presented as in relation (15). The temperature field at time t=0 on the face exposed to the flames of the GLW is equal to the initial temperature field  corresponding to the ambient environment, before the appearance of the flames. At any time t ≠ 0, the temperature field on the face exposed to the flames is equal to the temperature field  of the heat source acting by radiation on the GLW. Similarly, before any thermal influence, the stress field is equal to the initial mechanical stress field , and the initial thermal stress field acting on the face of the GLW exposed to the flames is equal to the reference thermal stress at all times   
               (15)
3. Analytical modelling of the different phases 
3.1. Drying phase
When we model a GLW plate or shell structure exposed to flames, the structure begins its stress by a so-called drying phase. This is the initial phase that causes the GLW to dry by evapotranspiration, due to the creation of a temperature gradient. During this phase, the GLW structure is likely to undergo progressive deformation where we will have a purely elastic flow threshold. However, as the temperature gradient increases to a constant threshold before pyrolysis, the GLW will reach a zone of plastic deformation that cannot guarantee the initial state of the base material. 
In order to understand the mechanical behaviour of the GLW material during this drying phase, we opted for the "elasto-thermo-plastic model". During this phase, a temperature gradient acts on our structure by convection, causing thermal degradation of the structure. Added to this are the elastic and plastic deformations caused by the loading stress (mechanical) acting on the structure. It is in fact the combined action of the loading stresses and the evaporation of water in the material that induces this rheological behaviour. For this reason, if we translate the deformations by their speeds, we will have a mechanical deformation of the elastic form, a plastic deformation, a thermal deformation and a deformation due to shrinkage (Equations 16 and 17). 
                 (16)
           (17)
Where  respectively the elastic, plastic, thermal and shrinkage strain rates. We know that these rates are defined by the expressions in relations (18) to (21). H represents the strain hardening modulus and depends on the elastoplastic modulus , and L and l0 represent the lengths before and after shrinkage. 
         (18)
         (19)
         (20)
         (21)
The expression we are looking for for our strain rate during the drying phase will be that of the relationship (22).  
            (22)
The index notation of this last equation therefore gives us the following relationship (23). In this relationship, we have an expression that translates the rate of deformation of the GLW material during the drying phase as a function of the mechanical stress, the thermal evolution with respect to time, and the temporal variation in the position of the GLW. 
            (23)
Where i,j=1,2,3. Relation (24) gives us the expression of the strain-hardening modulus as a function of the tangent elastoplastic modulus .
         (24)
3.2. Pyrolysis phase
The pyrolysis phase of wood begins when temperatures exceed 110°C. As a result, our GLW structure will undergo irreversible and deferred deformation. This state will lead to creep behaviour, with the resulting deformations being: 
· Viscous deformation due to constant mechanical stress; 
· Plastic deformation due to an increase in the thermal gradient;
· Thermal deformation due to the increase in pyrolysis temperature. 
Our rate of deformation will therefore be of the viscoplastic form, and the resulting behaviour law will be that of the equation (25). 
                 (25)
           (26)
We have viscous, plastic and thermal strain rates which are defined by relationships (27) to (29). 
          (3. 27)
         (3. 28)
         (3. 29)
From these three equations, we can deduce the expression for the deformation rate of our pyrolysis phase (relationship 30). This expression reflects the fact that during this phase, the increase in temperature will induce both viscous deformation and plastic deformation. In addition, there will be a deformation specific to the temperature gradient which takes into account the geometry of our plate or shell. 
           (30)
The index notation for this last relationship gives us: 
           (31)
Where i,j=1,2,3. And Tij represents the temperature variation for component ij of the strain rate tensor.
3.3. Combustion phase 
This is the last phase in which our structure is exposed to the action of fire. Here we have the ignition of the gases formed during the pyrolysis phase. This will lead to a sharp rise in temperatures on the surfaces exposed to the flames, and consequently a transfer of thermal stresses to the various k layers of our GLW material. This situation enables us to assess the performance of the structure in terms of both its mechanical and thermal capacities. In order to reflect the rheological and thermal behaviour of this last phase, we considered the scenario whereby the flames first act on the k layers exposed to the flames and the latter transmit thermal stresses to the internal k layers by conduction. This makes it possible to take account of the deformations in the various internal layers k. For this we have elastic deformation in the internal layers k, viscous deformation, plastic deformation and thermal deformation. 
                  (32)
           (33)
From these two relationships and the previous relationships (30) and (31), we have the form of the law of behaviour of the strain rate with its index notation. However, the Young's modulus E becomes a function of the combustion temperature (relationship 34).
               (34)
           (35)
By replacing E in relation (34) in relation (35), we have the rheological behaviour law for the deformation rate of the combustion phase (relation 36).
                               (36)
In index notation we then have the following relationship (37).
                                   (37)
Where i,j=1,2,3.
In this combustion phase, we take into account the combined effects of loading and combustion in the structure's membranes. This leads us to consider the membrane forces in the slats, as well as the generalised bending and torsion forces generated both by the stresses (the structure's own weight and operating loads) and by the flames. 
We will therefore have the total deformation stress in the form of relations (38) and (39). This stress is evaluated through the deformation rate of the combustion phase, which is the primary unknown to be controlled. 

(38)
                            (39)
Where i,j=1,2,3.
For the membrane forces in the laminae, we have the relationships (40) and (41). These relationships are applicable for a layer k of the GLW structure. This makes it possible to monitor the stresses on the faces most exposed to the stresses. 
                  (40)  
                   (41)  
For generalized bending and torsion forces, we have the relationships (42) and (43). They describe the moments that cause the bending deformations.
                  (42)  
In index notation we then have the following relationship: 
                   (43)  
These relationships are necessary to follow the combined forms of stress-strain behaviour laws in the various modelling phases, including the influence of flames as an accidental load. 
By modelling each phase, the stresses of the different behaviour laws induce actions in the adhesive joints. In this case, the most compromising phase for the degradation of the adhesive joints is the one generating the thermomechanical modifications of the joints. This leads us to begin by assessing the mechanical efficiency of the adhesive joints. To do this, we can try to define and identify the shape of the deformation speed corresponding to the rheology in the adhesive joint. We can therefore assume two forms of deformation at the interface of the glulam: 
· The first assumes that the fracture takes place between the glue joint and the lamina, causing the material to be removed. This form of deformation is known as an adhesive fracture, and takes place at the glue-substrate interface;
· The second assumes that the fracture takes place in the glue joint, which causes a fracture without removal of the material. This form of deformation is known as cohesive failure, and takes place in the adhesive itself. 
These two forms of deformation can be modelled through the generalized stress in the GLW, either in shear or in bending. In both cases, the associated stress is such that it can break the glue joints. To model this failure in the glue joint, we will place ourselves in the combustion phase, and bring in the generalised bending or torsion stresses (equations 41 and 43). We will then have the acting deformation stress in the glue joint, which is equal to the total deformation stress in the combustion phase, as shown in relation (38). 
4. Finite element approach 
4.1. Discretisation 
The discretization used for our problem is that of an orthotropic plate or shell material undergoing mechanical and thermal displacements and stresses. In this case, the admissible displacement field will be of the form X(x,y,z) for a 3D tetrahedral element with four (04) nodes. The GLW will be discretised into n elements, and will have nn nodes. The known temperature T(t) will be a function of time. 
If we accept a kinematically admissible displacement field of an element of our discretization, we will need a polynomial function of a finite number of parameters, whose expression will be a function of the nodal displacements associated with the degrees of freedom. 
Given the unknown displacement associated with the degrees of freedom considered, we have: 
                    (44)

Where: 
 : The displacement unknown associated with the degrees of freedom considered. This is the interpolation polynomial; 
: The shape function or interpolation function of the element, used to obtain the displacements of the element at any point in its geometry, always based on the nodal displacements. 
Considering the shape function matrices of an element e, we have the relation (45) for the displacement field.  
                    (45)
Once the nodal approximation has been made, we need to find a modelling method that can solve our problem. One of the most popular solutions is the Rayleigh-Ritz inspired method, which consists of minimising the potential energy to find the terms of a function approximating the unknown field and satisfying the boundary conditions (Cazenave, 2013). We feel that this approach is suited to our rheological behaviour and fire resistance problem. This approach allows us to highlight the different energies involved in the deformation of our GLW plate and shell structure. There will be energy that causes the structure to deform, while the latter will be subjected to work in opposition to this deformation energy through the volume and surface forces that will be applied. The result will be a difference in energy, the consequence of which will be potential energy. To guarantee the safety of our structure, we must therefore try to obtain a minimum potential energy. This minimisation involves finding a displacement field that guarantees the equilibrium of the structure. 
The elementary deformation energy will therefore be in the form of relation (46). It is given in the synthetic form of the deformation vector.  
                       (46)
Where: 
: Derivation operator, the size of which depends on the element being studied;
: Derivation matrix of interpolation functions. 
The elementary work of the volume and surface forces will be in the form of relation (47). In relation (48), the first equation represents the volume nodal forces, while the second equation represents the surface nodal forces. 
                    (47)
Where: 
: Force vector of all actions of elements connected to e.
                    (48)
The elementary matrices are assembled according to relation (49). We will have the sum of the elementary deformation energies minus the sum of the work of the elementary forces of each element. This gives us relationship (50) for the total potential energy of the structure. 
                    (49)
                    (50)
Where: 
: Deformation energy;
: Work on volume and surface forces:
: Potential energy. 
If we consider that the elements do not necessarily have the same local reference frame, the summation of deformation energies and the work of external forces cannot be directly applied (Cazenave, 2013). This therefore means expressing the elements in a global reference frame. This is only possible thanks to a change of base from the global reference frame to the local reference frame of each element. This change enables us to calculate the displacements of the nodes of element e in the local reference frame  from those in the global reference frame  using a change matrix .  We therefore have the relation (51) which defines this transition. 
                    (51)
In this case, the work of the volume and surface forces in the global reference frame will be defined according to the relation (52). 
        (52)
Once these discretizations have been completed, we can move on to determining the rigidity and force matrices of our mesh.
4.2. Stiffness matrices 
To determine the Boolean assembly matrices, we will start from the stiffness matrices and force vectors of the various elements in the global reference frame. This amounts to positioning each element in a stiffness matrix [K] and in a load vector {F} characterising the entire plate or shell structure. However, the stiffness matrix must take account of two fields of displacement: displacement due to mechanical stress (rheological behaviour), and displacement due to thermal stress (fire resistance). The load vector {F} combines the forces of mechanical and thermal stresses.  
If our plate or shell structure is made up of n nodes, the global displacement vector {U} will have a number of lines n times the number of degrees of freedom per node. The same applies to the force vector {F}. We therefore have the following relationships: 
                (53)
                (54)   
                (55)   
Where: 
 : The structure's rigidity matrix;
  : The vector of nodal loads defined in the global reference frame; 
 : The Boolean assembly matrix, which allows the degrees of freedom associated with a given element to be placed in the global vector of displacements .
In order for the structure to remain in equilibrium, the variation of its potential energy with respect to displacements is zero. This translates into the relationship (56). 
                (56)   
This relationship gives us the equilibrium relationship (57) for the structure. However, our structure is subjected to two stresses: mechanical stress with rheological behaviour, and thermal stress with fire resistance. The form of relationship (57) is global, and it is tricky, even difficult, to keep track of the different displacement fields (mechanical and thermal).
                (57)
If we consider the mechanical and thermal deformations induced, we will have two forms of interpolation functions: mechanical displacement interpolation functions N, and temperature interpolation functions Nth. The same applies to the other matrices. We have the two forms of displacement in relation (58). These two expressions give us the system of equations in relation (59). In the latter, we have a mechanical stiffness matrix and a thermal stiffness matrix. In addition, we have a coupling matrix H. 
                (58)
                (59)
The relationship (59) can also be expressed as the equation (60).
               (60)
Where:
: Heat capacity matrix of GLW materials;
: Matrix of temperature variations at the various mesh nodes;
: Temperature matrix at the various mesh nodes;
: Thermal rigidity matrix; 
 : Mechanical rigidity matrix;
 : coupling matrix;
 : Matrix of the thermal force vector acting on the GLW structure;
: Mechanical force vector matrix. 
The relationships (58 and 59) seem better suited to tracking the displacement fields we are looking for, as they correspond more closely to the different load phases of our GLW plate or shell structure. However, we must be able to define the boundary and support conditions correctly. 
The support conditions must be introduced in such a way as to ensure the stability of the structure. Depending on the nature of the blocked degrees of freedom, we can transform relation (57) in such a way as to separate the free and blocked degrees of freedom. This gives us relationship (61) as a function of known and unknown displacements. 
                 (61)
This leads us to determine the unknown displacements  by solving the linear system of relation (62). 
                (62)
Where: 
 : The vector of reactions;
: The vector of charges associated with the free degrees of freedom.
Generally speaking, the finite element approach to the analytical modelling of our structure can be carried out using a general approach to deformations (relationships 57, 61, 62), or using a specific approach for each stress model (relationships 58, 59, and 60).
[bookmark: _Toc73461682]Conclusion 
Our aim was to contribute to the development of analytical models for plate and shell structures made of GLW materials made from local tropical species. To achieve this, we put forward a number of hypotheses and presented the corresponding stress models. With regard to the overall deformation of the structures, we assessed the internal energy by highlighting the deformation rates of the known rheological states: elasto-thermo-plastic models. To gain a better understanding of the degradation of our structures, our approach was to study the models for each phase that can lead to damage. Models were developed for the drying, pyrolysis and combustion phases. Modelling of these different degradation phases shows that GLW can be subjected to elastic, viscoelastic, plastic, mechanosorptive, elastoplastic, viscoplastic and elastoviscoplastic behaviour. However, for the rheological behaviour of adhesive joints, we have globalised this into the deformations and stresses of the structures. If this is fully considered, finite elements will be more appropriate for numerical modelling using well-known software such as ANSYS and CASTEM. In the following, we will simply use the above-mentioned models to carry out the numerical approach, to enable us to assess the consideration of rheological behaviour and fire resistance. 
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