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Abstract. As a naturally grown material, wood has been used for various purposes
during the whole history of mankind, either as consumable or for manufacturing
items of the daily life. In particular, it is being employed for building houses,
bridges, ships and other constructions, i.e. in places where everyone relies on its integrity. Though it has been replaced by several alternative materials, wood still remains predominant in certain areas such as furniture, timbered houses, roof constructions or play grounds. It naturally is a durable material as long as it is not biologically degraded. Of most concern is infestation by fungi growing in the central
hardwood so that the damage they cause is not visible at the outside while physical
strength is already considerably diminished. This may become a matter of public
safety in case of affected large trees at busy places or rotten beams with supporting
functions within buildings. It still remains an open question how to diagnose for
sure any internal decay non-destructively since the structural changes and erosions
start from the core and may reach the surface only in a rather late stage, if at all.
The deepest non-destructive insight into the interior of wood unravelling most
details still is computed tomography (CT) but this is laborious and needs considerable equipment as compared to plain digital radiography. However, the latter is
hampered by the property of wood in thick layers to causing scattered radiation particularly in case of high moisture content. As a consequence, radiographs often appear rather noisy making the perception of details as well as the differentiation between original structures and flaws difficult, especially within the naturally grown
irregular patterns of annual rings and knots. Here we present ways contributing to
resolve this problem by applying digital radiography with specialised and easy to
use image processing. Advantages and limits of this approach will be assessed by
comparison of the results with those of the CT.

Introduction
It would definitely go beyond the scope of this contribution to evaluate the role of wood in
all of its application throughout the history. As a matter of fact, the development of human
culture remains unthinkable without it. Just to indicate the role of wood in human life,
Fig. 1 shows concisely the source and some typical applications of this material [1]. Already the sample of the raw material shown here is obviously of mixed quality, some of the
trunks visibly have a rotten core. As a consequence, the properties and quality of the raw
material determines its application, as building material, for manufacturing furniture, tools
or kitchen ware, for producing art works, to prepare pulp or paper or just for heating. It is
rather unanimously accepted that making and controlling fire is the initial of culture and
history – and how about a hearth without wood before the coal was discovered?
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Fig. 1: Use of wood: Depending on size, species and quality, the raw material (a) has been used for buildings
and construction (b), artwork, furniture, tools and toys (c), pulp and paper (d) and as fuel (e).

Whenever wood is not used as consumable durability and protection against degradation
becomes a matter of concern. It really matters if a wooden bridge cannot be crossed anymore or a building becomes inaccessible because wooden beams may have lost their
strength raising the risk of a collapse. However, not every damage is visually detectable
from the outside as shown in Fig. 2. While the grub of insects might be quite obvious, internal damages cannot be seen until it might be too late. This can be already the case when
wood destroying fungi appear on the surface. Internal rot may have destroyed largely the
mechanical strength without any visible indication. As a consequence, non-destructive
testing appears to be a predestined tool to select the raw material appropriately [2], to check
the durability of wooden constructions and to inspect artworks and thus to contribute to
preserve pieces of cultural heritage [3]. In particular, detection of internal damages both, in
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living trees and in timber, in due time helps to prevent accidents in the course of collapses
and breakdowns.
Eminent internal biological degradation is caused by fungi which either decompose
the cellulose alone (brown rot) together with the lignin (white rot). However, this process
requires moisture; dry wood cannot be degraded biologically. Concerning the search for
flaw indications, there is a fundamental difference between wood and other materials, e.g.
cast metals. While the latter appears largely homogenous where cracks, shrinkage cavities
or corrosion form obvious heterogeneities, wood naturally is a heterogeneous and markedly
isotopic material by itself. Knots and various growth patterns are too obvious and the annual ring structure adds a significant isotropy to the material. When considering radiological methods for non-destructive testing, the distribution of moisture may be an indication of
structural changes due to biological degradation since the degrading organism does not
form cracks, cavities sometimes in rather late stages, nor does it differ significantly in the
elementary composition from the host tissue. The ideal way to achieve an image of the
water distribution is neutron radiography [4], however, this technology requires a nuclear
reactor or a spallation source (e.g. Paul-Scherrer-Institute, Switzerland) for sufficiently detailed images. This study here should demonstrate that X-ray radiography also has the capability to visualise structural heterogeneities that might indicate internal damages.
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Fig. 2: Biological degradation:
visible from the outside (a) and without evidence at surface level (b).

Material and Methods
Sections of a pine tree log and of dried timber were inspected by digital radiography and
computed tomography (CT). The samples shown in Fig. 3 were a piece of the upper part of
a pine trunk with signs of internal rot and two beams with a large central hole which has
been filled with sawdust, water or both during the experiments. The width of the squareshaped timber was 10 cm; the drilled hole had a diameter of 2.5 cm. The log sample
(17 cm ∅) was radiographed with YXLON MCN 225 X-ray tube (voltages: 40 – 160 kV in
15 kV steps, 5 down to 0.08 mA depending on voltage and detector saturation, 2s) and a
Vidisco FOX Rayzor system with a Thales flat panel FS 23 (143 µm pixel size, 1560 x
1557 pixel, 14 bit linear). Distance between the focus and the detector was 70 cm. Radiographs of the timber samples were taken with an Agfa DirectRay am-Se detector (139 µm
pixel size, image 2560 x 3072 pixels, 14 bit linear) and either a fixed installed SEIFERT
ISOVOLT 320/13 X-ray tube (3.25 m distance from detector) or a portable Golden Engi3

neering XR 200 X-ray flash generator (0.8 m distance, 99 pulses) with Be-window and
optional Cu-Filter (0.76 mm, 2 x 99 pulses). In case of the fixed installed X-ray tube two
separate energy levels (60 kV, 6 mA and high energy 160 kV, 6 mA, 3.5 mm Cu, respectively, 20 s each) have been used for dual-energy images.
Image filtering methods are subject to current patent applications. Dual-energy images were generated by dividing the image taken at high energy divided by that one taken
by low energy and combining the colour coded result with the filtered low energy image.
In case of the radiography with the fixed installed X-ray tube and the Agfa flat panel detector (s.a.) the high energy image was replaced by one averaged of those taken at the 9
chosen average levels between 40 kV and 160 kV. The CT settings at the BAM micro-CT
device with a 225 kV microfocus X-ray tube were: 900 angular steps, 1023 x 1023 x 950
voxels, U = 70 kV, I = 200 µA. The Feldkamp algorithm [5] was used for reconstruction.
The reconstructed spatial data were analysed by the aid of a special commercial computer
program [6]. Difference images were achieved by calculating differences voxel by voxel.
Prerequisite was keeping experimental set-ups as identical as possible, i.e. avoiding any
change in the clamping of the sample. Samples and the devices used are shown in Fig. 3.
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Fig. 3: Samples and equipment:
trunk and digital radiography (a), beams and digital radiography with both, fixed installed and
portable X-ray source, computed tomography (c). Insert: top of beam with drilled hole.
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Results
Radiography of a Tree Trunk
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Fig. 4: Result of digital radiography of a pine tree trunk showing knots and indications of degradation: a)
radiographic image, b) filtered image to emphasise details, c) combined with noise suppression, d) implying
anisotropic noise distribution, e) dual-energy exposure combined with enhanced details and suppressed noise,
f) top view of cut.
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The result of the radiograph taken at 60 kV is shown in Fig. 4. The raw image (a) clearly
shows the knots and already a difference in contrast between the core part and more peripheral tissue. However, the fine structure still has a rather blurred appearance which is compensated by high pass filtering (b). The disadvantage of this kind of image processing is
that noise, largely caused by scattered radiation, is equally subjected to enhancement as the
fine structures of the annual rings. This effect can be compensated by adaptive smoothing
that takes into account the signal strength of the typical structures and the power of the
noise. The resulting image reveals some central structures that are different to the predominant lines of the annual rings (c). However, some areas in the base of the knots seem
to be overcompensated. This can be avoided by taking into account the anisotropic pattern
of the annual ring structure. The result of this processing reveals most structural details (d).
When compiling a dual-energy image (e) showing apparent specific absorption differences
at various energy levels some structural differences between the core and the peripheral
areas become even more evident. When comparing the radiographic result with the optical
appearance of the physical cross section (f) the colour of the core is visibly different to that
of the periphery which parallels the radiographic findings.
Radiography of Timber
Water is known to have a scattering effect on X-rays leaving the question if changes of its
distribution can be detectable by radiography. For this purpose, one of the axial holes of
the inspected beams was filled with sawdust first and water was poured into both holes in
the course of the experiment. The radiographs taken before, immediately after and hours
after the addition of water show clearly the water itself inside the hole. Distinct patterns are
already obvious before the addition of water. However, their existence may be not surprising considering pre-existing moisture and the presence of resin that might have a similar appearance to that of water in the radiography images. In the presence of saw dust the
water obviously needs some time to penetrate the stuffed layers down to the bottom. The
dual-energy images taken with the fixed installed X-ray tube allowing different settings of
the high voltage (left column in Fig. 5) show indications along the annual rings on right
side of the hole that could be attributed to spreading moisture along those structures based
on the annual rings. As a matter of fact, water appeared at the bottom of the beam along
that axis at the end of the experiment. Another question was whether these results may also
be achievable with portable equipment. So the experiment was repeated with an X-ray
flash tube operating with an unchangeable high voltage of 150 kV but equipped with an
easily mountable copper filter. This was used for generating radiation of two different energy levels. The result was principally the same though less pronounced within the solid
wood corpus (what could be explained in part by structural differences between the samples).
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Fig. 5: Digital radiography of beams with progressive water distribution:
Filtered (grey scaled) and dual energy images (colour coded) before (a), immediately (b) and 2 hours
after adding water into the hole in the beam (c). Moisture percolated down to the bottom along the
annual rings noticeable in the radiographs (d).
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Tomography (CT) of Timber
The method revealing most structural details even in the three-dimensional space is tomography. However, it is also the most laborious one. In order to confirm the previous finding,
one of the beams shown in Fig. 3 and Fig. 5 (left columns) was subjected to computed tomography (CT). In this experiment, the hole was stuffed with sawdust to provide an alternative structure to be resolved. In the course of the experiment, water was added to moisturise the stuffing and to analyse diffusion into solid wood. If there is a preferential propagation along certain annual rings, then there must be some connection between the interior
of the hole and those structures. Fig. 6 shows both, a diagonal and an axial tomographic
section and the selected volume that has been subsequently studies more in details.
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Fig. 6: Computed tomography (CT) of a beam:
The beam shown in Fig. 5 on the left side was subjected to CT after a long period (several months)
of drying and stuffing the drilled hole with sawdust. The section indicated in red (a) is selected for
demonstration. The dash-dotted lines indicate the planes of the sections b and c, the solid red ones
the volume of the subsequent presentations in Fig. 7. Diagonal (b) and axial (c) sections.

Fig. 6 shows that gaps between the knot and the body of the beam are connected
with the axially drilled hole, and those in turn are linked to some annual ring structures.
This makes it plausible that water can diffuse heterogeneously into certain directions along
existing structures, and thus supports the previous findings by digital radiography. The
progressive diffusion of water is shown three-dimensionally in Fig. 7. The left column
entails the volume of interest as sketched in Fig 6a. These diagrams hardly show any difference, but this is changed when voxels with low grey values are made transparent (centre
column, a function of the visualisation program used, s. a.). Exactly those structures that
already appeared differently in the dual-energy presentation (s. a.) were increasingly emphasised with the progressive diffusion of water into the solid wood. This finding is even
supported by differential images where those taken with the water were subtracted from
that one before it was added to the central hole (right column). Noticeably, the outer surface of the beam in the background of the image becomes increasingly visible with time.
However, this could be regarded as an artefact due to the swelling of wood after adding the
water.
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Fig. 7: Progressive distribution of water as noticeable by CT:
The selected section is shown as a whole block as indicated in the previous Fig. 6 (left column), after
assigning transparent properties to low grey pixel values (centre) and after subtraction of whole
reconstruction data sets from the first one without addition of water (right). The first line (a) shows
the results before adding water as a reference. The following lines show the progression of moisture
immediately after adding water (b), after 2.5 hours (c) and after 24 hours (d).
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Discussion and conclusion
It has been shown that structural differences in wood that might indicate degradation can be
visualised by digital radiography that includes the ability of digital image processing. The
latter option is absolutely essential since essential structural details became visible only
after numerical filtering of the image data. It has further been shown that such results have
been achievable with portable devices so inspections can be made on-site.
In detail, water containing structures appeared more absorbing X-rays in an at least
partly energy depending manner. This cannot be explained by differences the chemical
composition, as seen in the usual dual-energy applications, e.g., luggage inspection [7]. An
increase of absorption is explainable due to the additional water present in the bulk of
wood, but not in dependence of the X-ray energy. However, when taking into account the
density of wood and the amount of water infiltrated, this effect may be rather marginal.
While the specific gravity of the solid substance is 1.5 g/cm3 those of the different kinds of
wood range between 0.3 and 0.8 g/cm3 due to cell cavities and pores [1] (so it floats on
water). The difference between dry wood and that one with 12% moisture is some 10% in
most cases, but this does not explain any energy dependency by itself. Alternatively, it
appears plausible that, due to the scattering property of water, the apparent absorption of
wet tissue is different from that of dry one in an energy-depending manner. As a consequence, applying more than a single energy of radiation should be suitable to study the distribution of moisture within a certain range of layer thickness. In this study with a 10 cm
thick beam, this has been confirmed by tomographic methods.
In conclusion, digital radiography may well be an option to inspect wood, either as
trees or as timber, when tomography technologies are too cumbersome to apply. However,
it requires digital image processing to display its full potential. With contemporary equipment, it is even possible to inspect specimens on-site, i.e. preventing e.g. a beam in a roof
construction from being removed.
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