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Abstract

This paper presents a review of the possible methods for testing the fire performance properties of reused timber through non-
destructive techniques, focusing on structural elements. Evaluating the fire performance of old wooden specimen is necessary
to facilitate reuse, in the support of the transition to a circular economy. The use of non-destructive methods minimizes
damages to the pieces during the evaluation process. Three angles are reviewed: (1) The properties of wood influencing fire
performance, (2) the change of wood properties over time, and (3) the known non-destructive tests. Some properties of wood
are known to influence the fire performance, e.g., the density. Of these, there is no evidence of irreversible changes due to the
passage of time only. The many different non- and semi- destructive techniques that can be applied to wood seldom relate
to these properties, but rather to mechanical properties or geometry. Additionally, accurate measurements are often difficult,
while some are only done in laboratories. This review concludes that currently there is no known non-destructive method that
permits to estimate the fire performance of a reused timber element compared to a new one. There is a gap of knowledge on the
evolution of the fire properties of timber during the use phase of the building, and there are no established methods to test for
these properties without destroying a significant portion of the element. Development of non-destructive test methodologies
to assess fire properties of timber will expand the market for reused timber to include load carrying timber.

Keywords Non-destructive testing - Fire safety - Structural timber - Circular economy - Material reuse - Charring rate

1 Introduction extracted material. The construction sector is responsible for
over 35% of the EU’s total waste generation” [1]. The Circu-
lar Economy Action Plan intends to revise the Construction

Product Regulation to address sustainability, with “the possi-

The European Union adopted in 2020 the Circular Econ-
omy Action Plan [1] as part of the Green Deal [2] for a

more sustainable economy and the reduction of the impact
of human activities on the environment. According to the
European commission “[The built environment] requires vast
amounts of resources and accounts for about 50% of all

B Aline Uldry
aliul@dtu.dk

Bjarne P. Husted
bph@dbigroup.dk

Ian Pope
ipo@dbigroup.dk

Lisbeth M. Ottosen
limo@dtu.dk
Technical University of Denmark, Kongens Lyngby, Denmark

DBI-Danish Institute of Fire and Security Technology,
Hvidovre, Denmark

Published online: 21 September 2024

ble introduction of recycled content requirements for certain
construction products, taking into account their safety and
functionality” [1].

In the case of timber extracted from the demolition of
buildings, also called waste timber, there are different ways
to approach circularity, from reuse in new buildings to the
production of wood pellets to be used as fuel in generation
of heating [3]. Comparisons of these methods show that the
reuse of waste timber has more benefits than other end-of-life
solutions [4], by reducing the primary production in forestry
systems among other effects [3]. The European Union in fact
places reuse second only to prevention as a waste manage-
ment practice [5]. Though there is no standard practice [6],
there are many methods allowing to rate reused timber for
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the construction sector, from its appearance to its mechan-
ical properties, including potential damages it might have
accrued during its lifetime.

But there are also challenges to the reuse of timber. Lack
of knowledge in the construction industry is reported to be
the main obstacles for reuse [7], and there is a responsibil-
ity vacuum when it comes to the guarantee of the quality
of the product [8]. Wood is a combustible material, for
which the fire performance needs to be carefully documented.
Thus, there is a need to establish a methodology of docu-
menting timber elements’ fire performance for reuse. This
methodology should include minimal fire tests. Their highly
destructive nature, the length of the procedures, and their cost
all are obstacles to the profitable reuse of timber.

This paper aims to explore whether there exist techniques
for testing timber for fire performance without having to
destroy a part of the element. It will focus on load bear-
ing timber and will not explore the specificities of wooden
facades and floorings. The ideal methodology would be non-
destructive, fast, and able to be used on site, and could reliably
be linked to the fire performance of wood. As exact results
can be difficult to predict with a material as inhomogeneous
as wood, a classification of the fire performance is the most
likely outcome of such methodology.

2 Structural Fire Performance

For the purpose of this paper, and for the sake of brevity, struc-
tural timber will be referred to as simply “timber”, though
facades and floorings will not be investigated. Questions of
fire impregnation and surface treatments will be ignored, as
they are not generally applied to load bearing timber and add
high uncertainty to the topic of reuse. Questions of ageing of
wood glue will also not be explored in this review.

In this review, the focus will be on the aspects of fire per-
formance that could cause issues of safety for people and
structures in fire. There are many such aspects: how fast the
wood burns, how much energy is produced during combus-
tion, how fast the fire spreads on the surface, and how easy it
is to ignite. For this review, the focus is on the charring rate.

Charring rate is one of the key parameters dictating how
long the element can sustain a load in case of fire. It is critical
to design methods for structural fire safety in many countries.
Measured in millimetres per minute, it is a measure of the
speed at which the interface between fully charred material
and material maintaining some structural strength advances.
It is usually determined either visually, or through the pro-
gression of the 300 °C isotherm with thermocouples inserted
in the sample [9].

It is important to point out the difference between mass
loss rate and charring rate. While the two are correlated when
the moisture content is constant [9], a higher mass loss rate
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does not always correspond to a higher charring rate when
comparing different timber pieces. Denser and moister tim-
ber pieces may have higher mass loss rates during exposure,
but their charring rate may be equal or lower than that of
lighter and drier pieces.

The charring rate is a major element in the design of
wooden structures, used to calculate a residual cross-section
after exposure to fire. It is used in the European Eurocode
5 [10], the Australian Standards [11], and the National
Design Specification of the USA [12]. It is to be noted that
these documents approach the subject in different manners.
While the European and Australian standards associate dif-
ferent charring rates to different categories of timber, the
National Design Specification defines one charring rate with
adjustments for time elapsed and lamination thickness for
cross-laminated timber. Only the Eurocode 5 considers the
geometry of the beam, with an increase in charring rate for
exposed fissures and corners.

This study is aiming to determine how to detect a lower
performance of reused timber compared to new elements.
There are multiple factors influencing performance metrics,
among which the construction details around the piece, the
exposure conditions, and the material properties of the tim-
ber. The construction and exposure conditions depend on the
end-use of the timber in a building, and these may be deter-
mined through the design process in the same way as for
‘new’ timber elements. The missing information for re-used
timber is, therefore, the material properties and how these
influence the fire performance.

3 Properties of Timber Linked to Fire
Performance

The main properties of wood linked to its fire performance
are density [10, 11, 13-22], moisture content [9, 13, 17, 21,
23-25], permeability [13, 26], and species [13, 15, 19]. The
chemical composition of wood has some effect on the pyrol-
ysis [15, 21, 27-30], however, the charring rate and mass loss
rate above the microscale cannot be explained through these
differences alone [30].

Aside from the inherent properties of the wood, the overall
geometry of the timber also influences the fire performance.
Cracks and surface irregularities have some impact on the
charring rate [31-34], but the evidence is mainly qualitative.
The thickness of the element also has an influence on the
charring rate [16, 35].

The following sections will detail how these properties
affect the fire performance of wood, finishing with how
the most common regulations cover fire safety for timber.
An overview of all the papers reviewed is available in the
Appendix.
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4 Density

Bartlett et al. [13] provided a review of factors affecting the
fire performance of wood. They report many studies show-
ing that higher density decreases the charring rate of wood
[36-38] and multiple charring models using it as a key vari-
able. Some studies failed to find a correlation between density
and charring rate, especially when the difference in den-
sity ranged lower than 150 kg/m?3, but overall charring rates
increased with decreasing density, while studies which cov-
ered mass loss rates reported a slight increase for denser
samples.

Many other studies show this relationship between den-
sity and charring rate. A study by Gilka-Botzow et al. [14]
on Norway spruce (Picea abies), balsa (Ochroma pyrami-
dale), and compressed laminated wood (genus and species
not indicated), found an exponential decrease of the charring
rate with increasing density, until the value of 800 kg/m? is
reached, at which the charring rate becomes independent of
the density. This study did not attribute the differences found
to the different species.

Pének et al. [15] studied the burning behaviour of Scots
pine (Pinus sylvestris), European larch (Larix decidua), Nor-
way spruce and Douglas fir (Pseudotsuga menziesii), after
different durations of weathering. They saw a clear corre-
lation between the charring rate and the density for spruce,
Douglas fir and larch, but for pine the density and charring
rate seemed uncorrelated.

Harada [16] found in a study of 13 Japanese softwoods
and hardwoods a weak correlation between mass loss rate
and density, which he increased by correcting the density
of the hardwoods, accounting for the presence of the vessels
which carry sap. These vessels contribute to the local gas and
water vapor flow and do not exist in softwoods. The species
studied can be found in appendix.

Adetayo and Dahunsi [17] compared different Nigerian
timber species (Terminalia superba, Milicia excelsa, Khaya
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Njankouo et al. [37], Fahrni et al.
[18], Hugi et al. [38] and Hugi
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ivorensis, Mansonia altissima, Nauclea diderrichii and Tec-
tona grandis), at different moisture content, and found they
could somewhat predict the charring rate through a combina-
tion of wood density, moisture content and a char contraction
factor.

Hugi and Weber [39] studied European and tropi-
cal woods, among which Norway spruce, Oak (Quercus
robur/petraea) and Maple (Acer pseudoplatanus). A full list
of species can be found in appendix. The density and charring
rates reported in this study do not show any correlation, but
when compared with other values in literature, as in Fig. 1,
they tend to agree with a weak correlation.

There is also a relationship between density and char-
ring rate for glue-laminated timber. In the study by Fahrni
et al. [18], which researched spruce glulam (species not indi-
cated), the results were highly scattered, which they assign to
the measuring resolution of the charring rate and the density
variations in a single piece.

Haurie et al. [19] studied seven tropical hardwoods
included other fire parameters. The species can be found
in appendix. They showed that time to ignition could reli-
ably be correlated to density but could not relate it to other
metrics. Similarly, Chorlton and Gale [20] compare spruce
glulam and spruce and pine historical timber (species not
indicated). They find faster time to ignition in the historical
timber, which is 100 kg/m? less dense than the modern glu-
lam. They also report slightly higher charring rates. Finally,
time to ignition could also be related somewhat to density
in a study by Wiesner et al. [40] of various Australian wood
species. The quality of their regression increased when tak-
ing into account the extractive content of the samples. The
species can be found in appendix.

The relationship between density and charring rate is illus-
trated in Fig. 1, with data from Adetayo and Dahunsi [17],
Collier [36], Gilka-Botzow et al. [14], Njankouo et al. [37],
Fahrni et al. [18], Hugi et al. [38] and Hugi and Weber [39].
All densities were measured on wet wood, except for Collier,
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who measured the density oven dry. For this reason, the den-
sity data from Collier was corrected for the moisture content
of the wood reported in their study. All data are for standard
fire exposure (ISO 834 [41]), except for that of Adetayo and
Dahunsi which uses an electric furnace.

Figure 1 shows that the density of wood is affecting the
charring rate, even when mixing different species. For the
purpose of wood reuse, this is an indicator that lighter pieces
might cause issues for fire safety, with higher charring rates
that would lead to earlier failure of the structure, and earlier
ignition at the start of the fire.

4.1 Moisture Content

As wood must first dry before charring can occur, a high
moisture content in wood is expected to lead to slower char-
ring, as it takes longer to evaporate the water contained in
the wood, though this effect is not always observable in
experiments. Many models of fire performance include the
humidity of the wood, such as the ones developed by Pe¢enko
et al. [24], Mindykowski et al. [23], or Galgano and Di Blasi
[25]. The problem of moisture is also very relevant to the
reuse of wood. Pieces taken from demolition sites need to be
properly conditioned before installation, so that their mois-
ture content falls within acceptable ranges.

The review by Bartlett et al. [13] found that higher mois-
ture content was linked to lower charring rates [36, 37], but it
also points out that the exact relationship is not agreed upon,
as it is often masked by other parameters such as density
or species. Adetayo and Dahunsi [17] also found they could
somewhat predict the charring rate through a combination
of moisture content, density and a char contraction factor,
in a study comparing different Nigerian timber species at 9,
12 and 15% moisture content. The species can be found in
appendix.

Hugi and Weber [39] studied European and tropical
woods, among which Norway spruce, Oak and Maple. The
moisture contents and charring rates reported in this study
do not show any correlation, but when compared with other
values in literature, as in Fig. 2, they tend to agree with a
weak correlation. A full list of the species can be found in
appendix.

Figure 2 shows the data from Adetayo and Dahunsi [17],
along with that of Njankouo et al. [37], Collier [36], Hugi
and Weber [39] and Hugi et al. [38]. Though most of these
data groups approach different species, and do not show cor-
relations on their own, the combination of the four shows that
the moisture content is a weak predictor of the charring rate
(R2 < 0.3). All data are for standard fire exposure (ISO 834
[41]), except for that of Adetayo and Dahunsi which uses an
electric furnace.

Bartlett et al. [13] also found longer ignition times
with higher moisture content. Supporting this review,
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Mindykowski et al. [23] studied “Nordic Spruce” (sic., most
likely Piceas abies, Norway spruce) wood, wet and dry, find-
ing that with higher moisture contents come longer ignition
times, and reporting that the difference becoming negligible
at external heat fluxes higher than 25 kW/m?.

4.2 Permeability and Grain Direction

Wood permeability, which is the ability of fluids to pass
through the material, is dependent on grain direction, as fluids
can more easily flow along the grain than across it.

Of the three studies reviewed in Bartlett et al. [13], two
reported that charring rates increased with increasing perme-
ability [38, 42]. The correlation is explained by the increased
permeability causing an increased flow of volatiles during
combustion, facilitating pyrolysis. Accordingly, the charring
rate parallel to the grain was higher than the charring rate
perpendicular to the grain, attributed to the difference in per-
meability between the two orientations [13]. The third study
did not find any trend between permeability and charring rate
[29].

It is to be noted that two of the three studies use the pen-
etration depth of copper chrome arsenate [29, 42] in wood
as a measure of permeability, while the remaining study uses
gaseous oxygen to calculate a permeability coefficient [38].
Copper arsenate is used as a treatment against insect and
is applied as a water-based mixture. But the permeability
of materials to water mixtures is generally smaller than to
gaseous oxygen, because of the polarity of water as well as
molecule sizes. This difference makes direct comparisons
between studies less clear.

Hugi et al.’s experiment [38] was repeated in a subsequent
study on tropical and European wood (species in appendix)
by Hugi and Weber [39], where they found a similar corre-
lation between the permeability to oxygen and the charring
rate of the samples studied, as shown in Fig. 3. The oxygen
permeability index in Figs. 3 and 4b is the negative logarithm
of the coefficient of permeability and is lower for higher per-
meability of the material. In Fig. 3, the combination of the
data from both studies shows the oxygen permeability index
as a weak predictor of the charring rate (R? < 0.5).

In his study of softwoods and hardwoods (species in
appendix), Harada [16] found that adjusting the density of
hardwoods to account for the sap carrying vessels brings the
correlation coefficient between density and mass loss rate for
his data to 0.96. This can be explained by the increased gas
flow in these vessels, facilitating the pyrolysis reaction, and
supports the theory that gas permeability plays an important
role in the fire performance of wood.

Another study by Spearpoint and Quintiere [26] on
Douglas fir, Redwood (unspecified), Red oak and Maple
(unspecified) showed that the minimum heat flux required
to ignite wood is lower if the exposed surface is cut across
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the grain, where permeability is highest. They also calculated
the temperature of ignition from acquired data on redwood,
which was approximately 200 °C for the highest permeabil-
ity, whereas it became 375 °C for the lowest permeability.

This shows that high permeability is correlated with “easier”
ignition.
These studies give insight into the potential reusability
of wood, as permeability is one of the characteristics of
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Fig.5 Charring rate p versus
density p and moisture content.
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wood that can change as wood ages. Degradation of the cells
increase the gas flow through the material, which would then
increase the charring rate of the specimen, and ignition at
lower temperatures. Permeability is thus an important factor
to keep in mind for the reuse of timber.

4.3 Cross Correlation of Parameters

Density, moisture content and permeability are not indepen-
dent parameters. Specifically, if not measured oven dry, the
density is higher for higher moisture contents. The perme-
ability of wood is dependent on the presence of voids in the
wood structure, which lowers the density. When studying
the relationship between these parameters and fire perfor-
mance, it is important to consider whether any information
is gained, or whether the relationships observed are a reit-
eration of some other relationship. It is then necessary to
compare moisture content, permeability, and density.

A linear relationship between oxygen permeability and
charring rate was already shown in Fig. 3 through data from
Hugi et al. [38] and Hugi and Weber [39]. Figure 4 shows data
from the same sources, in two additional configurations. The
charring rate against the density shows a linear trend with a
coefficient of determination R? of 0.48 (Fig. 4a), similar to
that obtained in Fig. 3. But when representing the charring
rate against both density and permeability, in Fig. 4b, the
charring rate appears to follow a surface along both parame-
ters. The coefficient of determination for the linear regression
of this surface becomes 0.63. This indicates that though the
density and the permeability are not independent from each
other, there is still an improvement of the model by incorpo-
rating both in prediction models. For the different predictive
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models, the coefficients of regression and their p-values are
available in Table 1.

The same analysis was done for density and moisture con-
tent, with the data from Njankouo et al. [33], Adetayo and
Dahunsi [20], Collier [32], Hugi and Weber [35] and Hugi
et al. [34]. In this case, the coefficient of determination was
0.52 between density and charring rate, and 0.21 between
moisture content and charring rate. Combining both density
and moisture content, as shown in Fig. 5, brings the determi-
nation coefficient to 0.57, showing a 5% improvement of the
prediction when moisture is added to density. For the differ-
ent predictive models, the coefficients of regression and their
p-values are available in Table 2.

It is to be noted that in most cases, adding more variables
will increase the value of R%. Correcting for the addition of
variables is possible. The corrected R? for the models with
only two variables are 0.56 for moisture content and density,
and 0.62 for permeability and density. When combining all
three variables (density, moisture content and permeability),
the base R? value of the model is 0.63, while the corrected
value becomes 0.60. This indicates that adding the moisture
content is not an improvement to the density and permeability
model.

4.4 Species

Species identification can be a challenge for the reuse of tim-
ber, as often spruce, pine, and fir are sold in the same batch,
but different wood species are known to have different fire
performances. This is linked to differences in the properties
mentioned above. The review [13] showed that after exclud-
ing moisture content and density, there was still an overall
difference in behaviour between different wood species [13].
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Table 1 Linear regression models using data from Hugi et al. [38] and Hugi and Weber [39], for Figs. 3 and 4

Model Formula R? p-value of coefficients

Density B=—64610"-p+1.03 0.48 p:2-1076

Permeability B =—0.14-0OPI +2.15 0.48 OPI: 2-107°

Density and permeability B=—42710"%.p—951.102 - OPI + 1.89 0.63 p:7-1073 OPI: 7-1073

Table 2 Linear regression models using data from Njankouo et al. [33], Adetayo and Dahunsi [20], Collier [32], Hugi and Weber [35] and Hugi

et al. [34], for Figs. 2 and 5

Model Formula R? p-value of coefficients
Density B=—155810"-p+0.95 0.52 p: 4-10710
Moisture content B=—148.102.MC+0.76 0.21 MC: 4-10°°
Density and moisture content B=—494.10*. p —8.14e107 - MC + 0.99 0.57 p:9-10714 MC: 9-107*
0.0020 - - Hemicelluloses, lignin and cellulose are considered to
AP pyrolyze in the ranges 200-300, 225-450, and 300450 °C
P e * respectively [28], and a study by Gerandi et al. [27] found that
;‘g 0.0015 ® o they could predict some of the fire performance of oak and
° ¢ eucalyptus (Quercus alba and Eucalyptus globulus) using
s known parameters from these polymers. Additionally, a study
g 0.0010 by Di Blasi et al. [43] related the difference between the
g fire performances of European beech (Fagus sylvatica L.),
E chestnut (Castanea sativa), Douglas fir, redwood (Sequoia
g R - [ 4 LA sempervirens), and Stone pine (Pinus pinea) with the differ-
" o " ence in the composition of their lignin.
— On the other hand, a study by Richter et al. [30] compared
350 400 450 500 550 600 650 700 750 the fire performance of biomass samples with their cellulose,

Density (kg-m ™)

Fig. 6 Dependence on density of maximum burn-off (mass loss) rate of
Scots pine (#), Norway spruce (@), Douglas fir (A) and European larch
(M) samples during burn-off.—reproduced from Péanek et al. [15]

The differences were mostly attributed to chemical compo-
sition and anatomy of the wood [13].

Supporting the influence of the wood species on the fire
performance is the work by Panek et al. [15], who studied
Scots pine, Norway spruce, Douglas fir and European larch
after different durations of weathering. Considering the den-
sity of the samples, they found a distinctly different behaviour
in the relative mass loss rate in percent of pine compared to
the other three species, which they attribute to pine’s higher
flammable extractive content, as shown in Fig. 6.

4.5 Chemical Composition

The heat released by burning wood depends on the relative
lignin, holo-cellulose and extractive content, though woods
with similar compositions can have very different heat release
rates, independent even of density [29].

hemicellulose and lignin content and found no relation at
the mesoscale. In a subsequent study, Richter and Rein [35]
confirm this result with a new model, offering that chemistry
is an important mechanism at low heat fluxes and for thin
char layers, but that the physics of heat transfer are dominant
in other situations. This would indicate that changes in wood
chemistry could affect the early stages of a fire but would
most likely not create significant changes once the fire is
fully developed.

A last element of the chemical composition is the extrac-
tive content, which has been linked to earlier ignition and
degradation at lower temperatures by the Di Blasi et al. study
[43]. This is corroborated by a study by Wiesner et al. [40],
in which they show that the density and extractive content is
a good predictor of time to ignition for different Australian
wood species. The study by Panek et al. [15] also attributed
higher charring rates in Scots pine to a higher extractive con-
tent. This might be the source of a challenge for wood reuse.
In a review by Routa et al. [44], it is shown that a 100 year
old Scots pine tree stem contains more extractives than that
of a 25 year old tree of the same species. As very old trees are
becoming rarer in Europe [45], the standard modern timber
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piece is likely to contain less extractives than a piece har-
vested in the nineteenth century, which might have grown
longer before being cut. The higher extractive content of that
nineteenth century piece might then cause high charring rates
which would disqualify it for reuse.

4.6 Damages, Defects, and Changes in Geometry

In this category are considered geometrical characteristics of
a timber element such as cracks and surface damages, which
are only local. Global geometry, such as cross-section and
length, does affect the fire performance, but is considered in
design whether the piece is modern or reused. Knots, due to
their higher density, tend to char slower than clear wood [13].

Higher charring rates have been reported around cracks in
the wood in three studies [31-33], with one by Cimer et al.
indicating that wider cracks lead to deeper charring [31]. This
study also reported no increased charring around holes due to
insect attacks. They did not indicate the type of wood inves-
tigated. The study by Sandanus et al. [32] observed that for
sawn slits in C24 timber (species not indicated), the differ-
ence between sound wood and damaged wood charring gets
lower with longer burning times. The third study by Harun
etal. [33] studied “heritage” pine (unspecified) beams from a
construction built in 1905. They found that cracks expanded
in the full-scale tests, but not in the cone calorimeter tests,
which they assigned to the mechanics of moisture in the sam-
ples. None of these studies have investigated whether the
local increase of charring had consequences on the global
performance of timber, or whether it could have an impact
on the design of timber structures using cracked pieces.

Reused timber will often show cracks due to shrinkage
[46], but these can also appear early in the service life of a
piece of timber. There is then little evidence that significant
shrinkage cracks would disqualify a piece for reuse from the
point of view of fire safety. Nonetheless, further research is
necessary on the subject.

Finally, Wang et al. [34] studied ancient wood samples
(species in appendix) from Chinese temples (400—-1400 years
old) through a cone calorimeter. They compared the damages
to the surface of the wood, for example from insect attacks, to
the ignition time and heat release. They found that the more
damaged samples ignited earlier and had higher peak of heat
release. This could cause concern for the reuse of wood, but
only in the case of damaged pieces.

4.7 Discussion

Of all parameters generally measured in wood samples, four
have a definite effect on the fire performance. Three of them,
density, moisture content, and species of the wood have
well accepted and reported effects. Some studies attribute
the difference between species to their different chemical
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composition. In construction standards in the EU and Aus-
tralia/New Zealand, only the density and the species are
sometimes considered for design. The US standard only con-
siders a flat charring rate.

The last of the four, permeability, is recognized and
included in many models, but rarely studied independently.
The method of measurement is also not uniform, compli-
cating the analysis. Though permeability and density are not
independent of each other, combining them in a model is still
beneficial. The inclusion of moisture content did not appear
to be beneficial for the data set considered.

Geometry is a property of timber that can affect the fire
performance, but no studies have reported on whether a local
geometrical change (e.g. cracks) would affect the global fire
performance, which would cause a lower fire performance
for the timber. The EU standard takes geometry into account
when designing timber structures for fire.

For the reuse of timber, these six parameters (density,
moisture content, species, permeability, chemical compo-
sition, local geometry) are the most likely to allow a
classification of the fire performance without fire tests, espe-
cially when combined. The next step is determining how
those properties evolve when the timber is in use.

5 Reused Wood: Irreversible Aging of Timber

There is hardly any agreement on how the properties of tim-
ber evolve as it ages. Some studies do not report changes,
others do, but one aspect remains constant: it is extremely
difficult to have clear links between the passage of time and
the properties of wood, as many different mechanisms can
influence the result. When studying samples, even when the
origin and age is precisely known, there is a high level of
uncertainty regarding loads and environmental conditions
[47]. Some forms of deteriorations are due, or exacerbated
by, inadequate moisture and temperature during the service
life. Decay can happen quite fast if the wrong conditions
are applied. Despite its importance, the history of the sample
cannot reliably be measured for reused wood and might need
to be considered a black box.

Aswood is aplant that is grown and harvested, there is also
the problem of human intervention. Modern timber has been
selected with criterions that are different than that of the 19th
and even early twentieth century. Reused timber could have
been harvested 200 years ago, and it is impossible to know
whether a lower performance (for example an unexpectedly
high charring rate) is due to ageing, or if the result would have
been the same if the test had been performed when the timber
was new. Nonetheless, no change is overall observed in the
modulus of elasticity (MoE) [48-50]. A loss of strength is
common [47-52] butnot always observed [53, 54], especially
for timber that has only experienced low loads. And though
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there are reports on the evolution of the chemical composition
with time [22, 55, 56], the changes observed vary greatly
between studies.

Three of the studies found have looked at the age of wood
as an indicator of fire performance [15, 20, 34], though other
factors such as density and original quality of the wood were
usually not excluded, leading to unclear applicability of their
results to other scenarios.

Indirectly linked to aging, changes to the geometry of
the piece are expected when the wood is exposed to chang-
ing environmental conditions. The slow adaptation of wood
to changes in atmospheric humidity causes moisture gradi-
ents, and moisture-induced stresses [57, 58], which can cause
cracking in the direction parallel to the grain, or loss of flat-
ness of the piece [59]. In certain cases, biotic attacks may
occur, which include fungi or insect attacks. Wood is partic-
ularly vulnerable to fungi if its moisture content is higher than
20%, and its temperature above 20 °C, while the conditions
for insect attacks vary between wood and insect species.

An overview of the different studies reviewed, by prop-
erty investigated, method, and findings, is available in the
appendix.

5.1 Mechanical Properties

Mechanical properties are not directly linked to fire perfor-
mance metrics such as charring rate and heat release. There
are two reasons the subject is not dismissed in this review.
First, the resistance of timber to load cannot be dismissed
when studying load-bearing timber exposed to fire. Assum-
ing that there are no mechanical changes in reused wood
compared to new could lead to failure in case of fire, even if
the piece can sustain common loads.

Additionally, the mechanical properties and the fire per-
formance of wood can both be traced back to similar wood
properties, such as its density. A study by Domény et al. [60]
also showed that damages to the micro-structure of European
beech led to increased permeability and decreased compres-
sion strength.

A loss of strength is expected from timber through its use.
Machado et al. [48] studied Scots and maritime pine (Pinus
pinaster) members from a building constructed after the 1755
Lisbon earthquake. The specimens experienced a significant
loss of tensile strength compared to the modern made control
group, while the density was equivalent between old and new.

Another study by Llana et al. [49] manufactured CLT
pieces from 200-year-old recovered European oak (Quercus
robur L.) and compared them to modern CLT of the same
species. They found a lower bending strength in the CLT
made with recovered wood, which they attributed to both the
load history and the original quality of the timber, as shown
in Fig. 7b). Bending strength was also found to decrease by
Wuetal. [51] in a study of Canadian spruce-pine-fir, but only

for pieces exposed to long durations of loading above 55% of
their capacity. This is attributed to the creep effect, in which
the deformation of timber to its load increases with time. This
will eventually lead to the failure of the piece [61], but in the
shorter term reduces the ultimate mechanical strength.

Hoffmeyer and Sgrensen [52] studied the combined effect
of moisture content and the duration of time spent under
design load on Norway spruce boards over a 13-year period.
Higher moisture content (MC) (20%) led to an increased
failure rate of the specimens during testing, with worst rates
for varying moisture content, showing that the creep effect
depends on the environmental conditions, and not only the
load and its duration. The ratio of applied stress to stress
capacity that causes failure after 50 years was extrapolated
to be 0.60 for MC = 11%, 0.50 for MC = 20%, and 0.44 if
the MC cycles between 11 and 20%. The mechanosorptive
effect explains the failure at lower stresses when the moisture
content has high variations, which is the phenomena of long-
lasting mechanical changes in wood through simultaneous
loading and high humidity.

Loss of bending strength due to environmental conditions
was also found by Uwizeyimana et al. [50] in a study of Dou-
glas fir Glulam before and after seventeen cycles of wetting
and drying, creating artificial aging of the wood. On the other
hand, two studies by Falk et al. [53] studied recovered Dou-
glas fir from 55-year old columns. They did not find any loss
of strength in the loading direction compared to the expected
value for modern pieces. Additionally, they did not find any
loss of compressive strength in the pieces presenting shrink-
age cracks compared to their uncracked counterparts.

Yokoyama et al. [54] studied Hinoki wood (Chamaecy-
paris obtusa) from historical buildings compared to modern.
They found no change in rigidity nor longitudinal strength
when accounting for differences in density and moisture con-
tent but noted an increased brittleness especially in the radial
direction.

When it comes to the modulus of elasticity, none of the
studies which tested it found any loss in timber recovered
from old buildings [48, 49], or in timber artificially aged
through wetting and drying [50]. An example of this is shown
in Fig. 7a).

Overall, these studies show that the mechanical strength
of timber does degrade over its use, but that it is highly depen-
dent on its loading and environmental conditions. There is
also the question of whether wood harvested 200 years ago
was of comparable strength grade as wood harvested in the
last 20 years.

5.2 Chemical Composition
Kranitz [55] reviewed 16 studies on the chemical compo-

sition of aged wood of different species, from 60 up to
4400 years old. Though results varied, some general trends
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Fig.7 Average result for: a Modulus of elasticity (MOE, global, for
12% moisture content), b Modulus of rupture, for new cross-laminated
timber (CLT, three layers; NNN and NRN) and three layers CLT made

were established. Hemicellulose and crystallinity of cellu-
lose decreased over time, while lignin and cellulose content
remained overall constant. Aseeva et al. [22] also reviewed
multiple articles and concluded that the chemical com-
position in archeological timber is different from modern
samples, with a general increase of the proportion of lignin
and ashy substances.

Both studies attribute the changes found to the ageing
process, and not to differences in growth conditions. These
differences could lead to changes in the fire performance of
wood, as higher lignin contents in natural fibers was linked
by Dorez et al. [62] to higher charring and higher calorific
values. It is to be noted that this link has not yet been studied
for wood.

5.3 Age as an Indicator of Fire Performance

The fire performance of older wood elements is a concern
when it comes to the conservation of historical buildings
[63—-65]. The study by Panek et al. [15] found no significant
change in fire performance in Scots pine, Douglas fir, Euro-
pean Larch or Norway Spruce after 24 months of weathering,
as shown in Fig. 8. On the other hand, two studies were found
indicating that there is a degradation of the fire performance
after a period of use [20, 34].

Chorlton and Gales [20] studied the fire performance of
timber removed from buildings constructed in the 1800s,
compared to modern glulam. Both modern and historical
wood were of unspecified spruce and pine. They observed
lower performances for the older timber (higher char rates
and lower time to ignition) but conceded to a higher den-
sity of the modern timber, and a marked difference in growth
ring width. This would indicate that the difference observed
is due to lower initial quality rather than a degradation of the
performance over time.
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In comparison, Wang et al. [34] studied a small number
of wood samples from ancient Chinese temples through a
cone calorimeter test. The species can be found in appendix.
They found earlier ignition and higher peak heat release in
the older samples compared to modern samples of the same
species. They also found irregular heat release rate curves in
the older samples, associated with high thermal conductivity,
and early failing of the char layer. This was done on only a few
samples, such that statistical analysis is impossible, probably
due to the difficulty of sourcing wood as old as 1000 years
old. These results might thus be considered anecdotal.

5.4 Discussion

None of the properties investigated in the reviewed papers
have been definitively proven to change due to the passage of
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time only. The mechanical strength of wood is often reported
as decreasing with age, but it appears to be due to environ-
mental and/or loading conditions. No studies have been found
relating the mechanical properties of timber at room temper-
ature with its burning behaviour.

Though changes in the chemical composition of wood
have been observed, there is no consensus on which changes
occur, and the mechanisms driving these changes. Further-
more, the relationship between chemical composition and
fire performance in wood in unclear. The local geometry of
a piece can change due to environmental conditions or biotic
attacks. This has been linked to the fire performance of wood,
but the relationship requires further research.

After reviewing the properties of wood linked to fire per-
formance and the way wood properties change with age, the
question remains of whether these properties can reliably
be measured without damaging the element. The non-
destructive tests that are currently available to researchers
are covered in the next section.

6 Non-Destructive Testing

To gain insight into properties of timber linked to fire per-
formance, such as density, moisture content or permeability,
and to maximize timber’s reusability in the construction sec-
tor, non-destructive testing is preferable, meaning techniques
that do not damage the specimen. More specifically, the tech-
nique must be able to be repeated to infinity to be truly
non-destructive. For techniques that can be repeated, but
would eventually lead to degradation of the specimen, the
term semi-destructive is used. These techniques can also be
used, but must be carefully applied to not reduce the potential
of the specimen for reuse.

The most common non-destructive techniques are pre-
sented here, as well as some newer methods that are con-
sidered promising.

Some methods only give limited information on the ele-
ment tested, making them less attractive for commercial use.
To differentiate the ways in which a method is limited, four
categories are introduced:

— L: the information is only applicable to part of the element
(Local).

— NQ: the information is Not Quantifiable.

— UR: the technique is still Under Research.

— E: the technique only provides an Estimate of the investi-
gated property, with high error rates.

Fig.9 Visible damage from a 200-year-old Pinus sylvestris piece.
Cracks, holes (arrows), and cuts (blue square) are apparent without
equipment. A steel tube (red circle) is protruding from the lower side
of the piece (Color figure online)

6.1 Visual Investigation

Historically, the first step when a wooden element is eval-
uated is a thorough visual investigation [66—68], supported
by pictures and basic measurement tools such as callipers,
feeler gauges, or rubber mallets. This is the case for wooden
objects, furniture, construction beams and even trees.

This method can identify many defects and problems with
the wood (cracks, fungi, etc.), can generally identify wood
genus (though precise species can be difficult to pinpoint)
[69, 70], can sometimes identify the time period during which
the piece was sawn [71], and has been historically, and is
still to this day, used to grade the mechanical properties of
timber [72-74]. An example of damages visible to the eye
is shown in Fig. 9. Visual investigation can also be used to
estimate the density of a specimen through its weight and
apparent dimensions. The more irregular the piece, and the
more damages it received, the less precise the method is.

This method is always going to be used, as it is rela-
tively cheap and fast and requires little equipment. It has
nonetheless some drawbacks, as it requires an experienced
investigator and cannot accurately answer for the internal
quality of the specimen [75]. As such, itis a Local (L) method
for geometrical properties and provides only an Estimate (E)
of the mechanical properties and the species identification.

6.2 Photometry

Photometry in the context of measurements of construction
materials includes all methods of measurement of visible
light that supplement visual investigation, such as pictures,
3D mapping, laser measurements, etc. They are used to obtain
geometrical information such as shape, cracks, slope of grain
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Fig. 10 3D mapping of the Pinus sylvestris piece shown in Fig. 9. The
crack (arrow), the cut and the steel tube (red square) are visible (Color
figure online)

or measurement of knots [76-78], or surface information on
weathering [56, 79]. Since the information is limited to the
surface of the element, photometry is categorized as Local
(L). An example of 3D mapping is shown in Fig. 10.

6.3 Sound Waves

These methods study sound waves in the wooden element.
Information about the wood is obtained by analysing a sound
pulse through the element and/or its echo. It can be used as an
imaging technique or for measuring the vibrational properties
of the wood.

The use of sound waves as an imaging tool is limited,
though rapidly progressing [80], but the results are Not Quan-
tifiable (NQ) [81]. Sound waves can also be used to measure
the time of flight of sound in the material, which is related to
both the density and modulus of elasticity [73, 74, 76, 82—84].
These measurements have been shown to be dependent on
both temperature and moisture content [85-87].

Vibrational analysis is the study of the resonance fre-
quency of the element, usually calculated from an oscil-
loscope or accelerometer. It is related to the modulus of
elasticity and the density [85]. The vibration frequency of
wood is temperature and moisture content dependent. Rig-
gio et al. [88] showed that vibrational analysis returns lower
results than time of flight measurements for the modulus of
elasticity of the same sample.
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Fig. 11 Example of internal structure of two different wood species,
measured through X-ray computer tomography at DTU Denmark. The
left sample shows larger, less dense pores, as well as rays. The right
sample shows no rays, but smaller and denser pores

With these limitations of the technique in mind, the use
of sound waves to calculate mechanical properties is here
considered an Estimate (E).

6.4 X-Rays

This method is usually applied for imaging the internal
structure of the element. The absorption of X-ray beams is
measured, giving insight on the wood geometry and potential
damages or inhomogeneities, such as hidden metal nails or
dowels of a different wood species.

X-ray computer tomography has been shown to be used
to map knots [89, 90] and detect damages inside wooden
specimens [66, 69]. An example of the information which
can be retrieved through this method is shown in Fig. 11.
There is a clear difference in pore size and distribution, and
rays are visible on the left sample but absent on the right.
There is also a very strong correlation between the density of
wood clear of knots and defects and its attenuation of X-rays
[91-93].

X-Ray fluorescence spectroscopy has also been used by
Shugar et al. [94] along with machine learning to identify
wood species from samples. As this use of the technique is
new, it is still Under Research (UR).

6.5 Microwave

As with X-rays, the absorption of microwaves can be used
to infer wood properties, as well as for imaging [66]. This
relies on the dielectric properties of the sample.

Aichholzer et al. [95] used this method to measure the
density, moisture content and grain angle in spruce. They
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found good correlations for samples from 5 to 27% moisture
content, but the technique has only been used in laboratory, on
smaller samples. This method is considered Under Research
(UR) for the purpose of this review.

Brodie et al. [96] showed that microwave measurements
could be used to detect termite infestations in hardwood poles
installed in Melbourne, Australia, in a qualitative detection
scenario.

Ground penetrating radars use the same principle as
microwave methods, measuring the dielectric properties of
the sample to image its internal structure. Its main advantage
is the speed of the application, though the interpretation of
the results is oftentimes difficult, and requires an experienced
operator [97]. This method is Not Quantifiable (NQ).

6.6 Infrared Spectroscopy

Infrared spectroscopy is the study of the spectrum of light
created by a sample when excited with infrared light. When
associated with machine learning, it has been shown to be
able to discriminate wood species [98—100], wood origin
[101], as well as trace individual trees through a production
line [102]. It has also been associated with other methods to
determine the chemical composition of wood and biomass
[103-106], though the method is often only adapted to one
species. Near-infrared spectroscopy has also shown promises
for the determination of mechanical properties [46].

Panek et al. [15] showed that the surface spectrum of wood
changed significantly after weathering, indicating that the
state of the surface could influence the results of IR spec-
troscopy. They attribute the changes in spectra to the changes
in chemical composition of the wood surface after exposure
to water and UV light, specifically degradation of lignin and
hemicelluloses. Palanti et al. [107] used the near infrared
spectrum of Italian cypress to determine its extractive con-
tent.

Infrared spectroscopy may also be used for density mea-
surements, though the model needs to be calibrated for a
specific species, and for the detection of defects such as knots,
bark, and cracks [108]. The same study found a low correla-
tion between the IR information and the modulus of elasticity
of the wood.

Poletto et al. [103] used Fourier Transform Infrared
spectroscopy combined with chemical analysis and ther-
mogravimetry to evaluate differences wood chemistry and
structure between different species.

All these uses of infrared spectroscopy are classified for
this review as Under Research (UR).

6.7 Semi-Destructive Testing

Many different methods of measurement imply some dam-
age to the sample. These damages may be minimal, as only a

sample weighing a few micrograms may be needed, but are
not infinitely repeatable. Nonetheless, they might be neces-
sary to measure some wood properties. Aside from species
identification, the results are always Local (L).

6.7.1 Sample Collection

Many properties of wood can be measured locally by col-
lecting and testing a sample. In this case, the test can be fully
destructive, as it only affects the sample, and not the full
element. Such tests can measure:

— Mechanical strength (bending, shear, tensile) [109]
— Density [110]

— Moisture content [110]

— Permeability [38]

— Chemical composition [111]

The identification of the wood species is also often done
through the study of a sample under microscope, comparing
the anatomy with a library [70]. These tests are negligibly
destructive, as long as care is taken to document the specimen
properly, since the sample taken is usually on the scale of
micrograms.

Nuclear magnetic resonance (NMR), which measures
the reaction of molecules to a magnetic field, can give
insight into the chemical composition and porosity of wood
[112-114]. Samples usually need to be taken, but some stud-
ies have been done with mobile probes [113, 115]. This is
a well-documented semi-destructive method, but still under
research as a non-destructive method.

For density specifically, drill residue collection leads to
more accurate readings of the density [116], by collecting
not only the core sample but also the sawdust residue created
by the drilling.

Sample collection to investigate the properties of reused
wood are not always problematic, particularly for small
stocks. But in timber buildings, some properties of the wood
are uncertain, such as the species and genus of the pieces, or
how long ago they have been harvested. It is precarious to
make assumptions about statistical distributions in the stock.
Thus, nearly all specimens should be tested, which for large
stocks is a lengthy and expensive process. The same reason-
ing explains the avoidance of fire tests.

6.7.2 Local Tests

Local tests are performed on the full element tested, but only
damage the test area.

Resistivity measurements are the accepted method for
measuring the moisture content of wood, with many different
brands of moisture meter functioning on the measurement of
the electrical resistivity of the wood. It consists of pushing
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two electrodes into the specimen and measuring the electrical
resistance. This leaves two small holes in the wood. These
measurements are limited to the range between 6% and the
fibre saturation point [117].

Complex resistivity has also been shown to be able to
measure both moisture content and the degradation of wood,
for example due to fungi attacks [118]. This method is most
commonly used on live trees.

In penetration tests, a probe usually made of steel is pushed
into the element, and the resistance to penetration is mea-
sured. They are often used to give a measure of the density
or hardness of the piece, as well as other mechanical proper-
ties [83].

Pin pushing [74, 109], needle penetration [119] and drill
resistance [74, 120] tests are all examples of penetration tests.
They are sometimes used to investigate the internal sound-
ness of the wood, as a sudden drop in penetration resistance
is reliably associated with a defect such as rot, insect dam-
age or the presence of a void. Multiple measurements placed
strategically on the piece can give information on the resid-
ual geometry of a heavily damaged piece, for example after
exposure to fire [120].

Another form of penetration test is the hardness test, usu-
ally derived from the Janka test [121], in which the force
needed to imbed a 1cm diameter steel hemisphere into the
wood. This only gives surface information on the element but
is well correlated with the modulus of rupture, the density,
and the modulus of elasticity for sound wood [109, 122].

A screw withdrawal test measures the force needed to
remove a screw drilled into the wood. It provides informa-
tion on density and mechanical properties [109, 123]. The
compression strength can be measured in a pre-drilled hole
[109], leading to better representation of the internal mechan-
ical properties of the wood element.

6.8 Unsuitable Methods

There exist non- and semi-destructive techniques which are
used for wood and wood products, but which have been found
to be irrelevant for this review. Some examples will be men-
tioned here.

Acoustic emissions testing gives valuable insight into the
stresses of timber in service [124], but it is unsuitable for tim-
ber out of service. Loading tests only measure the mechanical
properties of timber, which at room temperature have not
been linked to burning behaviour. Thermography can identify
regions of damage [81] or unusually high moisture content,
but only qualitatively. Magnetic resonance imaging, or MRI,
is most suited for the imaging of specimen with high water
content, like living tissues or waterlogged wood [66, 125],
and cannot be used if there are any magnetic metals in the
tested specimen.
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7 Summary

Table 3 summarizes the different techniques explained in this
review, with the associated measured properties and limita-
tions of each method. The greyed-out cells correspond to
techniques which are not readily available commercially.
Table 3 shows that most methods are concerned with mea-
suring geometrical properties (including biotic attacks and
internal defects). There exists no non-destructive method to
measure permeability of wood.
Of all available techniques, some stand out:

— Acoustic emission measurements cannot be used to mea-
sure inherent properties of the wood.

— The use of X-Rays is the only method which can observe
reliably and quantifiably the geometry of the wood internal
and external (voids, cracks, and biotic attacks). It is also
the only non-destructive method which can measure the
density of wood over a large volume.

— Infrared spectroscopy is the only method which might
identify wood species without having to collect a sam-
ple, inducing excessive costs, though the method requires
heavy calibration. It is also the only non-destructive tech-
nique found to measure wood chemistry, though no study
has been found applying it to construction grade timber.

Some techniques can report on the mechanical properties
of wood (i.e., stress waves), while others cover properties that
can be associated with fire performance (i.e., X-rays). Of the
reported techniques in this study, only the study of samples
and the use of (near-) infrared spectroscopy have been shown
to do both, as shown in Fig. 12.

Table 4 compares the properties of wood and shows
whether they change with time, whether they have been
linked to the fire performance, and whether they can be
measured by non-destructive methods. The best options for
measuring non-destructively the fire performance of reused
timber rely in the measurement of properties that are linked
to fire.

It shows that there is potential in studying the density,
moisture content, permeability, and species of wood when
it comes to its fire performance. Permeability cannot yet be
measured non-destructively, but the others can. And though
the mechanical properties of wood are not directly linked to
its fire performance, other properties of timber are linked to
both, such as the density, or the species. An additional point of
research could be to find a non-destructive technique linked
to both fire reaction and mechanical properties.
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Table 3 Overview of methods in this review and the properties of wood measured

Method Moist

oisture Density Permeability Species Chem.  Geometry Mechanics
Content

Visual E E L E

Photometry L

Ultrasounds NQ NQ

Stress waves NQ E

Microwave UR UR NQ

X-Rays \ Yes | UR (?)2 Yes |

R

spectroscopy UR Yes Yes UR

Sample

collection = L L Yes L

Local tests L L L

@ X-Ray fluorescence spectroscopy could in theory be used for the same applications as

IR spectroscopy, but no research was found on the subject.

Geometry includes damages and defects, as well as grain direction. Under the double line are semi-destructive methods. Greyed cells are methods
not easily available commercially. Green cells are techniques which are global, quantifiable, and well accepted for their purpose
“X-ray fluorescence spectroscopy could in theory be used for the same applications as IR spectroscopy, but no research was found on the subject

Fire-related

properties

Mechanical properties

Fig. 12 Techniques which can give insight into the fire performance or
the mechanical properties, and techniques which can possibly do both

8 Conclusion

The aim of this paper is to review whether non-destructive
testing methods allow to estimate the fire performance of
reused wood, reducing the need for expensive and extensive
fire tests. For this purpose, three aspects were investigated in
literature:

— The properties of wood linked to its fire performance
— The aging of wood properties
— Which non-destructive testing methods are available

Many properties of wood have been agreed by researchers
to factor into its fire performance. Density, moisture content,
permeability and species all have an influence, but none can

Table 4 Comparison of wood properties with factors reviewed in this
paper

Wood property  Irreversible Linked to NDT method
changes with fire
time
Density Unclear Yes X-rays
Moisture No Yes Resistivity
content
Permeability Unclear Yes -
Species No Yes IR
spectrometry
Chemistry Unclear Unclear IR
spectrometry
Geometry Yes Unclear X-rays
Mechanics Yes No Semi-static

bending

be said to dominate the burning process. Thus, the fire per-
formance of reused wood cannot be reliably predicted by one
or even a combination of these parameters.

Additionally, the relationship between fire performance
and both local geometry and chemical composition is unclear
for different reasons. The influence of local geometry is under
researched, while there is contradicting literature on the influ-
ence of the chemical composition.

There were no studies found researching a relationship
between mechanical properties at room temperature and fire
performance metrics, though they are both linked to other
wood properties, such as its density.

With those different factors in mind, this paper looked at
which properties of wood change with ageing, and how. As
the genus and species of the wood cannot change, the focus

@ Springer
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was on mechanical properties, geometry, moisture content,
permeability, and density, of which none were found to irre-
versibly change through only the passage of time.

Mechanical and geometrical properties change depending
on the environmental conditions and the loads during its use.
There often is a degradation of the mechanical strength of
the wood, and some loss of material can be seen due to biotic
attacks, or human action. Cracks are also common in timber
even after a short period of use.

Moreover, though the moisture content of the wood might
change with time, it is not irreversible, and proper condition-
ing will bring the element to the desired level with time.

As for density and permeability, no research was found
indicating whether changes can be observed over time,
though there were indications of chemical changes, as the
hemicelluloses decreased, while the lignin and celluloses
content remained constant. It is to be noted that the results
were not uniform over all studies.

Finally, non-destructive testing was investigated. Many
uses were found, but most techniques focus on obtaining
information on the geometrical defects of the wood, such
as insect attacks or internal voids. Only four non-destructive
tests were found which could measure wood properties accu-
rately and over an entire piece while at the same time being
well-researched and documented:

— X-ray photography/tomography permits both the measure-
ment of the density of the wood as well as the recording
of the wood geometry.

— Resistivity measurement is an accepted and commercially
available method for the determination of the moisture
content in timber.

— Infrared spectroscopy has been reliably linked to the dis-
crimination of different wood species.

— Loading tests are the only method that can precisely mea-
sure some of the mechanical properties of timber, though
these tests are not always non-destructive.

@ Springer

From the results of the reported studies, it is concluded that
there is no currently available methodology to determine the
fire performance of reused timber through non-destructive
tests. There are nonetheless indications that density mea-
surements, combined with moisture content and species
identification, could answer broadly for the fire performance.

A clearer picture of the way fire performance of timber
evolves with time is needed, through extensive compara-
tive testing. But there are also more research opportunities
revealed by this review.

Current technology does not permit to measure wood per-
meability non-destructively. Such a technique is available
for the water absorption capabilities of concrete. The devel-
opment of an equivalent for wood would encourage future
researcher to consider permeability as a factor for fire per-
formance, as well as for other parameters.

As a second opportunity, there is already a technique
for the determination of the chemical composition of wood
through NIR/IR spectrometry. Without having to content
with expensive and time-consuming chemical tests, this
technique permits a rapid answer, if the proper method is
established for the type of sample. There is thus a need for
a large-scale study of softwood chemical composition com-
pared to NIR/IR spectrometry, which would open the door for
many subsequent studies comparing wood chemical compo-
sition to other properties, among others the fire performance.

Lastly, the relationship between wood geometry and fire
performance is still unclear. Cracks and biotic attacks can
influence the depth of the char layer locally, but there is little
information on whether this is a concern for global design.

Appendix: Overview of papers

See Tables 5 and 6.
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Table 5 Overview of studies concerning fire performance by property, which type of wood was tested, with which type of fire, and what was found

Property Wood type Fire test Charring rate Findings References
measurement
Density Study review N/A N/A Charring rate increases [13]
with density
Glue-laminated ISO 834-1 fire on Remaining Correlation between [18]
timber—spruce three side, loaded, cross-section charring rate and
(unspecified until failure density, but density
genus) variations in single
specimen
Norway Spruce ISO 834-1 fire, Remaining Charring rate decreases  [14]
(Picea abies), 30 min cross-section exponentially with
balsa (Ochroma increasing density,
pyramidale), and until 800 kg/m>
unspecified
compressed
laminated wood
Tabebuia donnell-  Cone calorimeter, N/A Different burning [19]
smithii thermogravimetry, behaviors mostly
Enterolobium cyclo- LOlI, epiradiator, attributed to
carpum PCFC differences in density
Tabebuia rosea;
Swietenia humilis
Lysiloma  acapul-
censis
Cordia
elaeagnoides;
Tabebuia
chrysantha
Silver quandong  Cone calorimeter, N/A Density positively cor-  [39]
(Elaeocarpus thermogravimetry, related to time to igni-
grandis) differential tion, as well as extrac-
Queensland White- scanning tive content
wood  (Alstonia calorimetry Lower peak mass loss

scholaris)

Queensland Maple
(Flindersia bray-
leyana)

Northern Silky
Oak (Cardwellia
sublimis)

Black Wattle (Aca-
cia mearnsii)

Merbau/Kwila
(Intsia bijuga)

Darwin Stringy-
bark (Eucalyptus
tetrodonta)

Grey Ironbark
(Eucalyptus
drepanophylla)

Cooktown
Ironwood
(Erythrophleum
chlorostachys)

rate temperature with
higher extractive
contents in TGA
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Table 5 (continued)

Property Wood type Fire test Charring rate Findings References
measurement

Scots pine (Pinus ENISO 2592, Relative mass loss rate ~ Correlation between the  [15]
sylvestris); Euro- propane-butane, 60s charring rate and
pean Larch (Larix exposure density for the first
decidua); Norway three, but higher,
spruce uncorrelated charring

Douglas fir (Pseu- rate for pine
dotsuga menziesii)

before and after
weathering

Cryptomeria Cone calorimeter Not indicated—pre- Mass loss rate increases  [16]
Jjaponica; sumed remaining with increasing
Chamaecyparis cross-section density, but better
obtuse correlation when

Thujopsis density corrected for
dolabrata; Pinus the presence of
densiflora vessels in hardwoods

Larix  leptolepsis;
Paulownia tomen-
tosa

Alnus Jjaponica;
Fagus crenata

Juglans sieboldiana;
Fraxinus lanugi-
nose

Zelkova serrata;
Quercus mon-
golica

Quercus acuta

Glue laminated Cone calorimeter Remaining Faster ignition and [20]
timber and cross-section higher charring rate in
heritage timber the heritage timber,
(unidentified which had lower
spruce and pine) density

Terminalia superba;  Electric furnace, Remaining Charring rate decreases  [17]

Milicia excelsa,
Khaya ivoren-
Sis; Mansonia
altissima,
Nauclea diderrichii;
Tectona grandis

30-60 min exposure cross-section

with higher density

@ Springer
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Table 5 (continued)

Property

Wood type

Fire test

Charring rate
measurement

Findings

References

Moisture content

Norway Spruce;
Triplochiton scle-
roxylon,

Hallea cili-
ate/stipulosa;
Ficus glabrata

Erisma; Maple
(Acer pseudopla-
tanus)

Cedrelinga catanae-
formis; Shorea
hypochra

Oak (Quercus
robur/petraea);
Calophyllum
Brasiliense

Hymenaea
courbaril;
Amburana
cearensis

Study review

Norway spruce, wet
and dry

Terminalia superba;
Milicia excelsa,

Khaya ivoren-
Sis; Mansonia
altissima,

Nauclea diderrichii;
Tectona grandis

Norway Spruce;
Triplochiton scle-
roxylon,

Hallea cili-
ate/stipulosa;
Ficus glabrata

Erisma; Maple
(Acer pseudopla-
tanus)

Cedrelinga catanae-
formis; Shorea
hypochra

Oak (Quercus
robur/petraea);
Calophyllum
Brasiliense

Hymenaea
courbaril;
Amburana
cearensis

ISO 83-1 fire, 25 min

N/A

ISO 5660 cone
calorimeter

Electric furnace,
30-60 min exposure

1SO 834-1 fire,
25 min

Remaining
cross-section

N/A

N/A

Remaining
cross-section

Remaining
cross-section

No correlation observed

High moisture content
led to lower charring
rate, higher ignition
times, higher mass
loss rates, low
strength effect

High moisture content
leads to longer
ignition times

Charring rate decreases
with higher moisture
content

No correlation observed

[39]

[13]

[23]

[17]

[39]

@ Springer
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Table 5 (continued)

Property Wood type Fire test Charring rate Findings References
measurement
Permeability and grain Study review N/A N/A Charring rate overall [13]
direction increases with
permeability, higher
in grain direction
Norway Spruce;  ISO 834-1 fire, Remaining As permeability [39]
Triplochiton scle- 25 min cross-section increases, so does the
roxylon, charring rate
Hallea cili-
ate/stipulosa;
Ficus glabrata
Erisma; Maple
(Acer pseudopla-
tanus)
Cedrelinga catanae-
formis; Shorea
hypochra
Oak (Quercus
robur/petraea);
Calophyllum
Brasiliense
Hymenaea
courbaril;
Amburana
cearensis
Cryptomeria Cone calorimeter Remaining Increase of correlation [16]
Jjaponica; cross-section between charring and
Chamaecyparis density when density
obtuse adjusted in
Thujopsis hardwoods for the
dolabrata; Pinus voids caused by
densiflora vessels carrying sap.
Larix  leptolepsis; These vessels
Paulownia tomen- increase gas
tosa permeability
Alnus Jjaponica;
Fagus crenata
Juglans sieboldiana;
Fraxinus lanugi-
nose
Zelkova serrata;
Quercus mon-
golica
Quercus acuta
Species Study review N/A N/A Differences between [13]

wood species persist
when excluding
density and moisture
content

@ Springer
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Table 5 (continued)

Property Wood type Fire test Charring rate Findings References
measurement

Tabebuia donnell-  Cone calorimeter, Remaining Different behavior in [19]
smithii thermogravimetry, cross-section LOI between species

Enterolobium cyclo- LOlI, epiradiator,
carpum PCFC

Tabebuia rosea;
Swietenia humilis

Lysiloma  acapul-
censis

Cordia
elaeagnoides;
Tabebuia
chrysantha

Scots pine; Norway  ENISO 2592, Remaining Higher charring rate in [15]
spruce propane-butane, 60s cross-section pine compared to

Douglas fir; exposure other species
European Larch

Chemical composition Thin plates of oak Cone calorimeter N/A Prediction of burning [27]

(Quercus alba) thermogravimetry behavior possible

and eucalyptus
(Eucalyptus
globulus)

European beech
(Fagus

Sylvatica L.); chest-
nut (Castanea
sativa)

Douglas fir; red-
wood  (Sequoia
sempervirens)

pine (Pinus pinea)

Scots pine; Norway
spruce

Douglas fir; Euro-
pean Larch

before and after
weathering

Numerical model

Numerical model

Bench scale pyrolysis ~ N/A

system

ENISO 2592, Remaining
propane-butane, 60s cross-section
exposure

N/A N/A

N/A N/A

through known
parameters from
pyrolysis of known
chemical components

Higher initial heat [43]
fluxes necessary for
softwoods, explained
through different
degradation
temperature of their
lignin

Higher charring rate in [15]
pine, associated with
a higher extractive
content

Differences in chemical  [30]
composition did not
lead to differences in
mass loss rates or
charring rates at the
mesoscale

Both the chemistry of [35]
pyrolysis and heat
transfer physics effect
the burning behavior

@ Springer
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Table 5 (continued)

Property Wood type Fire test Charring rate Findings References
measurement
Silver quandong  Cone calorimeter, N/A Density positively cor-  [39]
(Elaeocarpus thermogravimetry, related to time to igni-
grandis) differential tion, as well as extrac-
Queensland White- scanning tive content
wood  (Alstonia calorimetry Lower peak mass loss
scholaris) rate temperature with
Queensland Maple higher extractive
(Flindersia bray- contents in TGA
leyana)
Northern Silky
Oak (Cardwellia
sublimis)
Black Wattle (Aca-
cia mearnsii)
Merbau/Kwila
(Intsia bijuga)
Darwin Stringy-
bark (Eucalyptus
tetrodonta)
Grey Ironbark
(Eucalyptus
drepanophylla)
Cooktown
Ironwood
(Erythrophleum
chlorostachys)
Damages, defects, and Unidentified Furnace, non-piloted Visual comparison Higher charring rate at [31]
geometry construction ignition only, no cracks, increase in
timber quantification crack width, no
charring in holes due
to insect damage
C24 timber logs, Cone calorimeter Remaining cross Deeper charring around ~ [32]
unspecified section and the slits compared to
species, thermocouples sound wood, but
comparison of smaller difference for
different types of longer burn times
sawn slits
Early twentieth Methanol pool fire Char depth for Deeper charring around ~ [33]
century pine (30 min) and cone different duration of cracks, including thin
beams, calorimeter exposure cracks
unspecified
species, with
shrinkage cracks
Ulm (Ulmus spp.), Cone calorimeter, Thermocouples Higher surface [34]

Larch (Larix
spp.), Salix (Salix
spp.), Poplar
(Populus spp.),
Ailanthus
(Ailanthus spp.),
from ancient
Chinese temples

ISO 5660-1

irregularities
associated with earlier
ignition and higher
heat release peaks

@ Springer
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Table 6 Overview of studies concerning aging of timber by property, method, and findings

Property Experimental method Findings References
Modulus of Scots pine and maritime pine (Pinus pinaster) No difference with reference [48]
elasticity older than 200 years old
CLT made of 200 years old European oak (Quercus ~ No differences [49]
robur L.) vs modern European oak
Glulam beams of Douglas fir after 17 cycles of No differences [50]
wetting and drying
Strength (tensile) Scots pine and maritime pine older than 200 years Significant loss in older members [48]
old
Strength CLT made of 200 years old European oak vs Lower in the older oak, associated with load [49]
(bending) modern European oak history
Canadian spruce-pine-fir tested under load No loss if stress under 55% of capacity [51]
designed for 18 months
Norway spruce with different moisture content Long term loading does not change short term [52]
strength of dry timber
Glulam beams of Douglas fir after 17 cycles of Overall loss [50]
wetting and drying
Strength 55 years old Douglas fir columns All elements stronger than calculated [53]
(compressive) European beech (Fagus sylvatica L.), before and Increase in permeability as well as decrease in [60]
after microwave treatment compression strength, due to damages to the
micro-structure
Density Scots pine and maritime pine older than 200 years No difference with reference [48]
old
Chemical Study review Hemicellulose and crystallinity of cellulose [55]
composition decreased
Study review General increase in lignin and ashy substances [22]
Fire performance Glue laminated timber and heritage timber Lower performance in older timber, but also lower  [20]
(unidentified spruce and pine) density
Ulm (Ulmus spp.), Larch (Larix spp.), Salix (Salix Lower performance in ancient wood attributed to [34]
spp.), Poplar (Populus spp.), Ailanthus (Ailanthus surface geometry
spp.), from ancient Chinese temples
Scots pine, European Larch, Norway spruce and No differences found [15]

Douglas fir, before and after weathering
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