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List of symbols and terms

Latin lowercase letters

dchar,o Charring depth for one-dimensional charring, mm
dcharn Notional charring depth, mm

t Time of fire exposure, min

h Height of the specimen, mm

Greek lowercase letters
Bo Design charring rate for one-dimensional charring under standard fire

exposure, mm/min

B Design notional charring rate under standard fire exposure, mm/min
Brest Experimentally determined charring rate, mm/min

p Density, kg/m3

w Moisture content, %

List of terms

Charring depth Distance from the original surface of the timber member to
the char-line (EN 1995-1-2:2005 [1])

Ignition time Start of flaming combustion (EN 1995-1-2:2005 [1])

Residual cross-section  Cross-section of the original member reduced by the
charring depth (EN 1995-1-2:2005 [1])

Charring rate Relationship between two consecutive in-depth positions of
the char-line and corresponding time period (FprEN 1995-
1-2:2025 [2])



1 INTRODUCTION

Timber has been used in construction for centuries, proving itself to be a reliable and
long-standing natural material. In recent years, the standards for sustainability and
environmental friendliness have significantly increased. As a result, the construction
industry is once again turning to traditional materials like timber and timber-based

products for use as structural elements. [3], [4]

While timber is a renewable resource, the rise in global demand has begun to outpace
the natural growth rate of forests. This shows the need for more sustainable solutions,
such as using reclaimed timber in new buildings. Reusing old materials not only reduces
pressure on forests but also supports more environmentally friendly practices in the

construction industry. [3]

Although reclaimed timber has potential for use as a structural material, its reuse is
often limited by current engineering practices and modern building regulations,
particularly when it comes to fire safety. Currently, limited data on the fire performance

of aged, reclaimed timber presents a challenge to its complete re-entry to the market.

There are currently no design codes or guidelines regarding the charring behaviour of
reclaimed timber, which is important for fire safety design. However, charring plays a
vital role in assessing the fire resistance of timber structures, as it reduces their load-

bearing capacity and overall structural integrity [3].

This master’s thesis is divided into two main parts, theoretical and experimental,
followed by analysis. The theoretical part of the thesis provides an overview of fire
design of timber structures and describes previously conducted studies on aged,
reclaimed timber. The experimental part involves a small-scale assessment of the
charring performance of various collected timber specimens, followed by an analysis of

the test results and a comparison with earlier research.

1.1 Aim of thesis

The goal of this thesis is to supplement earlier studies with new experimental data in
order to better understand the charring behaviour of aged, reclaimed timber.
Additionally, the study also aims to provide experimental data that can support the
structural design of aged timber. The main questions addressed in this study are

whether aged and new timber exhibit similar charring behaviour and whether aged



timber could be designed using the same guidelines established for new timber,
specifically those provided in Eurocode 1995-1-2 [1].

The main objectives of the thesis are:

1) To determine the charring behaviour of aged timber through experimental

testing.
2) Add and compare new experimental results to earlier studies.

3) To make recommendations on whether existing fire design guidelines for new
timber, specifically those provided in Eurocode 1995-1-2, are likely applicable to
aged timber.

The hypothesis of the thesis are as follows:

1) There is no significant difference in the charring behaviour between aged and

new timber.

2) Test results indicate that the design principles outlined in Eurocode 1995-1-2 are

likely applicable to aged timber.
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2 FIRE DESIGN OF TIMBER STRUCTURES

2.1 Design of fire safety according to European system

The Construction Products Regulation (CPR) [5] defines all essential requirements for
construction works, including safety in the event of a fire. This requirement is especially

critical in the design of timber structures. [5]

The CPR defines the fire safety requirements that a structure must be designed and built
in such a way that, in the event of fire, the load-bearing capacity of the structure can
be assumed for a specific period. In addition, the development and spread of fire and
smoke within the building, as well as to adjacent structures, must be limited.
Furthermore, the design must allow occupants to evacuate safely or be rescued, while

also considering the protection and accessibility for emergency response teams. [5]

The requirements set out in the CPR are further detailed in European standards. The
Eurocodes serve as the European design standards for structural components and
structures for buildings, providing rules and requirements for calculating and verifying

the load-bearing capacity of structures made from various materials. [3]

The essential requirements are implemented through European standards, as shown in
Figure 2.1. Full-scale testing is regulated by testing and classification standards, while
design by calculation follows design standards. For innovative products that do not fall
under harmonised standards, a European Technical Assessment (ETA) can be issued

based on a European Assessment Document (EAD). [3]

CPR and its essential requirement on fire safety in the case of fire
Interpretative documents (10) with classes for fire performance

A Y y

Testing and classifcation Design rules EOTA
CENTC 127 CENTC 250/5C 5 Technical assessments (ETA)
Fire safety in buildings Structural Eurocodes / Timber Based on EAD
l Products ‘ | Structures ‘

Figure 2.1 Systems for developing European fire standards and Technical Assessments for
building products [3]
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The fire resistance of structures can be assessed using calculation models for standard
fire exposure, but the results should not exceed those from full-scale fire tests. In timber
design, two key factors must be considered: the reduction of cross-section due to
charring and the loss of strength and stiffness from elevated temperatures behind the

char layer. These effects directly influence the fire performance of timber elements. [3]

Eurocode 5 covers the design of buildings and civil engineering works in timber (solid
timber, sawn, planed or in pole form, glued laminated timber or wood-based structural
products) and wood-based panels jointed together with adhesives or mechanical

fasteners. The structural fire design of timber structures is specified in EN 1995-1-2. [1]

2.2 Two stages in building fire

Building codes regulate two distinct phases in fire: reaction to fire and fire resistance,
as shown in Figure 2.2. Reaction to fire refers to how materials behave during the early
stages of fire exposure. This primarily applies to interior and exterior surface materials
in buildings. The European classification system ranges from classes A to F with
additional subcategories s1 to s3 for smoke production and d0 to d2 for flaming droplets.
Due to these detailed classifications, the system has become quite complex, and
different countries have adopted different criteria. As a result, national building codes

vary to some extent. [6]

Fire resistance, on the other hand, refers to how well structural components can endure
a fully developed fire while meeting specific performance criteria: load-bearing capacity
(R), integrity (E) and insulation (I), as shown in Figure 2.3. These elements are expected
to maintain their function for a designated duration, for example 60 minutes. Timber
structures can reach high fire resistance ratings, such as REI 60, REI 90 or higher. Fire
resistance can be determined by either full scale testing or using simplified or advance
desigh methods in accordance with EN 1995-1-2. [6]

12
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Figure 2.2 The two important phases of standard fire: reaction to fire and fire resistance [6]
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Figure 2.3 Performance criteria for fire resistance [6]

2.3 Standard temperature-time curve

To simplify the modelling of fire exposure in structural design, building codes have
introduced several nominal fire curves. Due to the limited understanding of how timber
structures behave in natural fire conditions, the guidelines in the current EN 1995-1-2
[1] primarily rely on standard fire exposure conditions. As a result, fire design is typically
based on the standard temperature-time curve defined in ISO 834 [7], as shown in

Figure 2.4. [3], [7]

The fire resistance of structural elements and assemblies must be assessed either by

testing according to the standard temperature-time curve defined in ISO 834 [7] and

13



EN 1363-1 [8] or can be calculated by standard methods such as those in EN 1995 1-2
[1].

1200

1000

800

600

400

Temperature (°C)

200

0

0 30 60 90 120 150 180 210 240
Time (min)

Figure 2.4 Standard temperature-time curve according to ISO 834 [7]

The standard fire curve offers a simplified way to represent gas temperature in a
compartment over time. However, it only reflects the fully developed fire phase,
meaning it does not account for the potentially lengthy period between ignition and full

development. Also, the curve does not include the cooling or decay phase of the fire.

[3]

2.4 Fire testing

When design values are not available, a full-scale fire test is required to verify the fire
resistance of building structures. A standard fire resistance test represents a ventilation
controlled, fully developed, post-flashover fire where the compartment shows a very
limited oxygen concentration. Full-scale fire testing is typically carried out in furnaces
with minimum dimensions of 3 m x 3 m for walls and 3 m x 4 m for floors, depending
on the relevant standard. [9], [10], [11], [12]

For research and product development, medium-scale fire tests are also conducted in
smaller furnaces that can follow the standard fire exposure conditions. The scale of a
fire-exposed area of at least 1 m x 1 m enables assessment of the start time of charring
according to EN 13381-7:2019 [13] and charring rates according to EN 1995-1-2 [1]

following the standard fire exposure conditions.

14



In addition, small-scale testing using cone calorimeters has gained widespread use
globally for assessing the charring behaviour of timber due to its simplicity and cost-
efficiency [14], [15]. Numerous studies have been performed to determine the charring
rates of different wood products and to compare these with results from furnace tests.
A study conducted in 1998 [14] found that charring depths measured in cone
calorimeter tests at a constant heat flux of 50 kW/m? closely matched those obtained

in furnace tests after 30-40 minutes of exposure. [1], [14], [15]

The primary difference between furnace test and cone calorimeter test are the scale of
testing and the fire exposure conditions (e.g. size of test specimen and boundary
conditions such as heat flux received by the specimen and the oxygen concentration
[16]). In furnace tests, the heat flux to the specimen varies (increases) over time,
whereas in cone calorimeter tests, a predetermined heat flux level is considered (usually
a constant heat flux level is used) throughout the test duration. Several studies have
attempted to establish a correlation between the charring rates determined in these two
methods [16]. Findings of one study [14] indicate that the charring rate of timber
obtained in furnace tests can be related to that determined in cone calorimeter tests.
Initially, the charring depth is greater in the cone calorimeter test, but it aligns with that
of the furnace test after approximately 32 minutes [14]. Beyond this point, the furnace
test showed a slightly higher charring depth than cone calorimeter test due to the
increased heat flux in the furnace tests [14]. When comparing the charring rates
obtained from the cone heater experiments to those from furnace tests, it is important
to consider the duration, and the heat flux levels used in cone testing. In another study
[15], experiments with different wood species (at a heat flux level of 50 kW/m?2) showed
that charring rates after 30 minutes of cone heater testing ranged from 0,8 to 1,11
mm/min. For comparison, the basic design charring rate given in Eurocode 5 is 0,65
mm/min. [14], [15], [17]

2.5 Timber in fire

Wood is mainly composed of three substances: cellulose, hemicellulose, and lignin. It
also contains small amounts of organic and inorganic materials that contribute to ash
formation after burning. These components break down at different temperatures:
hemicellulose around 200-260°C, cellulose at 240-350°C, and lignin at 280-500°C. [3]

When wood is exposed to heat, it decomposes into gases (volatiles) and a solid residue
called char. This transformation changes the original wood into a charred material.
Depending on the heat intensity and oxygen availability, wood can undergo either

flaming or smouldering combustion. Figure 3.1 shows the typical breakdown zones

15



caused by surface heating, which are divided into four main temperature-based layers.

(3]

Zone A occurs at temperatures up to 200°C. In this zone, the wood undergoes
dehydration, releasing water vapor and small amounts of carbon dioxide, formic acid,
acetic acid, and other compounds. These are non-combustible volatiles generated
through primarily endothermic reactions. Although no combustion takes place, the wood
can lose up to 50% of its strength between 100°C and 200°C. [3]

Zone B spans temperatures between 200°C and 280°C. Here, slow pyrolysis begins,
continuing to produce water vapor and acidic compounds, while also generating some
carbon monoxide. During this stage, the wood starts to convert gradually into char and

a noticeable dark brown coloration appears, indicating the onset of thermal degradation.

(3]

Zone C ranges from 280°C to 500°C. Pyrolysis intensifies in this zone, producing
flammable gases such as carbon monoxide, methane and formaldehyde, along with tars
and smoke. The transformation to char accelerates and the volatile by-products

significantly contribute to the fire's intensity. [3]

Zone D begins above 500°C. In this final stage, the char layer undergoes further
chemical reactions. Gases and tars released from deeper layers of the wood are further
broken down, producing additional combustible compounds. Carbon dioxide and water
vapor react with the remaining carbon to form flammable gases like carbon monoxide,

hydrogen and formaldehyde sustaining or even intensifying the combustion process. [3]

16
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Figure 2.5 Degradation zones in charred wood [3]

For engineering design, the boundary between charred and uncharred wood, also known
as the char depth, is typically defined by a temperature of 300°C, even though pyrolysis
can begin at lower temperatures. Structural calculations often include an extra layer
adjacent to the char, referred to as the zero-strength layer, to account for the rapid loss
of strength and stiffness in the remaining unburnt wood. This layer is excluded from the
effective cross-section, as wood properties degrade significantly even at moderately

elevated temperatures. [3]

2.6 Design of timber structures according to EN 1995-
1-2

EN 1995-1-2 defines the principles, requirements and rules for the structural design of
buildings exposed to fire, including aspects of safety requirements, design procedure
and design aids. Eurocode 5 is only concerned with requirements for mechanical
resistance, serviceability, durability and fire resistance of timber structures. Other
requirements like thermal or sound insulation, are not considered. Eurocode 5 is

intended to be used in conjunction with EN 1990 [18] and relevant parts of EN 1991
[19]. [1]

17



2.6.1 Design principles

Where mechanical resistance in the case of fire is required, structures must be designed
and constructed to retain their load-bearing capacity for the duration of the expected
fire exposure. [1] The fire design time refers to this period and varies depending on the
design approach. In prescriptive design, it corresponds to the fire resistance rating
defined in the relevant building regulations, commonly 30, 60, 90, or 120 minutes of

exposure to the standard fire curve. [3]

Fire exposure reduces the effective cross-section of timber elements, making charring
the primary factor affecting their structural performance. For timber surfaces left
unprotected during the entire fire duration, the remaining cross-section can be

estimated using a constant charring rate. [3]
2.6.2 Charring of timber

Charring must be considered on all timber surfaces that are directly exposed to fire, as
well as on any surfaces that were initially protected but begin to char during the

expected fire exposure period. [1]

Charring depth refers to the distance from the original outer surface of a timber member
to the char-line and should be calculated from the time of fire exposure and the relevant
charring rate. As specified in the current EN 1995-1-2 [1], the position of the char-line
should be taken as the position of the 300-degree isotherm. [1]

Charring in timber members can occur in one dimension, typically seen on large flat
surfaces, or in two dimensions, where factors like cross-sectional shape and edge
effects, such as corner rounding, come into play, as illustrated in Figure 2.6. [3] The
one-dimensional charring rate g, is typically defined based on heat transfer in a semi-
infinite timber slab exposed to an ISO standard fire. EN 1995-1-2 [1] specifies a basic
value of B, = 0,65 mm/min for softwood, which is supported by various experimental
studies. [20]

To account for the effects of corner rounding and surface cracks and to make it easier
to calculate cross-sectional properties like area, section modulus, and moment of inertia,
design codes often use a higher charring rate than the basic one-dimensional rate. This
increased rate is known as the notional charring rate B, in EN 1995-1-2 [1]. For

example, for solid timber, a commonly used value is B, = 0,8 mm/min [20]

18
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Figure 2.6 One-dimensional (left) and two-dimensional (right) charring [3]

2.6.2.1 One-dimensional charring

According to EN 1995-1-2 [1], the one-dimensional charring rate of timber is assumed
to remain constant over time as shown in Figure 2.7. In this study, one-dimensional

charring is used as the reference for testing and for analysing the results.

dmar.ﬂ

Figure 2.7 One-dimensional charring [1]

The design depth d4,,, should be calculated as:
deharo = Bot (2.1)
where:
dcnaro 1S the design charring depth for one-dimensional charring,
Bo is the one-dimensional design charring rate under standard fire exposure,

t is the time of fire exposure.
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3 AGED TIMBER

3.1 Factors affecting the burning of wood

To ensure the fire-safe use of engineered timber, it is crucial to better understand the
effects of various material, system and fire properties on its burning behaviour. This is
commonly characterized by charring rate in the literature. It is known that when
exposed to heat, timber experiences an initial "peak" charring rate before stabilizing at
a steady-state value. However, according to the EN 1995-1-2 [1] charring model the
simplified fire design considers constant basic charring rate values for various timber
products. [1], [21]

Charring rate is significantly influenced by density. Generally, it has been observed that
the charring rate when exposed to the standard temperature-time curve can vary
depending on the type of wood. For light, dry softwoods, the rate is around 0,8 mm/min,
while for dense, moist hardwoods, it decreases to 0,4-0,5 mm/min. A typical average
value for charring rate is about 0,6 mm/min. The reduction in density leads to an
increase in void volume, which lowers thermal conductivity, resulting in localized heating

and heat accumulation. [21], [22]

Charring rates in timber are influenced by density, with lower density samples typically
showing faster charring due to lower thermal conductivity, which results in quicker
surface temperature rise and earlier pyrolysis. Higher density samples, on the other
hand, exhibit slower charring, as they maintain higher through-thickness temperatures,
leading to slower pyrolysis due to shallower thermal gradients. However, some studies
report no clear relationship between density and charring rate, possibly due to sample

variations or limited density ranges in the tests. [21], [22]

Moisture content is widely recognized as reducing pyrolysis due to its heat sink effect.
Higher moisture content requires more energy to evaporate the water, leaving less
energy for pyrolysis. Although a weak downward trend can be observed between
charring rate and moisture content, other factors such as density and species likely
influence the results more significantly. Moisture also delays ignition and dilutes

combustible gases, further impacting the charring process. [21]

Permeability influences charring rate, primarily due to the direction of the grain.
Permeability along the grain is significantly higher than across it, which affects the flow
of volatiles during pyrolysis. Increased permeability facilitates the movement of

volatiles, leading to faster pyrolysis and consequently a higher charring rate. [21], [23]
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The species of wood is another key factor influencing the pyrolysis rate. In addition to
affecting properties like density, moisture content, and permeability, each species also
has unique characteristics such as chemical composition, particularly lignin content and
anatomical structure. These species specific factors play a crucial role in determining

the rate of pyrolysis. [3], [21]

The pyrolysis rate of wood is influenced by its orientation, as it affects fire dynamics and
airflow. In vertical orientations, buoyancy drives upward convection parallel to the
sample, creating conditions distinct from those of horizontally oriented samples. As a
result, charring rates are typically higher for vertically oriented samples due to increased
radiation from the flame. In addition to sample orientation, the size of the wood sample
also affects its pyrolysis behaviour. Larger samples tend to experience fewer heat losses
per unit volume, making them easier to ignite and promoting more consistent pyrolysis.
[21]

The direction of the grain significantly influences pyrolysis behaviour, primarily due to
the substantial increase in permeability parallel to the grain, which is about 10 000 times
greater than across it. This is attributed to the alignment of tracheids. As a result, even
small changes in grain angle can cause significant variations in the movement of
moisture and oxygen, affecting the charring rate. Furthermore, thermal conductivity is
higher parallel to the grain than perpendicular to it, leading to a higher charring rate

along the grain. [21]

The oxygen concentration in the surrounding environment also affects the pyrolysis and
combustion behaviour of timber. Lower oxygen levels lead to reduced char oxidation
rates, resulting in more char remaining on the surface, which in turn reduces heat
transfer to the underlying timber. As a result, a decrease in oxygen concentration is

associated with a lower charring rate. [21]

3.2 Previous studies in charring of aged timber

The results of two previous studies are described in more detail in the following two
chapters. There has been relatively little prior research on the behaviour of aged timber
in fire conditions. Two recent studies were conducted in Canada, in 2019 and 2021. The
2019 study investigates the charring depth and charring rate of aged timber, while the
2021 study examines how cracks affect the charring depth of aged timber. Both studies

also measure the ignition time of aged timber.
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3.2.1 Study in Canada 2019

The study involved testing four different types of timber. Two were reclaimed historic
timbers and two were newly manufactured glulam products. The first type of glulam
used a polyurethane-based adhesive, while the second used a phenol-resorcinol-
formaldehyde-based adhesive. The historic timber samples were sourced from two
buildings in Ontario, Canada. One was an industrial mill-type building constructed in
1898 (approximately 120 years old) and the other was a commercial building dating
back to 1839 (approximately 180 years old). All timber specimens were conditioned in
a laboratory environment with a moisture content ranging between 7-8%. The surfaces
exposed to the radiant heater were freshly cut before testing. Both the glulam samples
and the 180-year-old timber were made from spruce, while the 120-year-old timber

was pine. [22]

The density of the timber was measured as 504 kg/m? for the glulam, 395 kg/m?3 for
the 180-year-old timber, and 418 kg/m3 for the 120-year-old timber. The experiments
were conducted using a cone calorimeter. The sample dimensions were 45x100x100
mm. For the cone calorimeter tests, specimens were exposed to two different heat
fluxes: 30 kW/m? and 50 kW/m?2. Heating durations of 3, 6, 10 and 15 minutes were
applied. The time to ignition was recorded during the tests. After cooling, each sample
was cut in half, and the char depth was measured along the centreline with an accuracy
of £1 mm. [22]

Ignition times were measured under a heat flux of 50 kW/m?2. The average ignition times
for the two types of glulam were 31,2 and 32,2 seconds. For the 180-year-old timber,
the average ignition time was 19,2 seconds, while the 120-year-old timber ignited after
an average of 16,9 seconds. Additionally, the 120-year-old timber was tested with its
annual rings oriented parallel to the heat flux, resulting in a significantly longer average
ignition time of 39,8 seconds. The study noted that the measured ignition times were

generally slower compared to values reported in another research. [22]

At a heat flux of 50 kW/m? during the 15-minute tests, it was observed that the historic
timber exhibited a higher charring rate compared to the new timber. The measured
charring rates ranged from 0,83 mm/min for the new glulam to 1,07 mm/min for the
120-year-old timber. The study suggests that differences in charring rate are likely
influenced by the density of the tested timbers, as well as the type of adhesive used in
the glulam. It was also noted that the historical timber's unknown exposure history,

such as contact with grease or paints, may have influenced its charring behaviour. [22]
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At a heat flux of 50 kW/m?, one glulam sample and the 180-year-old timber were also
tested for 30 minutes. The results showed a 20% difference in charring rate between
the glulam and the historic timber. The charring rate of the glulam was 0,68 mm/min,

while the charring rate of the old timber was 0,85 mm/min. [22]

The study noted that the scale of testing was relatively small, with specimens sized at
only 45x100x100 mm for the cone calorimeter. It was emphasized that the size of the
test specimen can influence its charring rate. Therefore, future research is needed using
full-scale timber members. The results presented provide a preliminary indication of the
expected fire performance of historic timber but cannot be directly extended to full-scale
structures without further investigation. The study also highlighted that only a limited
number of timber types were tested. Historic timbers from different sources and in
varying conditions are likely to exhibit unique characteristics that may affect their fire

performance. [22]

The timbers tested in the study were North American softwoods and it was noted that
it would be useful to study other timber species, such as hardwoods. Additionally, there
are cultural heritage buildings in regions like Europe that are significantly older than the
North American buildings tested in this study. Future testing of these older timbers and
different species would be beneficial in identifying trends and determining if the effects
previously discussed are more pronounced in older timber due to its age. Therefore, it
is necessary to test historic timber from a wide variety of sources to make the results

more broadly applicable. [22]

The study concluded that comparisons should also be made between different
manufacturers of engineered timbers, as well as with other engineered timber products
such as laminated veneer lumber (LVL), cross-laminated timber (CLT) and solid
dimensional lumber. Additionally, the authors suggested that regional comparisons

beyond Canada should be considered. [22]
3.2.2 Study in Canada 2021

Another test conducted in Canada in 2021 consisted of two phases. The first phase
involved full-scale heritage timber members, while the second phase focused on small-
scale cone calorimeter tests. The timber material was collected from a former industrial
building in Toronto, Canada, built in 1905 (approximately 115 years old). Three heritage
timber members collected from the site were included in the test program. The timber

was of pine species with a moisture content of 6,6%. [24]
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In the second phase, where cone calorimeter testing was carried out, the charring depth
was compared between specimens with large cracks and those without cracks.

Additionally, charring depths were measured. [24]

Rectangular samples measuring 80x100x100 mm were cut from the sample material.
Four samples contained a radial crack, while the other four had no cracks or only very
minimal cracking. The number of samples that could be tested was limited by the
availability of undamaged timber. The authors noted that this highlights the challenges
and uniqueness of testing heritage timber, as the tests are largely restricted by the
availability of acceptable timber samples. All cone calorimeter samples were tested with

the heat exposure perpendicular to the grain direction. [24]

All samples were exposed to a heat flux of 50 kW/m? for varying exposure durations.
The cracked and solid samples were exposed to the heat flux for 6, 15, and 30 minutes.
The 50 kW/m? heat flux was chosen because it was high enough to induce significant
charring depths but not so high as to risk completely charring through any of the

specimens within 30 minutes. [24]

Each of the eight samples was cut in half, perpendicular to the direction of the crack.
The char depth was then determined by measuring the depth of undamaged timber,
identified visually by colour as the region that had not turned black or brown. The
undamaged depth was subtracted from the initial depth of the sample to calculate the
char depth. Char depth was measured at both the quarter and mid spans of the samples.
[24]

The results of the cone calorimeter tests revealed notable differences between the
cracked and solid samples. Specifically, the presence of the crack appeared to influence
both char depth and heat release rate. After 30 minutes, the maximum char depth was
29% greater for the cracked samples compared to the solid ones. It was stated that
these findings differed from the results of the full-scale tests, where the small cracks
did not expand during heating. This could be attributed to a size effect, as differences
in scale may have played a role in the observed variations in crack expansion,

particularly in relation to moisture content. [24]

The average time to ignition for solid specimens was 23,8 seconds, while for cracked
specimens, it was 25,5 seconds. The density of the tested material was 637 kg/m? for

the solid specimens and 641 kg/m? for the specimens with cracks. [24]

In the 15-minute tests, the average charring depth for cracked specimens was

approximately 22 mm, while for specimens without cracks, the average charring depth
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was about 19 mm. In the 30-minute tests, the average charring depth for cracked
specimens was about 30 mm, and for specimens without cracks, the average charring
depth was about 27 mm. [24]

In the cone calorimeter tests, the time to ignition did not appear to be affected by the
presence of cracks when comparing the solid and cracked specimens. However, it was
observed that charring increased around the crack, suggesting that the presence of a
crack alters the thermal profile of the timber. The duration and heat flux of the thermal
exposure can potentially modify the temperature profile of the timber, with a longer fire
duration potentially leading to a more even temperature distribution and charring depth
across the sample. The cone calorimeter tests showed that cracking did affect the final
char depth, with the maximum char depth of cracked samples was on average 29%

greater than that of solid samples after 30 minutes. [24]

Under the thermal exposures considered, the research showed that increased char depth
should be expected in timber members with radial cracking compared to those without.
This may negatively affect the stiffness of the timber members, and to a lesser extent,
their strength. As a result, heritage and historic timber structures are likely to be more

vulnerable to fire than new timber. [24]
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4 EXPERIMENTAL STUDY

4.1 General

The main purpose of this study was to determine the ignition time and charring rate of
aged timber specimens and to compare these values with those of new timber. The
testing was conducted with a cone heater of a cone calorimeter, a small-scale instrument

chosen according to previous research performed in Canada. [22], [24]

Tests were performed at Tallinn University of Technology in Laboratory of Wood
Technology in Tallinn during February 2025. The test results are given in Chapter 5 and
analysis in Chapter 6. A comparison of test results is conducted in relation to previous
studies. [22], [24]

4.2 Materials

The test specimens used in the experiments comprised timber species of six different
origins and ages with four collected from Estonia and two from Norway. The age of the
timber species ranged from 10 to 120 years. Newly sourced timber was included for

comparative analysis. All of the timber used in the tests was spruce.

Table 4.1 presents the specimen ID, timber age, place of collection and country of origin.
Specimen ID is a combination of the timber’s country of origin and its age. For example,
EW120 indicates that the specimen was collected in Estonia (Estonian wood) and was

taken from a building that was 120 years old.

Table 4.1 Age and origin of the timber specimens

Spe;:li)men (yl:_g(:S) Place of collection Origin
EW120 120 Residential building Estonia
EW30 30 Sports hall Estonia
EW100 100 Residential building Estonia
EWO0 0 New wood (factory) Estonia
NW100 100 Barn timber Norway
NW10 10 Scaffolding material Norway

The sample material set some limitations on the preparation of the test specimens. As

for the material of Norwegian origin, it was not possible to cut single-piece specimens
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of the required dimensions. As a result, two smaller timber pieces were combined to
form one specimen. Chapter 6.1.2.2 provides an analysis of the differences between an
original single-piece specimen and a composite specimen formed from two smaller
pieces. Additionally, EW30 samples consist of two bonded timber layers, as shown in

Appendix 1 and Appendix 2.

The timber material was stored under laboratory hall conditions of 20°C + 2°C and 45%
+ 5% RH for approximately five months before the preparation of the test specimens.
From each material sample, blocks measuring 45x100x100 mm and 80x100x100 mm
were extracted. Norwegian wood aged 100 years was cut into blocks with dimensions
of 45x50x100 mm. Norwegian wood aged 10 years was cut into blocks with dimensions
of 45x45x95 mm. The dimensions of the specimens and the number of tested specimens

are presented in Table 4.2.

Table 4.2 Dimensions of the timber specimens

Specimen Dimension of Number of
P 1D timber specimens | specimens
(Hx A xB mm) tested
EW120 45 x 100 x 100 6
EW30 45 x 100 x 100 6
45 x 100 x 100 6
EW100
80 x 100 x 100 6
45 x 100 x 100 6
EWO0
80 x 100 x 100 6
NW100 (2 x) 45 x 50 x 100 6
NW10 (2 x) 45 x 45 x 95 6

For testing, six specimens of each material were selected, prioritizing those with the
most similar density while also considering the presence of cracks and knots. In addition
to density, the arrangement of annual rings and the curvature of the wooden blocks
were also decisive factors in the selection of test specimens, ensuring that the blocks
were as straight as possible and free from drying-induced warping. It was important
that the annual rings were oriented as perpendicular as possible to the direction of heat
flow. All these factors were crucial in selecting comparable test specimens that were as
similar to each other as possible. An example of freshly cut specimens is shown in Figure
4.1 and Figure 4.2.
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4.3 Test method

In order to determine charring rate of timber specimens a cone heater of a cone
calorimeter (ISO 5660) was used. [25] A more detailed overview of the cone heater

device is provided in Chapter 4.3.1.

Timber samples from each origin were subjected to testing for a duration of 15 and 30
minutes under a predetermined constant heat flux level of 50 kW/m?2. The charring rate
was assessed by carefully removing the char layer from the tested timber specimens
and measuring the remaining cross-sectional height. The charring rate was calculated
by dividing the thickness of the char layer by the test duration. A more detailed
description of the test program is provided in Chapter 4.3.2.

4.3.1 Cone calorimeter

The cone calorimeter is primarily used for assessing the rate of heat release, the time
to ignition and the rate of smoke production according to ISO 5660-1 [25], but these
parameters are not assessed in this study. The original device includes a weighting
system, a cone heater and a system for collecting the combustion products like gas
sampling, temperature and pressure measurements [25]. The cone heater device used

in this study is shown in Figure 4.3.
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Figure 4.3 The cone heater device used at Tallinn University of Technology

The cone-shaped heater produces a constant, uniform heat flux on the sample surface.
The heat flux levels can be adjusted to between 0 and 100 kW/m?2. In this study, a
predetermined heat flux level of 50 kW/m? was used. Previous studies have
demonstrated that the char depth profiles resulting from the exposure of wood in a
furnace can be equated to the exposure of similar wood specimens set at a constant
heat flux level of 50 kW/m? for about 30-40 minutes [14].

Test specimens were put in a retainer frame as shown in Figure 4.4 and the tests were
carried out at horizontal orientation with a retainer frame as shown in Figure 4.5. In this
study, thermocouples were used to measure temperature and to evaluate heat transfer
through the timber specimen. Thermocouples were inserted under the wood sample for
45 mm specimens. For 80 mm specimens, thermocouples were inserted both inside and
under the sample. A more detailed explanation of how the thermocouples were attached

to the test specimens is provided in Chapter 4.3.3.1.
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Figure 4.4 Test specimen in a retainer frame

Figure 4.5 Test specimen under the cone heater of the cone calorimeter
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4.3.2 Test program

A total of six tests were conducted for each specimen origin and size - three tests with
a duration of 15 minutes and three tests with a duration of 30 minutes. The test program

is shown in Table 4.3.

Table 4.3 Test program

Specimen Dlmenswp of timber Num_ber of Test duration
1D specimens specimens (min)
(Hx A xB mm) tested
45 x 100 x 100
EW120 3 15
45 x 100 x 100 3 30
45 x 100 x 100
EW30 3 15
45 x 100 x 100 3 30
45 x 100 x 100 3 15
45 x 100 x 100
EW100 3 30
80 x 100 x 100 3 15
80 x 100 x 100 3 30
45 x 100 x 100 3 15
45 x 100 x 100
EWO 3 30
80 x 100 x 100 3 15
80 x 100 x 100 3 30
2 x) 45 x50 x 100
NW100 (2 x) 3 15
(2 x) 45 x 50 x 100 3 30
2 x) 45 x 45 x 95
NW10 (2 x) 3 15
(2 x) 45 x 45 x 95 3 30

4.3.3 Timber members

The dimensions of timber specimens were 45 mm x 100 mm x 100 mm and 80 mm x
100 mm x 100 mm. As explained before in Chapter 4.2, the dimensions of timber
members of Norwegian origin were (2x) 45x50x100 mm (NW100) and (2x) 45x45x95

mm (NW10). An example of each specimen is shown in Figure 4.6.

These specific measures were selected based on different considered aspects. To ensure
compatibility with the cone heater, the exposed surface area was required to be 100
mm x 100 mm. The specimen height of 45 mm was selected based on previous studies
to enable a basis for comparison [22]. Additionally, earlier research has also examined
specimens with a height of 80 mm [24]. Therefore, if the raw material allowed, tests
were also performed on specimens with a height of 80 mm. All timber specimens were
weighed, and their densities were calculated. Density of timber specimens are described
in Table 4.4.
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Figure 4.6 Example of each timber specimen

Table 4.4 Density of the timber specimens

Test specimen Timber
'_I'est Spe'cimen D‘:i'::i;‘e’r"f
nJ:_iter Specimen marker time t height h member p
(min) (mm) (kg/m3
1 EW120 10A 15 45 450
2 EW120 12A 15 45 466
3 EW120 8A 15 45 438
4 EW30 4A 15 45 471
5 EW30 3B 15 45 436
6 EW30 2B 15 45 466
7 EW100 4B 15 45 424
8 EW100 4A 15 45 424
9 EW100 3A 15 45 418
10 EWO0 7A 15 45 484
11 EWO0 10A 15 45 516

33




Table 4.4 (continued) Density of the timber specimens

Test specimen Timber
Test Specimen De_n sity of
Test s . timet height h timber
number pecimen marker member p
(min) (mm) (kg/m?
12 EW0 9A 15 45 483
13 NW100 24-1/NW100 24-3 15 45 434
14 NW100 24-5/NW100 24-6 15 45 431
15 NW100 24-8/NW100 24-10 15 45 433
16 NW10 8/NW10 54 15 45 444
17 NW10 23/NW10 25 15 45 453
18 NW10 9/NW10 28 15 45 473
19 EW100 1C 15 80 555
20 EW100 3D 15 80 437
21 EW100 3E 15 80 432
22 EWO0 11B 15 80 496
23 EWO0 5B 15 80 495
24 EWO0 1B 15 80 517
25 EW120 12B 30 45 503
26 EW120 13A 30 45 465
27 EW120 13B 30 45 463
28 EW30 2C 30 45 437
29 EW30 1B 30 45 435
30 EW30 4B 30 45 494
31 EW100 1B 30 45 521
32 EW100 3B 30 45 434
33 EW100 4D 30 45 412
34 EWO0 3A 30 45 503
35 EWO0 11A 30 45 534
36 EWO0 5A 30 45 519
37 NW100 24-11/NW100 24-15 30 45 445
38 NW100 24-13/NW100 24-13 30 45 431
39 NW100 24-4/NW100 24-7 30 45 440
40 NW10 2/NW10 6 30 45 499
41 NW10 24/NW10 50 30 45 442
42 NW10 12/NW10 53 30 45 467
43 EW100 4E 30 80 420
44 EW100 5A 30 80 564
45 EW100 5C 30 80 536
46 EWO0 7B 30 80 510
47 EWO0 9B 30 80 510
48 EWO0 2B 30 80 516
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4.3.3.1 Installation of thermocouples

Thermocouples were installed at the bottom centre of the 45 mm timber specimens. For
timber specimens with a height of 80 mm, thermocouples were positioned at the top
centre of the sides, inside the specimens at heights of 10 mm and 45 mm as well as in
the bottom of the members. The positioning of the thermocouples is shown in Figure

4.7, Figure 4.8 and Figure 4.9.

Thermocouples type K with a diameter of 0,25 mm were used. Thermocouples were
fixed to the timber surface with a tape to ensure their stable positioning throughout the
experiment. In order to insert the thermocouples inside the specimen, holes were pre-

drilled into the specimen.

Side view of the specimen
Side exposed to fire TC Side exposed to fire TC

45 mm

BOmm

50 mm
—

100 mm

100 mm

Top view of the specimen
50 mm
:II—I'

E
E
]

E

E

[=]

e

100 mm

Figure 4.7 Positioning of thermocouples
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Figure 4.8 Thermocouples on the unexposed side of a specimen with a height of 45 mm

Figure 4.9 Thermocouples on specimens with a height of 80 mm
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4.3.4 Test set-up and procedure

4.3.4.1 Preparation of test specimens

The testing was carried out at Tallinn University of Technology in Laboratory of Wood
Technology. The storing conditions of the raw material was described in Chapter 4.2.
The moisture content was determined by an oven-dry procedure at 103°C. The average
moisture content of the timber members was around 9%, as shown in Table 4.5.
Measured moisture content was in an acceptable range considering the in-service timber
and the similar previous studies [22], [24]. Test program was described in Chapter
4.3.2.

Table 4.5 Moisture content of the timber specimens

Specimen ID Mqisture cont_ent
of timber specimen

w (%)

EW120 45 mm 9.4%

EW30 45 mm 8.8%

EW100 45 mm 8.2%

EW100 80 mm 9.2%

EWO0 45 mm 9.4%

EW0 80 mm 10.7%

NW100 45 mm 9.0%

NW10 45 mm 7.9%

All tests were conducted with a use of a retainer frame. The retainer frame was used to
reduce the unrepresentative edge burning of specimens. The edges of the frame reduce
the actual exposed area from 100 x 100 mm to 94 x 94 mm. As a result, the exposed

area is 0,0088 m? instead of 0,01 m? as shown in Figure 4.10.

Each specimen was wrapped in aluminium tape to prevent heat losses and air flow within
the specimen inside the specimen holder. Figure 4.10 illustrates the wrapping of the

test specimen before placing it to the retainer frame.

The wrapped specimen was put on the sampler holder with the exposed side facing up,
as shown in Figure 4.5. To fix the specimen in the frame, thin rockwool pieces were put
under the specimen and around the specimen if needed. Then, the retainer frame was

put on the timber specimen and secured to the sample holder.
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Figure 4.10 Preparation of the test specimen

4.3.4.2 Calibration of cone calorimeter

To ensure reliable test results, the heat flux calibration was performed daily. The
calibration process involved measuring the electrical potential from the heat flux meter

and correlating it with the heat flux.

The electronic temperature control system was adjusted to ensure that the cone heater
generated the required heat flux within £2%, as measured by the heat flux meter. A
heat flux of 50 kW/m? was measured using an analogy voltmeter with a precision of 0,1
mV.

4.3.4.3 Testing procedure

Thermocouples were connected to the computer for saving data. The test specimen,
secured within the retainer frame, was positioned beneath the cone heater. The
protective cover beneath the heater was removed, exposing the specimen to a constant

heat flux level of 50 kW/m?. The ignition time was recorded using a stopwatch.

After 15 minutes (or 30 minutes for tests of longer duration), the specimen was removed
from the device, and the protective cover was reinstalled under the cone heater. The
thermocouples were then disconnected, and the test specimen was cooled down with
cold water before the retainer frame was detached. Subsequently, the thermocouples
and aluminium tape were removed from the specimen, which was then left to dry for

approximately 48 hours, as shown in Figure 4.11.

After drying, the specimens were photographed and then cut in half to measure the
residual cross-section at the centre of each specimen. Measuring the residual cross-

section at the midpoint is important for obtaining the most accurate results, as the heat

38



flux measured by the cone heater is concentrated at its centre, making the centre of
the specimen the most reliable location for assessing charring depth. At this location,
one-dimensional charring can be assumed (no influence from corner roundings to the

charring rate is expected).

Next, the charred layer was carefully removed using a wire brush, and the height of the
residual cross-section was measured with a digital caliper. Although the caliper had a
precision of two decimal places, the results are reported to one decimal place. This is

because the uneven surface caused by the annual rings makes it impractical to present

results with greater precision.

Figure 4.11 Test specimens after being cooled down in cold water and set to dry for minimum of
48h before further analysis
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5 TEST RESULTS

A total of 48 specimens were tested. Eighteen specimens with a thickness of 45 mm
were tested for 15 minutes and another eighteen 45 mm thick specimens were tested
for 30 minutes. Six specimens with a thickness of 80 mm were tested for 15 minutes
and another six 80 mm thick specimens were tested for 30 minutes. The specification

of the test program is given in Table 4.3. The test results are presented as follows.

5.1 Ignition time

Ignition time was one of the parameters measured during testing. The results are
presented in Table 5.1. The recorded ignition times ranged from 3 to 20 seconds. The
average ignition time of six tests for each wood type tested varied between 7 and 12

seconds.

Among the 45 mm specimens, EW30, EW100, NW100, and NW10 exhibited faster
ignition times. Their standard deviations were also lower, indicating that the ignition
times across the individual tests were very similar. In contrast, EW120 and EWO
specimens showed longer ignition times and higher standard deviations compared to
the other specimens. This variation may be attributed to delays in properly positioning
the specimens under the cone heater before the protective cover was removed and the
specimens were exposed to heat. The delay occurred because the specimen and its

support were not securely fixed under the cone on the first attempt.

It cannot be assumed that the differences in ignition time are due to the orientation of
the annual rings. For example, in the case of EW120, where one specimen ignited after
3 seconds and another after 12 seconds, the orientation of the annual rings relative to

the heat flux was the same, as shown in Figure 5.1.

The 80 mm specimens exhibited longer ignition times compared to the 45 mm
specimens. This may be due to different boundary conditions, as a larger retainer frame
was used for the 80 mm specimens compared to the 45 mm specimens. Although the
EW100 specimens showed greater variability in ignition time, it is likely that this
variation also resulted from longer exposure times under the cone heater before the

cover was removed and the actual heat flux was applied.

A comparative image showing the different ignition times of the specimens and the
orientation of their annual rings is presented in Figure 5.2. Once again, the orientation

of the annual rings does not appear to influence the ignition time. For example, a
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specimen with annual rings positioned perpendicular to the heat flux exhibited an
ignition time of 6 seconds, while another specimen, whose annual rings were less
perpendicular, showed an ignition time of 20 seconds. A third specimen, with annual
rings oriented at approximately 30 degrees relative to the heat flux, ignited after 10
seconds.

Table 5.1 Ignition time of tested wood specimens of different ages

Timber A . Standard
- i verage time . s
Specimen ID Timber origin age to ignition (s) deviation
(years) (s)
EW120 Residential building 120 9,9 2,8
EW30 Sports hall 30 7,6 1,7
EW100 / EW100* Residential building 100 7,1/12,1 2,4/5.0
EWO / EWO0* New wood (factory) 0 8,3/ 10,7 3,0/1,2
NW100 Barn timber 100 7,5 2,3
NW10 Scaffolding material 10 7,0 2,4

*results for specimens with the height of 80 mm.

Figure 5.1 Comparison of annual rings for two specimens with different ignition times (EW120)
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Figure 5.2 Comparison of annual rings for two specimens with different ignition times (EW100)

5.2 Temperature measurements

The temperature measurement on the unexposed side of the timber specimens with a
height of 45 mm was measured for 15-minute and 30-minute tests. Figure 5.3 and
Figure 5.4 present an overview of all temperature measurements of the tests plotted in
a single graph for both test durations, providing a clear overview of temperature
measurements to identify any significant differences. Each temperature rise and sharp
drop represents one test. This information serves as valuable input for analysing the
results of charring depths. Any differences in temperature measurement graphs are
analysed later in this study. During the 15-minute tests, the maximum temperature
reached during the tests was measured approximately 80°C with an average peak

temperature of 103°C and a maximum recorded value of 111°C. It should be noted that
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in one of the tests, thermocouple malfunction prevented accurate temperature
measurement.

140
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Temperature (°C)
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Time

—— Temperature on the unexposed side of the specimen

Figure 5.3 Overview of all temperature measurements of each test plotted in a single graph
presenting the comparison of temperature recordings determined on the unexposed side of the
specimens (45mm thick timber specimens — 15min test)

During the 30-minute tests, the temperature measured on the unexposed side of the
specimen was approximately 130°C with an average peak temperature of 160°C and a
maximum recorded value of 445°C. This is further discussed in Chapter 6.1.2.1.
Notably, both specimens that showed significantly higher temperature rises compared
to the others were EW100 timber specimens. Again, in one of the tests, a thermocouple

malfunction resulted in the temperature rise not being recorded.
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Figure 5.4 Overview of all temperature measurements of each test plotted in a single graph
presenting the comparison of temperature recordings determined on the unexposed side of the
specimens (45mm thick timber specimens — 30min test)

For timber members with a height of 80 mm, the temperature was measured at five
different locations, as shown in Figure 4.7. The results are presented in Figure 5.5 and
Figure 5.6. The first six peaks in the data represent the 15-minute tests, while the
subsequent four peaks represent the 30-minute tests. However, due to a software
malfunction, the final two tests were not recorded. Additionally, some thermocouples

experienced malfunctions, affecting data accuracy.

During the 15-minute tests, the temperature recorded on the sides of the specimen
ranged between 400°C and 680°C, while at a depth of 10 mm, temperatures reached
approximately 620°C to 720°C. At a depth of 45 mm, the temperature was measured
at 50°C to 60°C. Similar temperature values were observed on the unexposed side of

the specimen.

During the 30-minute tests, the temperature recorded on the sides of the specimen
ranged from 480°C to 680°C, while at a depth of 10 mm, temperature reached
approximately 780°C to 880°C. At a depth of 45 mm, the temperature reached about
90°C to 120°C. Similarly, on the unexposed side of the specimen, the temperature

measurement was approximately the same, reaching 70°C to 100°C.
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Figure 5.5 Overview of all temperature measurements of each test plotted in a single graph

presenting the comparison of temperature recordings determined at different locations of the
specimens (80mm thick timber specimens - 15min and 30min tests)
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Figure 5.6 Overview of all temperature measurements of each test plotted in a single graph
presenting the comparison of temperature recordings determined at different locations of the
specimens (80mm thick timber specimens - 15min and 30min tests)

5.3 Documentation of specimens

The specimens were photographed after drying and after the removal of the charcoal
layer. Documentation of the specimens is shown in Annex 1, Annex 2, Annex 3 and

Annex 4. After removing the charcoal layer, the residual cross-section was measured at
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the centreline of the specimens. An example of documentation and the location, where

residual cross-section was measured, is shown in Figure 5.7.

Figure 5.7 Documentation of specimen before the test, after the test and after removing
charcoal layer
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6 ANALYSIS AND DISCUSSION

Since the test program was carried out so that all 45 mm height specimens were tested
first and the 80 mm height specimens were tested last, the analysis is also structured

accordingly. Comparison of test results to previous studies is presented in Chapter 7.

6.1 Test with specimens of 45 mm height

6.1.1 Charring depths

Charring depths measured after the removal of charcoal are presented on Figure 6.1.
The results shown in red represent the new timber EW0, which exhibited consistent

charring depths across all three samples.
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Figure 6.1 Charring depths measured after cone heater tests in relation to test duration (45 mm
thick specimens)
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The charring depths of the aged timber specimens varied slightly in both the 15-minute
and 30-minute tests. In both the 15-minute and 30-minute tests, some aged timber
specimens exhibited greater charring depths while others exhibited smaller charring
depths compared to the new timber specimens. In the 30-minute tests, the charring
depths of the old wood specimens tended to be slightly smaller than those of the new

wood.

In the 15-minute tests, the charring depth of all the aged timber ranged between 12
and 19 mm. Excluding the specimen that exhibited the greatest charring depth, the

range narrowed to between 12 and 16 mm.

The specimen with the greatest charring depth of 19 mm did not particularly stand out
on the temperature graph in Figure 5.3, as the maximum measured temperature
beneath the specimen remained below 100°C. In contrast, the specimen that recorded
the highest temperature measurement on the unexposed side of the specimen during
the 15-minute tests (112°C) had a charring depth of 15 mm, corresponding to an
average result and closely resembling the charring depth observed in the new timber
EWO0 specimens. This is likely because the test specimen consisted of two smaller pieces,
and the thermocouple was located directly beneath the joint. A comparison of these two

specimens is presented in Figure 6.2.

Both specimens being compared have similar densities. However, the EW120 specimen
has annual rings oriented perpendicular to the heat flux, while in the NW100 specimen

the annual rings are oriented at approximately a 45° angle to the heat flux.

Figure 6.2 Comparison of two specimens, one of which exhibited the greatest charring depth
and the other the highest recorded temperature measurement on the unexposed side of the
specimen
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In the 30-minute tests, the charring depth of the aged timber specimens ranged
between 22 and 34 mm. Excluding the specimen that exhibited the greatest value, the
charring depth for the 30-minute tests ranged between 22 and 28 mm. The result of
one EW100 specimen has been excluded from Figure 6.1. This exclusion is because the
specimen was fully charred through, making it impossible to accurately measure its

charring depth.

Both EW100 specimens that exhibited greater charring depths are also shown in
temperature measurement graph in Figure 5.4. The EW100 specimen with a measured
charring depth of 34 mm recorded a temperature increase of approximately 275°C. The
EW100 specimen that was completely charred through reached a temperature of
approximately 445°C beneath the specimen, indicating that it had fully charred before
the end of the test. In general, the temperature measurements corresponded well with
the charring rates, the higher the temperature measured beneath the test specimen,

the faster the charring rate.

Based on the temperature graph in Figure 5.4, the actual charring rate of the test
specimen can be calculated by using the time at which the temperature beneath the
specimen reached 300°C to determine the charring duration. In this case, the
temperature reached 300°C after 26 minutes and 40 seconds from the start of the test.
By dividing the height of the test specimen by the actual charring time, the charring
rate is calculated to be 1,68 mm/min. For comparison, the charring rates of the two

other EW100 specimens were 0,75 mm/min and 1,14 mm/min.

Figure 6.3 presents a comparison of the annual ring orientation in relation to cone heater
between the two specimens that exhibited the smallest charring depths. The figure
shows that, although the densities of these two specimens differed significantly (437
kg/m3 and 521 kg/m?3) and the annual rings of the test specimen on the right are more
closely spaced, their annual ring orientation relative to the heat flux was quite similar
with the rings positioned at an angle of 45° or more to the heat flow. Also, the charring
depths of these two specimens were almost the same with 22,9 mm for the specimen
on the left and 22,4 mm for the specimen on the right, despite the differences in

densities.
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Figure 6.3 Comparison of two specimen that showed the lowest charring depths

Figure 6.4 shows the three specimens with the greatest measured charring depths. The
two specimens with the highest charring depths had similar densities (434 kg/m?3 and
412 kg/m?3), whereas the third specimen had a density of 534 kg/m3. The annual rings
of the fully charred specimen were oriented at approximately a 30° angle relative to the
heat flux, while the annual rings of the other two specimens were oriented perpendicular
to the heat flux.
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Figure 6.4 Comparison of specimens that showed the highest charring depth

However, it is important to note, that the average density differs between the new and
aged timber, measured at 505 kg/m?3 and 451 kg/m3, respectively. The EW30 specimens
showed the least charring, which may be related to the fact that these specimens
consisted of two layers. For example, in the 15-minute tests, the average char depth
for the EW30 specimens was 13,5 mm (average density 458 kg/m?3), while the average
for the new wood EWO specimens was 15,3 mm (average density 494 kg/m?3). In the
30-minute tests, the average char depth for the EW30 specimens was 24,3 mm
(average density 455 kg/m?3), compared to 27,3 mm for the EW0 specimens (average
density 519 kg/m3).

The influence of density on charring should be considered. Denser wood usually burns
and chars more slowly because it has higher thermal conductivity and lower
permeability, which helps with resisting heat and slows down gas movement. Wood with
lower density tends to char faster because it has lower thermal conductivity and higher
permeability. So, if the specimens have different densities, the results should not be

compared directly without taking the density into account. [21]
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6.1.2 Charring rates

Figure 6.5 shows the determined charring rates in relation to the test duration. As the
test lasted longer, the charring rate decreased, likely due to the formation of a charcoal
layer and more stable charring conditions. No clear pattern was found between charring
rates and the age or origin of the timber. However, slightly higher charring rates were
observed in samples older than 100 years (EW120, EW100, NW100), suggesting that
very old timber may char a bit faster. Although, in general, the density of new timber is
about 50 kg/m3 higher than that of aged timber, this difference is not considered large
enough to significantly influence the charring rate. It is also important to note that
charring rates varied more within individual aged timber samples than it varied within

new timber specimens, as shown by the spread of values in Figure 6.5.
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Figure 6.5 Charring rates of test specimen in relation to test duration (45 mm thick specimens)

6.1.2.1 Specimens of Estonian origin

Figure 6.6 presents the relationship between charring rate and the age of timber for
specimens of Estonian origin (EW). An overview of timber specimens of Estonian origin
is shown in Figure 6.9. While most aged timber samples exhibit relatively consistent
density values as per Table 4.4, the EW100 specimens display considerable variation.
This deviation is most likely attributed to the differences in density between individual

samples with the lowest value of 412 kg/m3 and the highest value of 521 kg/m3, as
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higher density timber is generally associated with a slower charring rate [21]. As seen
on Figure 6.8, the orientation of annual rings relative to heat exposure does not affect
charring rate as much as density does. The specimen on the right (with a density of 412
kg/m3), in Figure 6.8, shows faster charring rate than the specimen on the left (with a
density of 521 kg/m3). The specimen in the middle (with a density of 434 kg/m3) had
a charring rate of 1,49 mm/min. It had a faster charring rate than the specimen on the
right (density 412 kg/m?3). In this case, the faster charring may be due to the wider
spacing of the annual rings and also due to the angled orientation to the heat flux, unlike

the specimen on the right, whose annual rings are perpendicular to the heat flux.

In addition, the EW30 samples consist of two bonded timber layers, which may
contribute to the observed variation in charring rates within the specimen ID. The

differences between specimens in one timber batch are shown in Appendix 1 and

Appendix 2.
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Figure 6.6 Charring rates in relation to the age of timber (45 mm thick EW specimens)
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Figure 6.8 Comparison of EW100 30-minute test specimens

The second highest charring rate, marked with a red asterisk in Figure 6.6, was recorded
for a specimen from the 120-year-old timber batch (EW120). This specimen differed
from the other two in terms of its visual features, specifically the width of the annual
rings, as shown on the top in Figure 6.9, despite having a nearly identical density. This
finding highlights the importance of considering not only density but also the structure
of the annual rings and the presence of defects or cracks when comparing test results,
as these factors can influence the repeatability of outcomes within a single specimen
ID.
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Figure 6.9 EW120 timber specimens for 15-minute tests

It was noted that aged timber collected from a single site can show considerable
variation in its properties and overall quality. In contrast, the new timber batch EWO0
demonstrated minimal variation in test results, indicating a higher level of material
homogeneity and fewer material differences within the batch compared to the aged

timber.

Figure 6.10 shows charring rates in relation to density. The graph shows that the 15-
minute tests generally indicated a higher charring rate compared to the 30-minute tests.
This is due to the protective effect of the developing char layer, which causes the
charring process to slow down over time. The graph also shows that a higher density
tends to correspond to a slower charring rate. The charring rate of new wood, shown in
red on the graph, is quite similar to that of old wood, even though the average density

of the new wood is higher than that of the old wood.
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Figure 6.10 Charring rates in relation to density of timber (45 mm thick EW specimens)

6.1.2.2 Specimens of Norwegian origin

Figure 6.12 presents the results for specimens of Norwegian origin, where some
variation is observed within the NW10 and NW100 batches during the 15-minute test,
despite the specimens having very similar densities. Additionally, one NW10 specimen
with slightly lower density than the others exhibit a slower charring rate. However, this

difference is considered minor and may be due to another specimen with similar density

having more internal cracks as seen in Figure 6.11.

Figure 6.11 Specimen A, which has the slowest charring rate and the lowest density, compared
to Specimens B and C, which have similar charring rates and higher densities. NW10, 15-minute
tests
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Figure 6.12 Charring rates in relation to the age of timber (45 mm thick NW specimens)

When evaluating the performance of the NW100 specimens based on their visual
characteristics as shown on Figure 6.13, the higher charring rate (1,03 mm/min and
1,02 mm/min) observed in specimen A and B may be attributed to the orientation of
the annual growth rings, which appear to be more parallel to the direction of heat
exposure. Additionally, the width of the annual rings seems to have a potential influence
on charring behaviour. These observations suggest that the orientation and slope of
annual growth rings are important factors to consider when interpreting test results,
especially within a single specimen ID, emphasizing that multiple variables can affect

the charring performance of timber.

Figure 6.13 Comparison of NW100 test specimens after 15-minute fire tests

Therefore, it appears that a comprehensive approach, which considers multiple factors
influencing charring performance is more effective in identifying the key factors to fire
test outcomes. The NW100 specimens were composed of two joined halves, as shown

in Figure 6.14. However, the test results indicated uniform charring throughout the
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specimen, suggesting that this configuration had minimal impact on the charring

performance compared to fully solid specimens.

Figure 6.14 NW100 specimens composed of two smaller specimens tightly put together

As the tests for the Norwegian timber were conducted using two specimens placed
tightly together, the charring rates are compared both as averaged values and as

individual results for each specimen, as described in Figure 6.15.

Average value
Charring rate 0,93 mm/min
Density 433 kg/m?

Figure 6.15 Individual and average values of NW specimens

Figure 6.16 illustrates the relationship between charring rates and timber density for
the NW100 15-minute tests. The blue dots represent average values, while the orange

dots indicate individual values for each specimen. The trendlines suggest that, for both
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the average and individual data, higher timber density is associated with lower charring

rates.
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Figure 6.16 Charring rates in relation to density of timber (NW100 specimens, 15-minute tests)

In Figure 6.17, a comparison is presented between the two densest specimens, where
the specimen with the highest density shows a faster charring rate. The figure shows
that Specimen 1, with a density of 438 kg/m3 and a charring rate of 1,01 mm/min,
compared to Specimen 2, with an almost identical density of 434 kg/m3 but a lower
charring rate of 0,92 mm/min, has annual rings that are much more closely spaced and
oriented at a smaller angle relative to the heat flow than those of Specimen 1. This could

explain why two specimens with similar densities have different charring rates.

Figure 6.18 presents the temperature measurements from the 15-minute tests once
again. The graph shows that the NW100 Specimen 1 exhibits the highest temperature
increase among all 15-minute tests, 112 degrees compared to 100 degrees for
Specimen 2. Again, the wider spacing of the annual rings may suggest faster heating of
the specimen. It cannot be concluded that specimens made of two halves consistently
had higher temperatures beneath them compared to the single piece specimens, as the
case where NW100 showed the highest temperature increase was an exception. Overall,

all specimens showed very similar results.

59



Figure 6.17 Comparison of two NW100 specimens with similar density but different charring
rates (see also Figure 6.18)

140

120 Specimen 1

NIRRT

Specimen 2

Temperature (°C)
3

[e2]
o

40

20 -
Time

Thermocouple on the unexposed side of the specimen

Figure 6.18 Overview of all temperature measurements of each test plotted in a single graph
presenting the comparison of temperature recordings determined on the unexposed side of the
specimens (45mm thick specimens — 15min tests, NW100 specimen 1 and specimen 2 are
highlighted, see Figure 6.17)

Figure 6.19 shows the charring rates in relation to the density of the timber for the
NW10 specimens in case of 15-minute tests. As in the previous figure, blue dots
represent average values for the whole specimen, and orange dots correspond to
individual specimen values. The trendline based on average values suggests that higher
density corresponds to a slower charring rate. However, the trendline for the more

detailed results shows the opposite and that denser specimens seem to char faster.
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Nevertheless, it is important to note that all measurement results on the graph are very
similar with charring rates ranging between 1,0 to 1,1 mm/min. The results may also
be influenced by the removal of the char layer, as the boundary between the char layer
and the pyrolysis layer is determined visually. Just one additional stroke with a wire
brush on the specimen can easily reduce the residual cross-section measurement by

about 0,05 mm.

Naturally, the author of this study has done their best to remove the char layer as
accurately as possible, but it must be noted that the human factor also plays a role and
should be considered when evaluating measurement accuracy. This applies to all

specimens, not just the Norwegian ones.
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Figure 6.19 Charring rates in relation to density of timber (NW10 specimens, 15-minute tests)

Figure 6.20 presents the charring rates versus timber density for the NW100 specimens
in case of 30-minute tests, while Figure 6.21 displays the same relationship for the
NW10 specimens in 30-minute tests. In both cases, the data and trendlines consistently
demonstrate that higher timber density leads to lower charring rates. The results from
both average and individual values yield similar conclusions, with the differences

between the two considered marginal.
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Figure 6.20 Charring rates in relation to density of timber (NW100 specimens, 30-minute tests)
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Figure 6.21 Charring rates in relation to density of timber (NW10 specimens, 30-minute tests)

Figure 6.22 shows the NW100 specimens that resulted in the highest and lowest
charring rates, photographed before testing. There are no differences in the orientation
of the annual rings between the specimens. In both cases, the annual rings are oriented
at a similar angle to the heat flow and the width of the annual rings is also the same.
The temperature measurements correlated well and did not show any differences
compared to the other specimens. It is also worth noting that a difference of 0,07
mm/min in the charring rate is not significant compared to overall results shown in
Figure 6.20.
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Figure 6.22 Comparison of NW100 specimens that showed the fastest and slowest charring rate

6.1.2.3 Comparison of all test results

Figure 6.23 provides an overview of all test results, highlighting the relationship between
charring rate and timber age. The highest charring rate, indicated by the red asterisk,
was previously discussed in Chapter 6.1.2.1. Since this specimen was completely
charred through, then excluding its result, the data reveals that charring rates across
all timber ages generally fall within the range of 0,75 to 1,3 mm/min. The oldest timber
specimens EW120, EW100 and NW100 demonstrate similar charring performance
compared to other timber specimens, despite differences in their origin and collection
location. The average charring rate of aged timber in 15-minute tests was 1,01 mm/min
and the average charring rate of new timber was 1,02 mm/min. Although the charring

rates of aged timber varied more, the average charring rates of aged and new timber
are very similar.

The results indicate that the age of timber does not have a significant effect on charring
rate. For example, new timber shows a charring rate comparable to that of 120-year-
old timber, as seen in the 15-minute test results. However, the density factor must not
be overlooked. As described in 6.1.1, timber specimens with significantly different
densities should not be directly compared. Therefore, taking the density factor into
account, it could even be said that the 120-year-old timber with lower density showed

slower charring rate results than the new wood with higher density.

Also, the 30-minute tests suggest that older timber may char slower than new timber,
as shown in Figure 6.24. The average charring rate for new timber in the 30-minute test

was 0,91 mm/min. When excluding the fully charred specimen indicated by the red

63



asterisk in Figure 6.24, the average charring rate for aged timber was 0,85 mm/min.
Once again, considering the density factor, since the average density of new timber was
higher than that of aged timber, the results suggest that aged timber may indeed char
more slowly than new timber. The average charring rate of aged timber in 30-minute
tests was 0,89 mm/min and the average charring rate of new timber was 0,91 mm/min.
Again, the charring rates of aged timber varied more, but the average charring rates of
aged and new timber are very similar. This could indicate that, even though the results
obtained from the cone heater tests are not directly comparable to the design charring
rate given in EN 1995-1-2 [1], the fire behaviour of aged timber appears to be similar

to that of new wood, as both showed very similar average charring rates.

However, as previously mentioned in Chapter 6.1.2.1, there is variability among
specimens from the same origin. As shown in Figure 6.23, for example, greater
variability was observed among specimens made from 30-year-old wood, where the
charring rate ranged from 0,82 to 1,01 mm/min in the 15-minute tests, and from 0,76
to 0,9 mm/min in the 30-minute tests. For 100-year-old Estonian wood, the charring
rate in the 15-minute tests ranged from 0,93 to 1,07 mm/min, and in the 30-minute
tests from 0,75 to 1,49 mm/min. Considering the actual test duration of the fully charred
specimen, as described in 6.1.1, the variability extended from 0,75 to 1,68 mm/min.
For 120-year-old Estonian wood, the charring rate in the 15-minute tests ranged from
0,98 to 1,27 mm/min. This suggests that new wood is more homogeneous, meaning
charring is very consistent within a given specimen ID. In contrast, the charring of old

wood may vary more significantly.
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Figure 6.23 Comparison of charring rates to age of timber in all tests (45 mm thick specimens)
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Figure 6.24 Charring rate in relation to density of timber (45 mm thick specimens, 30-minute
tests)

It is well known from the literature that charring rate is strongly influenced by the
density of the material and several charring models include density as a key parameter
[21]. In this study, efforts were made to minimize differences in density among the
selected specimens to better isolate the effect of timber age on its charring behaviour.

However, due to the natural variability of timber, achieving identical densities across all
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specimens was not possible. As already described in Chapter 6.1.1, the average density
of the new timber specimens was somewhat higher (507 kg/m?3 vs 452 kg/m?3) than that
of the aged timber. [14]

Figure 6.25 displays the relationship between charring rate and the density of all tested
45 mm thick specimens. The results show that, although the aged timber specimens
vary in age and have slight density differences, the charring rates from the 15-minute
tests exhibit greater variability. In contrast, the 30-minute test results show less
variation, likely due to the formation of a protective charcoal layer that began to slow
down the charring process. Overall, no consistent correlation between charring rate and
density was observed. However, in certain specific cases, density differences appeared
to affect the charring rate, as previously described in Chapter 6.1.2.1 and Chapter
6.1.2.2.
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Figure 6.25 Charring rates in relation to density of timber (45 mm thick specimens)

6.2 Tests with specimens of 80 mm height

6.2.1 Charring depths

Additional tests were carried out using EW100 and EWO0 materials with specimens with

a height of 80 mm. Figure 6.27 shows the charring depths of 80 mm specimens. The
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results shown in red represent the new timber EWO0. Similar to the 45 mm thick

specimens, the EW100 specimens showed considerable variability across all test results.

In the 15-minute tests, the EW100 specimens displayed higher charring depths,
whereas in the 30-minute tests, EW100 specimens generally showed lower charring
depths, except for one test, where the charring depth exceeded that of EWO0. This
anomaly is likely related to the specimen’s density. As shown in Figure 6.26, the cross-
sections of the timber members are relatively similar, but Specimen A has a significantly
lower density (420 kg/m?3) compared to the other two specimens B and C (564 kg/m?3
and 536 kg/m?3). The density of the EWO0 specimens ranged between 510 and 516 kg/m?3.

Figure 6.26 Comparison of 80 mm thick EW100 test specimens after 30-minute fire tests
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Figure 6.27 Charring depths in relation to test duration (80 mm thick specimens)

6.2.2 Charring rates

Figure 6.28 presents the determined charring rates in relation to the test duration. The
EW100 tests exhibited considerable variation in charring rates, while the new timber

EWO0 demonstrated consistent charring rates. As expected, the 15-minute tests showed
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a greater variability in charring rates compared to the 30-minute tests. Notably, for the
15-minute tests, EW100 charred significantly faster than EW0, whereas for the 30-

minute tests, the charring rates of EW100 and EWO0 were relatively similar.

The average charring rate of aged timber in 15-minute tests was 1,43 mm/min and the
average charring rate of new timber was 1,10 mm/min. Therefore, in the 15-minute
test, the average charring rates of new and aged timber differ significantly, with the
aged timber exhibiting a considerably faster charring rate than the new timber. The
average charring rate of aged timber in 30-minute tests was 0,93 mm/min and the
average charring rate of new timber was 0,91 mm/min. The results from the 30-minute
tests show that the average charring rates of new and old timber are very similar,
indicating that the fire behaviour of aged timber in 30-minute tests is comparable to
that of new timber, which could indicate that the furnace tests could also show similar

charring rates between old and new timber.

It can be observed that the 15-minute tests result in significantly higher charring rates
compared to the 30-minute tests. This suggests that a longer exposure time, such as
30 minutes, provides more realistic results when using the cone heater, resulting in

charring rates that are more comparable to those obtained in furnace tests.
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Figure 6.28 Charring rates of test specimens in relation to test duration (80 mm thick
specimens)

Figure 6.29 illustrates the relationship between charring rate and timber age for
specimens with a height of 80 mm. It is evident that the new timber EW0 exhibited

highly consistent charring rates across all three specimens in both the 15-minute and
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30-minute tests. In contrast, the EW100 specimens displayed greater variability. The
figure also indicates that, for both test durations, specimens with lower density tended

to exhibit higher charring rates compared to those with higher density.

1.70
3
160 @® 437 kg/m
1.50 ® 432 kgm®
S 1.40
E
€ 1.30
=
@ 555 kg/m?
£ 120 ° 8
E °®
£ 1.00
5t
0.90
536 kg/m®
0.80 @ EW (15min test) EW (30min test) 564 kg/m?
0.70
0 20 40 60 80 100 120

Age of timber (years)

Figure 6.29 Charring rates in relation to the age of timber (80 mm thick specimens)

Figure 4.26 illustrates the relationship between charring rate and density for all tested
80 mm specimens. The EW100 specimens exhibited greater variation in both density
and charring rate, whereas the new timber EW0 showed more consistent results. Both
EW100 and EWO specimens demonstrated that higher density corresponds to lower
charring rates. Additionally, the 30-minute tests revealed lower charring rates, likely
due to the formation of a protective charcoal layer that began to slow down the charring

process.
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Figure 6.30 Charring rates in relation to density of timber (80 mm thick specimens)

6.3 Comparison of specimens with a height of 45 mm

and 80 mm

The following section compares the 45 mm and 80 mm specimens made from EWO0 and
EW100 materials. The comparison includes only those specimens because it was
possible to cut both 45 mm and 80 mm height samples from the same source material.
For the two heights, temperature at a depth of 45 mm and charring rates during both

the 15-minute and 30-minute tests were compared.
6.3.1 Temperature measurements

Figure 6.31 and Figure 6.32 show temperature measurements taken at a depth of 45
mm. The graphs present the same results, just on different scales. Figure 6.32 provides
a close-up of Figure 6.31 presenting temperature measurements in range of of 20-
160°C. Since two specimens showed significantly higher temperatures during the 30-
minute tests, as described in Chapter 5.2 and Chapter 6.1.2.1, the scale of the graph
has been reduced to make the temperature readings of the other specimens more

readable.

For the 80 mm thick specimens, this means the temperature was measured inside the
specimen. For the 45 mm thick specimens, it means the temperature was measured on

the unexposed side of the specimen.
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In the graphs, the first six peaks show results from the 15-minute tests and the last six
peaks show results from the 30-minute tests. As mentioned earlier in Chapter 5.2, the
last two temperature measurements for the 80 mm specimens in the 30-minute tests

were not recorded.

The graphs clearly show a difference in temperature measurement between the 45 mm
and 80 mm specimens. In the 15-minute tests, the temperature on the unexposed side
of the 45 mm specimens was about 100°C. For the 80 mm specimens, the temperature
at a depth of 45 mm was about 60°C. Both EW100 and EWO0 specimens showed similar
temperature measurements within each group. The temperature differences between
the 45 mm and 80 mm thick specimens may be explained by the location of the
temperature measurements. As for the 45 mm specimens, the temperature was
measured on the unexposed side of the specimen, while in the 80 mm specimens,
temperature was measured inside the material. As a result, as for the 45 mm specimens,
heat transfer along the edges to the bottom of the specimen was faster than heat
transfer inside the material in 80 mm thick specimens. Secondly, the testing retainer
frames were different. In the case of the 80 mm specimens, the retainer frame was
larger, which may have led to greater heat loss and slightly slower heating of the
specimen. Additionally, moisture likely evaporated more quickly from the thinner

specimens than from the thicker specimens.

In the 30-minute tests, the temperature on the unexposed side of the 45 mm specimens
reached about 140°C. Two of the EW100 specimens reached even higher temperatures,
270°C and 450°C as described in more detail in Chapter 5.2 and Chapter 6.1.2.1. For
the 80 mm specimens, the temperature measurement inside at 45 mm depth was
around 100°C. One EW100 specimen reached about 120°C, and the other about 90°C.

It can be concluded that the thickness of the specimen has a strong effect on how much
the temperature increases. There is a big difference between measuring the
temperature inside the specimen or below it, even though the distance from the cone

heater is the same in both cases.
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Figure 6.31 Overview of all temperature measurements plotted in a single graph presenting the
comparison of temperature recordings determined at a depth of 45 mm (45 mm and 80 mm
thick EW100 and EWO0 specimens)
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Figure 6.32 Overview of all temperature measurements plotted in a single graph presenting the

comparison of temperature recordings determined at a depth of 45 mm (45 mm and 80 mm
thick EW100 and EWO specimens)

6.3.2 Charring rate

Figure 6.33 shows the charring rate in relation to the test duration, wherein the 80 mm
thick specimens are marked in green, and the 45 mm thick specimens are marked in
blue. The graph shows that for both 45 mm and 80 mm specimens, the EW100
specimens had a faster charring rate than the EW0 specimens.

In the 15-minute tests, all 80 mm thick EW100 specimens showed a higher charring
rate than 80 mm thick EW0 and 45 mm thick EW100 and EWO0 specimens, ranging from
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about 1,2 to 1,6 mm/min. The rest of the specimens had charring rates between 0,9

and 1,2 mm/min.

In the 30-minute tests, two of the 45 mm thick EW100 specimens showed higher
charring rates than the rest. These specimens were discussed in more detail in Chapter
6.1. However, if we exclude these two samples since one was completely charred
through and the other was nearly fully charred, the remaining specimens had similar

charring rates, ranging from 0,7 to 1,0 mm/min.
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Figure 6.33 Charring rate in relation to test duration. EW100 and EWO both 45 mm and 80 mm
thick specimens in 15min and 30min tests

Figure 6.34 shows the charring rate in relation to density. The graph shows that both
45 mm and 80 mm thick EWO0 specimens had more consistent results than the EW100
specimens. Specimens with higher density tended to have slower charring rates. In
contrast, the EW100 specimens showed more variation. Specimens with similar density

had very different charring rates, both in the 45 mm and 80 mm groups.
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Figure 6.34 Charring rate in relation to density. EW100 and EWO both 45 mm and 80 mm thick
specimens in 15min and 30min tests

Figure 6.35 compares three EW100 specimens with similar densities but very different
charring rates. The figure shows that the annual rings in the specimen on the left and
on the right are more perpendicular to the heat flow, while in the specimen in the middle,
the rings are oriented at an angle of approximately 45 degrees to the heat flow. This
difference in orientation may have significantly contributed to the faster charring of the
specimen in the middle. Additionally, the specimen in the middle has a lower annual
ring density compared to the other two specimens. However, since the difference in
charring rates is quite significant (1,63 mm/min and 1,14 mm/min), there may be
another unknown factor that is not clearly detectable. For example, the differences in
charring rates could be influenced by changes in wood properties resulting from timber
aging. This suggests that cone heater tests should be complemented by additional

material property tests, such as permeability testing.
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Figure 6.35 Comparison of three EW100 specimens with similar density
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7 COMPARISON OF TEST RESULTS TO PREVIOUS
STUDIES

The following section compares the results of this study with two previous studies made
in Canada [22], [24]. Summaries of these earlier studies are described in more detail
in Chapter 3.2.1 and Chapter 3.2.2.

7.1 Comparison of 45 mm test specimens to study
made in Canada 2019

7.1.1 Comparison of ignition times

Table 7.1 presents a comparison of average ignition times for aged timber between the
current and a previous study [22]. The results from the earlier study are shown in italic
font. On average, the ignition times for different types of aged timber in the current
study are significantly shorter than those in the previous study. For example, in the
earlier study, the average ignition time for 120-year-old timber was 16,9 seconds when
the heat flux was perpendicular to the annual rings, and 39,8 seconds when it was
parallel. In the current study, only timber specimens with annual rings perpendicular to
the heat flux were tested and the average ignition time for 120-year-old wood was 9,0

seconds.

In the earlier study, the average ignition time for 180-year-old wood was 19,2 seconds,
while the average for new timber was 31,2 and 32,2 seconds. However, since the
previous study tested glued laminated timber as new timber, the results are not directly
comparable to those in the present study, as the adhesive and higher density of glulam
may influence the ignition behaviour [21]. Additionally, the 120-year-old material tested
in previous study was pine, while glulam and the 180-year-old material was spruce. All

the timber tested in the current study was spruce.

In the current study, the average ignition time for new solid wood was 9,3 seconds,
which was quite similar to the average ignition times observed for the various aged
timber specimens. The large difference in average ignition times between this study and
the previous study may be due to the fact that, in the current study, the specimens
might have remained under the cone heater longer before the protective cover of the
cone heater was removed and the specimens were exposed to heat. The difference in

ignition times may also be due to the use of different wood species or wood products.
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For example, in the previous study, glulam was used as the new wood and the 120-

year-old wood tested was pine, not spruce as in the current study.

Table 7.1 Comparison of average ignition times between the present and the previous study
[22]

Timber age Average Standard
Specimen ID Timber origin ( ears)g time to deviation
y ignition (s) (s)
EW120 Residential building 120 9,0 3,1
EW30 Sports hall 30 6,9 1,7
EW100 Residential building 100 7,1 2,4
NW100 Barn timber 100 6,1 1,0
NW10 Scaffolding 10 5,8 1,9
material
EWO New wood NEW 8,3 3,0
(factory)
Glulam PRF New NEW 31,2 5,1
Glulam PUR New NEW 32,2 3,6
Column - Industrial mill 120 16,9 4,1
Perpendicular
Column - Parallel Industrial mill 120 39,8 4,2
Joist - Perpendicular Commercial 180 19,2 2,5
building

7.1.2 Comparison of charring rates

Figure 7.1 shows a comparison of average charring rates in relation to test duration
between the current and the previous study [22]. In this study, the term average refers
to the average charring rate calculated from three test specimens. The comparison is
based on average charring rates as the earlier study also presented its results as

averages of two values.

The graph shows that for the 15-minute tests, the average charring rates from both
studies ranged from 0,8 to 1,1 mm/min. The slowest charring rates were observed in
case of the new wood specimens tested in the previous study, with charring rates of 0,8
and 0,9 mm/min. The fastest charring rate was recorded from the previous study for
120-year-old wood with annual rings perpendicular to the heat flux. In the current study,
the average charring rates for different types of wood ranged from 0,9 to 1,05 mm/min.
However, it should be noted that the Canadian study did not include detailed images or
analysis of the orientation of annual rings in relation to the heat flux, so it is not possible
to determine whether the direction of the annual rings may have influenced the charring

rate.
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For the 30-minute tests, the average charring rates ranged from 0,7 to 1,15 mm/min.
The slowest rate was again found in the glulam tested in the previous study, while the
highest rate was observed in the EW100 wood tested in the current study. However, if
the glulam results from the 30-minute tests are excluded, the remaining charring rates

range from 0,8 to 1,15 mm/min.

The graph also shows that the variation in average charring rates is greater in the 15-
minute tests than in the 30-minute tests. The charring rates in the 30-minute tests are
slower than in the 15-minute tests. This finding also emerged in the current study and

is likely related to the formation of a protective char layer during the longer tests.

Charring rates of old Canadian timber were compared with old Estonian and Norwegian
timber. In the 15-minute tests, the average charring rate for the 120-year-old Canadian
wood was 1,1 mm/min and for the 180-year-old wood it was 1,0 mm/min. The average
charring rates were 1,01 mm/min for EW100, 1,08 mm/min for EW120 and 0,99
mm/min for NW100. Thus, in the 15-minute tests, the average charring rates of the old
timber samples were very similar. However, it should be noted that the 120-year-old

Canadian wood was pine, whereas the other specimens were spruce.

In the 30-minute tests, the average charring rate for the 180-year-old Canadian wood
was 0,85 mm/min, while for EW100 it was 1,13 mm/min, for EW120 it was 0,81 mm/min
and for NW100 it was 0,82 mm/min. Therefore, the 30-minute tests confirmed the same
trend: the average charring rates of old timber were generally very similar. Although
the average charring rate of EW100 was significantly higher than the others, the reasons
for this were discussed in more detail in Chapter 6.1.2.1. Overall, the average charring

rates of old timber do not differ significantly from one another.
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Figure 7.1 Comparison of average charring rates in relation to test duration between the current
and the previous study [22]

Figure 7.2 and Figure 7.3 present a comparison of average charring rates in relation to
age of timber between the current and the previous study [22]. The graph shows that,
in both the previous and the current study, the average charring rates are quite similar
regardless of the age of timber. Both 180-year-old timber from the previous study and
new timber from current study exhibit comparable charring rates. However, it is
important to note that the values shown represent the average of three tests for the
current study and average of two tests for the previous study. As mentioned earlier in

Chapter 6.1.2, the results of individual tests may show significantly greater variation.

A comparison of the two studies reveals that for a more reliable evaluation of the effect
of wood age, it would be necessary to test a greater number of specimens from each
material group. Since individual results can vary considerably, the average values may
be misrepresentative. Furthermore, as no cross-sectional images of the specimens are
available from the previous study, it is not possible to assess the influence of annual
ring orientation relative to the heat flux. The spacing of annual rings, whether wider or
denser, may also significantly affect the charring rate. Additionally, for a more accurate
comparison, it would be beneficial to test different timber specimens with the same

conditions, including the same wood species and wood product.
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7.2 Comparison of 80 mm test specimens to study
made in Canada 2021

7.2.1 Comparison of ignition times

Table 7.2 presents a comparison of average ignition times for aged timber between the
current and a previous study [24], wherein the results from the earlier study are shown
in italic font. In the previous study, 115-year-old timber showed average ignition times
of 23,8 and 25,5 seconds. These average ignition times are significantly higher than the
results obtained in the current study, where the longest ignition time was recorded for
100-year-old Estonian timber at 12,1 seconds and the shortest for new timber EWO0 at

10,7 seconds.

Table 7.2 Comparison of average ignition times between the present and the previous study
[24]

Timber age Average Standard
Timber origin ( ears)g time to deviation
y ignition (s) (s)
EWO New wood (factory) NEW 10,7 1,2
EW100 Residential building 100 12,1 5,0
Cracked timber Industrial building 115 25,5
Solid timber Industrial building 115 23,8

7.2.2 Comparison of char depths

Figure 7.4 presents the comparison of average char depths in relation to test duration
between the current and the previous study [24]. In the 30-minute tests, the charring

depths were relatively similar compared to the results of the 15-minute tests.

For the 15-minute tests, the average charring depth ranged from 16 to 22 mm. The
lowest average charring depth was recorded for both cracked and solid 115-year-old
Canadian timber, while the highest was observed in 100-year-old Estonian timber. The
Estonian timber EW100 showed significantly higher average charring depth than the
other three specimens (22 mm and 16 mm). It is possible that this is related to the
density of the wood. In the Canadian study, the average density of the tested specimens
was 641 kg/m3 for the cracked specimens and 637 kg/m?3 for the solid specimens. In
comparison, in the current study, the average density of the EW100 specimens in the
15-minute tests was 475 kg/m?3, while the average density of the new wood specimens
EWO0 was 503 kg/m3.
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In the 30-minute tests, the average charring depths ranged from 27 to 30 mm. The
greatest charring depth was found in cracked 115-year-old Canadian timber, while the

lowest was recorded for solid 115-year-old Canadian timber.

It is also worth mentioning that the average results from the previous study were
estimated from graphs, which may not provide exact values for direct comparison with

the results of the current study.
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Figure 7.4 Comparison of average char depths in relation to test duration between the current
and the previous study [24]

Figure 7.5 and Figure 7.6 present the comparison of average char depths in relation to
age of timber between the current and the previous study. The graph shows that the
age of timber does not significantly affect charring depth. Both 115-year-old timber and
new timber show comparable results in both the 15-minute and 30-minute tests. The
115-year-old timber tested in the previous study showed similar results to the timber
of different ages tested in the current study. However, it should be noted that the
previous study tested pine, while the current study focused on spruce. Therefore, this

difference must be considered when interpreting the results.
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Figure 7.5 Comparison of average char depths in relation to age of timber between the current
and the previous study [24]. 15-minute test
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Figure 7.6 Comparison of average char depths in relation to age of timber between the current
and the previous study [9]. 30-minute test

A comparison of the two studies reveals that the charring depths of old and new wood
were quite similar. In the 15-minute tests, a greater charring depth was observed in the
EW100 specimens, which may be attributed to differences in wood species and density.
Although the 30-minute tests showed more comparable results, it is important to
consider the density and species of the timber when interpreting the outcomes. For a
more reliable comparison between studies, a larger number of specimens per specimen
ID would be beneficial to obtain more representative average values. Furthermore, all

specimens should ideally be from the same wood species and have similar densities.
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8 RECOMMENDATION FOR FIRE DESIGN OF AGED
RECLAIMED TIMBER

In the present study, timber specimens of different ages were tested under a cone
heater of cone calorimeter. Based on the results, general recommendations can be made
for the fire design of aged timber. Since this research focused on charring depth and

charring rate, the following recommendations are centred around these aspects.

When designing with aged timber in fire conditions, a conservative approach is
necessary. The results showed that aged timber exhibited much greater variability in
test outcomes compared to new timber, as described in Chapter 6.1.2.3. This indicates
that aged timber cannot be considered as homogeneous as new timber, and its material

properties may vary even within the same source material.

Based on the present study and the conducted experiments, it can be concluded that
visual assessment alone is not a sufficient basis for evaluating the charring behaviour
of aged timber. Test specimens taken from the same source material with similar density
and annual ring orientation in relation to cone heater can exhibit significantly different
charring rates, as described in Chapter 6.1.2.1. Therefore, it is essential to consider the
density and moisture content of aged timber and to perform fire tests to more accurately

assess its charring behaviour.

Previous studies have shown that wood density significantly influences charring, as does
the moisture content. The results of the present study also indicate that density has the
greatest impact on the charring rate of timber, denser wood generally exhibited slower
charring. However, even specimens with similar densities sometimes demonstrated
varying charring rates, highlighting the importance of testing different aged material

with similar densities under fire conditions.

If fire testing is not possible, a conservative approach must be taken in the design of
structures using aged timber. According to the current EN 1995-1-2 [1], the design
charring rate for solid timber in one-dimensional charring is 0,65 mm/min. In this study,
the charring rate of aged timber across all tests ranged from 0,75 to 1,63 mm/min, with
an average of 0,99 mm/min. In comparison, the charring rate of new timber in cone
calorimeter tests ranged from 0,86 to 1,13 mm/min, with an average of 0,98 mm/min.
Since the average charring rates of aged and new timber are similar, this study provides
a good indication of the behaviour of aged timber in fire conditions. Based on previous

research [14], [15], [17], when using a predetermined heat flux of 50 kW/m?2 in cone
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calorimeter tests in case of 15 and 30-minute test durations, the results obtained from

furnace tests should not exceed charring rates presented in this study.

These results clearly show that the charring rates of aged timber vary more than those
of new timber, even though their average charring rates are very similar. Still, a
previous study on aged timber reported that aged wood charred up to 20% faster than
new wood [22]. This indicates that more studies are needed to explicitly understand the

charring performance of aged timber.

It is important to note that cone calorimeter tests cannot replace furnace fire tests.
Instead, they provide an initial indication of how timber behaves at elevated
temperature and serve as a valuable input for planning furnace tests. For more accurate
and reliable results, it would be necessary to test aged timber of different ages in furnace
tests following the ISO 834 standard temperature-time curve [7]. Furthermore, if aged
timber is being tested, it is essential to also test new timber to enable direct comparisons

of their charring behaviour.

If future studies aim to examine the charring behaviour of aged timber using cone
calorimeter tests, several recommendations can be made based on this study. First, it
is strongly recommended to test both aged and new timber to establish a comparison.
It is recommended that in future studies the number of test specimens of different
material should be increased in order to obtain more reliable average results. In
addition, the density of both new and aged timber should be as similar as possible to
isolate the effect of timber age on charring behaviour. The orientation of annual rings
in relation to the heat flux and the moisture content of the timber should also be ensured

to be as similar as possible.
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9 FURTHER NEEDS

To better understand how the age of timber affects charring behaviour, it is important
that the test specimens are as similar as possible in material properties. If the wood
samples differ in density, species, moisture content or annual ring orientation, these
factors can affect the results and make it harder to see the real impact of the age of
timber. Without controlling these variables, it becomes difficult to draw clear and reliable

conclusions about the differences in charring between old and new timber.

Since timber comes from different sources and has natural variation, it is not always
easy to match the properties of each specimen. For example, the density or annual ring
orientation might be slightly different between samples. These differences make direct
comparisons more complicated and must be kept in mind when analysing the results of

this study as well.

In future research, it would be useful to give more information about the structure of
the wood, such as annual ring orientation and density, because these factors have been
shown to influence charring. This would help make the results of different studies easier
to compare, especially when the focus is on the impact of the age on the charring

performance of timber.

In the present study, only spruce was tested. Therefore, future research should include
a wider range of wood species and wood-based products, such as glued laminated

timber, to confirm or specify the current findings.

One parameter that differed significantly between this study and the two previous
studies was the ignition time. Thus, ignition time should be investigated more
thoroughly in the future to determine whether and to what extent aged timber ignites
faster than new timber. In addition to ignition time, other reaction to fire properties like
flame spread or smoke production, which were not addressed in this study, should also

be examined.

Since this study showed a notable difference in charring rates between the 45 mm and
80 mm thick specimens, the choice of specimen thickness should be made with
awareness that material properties, such as differences in the boundary conditions and
in moisture evaporation between smaller and larger specimens, can affect the charring
rate. Moreover, specimen thickness influences both the charring rate of timber and the
heat transfer around the timber specimen, as larger specimens experience greater heat

losses during testing, which in turn may significantly affect both moisture evaporation
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and charring behaviour. Since a larger retainer frame was used for the thicker

specimens, the actual test conditions were also different.

To draw more reliable conclusions, future tests should compare 45 mm and 80 mm thick
specimens with identical properties, for example, density, moisture content and annual
ring orientation and spacing, to better understand the effect of specimen size on
charring behaviour. Since cone calorimeter tests have also previously been conducted
using 45 mm thick specimens and the initial material can vary significantly in
dimensions, it is recommended to use specimens with a thickness of 45 mm to enable
better comparison between new and previous studies. This total height of the specimen

also fits with the test specimen requirements given in ISO 5660-1 [25].

To enable a better comparison between the design one-dimensional charring rate given
in EN 1995-1-2 [1] and the charring rates of aged timber, it is necessary to test timber
of different ages also in furnace tests, as furnace tests provide results that are directly

comparable to the values presented in the EN 1995-1-2.
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10 SUMMARY

This master's thesis investigated the fire performance of aged, reclaimed timber, an
increasingly relevant topic due to the rising demand for sustainable building materials
and circular construction. The objective was to provide experimental data on the
charring behaviour of aged wood and compare it with new timber using cone heater
tests. The study also tried to make recommendation whether existing fire design

guidelines, such as EN 1995-1-2 [1], could be suitable for reclaimed timber.

The thesis includes a theoretical section, which outlines the fundamentals of timber fire
designh and summarizes earlier studies, particularly Canadian research, on historic wood.
Important factors affecting fire behaviour, such as timber density, moisture content,

grain orientation, species and the presence of cracks are discussed.

The experimental part involved 48 small-scale cone heater tests carried out at Tallinn
University of Technology in 2025. All tested specimens were spruce, ranging from newly
manufactured timber to reclaimed wood up to 120 years old. Timber originated from
Estonia and Norway and included both solid and layered materials. Specimens were
tested at thickness of 45 mm and 80 mm and sides of 100x100 mm, with exposure

times of 15 and 30 minutes at a constant predetermined heat flux level of 50 kW/m?2.

Results indicated that ignition times of timber specimens varied between 3 and 20
seconds. No consistent link between the age of wood and its ignition time was found.
Compared to the two previous studies conducted in Canada in 2019 and 2021, the
ignition times observed in the present study were significantly shorter. Therefore,

further research is needed to investigate ignition times in more detail.

The main focus of this study was on the determination of charring depth and charring
rate of aged timber. In 15-minute tests, aged timber charred between 12 to 19 mm
(average 15 mm) and new timber averaged 15 mm. In 30-minute tests, charring depth
of aged timber reached 22 to 34 mm (average 27 mm) and new timber averaged 27
mm. While some aged samples charred slightly faster, the results overall did not confirm
that older wood is more vulnerable to fire. In fact, aged timber often showed similar or
even slightly lower charring depths, especially, when considering the differences in
density. The results revealed that the charring of new timber was more uniform within

the same batch compared to that of aged timber.

The test results also revealed some exceptions. One 100-year-old specimen completely
charred through during a 30-minute test (the charring depth of two other specimens

were 22,4 mm and 34,2 mm), confirmed by unusually high temperatures on the
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unexposed side. This suggests that defects or irregularities in old timber can sometimes
lead to weaker fire performance. The preparation of the specimens may also have
influenced the test results. For example, it is possible that hot air was able to reach the

specimen more easily through gaps between the aluminium tape and the specimen.

A key finding was that density had a stronger influence on charring than age. Specimens
with lower density tended to char faster. Layered or bonded specimens, such as EW30,
showed reduced charring compared to other solid specimens, possibly due to adhesive
layers altering heat transfer. For example, the average charring rate of EW30 was 0,86

mm/min and the average charring rate of other aged timber was 1,01 mm/min.

In 15-minute tests, the charring rate of aged timber was between 0,82 to 1,63 mm/min
(average 1,08 mm/min) and new timber averaged 1,06 mm/min. In 30-minute tests,
the charring rate of aged timber was between 0,75 to 1,49 mm/min (average 0,90

mm/min) and new timber averaged 0,91 mm/min.

Annual ring orientation in relation to cone heater also played a role, although it was less
influential on the determined charring rate than density. Annual rings oriented
perpendicular to the heat flux resulted in more consistent charring, while angled annual

ring orientation caused greater variation in the charring performance.

The test series with 80 mm thick specimens offered useful comparison data to a previous
study [24]. Although ignition was slightly delayed, they often showed faster charring
rates than 45 mm specimens within both specimen ID. This highlights the importance
of specimen thickness in the determination of their charring behaviour. Based on the
present study, the effect of specimen thickness on charring should be investigated

further in future research.

Test results indicate that the design principles outlined in Eurocode 1995-1-2 [1] are
likely applicable to aged timber, since aged timber showed similar average charring rate
compared to the average charring rate of new timber. Previous studies have also
indicated that testing with cone heater under certain test conditions provides a good
estimate with furnace test results on the charring rate of timber [14], [15]. However,
fire design with aged timber should be done with caution and furnace testing is essential.
Timber with an unknown origin or the presence of cracks may significantly influence
charring behaviour compared to new timber. Therefore, furnace tests that follow the
ISO 834 standard temperature-time curve [7] are necessary, along with the use of

additional safety factors when designing with aged timber for fire situations.
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This study provides valuable data to support fire design with aged, reclaimed timber
and confirms that small-scale cone heater tests are a suitable method for such
assessment, particularly when comparing old timber to new. However, for more reliable
results, a larger number of test specimens from each source material should be tested
to better determine average values and understand in more depth about the potential
variations of charring performance within the aged timber. In addition, it would be
necessary to conduct more tests under similar conditions to those used in previous

studies in order to provide a basis for comparison and to confirm or specify the results.

Future research should include furnace fire testing of reclaimed wood structures, more
extensive small-scale programs and studies on other wood species and engineered
products like glulam. The influence of internal cracks should also be further investigated.
In addition, it would be important to test the material itself, as factors such as chemical

composition and permeability may also influence the charring behaviour of wood.

In the future, coupled testing, not limited to charring alone, should be conducted. This
would provide more comprehensive information on which factors have the greatest
impact on the charring of wood, which is essential if we want to understand how aged
timber behaves in fire conditions compared to new wood. Creating fire design guidelines
specifically for reused materials would play an important role in advancing the broader

shift toward circular construction practices.
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11 KOKKUVOTE

Kdesolevas magistritéds uuriti vana, taaskasutatud puidu tulepisivust. See on lha
aktuaalsem teema seoses kasvava nodudlusega jatkusuutlike ehitusmaterjalide ja
ringmajanduse pohimotteid jargiva ehituse jarele. Uurimistod eesmark oli anda
eksperimentaalseid andmeid vana puidu séestumiskaitumise kohta ning vorrelda seda
uue puidu séestumisega, kasutades koonuskuumuti katseid. Samuti sooviti hinnata, kas
olemasolevad tuleplisivuse projekteerimise juhised nagu EN 1995-1-2 [1], sobivad ka

taaskasutatud puidu jaoks.

T60 teoreetiline osa annab Ulevaate puidu tulepisivuse projekteerimise pdhimdotetest ja
varasematest uuringutest, keskendudes eelkdige kahele Kanada teadustddle, mis
kasitlesid vana puitu. Arutletakse oluliste tegurite U(le, mis mdjutavad puidu
tulepisivust, nagu tihedus, niiskusesisaldus, aastaringide asetus soojusvoo suhtes,

puiduliik ning pragude esinemine.

Eksperimentaalne osa holmas 48 vaikesemoddulist katset, mis viidi labi Tallinna
Tehnikadllikoolis 2025. aastal. Tulekatsed viidi labi koonuskuumutiga. Koik katses
kasutatud katsekehad olid kuusest, alates uues puidust kuni 120 aasta vanuse
taaskasutatud puiduni. Puit parines Eestist ja Norrast ning sisaldas nii tavalist
konstruktsioonipuitu kui ka kahest kihist koosnevat puitmaterjali. Katsekehade
modtmed olid 100 mm x 100 mm paksustega 45 mm ja 80 mm. Tulekatsete aeg oli 15

ja 30 minutit ning soojusvoo hulk oli konstantselt 50 kW/m?.

Tulemused naitasid, et sittimisajad varieerusid 3 kuni 20 sekundi vahel. Puidu vanuse
ja sittimisaja vahel ei tuvastatud selget seost. Vorreldes kahe varasema Kanada
uuringuga aastatest 2019 ja 2021, olid sittimisajad kaesolevas uuringus oluliselt
Idhemad. Seetdttu on vaja edasist uurimist, et vana puidu slttimiskiirust tédpsemalt

hinnata.

To6 peamine eesmdrk oli vana puidu sdestumissigavuse ja soestumiskiiruse
maadramine. 15-minutilistes katsetes oli vana puidu sdestumissiigavus 12-19 mm
(keskmiselt 15 mm) ja uuel puidul samuti keskmiselt 15 mm. 30-minutilistes katsetes
oli vana puidu séestumissigavus 22-34 mm (keskmiselt 27 mm) ja uue puidu keskmine
sdestumissiigavus oli samuti 27 mm. Kuigi moned vana puidu katsekehad sdestusid
veidi kiiremini, ei kinnitanud tulemused Uldiselt, et vanem puit oleks tulele oluliselt
vastuvotlikum. Katsetulemused naitasid, et vana puidu sdestumisstigavus oli kohati

sama vOi isegi vaiksem uue puidu sdestumissligavusest, eriti kui arvestada tiheduste
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erinevusi. Tulemused naitasid ka, et uus puit sdestus oma partiis Ghtlasemalt kui vana

puit.

Katsetulemused néitasid ka Uksikuid erandeid. Uks 100-aastane katsekeha sdestus 30-
minutilise katse kaigus taielikult labi (teiste kahe sama grupi katsekeha
sbestumissiigavused olid vastavalt 22,4 mm ja 34,2 mm), mida kinnitasid ka
temperatuurimddtmised - vorreldes teiste katsetega oli temperatuur l&bi séestunud
katsekeha alumisel kiljel palju kdrgem. See viitab sellele, et defektid vanas puidus
voivad modnel juhul pdhjustada ndrgemat tuleplsivust. Ka katsekehade ettevalmistus
vOis mojutada katsetulemusi, naditeks vdis kuum Ohk péadseda kiiremini katsekeha

alumise pooleni alumiiniumteibi ja katsekeha vahele jaanud vahedest.

Uks oluline tulemus oli see, et puidu tihedus mdjutas sdestumist rohkem kui puidu
vanus. Vaiksema tihedusega katsekehad sdestusid kiiremini. Kahest kihist koosnenud
puitmaterjal, nagu EW30, néitas aeglasemat sdestumist vorreldes tavalise puiduga,
toendoliselt tédnu liimikihtide mojule soojusilekandele. Naiteks oli EW30 keskmine
sbestumiskiirus 0,86 mm/min, samal ajal kui teiste vana puidu katsekehade keskmine

oli 1,01 mm/min.

15-minutilistes katsetes oli vana puidu séestumiskiirus vahemikus 0,82-1,63 mm/min
(keskmiselt 1,08 mm/min) ja uue puidu keskmine oli 1,06 mm/min. 30-minutilistes
katsetes oli vana puidu sdéestumiskiirus 0,75-1,49 mm/min (keskmiselt 0,90 mm/min)

ja uue puidu keskmine 0,91 mm/min.

Aastaringide asetus soojusvoo suhtes avaldas samuti moju, ehkki vaiksemat kui
tihedus. Aastaringide paiknemine risti soojusvooga andis Uhtlasema
sbestumiskaditumise, samas kui viltune aastaringide asetus tekitas suuremat

varieeruvust.

80 mm paksuste katsekehade seeria pakkus vaartuslikku vordlusmaterjali varasema
uuringuga [24], kus samuti katsetati koonuskuumuti all 80 mm paksuseid katsekehasid.
Vorreldes 45 mm katsetega, oli slttivusaeg 80 mm katsekehadel aeglasem kui 45 mm
katsekehadel, kuid 80 mm katsekehade sdestumiskiirus oli sageli kiirem kui 45 mm
katsekehadel. See naitab katsekehade paksuse tahtsust séestumiskaitumise hindamisel

ning viitab vajadusele uurida paksuse mdju tulevikus pohjalikumalt.

Katsetulemused viitavad, et Eurokoodeksi EN 1995-1-2 [1] tulepisivusarvutuse
pohimotted on tdendoliselt rakendatavad ka vanale puidule, kuna selle keskmine
sbestumiskiirus sarnaneb uue puidu omaga. Varasemad uuringud on samuti ndidanud,

et teatud katsetingimustes annab koonuskuumuti katse hea vordluse ahjukatsetes
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moodetud puidu sdestumiskiirustele [14], [15]. Siiski tuleb vana puidu puhul
tulepisivuse projekteerimisel olla ettevaatlik ning ahjukatsed on vajalikud. Eriti juhul,
kui puidu paritolu on teadmata voi seal esinevad praod, mis vdivad oluliselt mdjutada
sdestumiskditumist vorreldes uue puiduga. Seetottu on vajalikud ahjukatsed, mis
jargivad ISO 834 standardset temperatuuri-aja kdverat [7], koos lisavarutegurite

kasutamisega.

See uurimistéo pakub vaartuslikke andmeid, mis toetavad vana taaskasutatud puidu
tulepisivuse projekteerimist, ning kinnitab, et vaikesemddtmelised koonuskuumuti
katsed sobivad hasti sellise kditumise hindamiseks, eriti uue ja vana puidu vordlemisel.
Usaldusvaarsemate tulemuste saamiseks oleks siiski vajalik katsetada suuremat arvu
katsekehi igast materjaligrupist, et paremini méarata keskmiseid vaartuseid ja mdista

vana puidu vdimalikku tules kaitumise varieeruvust.

Tulevased uuringud peaksid kasitlema ahjukatseid taaskasutatud puidust
konstruktsioonidega, ulatuslikumaid vaikesemoddtmelisi katseprogramme ning uurima
ka muid puiduliike ja muid puidutooteid nagu liimpuitu. Samuti tuleks edaspidi
pohjalikumalt uurida sisemiste pragude mdju puidus. Oluline oleks ka materjali enda
katsetamine, kuna naiteks keemiline koostis ja 6hu labilaskvus vdivad samuti mdjutada

puidu séestumiskaitumist.

Tulevikus tuleks labi viia kombineeritud katseid, mitte piirduda Ulksnes sdestumise
uurimisega. See vdimaldaks saada terviklikumat Ulevaadet sellest, millised tegurid
mojutavad puidu sdestumist kdige enam, mis on oluline, kui soovime madista, kuidas
vana puit kaitub tulekahjuolukorras vorreldes uue puiduga. Eraldi tuleohutusjuhiste
koostamine taaskasutatud materjalidele mangiks olulist rolli suuremas Uleminekus

ringmajanduslikule ehitusele.
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APPENDIX 1 15-minute test, 45 mm timber specimen

EW120 15-minute test 45 mm

Density (kg/m3) 438 450
Charring rate (mm/min) 1,27 0,98

EW30 15-minute test 45 mm

Density (kg/m?3) 466 436
Charring rate (mm/min) 0,82 0,87

EW100 15-minute test 45 mm

o

\\\\\\\

i
11

Density (kg/m3) 418 424
Charring rate (mm/min) 1,07 0,93

424
1,03
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EWO0 15-minute test 45 mm

Density (kg/m3)

484

483

516

Charring rate (mm/min)

1,03

0,99

1,04

NW100 15-minu

te test 45 mm

Density (kg/m?3)

434

431

Charring rate (mm/min)

1,02

1,01

NW10 15-minute test 45 mm

Density (kg/m?3)

444

453

Charring rate (mm/min)

1,03

1,08
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APPENDIX 2 30-minute test, 45 mm timber specimen

EW120 30-minute test 45 mm

Density (kg/m?3) 503 465 463
Charring rate (mm/min) 0,81 0,80 0,82
EW30 30-minute test 45 mm

Density (kg/m3) 435 437 494
Charring rate (mm/min) 0,90 0,76 0,77
EW100 30-minute test 45 mm

Density (kg/m3) 521 434 412
Charring rate (mm/min) 0,75 1,49 1,14
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EWO0 30-minute test 45 mm

Density (kg/m3)

503

519

Charring rate (mm/min)

0,92

0,88

NW100 30-minu

te test 45 mm

|

Density (kg/m?3)

440

431

Charring rate (mm/min)

0,83

0,83

NW10 30-minute test 45 mm

Density (kg/m?3)

499

467

442

Charring rate (mm/min)

0,88

0,92

0,90
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APPENDIX 3 15-minute test, 80 mm timber specimen

EW100 15-minute test 80 mm

Density (kg/m?3) 555 437 432

Charring rate (mm/min) 1,19 1,63 1,48

EWO0 15-minute test 80 mm

Density (kg/m3)

Charring rate (mm/min)
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APPENDIX 4 30-minute test, 80 mm timber specimen

EW100 30-minute test 80 mm

Density (kg/m3)

420

564

Charring rate (mm/min)

1,14

0,79

EWO0 30-minute test 80 mm

Density (kg/m?3)

510

Charring rate (mm/min)

0,93
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