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Abstract: Non-destructive quantification of the internal pro-
gression of thermally induced degradation in wood using X-ray 
imaging is challenging because the material is inherently het-
erogeneous and the resulting intensity changes are small, 
spatially variable, and influenced by acquisition noise and 
partial-volume effects. A measurement framework was 
developed for quantifying combustion-front penetration in 
wood using time-resolved X-ray computed tomography (CT) 
during controlled one-sided heating. The focus was on defining 
and measuring the combustion front in CT data rather than 
detailed physical interpretation of underlying material trans-
formations. A CT-compatible heating arrangement enabled 
repeated volumetric scanning without interrupting thermal 
exposure. An automated voxel-wise analysis pipeline was 
implemented, including baseline normalisation using robust 
median-based statistics, formation of depth-dependent profiles 
along the heating direction, and threshold-based front

detection with sub-voxel interpolation. Measurements were 
evaluated within a fixed three-dimensional region of interest
located approximately 10 mm inside the specimen boundaries
to reduce edge effects and ensure reproducible spatial sam-
pling. Validation against post-exposure visual assessment
showed reliable front detection only when a statistically
coherent volumetric signature was present. Application to a 
dynamic experiment enabled extraction of a representative 
propagation rate of 0.92 mm min −1 .

Keywords: CT; fire testing; front-depth measurement; vox-
el-wise normalisation; time-resolved measurement; robust
threshold detection

1 Introduction

Wood is a complex and inherently heterogeneous material 
whose behaviour under fire exposure involves a combina-
tion of thermal degradation, moisture transport, cracking,
and structural rearrangement. During heating, a char layer
forms near the thermally exposed surface and progressively
advances into the material. The position and progression of
this internal degradation zone strongly influence both the
thermal response and the residual load-bearing capacity of
structural timber elements exposed to fire.

In structural fire engineering, the progression of this 
degradation is commonly represented using simplified pa-
rameters such as effective charring rates derived from
standard fire exposure tests. These parameters are widely
used in structural design despite known variations between
timber species, density, moisture content, and other mate-
rial properties (Liu and Fischer 2024). In addition, structural
details, such as metallic fasteners or embedded components,
may locally influence the progression of thermal degrada-
tion within timber elements. However, such effects are
rarely captured in current fire-safety design models (Cou-
ceiro et al. 2023).
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The fire behaviour of wood and wood-based materials is 
most characterised using standardised flammability and heat-
release tests. Among these, cone calorimeter testing in accor-
dance with ISO 5660-1 (ISO 2015) is widely used to measure heat 
release rate, mass loss, ignition behaviour, and surface char-
ring. Reviews of experimental methods for assessing the fire 
behaviour of wood products highlight the central role of cone 
calorimetry in fire research (Klippel and Plüss 2026; Lowden 
and Hull 2013; White and Dietenberger 2004).

However, cone calorimeter measurements primarily 
provide surface-based or integral quantities and therefore 
do not allow direct observation of the internal, time-
dependent progression of thermal degradation in mate-
rials such as wood. As a result, experimental data describing 
the spatial development of internal degradation during fire 
exposure remain limited.

Recent reviews of fire safety in timber structures, 
particularly under prolonged or dynamic fire exposure, 
highlight the need for improved experimental methods that 
provide spatially resolved information on the development of 
char layers and internal damage in wood (Pettersson 2023). 

X-ray computed tomography (CT) provides a well-
established non-destructive technique capable of resolving 
internal density variations and structural changes in wood 
and other biomass materials. Previous studies have used in-
dustrial or medical X-ray CT to investigate processes such as 
moisture redistribution, drying behaviour, and thermal 
modification of wood, as well as pyrolysis and oxidation 
processes in biomass (Boigné et al. 2022; Couceiro et al. 2019; 
Hajian et al. 2023; Hansson and Cherepanova 2012; Lindgren 
1992). High-resolution micro-CT has also been used to follow 
the morphological evolution of biomass particles during py-
rolysis (Salinas-Farran et al. 2023). However, these studies 
have primarily focused on process-level phenomena such as 
pyrolysis, oxidation, and particle-scale morphological evolu-
tion, and have not addressed the rapid, spatially non-uniform 

progression of thermal degradation in fire-exposed wood.
In the present study, the term “combustion front” denotes 

the inward-moving boundary separating thermally degraded 
material beneath the heated surface from comparatively 
unaffected wood deeper in the wood, as identified by statis-
tically significant changes in X-ray intensity.

The objective of this study was to develop and evaluate a 
measurement framework to detect and quantify the pro-
gression of a combustion front in wood and other types of 
biobased materials using time-resolved X-ray CT during 
controlled one-sided heating. The approach combines a 
specially designed, compact, CT-compatible heating 
arrangement for this purpose with a voxel-wise analysis 
framework to identify statistically coherent changes in X-ray 
intensity associated with front progression.

The study focused on the methodological aspects of 
defining and measuring the combustion front in CT data 
rather than on a detailed physical interpretation of the un-
derlying degradation processes. The proposed framework is 
intended to provide a reproducible basis for future 
comparative studies of combustion-front behaviour in, for 
example, timber-construction elements.

2 Materials and methods

2.1 Wood specimens

Four Scots pine (Pinus sylvestris L.) specimens, from the same 
piece of timber, with nominal dimensions of 100 × 100 
× 35 mm (L × W × T) were used for the experimental study. 
Preliminary trials were conducted with thinner specimens, 
down to approximately 10 mm thick. However, these speci-
mens showed insufficient mechanical stability during heating 
and frequently warped or fractured during thermal exposure. 
This behaviour was likely associated with moisture gradients, 
thermally induced shrinkage, and internal stress develop-
ment during rapid one-sided heating. A thickness of approx-
imately 35 mm, therefore, represented the thinnest, but not 
the thickest, configuration that maintained structural integ-
rity during heating and scanning while still allowing sufficient 
thermal penetration to observe the internal degradation front 
within the CT field of view.

All specimens were prepared with planed surfaces and 
conditioned at 20 °C and 65 % relative humidity until equi-
librium moisture content was reached (approximately 12 %). 

One specimen at a time was placed so that heat penetra-
tion occurred primarily through the longitudinal–tangential 
section, i.e., in the radial direction of the specimens, rather 
than along the longitudinal fibre direction. This configuration 
corresponds to through-thickness heating, typical of wood 
exposed to fire on one side. The exposed surface was defined 
as z = 0 mm, and depth was measured inward along the 
z-direction normal to the heated surface.

The initial density of the specimens was determined 
from the CT data and used in the subsequent analysis of 
density changes during heating.

2.2 Experimental setup

The experimental setup combined in-situ X-ray CT with a 
compact heating chamber for controlled one-sided heating. 
An overview of the setup is shown in Figure 1, while Figure 2 
presents a CT image of the internal configuration showing 
the cone heater, igniter, sample holder, and specimen.
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2.2.1 Heating chamber

Thermal exposure during the dynamic CT experiment was 
applied using a compact heating chamber compatible with the 
CT scanner. Heating was provided by a ceramic radiant heating 
plate at a fixed distance from the exposed specimen surface, 
resulting in predominantly one-dimensional heat penetration. 

The specimen was mounted in a rigid steel frame designed 
to fit within the CT gantry. Parts of the mounting frame were 
water-cooled to prevent overheating of surrounding compo-
nents and to protect the CT system. The compact chamber 
design limited convective airflow, ensuring stable, repeatable 
heating conditions during the CT measurements.

The distance between the cone heater and the specimen 
surface was approximately 2.5 cm, corresponding to a heat
flux of approximately 50 kWm −2 . All specimen surfaces
except the exposed face were covered with aluminium tape 
to ensure that fire propagation occurred predominantly in 
one direction along the z-axis.

2.2.2 Tomographic imaging system

A Siemens Somatom Emotion Duo medical CT scanner 
(Siemens, München, Germany) was used to acquire

volumetric images during the experiments. The experiments 
were conducted in the CT laboratory at Wood Science and
Engineering, Luleå University of Technology in Skellefteå,
Sweden.

The heating chamber containing the specimen was 
positioned within the scanner gantry, enabling in situ heat-
ing during repeated CT imaging.

The scanner operated in cine mode, enabling repeated 
volumetric scans during heating. The tube voltage was
approximately 130 kVp and the tube current 50 mA. The
reconstructed voxel size was approximately 1 mm, with
similar spatial resolution in all three directions.

Each scan produced a three-dimensional image repre-
senting the internal X-ray attenuation distribution in the
specimen. Repeated scans generated a time-resolved volu-
metric dataset describing the evolution of internal material
changes during heating.

The total scanning time for one specimen was 15 min.

2.3 Experimental procedure

Two types of experiments were performed:
1) In the dynamic CT experiment, one specimen was 

placed in the heating chamber and exposed to one-sided 
radiant heating while repeated CT scans were acquired. 
This produced a time-resolved dataset describing the 
progression of the combustion front. 

2) In the validation experiments, three specimens were
exposed using a hand-held gas burner. Heating was 
interrupted after predefined exposure durations 
intended to produce progressively increasing levels of 
thermal combustion, referred to here as low, medium, 
and high exposure levels. After the thermal exposure, 
the specimens were CT-scanned to document the in-
ternal condition and char development. The specimens 
were subsequently sectioned, and the resulting char 
depths were assessed visually.

Figure 1: Overview of the experimental setup combining a medical CT scanner with a compact heating chamber: (a) Schematic illustration of the heating 
chamber to be positioned in the gantry of the CT scanner, and (b) the heating chamber in use.

Figure 2: Illustrative CT image of the experimental configuration 
showing the cone heater, removable igniter, sample holder, and wood 
specimen. The white scale bar in the lower-right corner corresponds to 
2 cm.
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The char depth in the sectioned specimens was further 
assessed using an optical microscope (Olympus DSX1000, 
Tokyo, Japan) equipped with a DSX10-SXLOB objective lens.

2.4 Image processing and data preparation

2.4.1 Image reconstruction

The acquired projection data were reconstructed into volu-
metric CT images using the scanner’s standard reconstruc-
tion algorithm. The reconstructed volumes contain voxel-
wise intensity values representing the X-ray attenuation 
distribution within the specimen.

Reconstruction artefacts, such as noise, beam hard-
ening, and detector inhomogeneities, may affect voxel in-
tensities. These effects were addressed in the subsequent 
analysis by using voxel-wise statistical normalisation rather 
than absolute intensity values.

2.4.2 Region of interest

A three-dimensional region of interest (ROI) was defined to 
focus the analysis on the central part of the specimen and to 
reduce boundary effects. The ROI was positioned approxi-
mately 10 mm inside the specimen boundaries in the in-
plane directions perpendicular to the heating direction. This 
offset ensured that the analysed region represented bulk 
material behaviour while avoiding edge effects associated 
with surface charring and boundary heat transfer.

2.4.3 Temporal alignment

Each reconstructed CT volume was associated with its 
acquisition time, forming a time-resolved sequence of 
volumetric images.

For the dynamic experiment, repeated scans yielded a 
dataset that described the temporal evolution of the spec-
imen during heating.

2.4.4 Dataset representation

After reconstruction and ROI selection, the dataset can be 
represented as.

I t, k , j, i( ) (1)

where t denotes time, k the depth coordinate along the 
heating direction, and (j, i) the in-plane voxel coordinates. 

This representation serves as the basis for subsequent 
voxel-wise analysis and combustion-front detection.

2.5 Combustion-front detection

2.5.1 Baseline definition

The baseline state of the specimen was defined using the first 
CT scan acquired before heating. The voxel intensity field in 
this scan was used as the reference state for subsequent 
analysis.

For each voxel, the baseline intensity was defined as:

I 0 k , j, i( ) = I 0, k , j, i( ) (2)

where I(t,k,j,i) denotes the voxel intensity at time t.

2.5.2 Baseline variability estimation

The baseline variability was estimated using the median 
absolute deviation (MAD):

MAD = median ∣I 0, k , j, i( ) − median I 0, k , j, i( )( )∣( ) (3)

Assuming approximately Gaussian noise, the standard 
deviation was estimated as:

σ 0 = 1.4826 · MAD (4)

This robust estimator reduces sensitivity to outliers and 
reconstruction artefacts in the CT data.

2.5.3 Normalisation of voxel intensities

To identify changes relative to the initial state, voxel in-
tensities were expressed using Z-score normalisation:

Z t, k, j, i( ) = I t, k, j, i( ) − I0 k, j, i( )

σ0 k, j, i( )
(5)

where σ 0 represents the estimated baseline variability. This 
formulation expresses intensity changes relative to baseline 
fluctuations rather than absolute CT values.

2.5.4 Depth profiles

To reduce voxel-scale noise and exploit the predominantly 
one-dimensional heat penetration, depth-dependent profiles 
were calculated.

For each time step, the mean Z-score at depth k was 
calculated by averaging over the in-plane coordinates:

M z t, k ( ) = mean j,i ( ) Z t, k , j, i( )[ ] (6)

This operation reduces local heterogeneity while pre-
serving the overall depth-dependent trend.
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2.5.5 Front detection

The combustion front was defined as the first depth location 
where the depth profile exceeded a predefined threshold τ. 

The threshold τ represents the onset of a statistically 
significant deviation from baseline variability in the depth-
dependent Z-score profile. The threshold value τ was 
selected empirically to provide stable front detection while 
avoiding responses to baseline noise.

M z t, k − 1( ) ≤ τ , M z t, k ( ) > τ (7)

This condition identifies the leading edge of sustained 
changes in intensity relative to the baseline state.

2.5.6 Sub-voxel interpolation

To obtain a continuous estimate of the front position, linear 
interpolation was applied between the two neighbouring 
depth indices.

The front depth was expressed as:

d t( ) = k · Δz (8)

where, Δz is the voxel size in the depth direction.

2.5.7 Front start time

The front start time t 0 was defined as the earliest time step at 
which a combustion front could be detected according to the 
threshold criterion described in Section 2.5.5.

This time corresponds to the onset of a statistically 
coherent deviation from the baseline state in the depth-
dependent Z-score profile.

In subsequent analysis, time was expressed both as the 
absolute experimental time t and as the relative time t-t 0 .

3 Results

3.1 Validation using single-time specimens

Validation of the proposed front-detection framework was
performed using three specimens exposed to a flame burner
at predefined exposure levels (low, medium, and high). After
heating, the specimens were sectioned to allow post-mortem 

visual assessment of char depth.
Figure 3 shows representative cross-sections and sur-

face views of the specimens. The upper row presents ik-
plane cross-sections where char depth was measured along
the z-direction from the unexposed reference surface to the 
visually identified char front. The lower row shows the
corresponding ij-plane surface views of the exposed face, 
with dashed lines indicating the cutting locations.

The visually assessed char depth increased with expo-
sure level, with approximate depths of 0.8 mm, 1.9 mm, and
4.3 mm for the low-, medium-, and high-exposure specimens,
respectively.

Applying the CT-based front-detection algorithm to the 
corresponding datasets yielded a detectable front only for 
the high-exposure specimen, with a front depth of approxi-
mately 4.1 mm. For the low and medium exposure levels, no
statistically coherent front was detected.

3.2 Time evolution of the combustion front

Figure 4 shows the temporal evolution of the combustion-
front penetration depth in the dynamic CT experiment. The
solid line represents the front depth derived from the mean
Z-score profile. At the same time, the shaded band indicates

Figure 3: Cross-section and surface views of 
fire-exposed specimens subjected to low, me-
dium, and high exposure levels. The upper row 
shows cross-sections in the ij-plane, where the 
char depth was measured along the k-direction 
from the unexposed reference surface to the 
visually identified char front, as indicated by 
arrows. The lower row shows the correspond-
ing ij-plane views of the exposed surface, with 
dashed lines marking the cutting locations 
used to obtain the ik-plane. The coordinate 
system indicates specimen orientation.
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the spatial variability of the pixel-wise front position be-
tween the median and the 90th percentile.

The front position increases smoothly over time, indi-
cating stable propagation within the analysed region of in-
terest. The relatively narrow separation between the median 
and 90th percentile depths indicate limited spatial vari-
ability in front position during the experiment.

A representative propagation rate was determined from 

the interval between 5 mm and 15 mm penetration depth, 
yielding an average value of 0.92 mm min −1 .

The ROI used for the front analysis is illustrated in 
Figure 5.

3.3 Density evolution relative to the 
advancing front

Figure 6 shows the temporal evolution of the mean X-ray 
intensity within the region of interest, expressed relative to
the front start time t 0. The solid line represents the mean CT
intensity, while the shaded band indicates the spatial vari-
ability defined by the interval between the median and the 
90th percentile.

The X-ray intensity decreases progressively as the 
combustion front advances through the specimen. The 
relatively smooth evolution of both the mean intensity and 
the variability indicates a gradual, spatially consistent 
change in density within the analysed.

Expressing the data relative to the front start time t 0 aligns 
the density evolution with the progression of the combustion 
front rather than with absolute experimental time.

4 Discussion

4.1 Strengths of the proposed framework

The proposed framework has several strengths for analysing 
the thermal degradation processes in heterogeneous mate-
rials, such as wood.

First, the method is robust. Front detection was formu-
lated in terms of statistically normalised changes in CT in-
tensity, and the front was evaluated using multiple 
complementary metrics. The close agreement between the

Figure 4: Time evolution of combustion-front 
penetration depth in the dynamic specimen. 
The solid line represents the front depth 
derived from the mean Z-score profile, while 
the shaded band indicates the interval be-
tween the median and the 90th percentile 
(p90) of the pixel-wise front distribution.

Figure 5: Baseline CT slice illustrating the region of interest (ROI) used 
for the front analysis. The ROI is positioned approximately 10 mm within 
the specimen boundaries in the ij-plane perpendicular to the heating 
direction to minimise edge effects.
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mean-profile front and the pixel-wise front distribution 
observed in the dynamic experiment indicates that the 
detected front represents a coherent volumetric phenome-
non rather than a local artefact or noise-driven feature. 

Second, the framework is reproducible. All analysis 
steps, region-of-interest selection, baseline normalisation, 
profile construction, and front extraction, are defined algo-
rithmically and applied consistently across time and speci-
mens. Once the analysis parameters are fixed, the method 
requires minimal manual intervention.

Third, the results are straightforward to interpret. 
Expressing time relative to the onset of front detection 
provides a natural reference that decouples material 
response from absolute experimental timing. Representing 
spatial variability through the median-90th percentile band 
provides an intuitive description of front coherence. 

Together, these characteristics make the framework 
suitable for method development and comparative studies of 
degradation processes in heterogeneous materials.

4.2 Limitations and assumptions

Despite these advantages, several limitations should be 
acknowledged.

A primary limitation arises from the spatial resolution 
of the CT data. As demonstrated by the validation experi-
ments, thin char layers formed at low exposure levels do not

produce a sufficiently strong, spatially coherent CT signal for
reliable detection. This limitation is related to voxel size and
partial-volume effects rather than to the front-detection al-
gorithm itself.

A second assumption concerns the stability of the 
baseline state. The Z-score normalisation relies on the initial
scan as a reference representation of the unexposed mate-
rial. Early-time changes or scanner drift could therefore
influence front detection.

A third limitation concerns the choice of the detection 
threshold. Although the selected threshold yielded consis-
tent results for the present datasets, it remains a user-
defined parameter that may influence sensitivity to weak 
front signatures. Preliminary testing further indicated that
moderate variations in ROI placement and smoothing pa-
rameters produced only limited changes in the estimated
front progression, provided that boundary regions were
excluded from the analysis.

These limitations define the method’s practical domain 
of applicability and highlight the importance of careful 
experimental design.

4.3 Physical interpretation of the detected
front

The detected front should not be interpreted as a sharp
thermodynamic isotherm or a chemically fully carbonised

Figure 6: Temporal evolution of mean X-ray intensity within the region of interest expressed relative to the front start time t 0. The solid line represents 
the mean intensity, while the shaded band indicates spatial variability between the median and the 90th percentile (p90).
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boundary. Instead, it represents a statistically defined tran-
sition zone associated with sustained changes in X-ray in-
tensity relative to the baseline state.

In wood, such changes reflect a combination of pro-
cesses including thermal decomposition, mass loss, moisture 
redistribution, and structural reorganisation. The detected 
front, therefore, represents the onset of volumetric degra-
dation rather than a single physical transformation.

The relatively smooth front progression observed in the 
dynamic experiment suggests that degradation proceeds in a 
largely uniform manner within the analysed region. Local 
anatomical heterogeneities such as annual rings, density 
variations, resin-rich regions, or fibre orientation may still 
influence local front propagation at smaller spatial scales. 
The limited spread of the pixel-wise front distribution 
further indicates that localised fast pathways do not domi-
nate the overall behaviour in the present specimen.

4.4 Scope and implications for comparative 
studies

The present study focused on developing a measurement 
framework for detecting and tracking degradation fronts in 
wood using time-resolved X-ray CT.

The experiments were not designed as comparative 
studies between materials or treatments. Consequently, the 
reported results should be interpreted primarily as a 
methodological demonstration.

When the framework is applied to comparative in-
vestigations, for example, studies of fire-retardant treat-
ments, careful specimen matching will be essential. Owing to 
the inherent heterogeneity of wood, variations in density, 
moisture content, growth characteristics, and fibre orienta-
tion may otherwise dominate the measured front behaviour.

5 Conclusions

A measurement framework for detecting and quantifying 
the progression of combustion-induced degradation in wood 
using time-resolved X-ray computed tomography (CT) under 
controlled one-sided heating was introduced.

The results demonstrate that the proposed approach 
enables robust identification and tracking of an internal 
combustion front by detecting statistically significant 
changes in X-ray intensity. Validation using single-time 
specimens showed that the method detects a front only when 
a coherent volumetric signature is present and does not 
detect when the signal is comparable to imaging noise.

Application to a dynamic experiment showed smooth, 
reproducible front progression, allowing the extraction of 
representative propagation measures, such as front pene-
tration depth and average propagation rate.

The detected front represents a statistically defined 
transition associated with sustained radiological changes 
rather than a sharp thermodynamic boundary. Within this 
interpretation, the framework provides a transparent and 
reproducible method for analysing internal degradation 
processes in wood. The voxel-wise framework may also 
support future visualisation and analysis of more spatially 
complex combustion patterns.

Future work will focus on applying the framework to 
comparative studies and extending the approach to other 
materials and exposure conditions.
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