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Thermal analysis of timber cross-sections via CS-ASA/FA
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Abstract. When exposed to high temperatures, such as in a fire situation, the physical and resistance characteristics
of the materials employed in the structure deteriorate as the temperature increases. This fact promotes a
considerable loss in the bearing capacity and stiffness of the structural system. The verification of a structure
exposed to fire depends primarily and principally on the thermal analysis of the cross-section of the structural
element. This analysis permits the determination of the temperature variation or temperature range in the element
from the boundary conditions provided by the fire model adopted. Timber, being an anisotropic material, with
irregular fibers, presence of knots and flammable, and widely used in civil construction, becomes a target for the
study of realistic behavior in fire. As such, this study has the objective of performing a thermal analysis in a
transient regime utilizing the finite element method on timber cross-sections that are employed in civil construction
through use of the Computational System for Advanced Structural Analysis/Fire Analysis (CS-ASA/FA module).
Two cross-sections were analyzed, and the results obtained were very satisfactory. Therefore, it is possible to
conclude that the CS-ASA/FA module can yield the necessary information when a thermo-structural analysis is
performed for the evaluation of strength and stiffness losses of the structural material when exposed to fire.
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1 Introduction

The thermal analysis of a structural element consists of determining the variation of the temperature field
when they are exposed to fire, as a function of the elapsed time of the fire. Such analysis involves two steps:
determining the heat transferred by convection and radiation, resulting from the fire, in the boundary of the element
of interest; and determining the heat transfer by conduction within the structural elements. Thus, it is necessary to
properly understand the heat transfer processes (convection, radiation, and conduction), which make it possible to
determine the transfer of energy to anybody. Additionally, it is necessary to consider the variation of thermal
properties as a function of the temperature of the component materials.

The objective of the thermal analysis presented in this work is to determine the temperature distribution in
the timber structural elements submitted to high temperatures to provide the necessary resources to evaluate the
loss of strength and stiffness of the structural material with the increase of temperature in mechanical or structural
analysis. It is also noteworthy that the temperature distribution along each element is considered uniform and equal

CILAMCE-2022
Proceedings of the joint XLIII Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Foz do Iguagu, Brazil, November 21-25, 2022



Thermal analysis of timber cross-sections via CS-ASA/FA

to that estimated in its cross-section. Thus, the sectional analysis through numerical heat transfer models provides
the determination of the temperature field at different points of the timber cross-section.

Therefore, the present work aims to determine the temperature variation in structural elements with timbered
cross-sections through thermal analysis via the finite element method (FEM). The methodology used through the
FEM is applied in a transient regime and considers relevant factors such as the heat transfer mechanisms and the
variation of the material's thermal properties as a function of temperature. To this end, the expansions made in the
CS-ASA/FA (Computational System for Advanced Structural Analysis/Fire Analysis) computational module are
used for sections of timbered elements. The thermal analyzes of this study are then compared with those available
in the literature, allowing the validation of the method and the implementations carried out.

The CS-ASA/FA module was designed by Barros [1, 2] and Pires [3] who implemented detailed numerical
formulations for the advanced analysis of steel, concrete, and composite structures (steel-concrete) in a fire
situation. Thus, this module performs a thermal analysis of cross-sections through the FEM in steady and transient
conditions.

2 Thermal analysis

Simulating the conditions and development of a real fire is a complex task. Consequently, determining the
effects caused by increasing temperatures on structures is also not trivial. In fire, the temperature of the structural
elements depends directly on the temperature of the gases in the compartment. The temperature versus time curve
that characterizes a fire depends on several factors, such as compartment geometry, characteristics of the sealing
materials, degree of ventilation of the environment, and disposition and quantity of the combustible material. The
current regulations present, in a simplified way, ways to model the variation of the temperature of the gases in a
compartment on fire through nominal and parametric curves.

For this work, in the thermal analysis, the standard fire curve available in ISO 834-1 [4] was adopted and it
is given by:

T, =T, +345log 8t +1 1)

in which Ty is the temperature of the gases in °C, Ty is the initial ambient temperature, usually taken as 20 °C, and
t is the fire exposure time in minutes.

In this present work, the computational module CS-ASA/FA received interventions to perform the thermal
analysis of timber cross-sections in transient regimes. This module, designed to perform thermal analysis of cross-
sections in transient and steady state, is part of the CS-ASA computer system, being also developed based on the
FEM. When coupled to the CS-ASA/FSA (Fire Structural Analysis) module, it allows performing thermo-
structural analysis of structures.

Numerical modeling of thermal analysis consists of solving the differential equation of heat conduction for
solid bodies. This research uses the Weighted Residuals Method, specifically the Galerkin Method, to obtain this
equation in terms of FEM, which is given in matrix form for each element by:

C{a—T}”‘ T =R @
ot

where: C¢ is the capacitance matrix; T¢ is the nodal temperature vector; K¢ is the thermal conductivity matrix; R®
is the nodal heat flux vector. Considering the contribution of all elements adopted to model the timber cross-
section, the equation that describes the global equilibrium of the transient heat conduction problem is expressed

by:
C{a{—T}—FK T =R 3)
ot

in which: C, K, T and R are, respectively, the global matrices and vectors of the system.

To obtain the solution of Eq. (3), that is, to calculate the temperature field, a numerical model of integration
based on the Finite Difference Method is used, which was previously presented by Lewis et al. [5], Rigobello [6]
and Nunes [7]. Due to the dependence of the material properties on the temperature, the problem equation presents
a non-linear character. Therefore, it is necessary to adopt numerical solution strategies, essentially based on linear
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integration in time and also to use iterative processes.

The CS-ASA/FA module has two procedures for solving the system of equations: simple incremental and
iterative-incremental. For the second option, the iterations can be performed using the classical Newton-Raphson
method or the Picard algorithms (Successive Approximation Method). For the analysis of this work, the simple
incremental system was chosen, according previously Barros [1, 2] and Pires [3] research.

The variation of the thermal properties of timber as a function of temperature, in this work, is adopted as
indicated by Eurocode [8]. Figures 1, 2, and 3 show, respectively, the variation of thermal conductivity, specific
heat, and specific mass ratio to dry specific mass, as a function of temperature, for softwoods adopted in the
following analyzes.
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Figure 1. Temperature-thermal conductivity relationship for softwood

14—
12

1

B 10 —

=

S -

<

3

= 6 —

2]

b=

g 4

&

27_\/

O 477771 717 T T T T T T 1

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Temperature (°C)

Figure 2. Temperature-specific heat relationship for softwood

3 Numerical Examples

In this section, thermal analyzes will be carried out on timber cross-sections, using the CS-ASA/FA
computational module, considering the results presented in other literature works. The main objective is to verify
the behavior of the temperature distribution in the timber and the validity of the implementations carried out for
this simulation. Thus, two cross-sections previously studied by Thi et al. [9] and Darmon and Lalu [10] were
studied. The examples present their characteristics to timber properties and geometry, providing an adequate initial
view of the thermal problem in timbered elements. The analyzes were performed with linear quadrilateral elements
for the cross-section discretization and the numerical solution adopted was the simple incremental strategy. In each
example, the parameters adopted for the numerical model are highlighted.
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Figure 3. Temperature-density ratio relationship for softwood with an initial moisture content of 12%

3.1 Rectangular section of laminated veneer lumber

The first model analyzed by this research is a veneered laminated timber panel. Thi et al. [9] studied
experimentally and numerically the behavior of this section under standard fire situations through fire and finite
element tests, respectively.

The experimental configuration was set up with a cross-section measuring 146 mm wide and 60 mm thick,
with a length equal to 1000 mm and all sides exposed to fire. For the finite element model, in turn, symmetry was
used to model a quarter of the total cross-sectional area (73mm wide and 30mm thick). Figure 4 illustrates the
model described. Temperatures were calculated for depths of 5 mm and 15 mm vertically (P1 and P., respectively)
and horizontally (Ps and Pa, respectively) on the faces not exposed to fire.

30 mm

73 mm

Py

YY)

Figure 4. Cross-section of laminated veneer lumber
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The timber moisture content considered was equal to 12% and the dry density equal to 570 kg/m3. The result
for the thermal analyzes are shown in Figures 5a, 5b, 6a and 6b, in the form of temperature versus time graphs.
Two meshes were used to numerically simulate this problem using the CS-ASA/FA module: the first one with 348
quadrilateral elements, the same amount used by Thi et al. [9]; and the second, more refined, with 876 elements.
The time increment for the analyzes was equal to 15 seconds.

Through these figures, it is possible to perceive a good agreement between the results found in the literature
and those obtained by this research. Another positive indication is the fact that the temperature versus time curves
present similar behavior for the different points when their locations in the cross-section are placed in perspective.

It is also possible to notice that the curves present well-defined levels in the initial heating phase and similar
behavior for the two meshes. This fact may be related to the behavior change in the thermal properties of the timber
described in the previous sections, evidencing the model's conformity with the expected behavior.

The effect of timber carbonization may be the cause of the small differences found between the model and
the references. Thi et al. [9] indicate that this phenomenon occurs in the range of 300° Celsius, precisely where
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the differences are accentuated. It should be noted that the influence of this phenomenon is progressive since it
causes a decrease in the heat propagation. Therefore, more external elements are less affected by this effect than
internal elements, since carbonization occurs in the same direction as the fire propagation.
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Figure 5. Thermal analysis for cross section of laminated veneer lumber
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Figure 6. Thermal analysis for laminated veneer lumber cross-section

3.2 Rectangular laminated timber cross-section

The second example analyzed is the cross-section of a glued laminated timber beam. Darmon and Lalu [10]
studied experimentally and numerically this section under standard fire on three faces under the fire (experiment)
and finite element tests, respectively.

The experimental configuration was set up with a cross-section measuring 180 mm wide and 440 mm high,
with a length equal to 3500 mm and three faces exposed to fire (the upper face was not exposed to fire). The same
cross-section was used for the numerical model. Figure 7 illustrates the model described. Temperatures were
evaluated for depths of 20 mm and on the outer surface (0 mm) of the center of the cross-section, as indicated in
the same figure.

The timber moisture content considered was equal to 11.6% and the dry density equal to 338 kg/ms3. The
results obtained for the thermal analysis are shown in Figures 8a and 8b in the form of temperature versus time
graphs. Two finite element meshes were used to numerically simulate this problem using the CS-ASA/FA module:
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the first with 396 quadrilateral finite elements, the same amount used by Darmon and Lalu [10]; the second, more
refined, with 792 finite elements. The time increment used for the analyzes was equal to 15 seconds.
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Figure 7. Laminated timber cross-section
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Figure 8. Thermal analysis for laminated veneer lumber cross-section

It is possible to observe that similar behavior of the temperature versus time curves for the two meshes.
However, for lower temperatures at the beginning of the analysis, the behavior of the finer mesh is more precise.
The investigations carried out by this research indicate that in elements with larger dimensions for timbered
sections, due to the unique behavior of the material at initial temperatures, they lead to an irregular behavior in
heat transmission, especially at points close to elements with a large temperature variation.

The temperature versus time curves presents good agreement with the behavior of the timber properties
described by Eurocode [8], showing the same ranges of behavior change and confirming the validity of the
implementations carried out. The carbonization effect considered by Darmon and Lalu [10] explains the difference
in behavior since this phenomenon acts directly on the heat flow.

4  Final Remarks

Two cross-section analyzes of structural elements in fire situation were performed through the expansion
made in the CS-ASA/FA module. The examples were determined considering their practical application. With
this, it was possible to perceive the difference in behavior between timber species under high temperatures and
different fire conditions. The results obtained were compared with results from other authors, and answers were
satisfactory and consistent, showing the program’s ability to perform timber thermal analysis. The carbonization
effect, not yet introduced in the model used on this research, explains the differences observed to the literature,
since this phenomenon has impact on the behavior of timber in fire situations.
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This research will continue to treat the timber structures thermo-mechanical analyzes. Therefore, among the
future steps still to be developed, the following stand out: determining the behavior of the stiffness and resistance
of timber at high temperatures, considering more complex thermal effects (such as carbonization) and assembling
the material degradation compatible with the finite element formulations.
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