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TEMPERATURE DISTRIBUTIONS IN THE CROSS-SECTION OF TIMBER BEAMS REINFORCED
WITH VARIOUS STEEL ELEMENTS UNDER CONDITIONS OF HIGH TEMPERATURES

The article presents numerical calculations of the variable heat flow during fire exposure based on the standard fire curve.
The aim of the work was to analyse the temperature distributions in cross-sections for various methods of strengthening wooden
beams using steel elements glued into the cross-section. Many historic timber elements, where reinforcement was necessary, were
repaired using various steel elements. The most common used reinforcements were steel plates and rods glued into the cross-section
in various configurations. Historic timber elements are particularly sensitive to fire. Since steel has a high thermal conductivity and
timber is a flammable material, an important aspect of steel-reinforced structures is the knowledge of heat flow and, consequently,
temperature distributions in the cross-section determining the cross-section combustion rate. In this work, a thermal numerical
analysis was carried out in the ANSYS program for six variants of beams reinforced in different configurations with steel elements.
The calculation results for the reinforced beams were compared with the unreinforced beam by analysing: temperature distributions
in the cross-section, charring depth and charring rate. Based on the calculations, it can be seen that the reinforcement of wooden
beams with the use of steel elements does not adversely affect the temperature distributions and charring rate. If properly per-
formed, the reinforcement of wooden beams using steel elements should not increase the risk of faster destruction of the structure

during a fire.
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1. Introduction

Currently, wooden structures are often used in construction
due to ecology [1], but over the last few decades it has also been
a relatively frequently used construction material especially in
small and medium-sized buildings and in the case of the con-
servation of historic buildings. As with any building material
used to make structural elements, sometimes, for various rea-
sons, there is a need to strengthen the structure. Until the wider
use of fiber composites for strengthening structures, the most
commonly used material was steel [2,3]. The method of using
reinforcing steel elements is dictated not only by their strength
aspects, but also by their aesthetics, which is especially important
when working with historic buildings. There are cases of using
wooden elements to enclose a steel cross-section. The wooden
enclosure plays an aesthetic role and serves as thermal insula-
tion [4,5]. Wood has a number of beneficial properties, includ-
ing low weight and resistance to chemical corrosion. The most
significant disadvantage from the point of view of using wood
as a construction material is its flammability [6]. When designing

any structure, in addition to the need to ensure adequate strength,
the designer is obliged to ensure adequate fire resistance [7].
Wood, due to its flammability and the fact that its mechanical
properties depend on humidity, requires special attention during
fire design. During a fire, wood chars, which causes a reduc-
tion in the dimensions of the cross-section, and consequently
a reduction in strength. Due to the different values of the heat
conduction coefficients of wood and steel, combining these two
materials in a reinforced structure may affect different rates of
cross-section charring. And, due to the change in temperature
inside the cross-section, may effect the strength characteristics
of the wood. In the literature, one can find studies of both com-
plex wooden structural elements [8], as well as less complicated
structures [9,10] and connections [11]. A particularly frequently
used tool is numerical modeling, which allows for the analysis of
more complicated cases [12], or an extended parametric analysis
[13,14]. There are studies analyzing the connections: between
wooden elements using steel dowels [15,16], between timber
and steel elements [17], between timber elements using dowels
and plates [18,19]. In addition, analyses of hybrid steel-wood
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elements are also carried out: CLT wood elements based on steel
sections [20,21] and elements attached to the side surface of the
steel sections [22]. The paper presents a numerical fire analysis
of wooden beams reinforced with aramid fibers [23]. However,
there are no studies in the literature analysing the temperature
distributions and, consequently, charring of structural wooden
elements reinforced with steel elements. The aim of the paper
is to analyse the temperature distribution and charring rate in
cross-sections of wooden elements reinforced with various steel
elements used in different configurations.

2. Materials and methods

The models for calculations were prepared in the Ansys
Workbench program. It was assumed that a time-varying thermal
analysis would be performed. Thermal and physical material
data were assumed based on Eurocode 5 [24] for timber and
Eurocode 3 [25] for steel elements. Graphs of values dependent
on temperature: specific heat, conductivity and density for timber
are presented in Figs. 1-3. The heat flow was analysed in the
cross-section plane, therefore isotropic properties were assumed
for timber, omitting heat flow along the fibers in the analysis.

Based on the recommendations of Eurocode 1 [26], temper-
ature-time curves are used for the thermal analysis of structural
elements simulating fire conditions. The most commonly used
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curve in construction is ISO 834 [27] shown in Fig. 4. The tem-
perature increase is described by the function presented in Eq. (1).

©, =345log, (87+1)+20 (1)

where O, is the gas temperature during a fire in °C and ¢ is the
time in minutes.
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Fig. 4. ISO 834 time-temperature curve [27]

During thermal simulations, Eurocode 5 [24] allows the
use of advanced methods, e.g. the Finite Element Method
(FEM). High temperature conditions are simulated by assum-
ing the action of the net heat flux on selected edges, presented
in the equation Eq. (2), which is composed of two components:
the heat flux from convection — Eq. (3) and the heat flux from
radiation — Eq. (4).
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where «, is the coefficient of heat transfer by convection in
W/m’K equal 25.0, 0, is the gas temperature in the vicinity of
the fire exposed surface in °C, ©,, is the surface temperature
of'the member in °C, @ is configuration factor equal 1.0, ¢,, is the
surface emissivity of the member set to 0.8, &/is the emissivity of



the fire set to, 1.0, o is the Stefan-Boltzmann constant in W/m?K*
equal 5.67x1078, ©, is the effective radiation temperature of the
fire environment in °C set equal as O,.

Based on the above theoretical assumptions, thermal effects
on three edges of the analysed beams were assumed. Geometric
models were made in the Space Claim module. The cross-section
was modeled in the xy plane appropriate for simulating heat
flows in the plane. The analyzed beams used finite elements:
SOLID 291, CONTA174 and TARGE170. Since only cases with
steel elements glued inside the cross-section were analysed, all
contacts were assumed as bonded. The analysis was carefully
divided into many calculation steps of different lengths. Due to
the large variability of gas temperature over time, the first cal-
culation steps were short and measured in seconds. Then, after
flattening the standard curve, the steps were gradually extended.
This procedure was used to ensure convergence. The mesh size
of all analyzed cross-sections was assumed to be 5 mm. The
wooden beam model used in the paper was calibrated based on
the experimental tests presented in [28] showing good agreement.

Seven cross-sections made of wood were assumed for the
analysis. Six of them were reinforced with various steel elements
and one was a comparative wooden cross-section without any
reinforcements. The analyzed cross-sections are shown in Fig. 5.
The adopted cross-sections were determined based on analyses
of scientific literature. The most common reinforcement schemes
were used, in which steel elements were located inside the cross-
section. This assumption was made due to the requirement to
maintain the external aesthetics of the reinforced element. With
the exception of series B, in which steel rods with a diameter
of 14 mm were used for reinforcement, the remaining series
(A, C, D, E, F) were reinforced with 4 mm thick steel plates.
The reinforcing plates were positioned horizontally (series A
and C) and vertically (series B, D, E, F). The beam from series
G was a comparative beam without any reinforcement. All cross-
sections had the same external dimensions of 100 mm > 200 mm.
Series F was the only one with reinforcing elements only at the

A B C D
@
&
8 3 3 <
- g :
©
< N <|_ — L
8 g 8 a7
5, 50 |25 40 40 18 18
2 %/A\ e
E F G 16
LT 1
8
g

100

18 56 18 UVSG IL 18 100
\a 4f B e

Fig. 5. Models of cross-sections of the analysed beams (dimensions
in mm)
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upper edges. Series E had reinforcements at the lower and upper
surfaces. The remaining series with reinforcements had steel
elements at the lower surface.

Based on the assumptions given above, the heat flux acting
on the modeled cross-sections was assumed to be convection
and radiation. These actions were assumed on three edges as
shown in Fig. 6.
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Fig. 6. Boundary conditions

3. Results and discussion

Using the discussed numerical models for all variants of the
cross-section, a time-varying thermal analysis was performed.
The main goal was to determine the temperature distributions
in conditions of elevated temperatures simulating fire condi-
tions. Based on the calculations, the temperature variation over
time was determined for two selected points. Two characteristic
points were assumed in the middle of the length of the lower
edge and the side edge. Both analysed points were assumed at
a depth of 10 mm. Fig. 7 shows the temperature variation over
time for all analysed cases on the lower horizontal edge of the
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Fig. 7. Time-temperature curve in vertical direction at depth 10 mm
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cross-section. It can be seen that during 10 minutes, series A
and C were characterized by an increased temperature in relation
to the other series. The increase for both series was similar and
amounted to about 6% in relation to the other cross-sections.
Fig. 8 shows the temperature increase as a function of
time at the mid-height of the side edge of the cross-section.
In contrast to the data from Fig. 7, higher temperatures were
recorded for series D, E and F, while the lowest temperature
was recorded for series A. The highest temperature increase
occurred for series E and, in comparison to the unreinforced
beam of series G, it amounted to 13%. TABLE 1 shows the
temperature distributions for all analysed cross-sections at 2.5,
5 and 10 minutes of exposure to elevated temperatures. Based on
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TABLE 1

Temperature distributions in analysed beams

Duration of thermal action

Serie Scale

2.5 min

5 min 10 min

300
265
230
195
160
125

90

55

20 Min

300
265
230
195
160
125

90

55

20 Min

300
265
230
195
160
125

90

55

20 Min

4




1271

TABLE 1. Continued

300
265
230
195
160
125

90

55

20 Min

300
265
230
195

E 160
125
90
55
20 Min

300
265
230
195
160
125

90

55

20 Min

3

the assumptions of Eurocode 5 [24], it was assumed that above On the basis of measurements in two directions for a time of
the 300°C isotherm, wood charring occurred, therefore these 10 mins, the charring rates were also determined for both direc-
areas were marked in grey. The greatest charring of the corners  tions. Charring rates were determined based on the relationship
of cross-sections can be seen in series D and E. (5) presented in TABLE 2
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dchar,i = tﬂi (5)

where d_;,,; is charring depth in mm (x — horizontal direction,
vy — vertical direction), ¢ is time of fire exposure in min set as
10 min and p; is charring rate (x — horizontal direction, y — verti-
cal direction).

TABLE 2
Charring rate and charring depth after fire-exposure time of 10 min
d d Charring rate
Serie char,x char,y Be 5,

[mm] [mm] [mm/min] [mm/min]

A 7.7 8.3 0.77 0.83

B 8.3 8.3 0.83 0.83

C 8.4 8.3 0.84 0.83

D 8.2 6.9 0.82 0.69

E 8.2 8.4 0.82 0.84

F 8.0 8.4 0.80 0.84

G 8.3 8.3 0.83 0.83

There is no significant difference in the charring rates for
all series (TABLE 2). Apart from two deviations of 7% in the
horizontal direction and 17% (lower rate in reinforced elements)
in the vertical direction for the reinforced beams with respect to
the unreinforced beam. The remaining values did not differ by
more than 1% with respect to the unreinforced beam.

4. Conclusions

The article analyses temperature distributions in cross-
sections of wood reinforced with steel elements subjected to
elevated temperatures. Seven variants of cross-sections were
analysed. Six of them were reinforced with various steel ele-
ments, while one was a comparative, unreinforced cross-section.

Based on the calculations and analyses carried out, the fol-
lowing conclusions can be drawn:

—  Reinforcing the cross-sections of wood with steel elements
does not significantly affect the temperature distributions
and, consequently, the cross-section charring rate.

—  The cross-section charring coefficient differs on average by
about 2% between the unreinforced beam and the reinforced
beams, to the advantage of the reinforced beams.

—  The temperature increase in the analysed series was not
significant and amounted to about 10%.

—  Analysing the temperature increases in the individual series,
it can be seen that steel elements affect local temperature val-
ues, especially in a situation where steel elements located par-
allel to the aforementioned edge are close to the heated edge.

—  Based on the temperature maps, it can be seen that vertically
mounted steel elements heat up, increasing the temperature
in their immediate vicinity while blocking the free flow
of heat into the cross-section, which can have a beneficial
effect on the depth of charring.

Many historic buildings have structural elements made of
wood and in cases of structural wear or design and construction
errors, there was a need to reinforce the structure. Until the ap-
pearance of fibre composites, steel elements were most often
used for reinforcement. Currently, hybrid wood-steel elements
are also used, which is why it is important to know the behav-
iour of such elements during a fire. Since wood is a flammable
material, it is particularly important in this case.

In the case where steel reinforcements are needed, their
effect on the temperature distributions and, consequently, the
rate of cross-section charring should be analysed individually
depending on the location of the places necessary for reinforce-
ment.
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