NDTCE’09, Non-Destructive Testing in Civil Engineering
Nantes, France, June 30th – July 3rd, 2009

Defects in wood non destructive locating with low frequency
Ultrasonic Echo Technique
Andreas HASENSTAB1, Kurt OSTERLOH2,
1
Remmers Baustofftechnik, Löningen, Germany, zfp@hasenstab.de
2
Federal Institute for Materials Research and Testing (BAM), Berlin, Germany,
kurt.osterloh@bam.de

Abstract
In civil engineering damages inside of wooden construction components (e.g. interior rot)
or at inaccessible surfaces represent a special problem, as they are difficult to recognize from
the outside and could even cause a sudden failure of the component. As a result of this
research project, it could be proven that the ultrasonic echo technique can be used on wood.
Furthermore, the different influences of the wood fibres on the sound velocity of the
longitudinal and transverse waves are pointed out on the basis results of measurements. With
practical measurements at hall construction elements and a bridge consisting of glulam beams
with interior damage the efficiency of the ultrasonic echo technique is demonstrated. A
combination of ultrasonic echo technique and radiography resulted in a substantial reduction
of possible misinterpretation of damages. It is possible to detect damages from the undamaged
side of the specimen by ultrasound echo. The extent of the damages can be obtained by
mobile X-ray inspection. Finally, the results show that ultrasonic methods are more sensitive
in detecting early stages of decay as well as cracks running parallel to the surface. In contrast,
radiological inspection with X-rays yields a direct picture of the position of the knots.

Résumé
En génie civil, les dommages dans des éléments construits en bois (par exemple la
pourriture interne) ou aux surfaces inaccesibles posent un problème spécial, parce qu’ils sont
difficilement détectables de l’extérieur et ils peuvent même provoquer une défaillance
soudaine de l’élément. Un résultat de ce projet de recherche était la preuve que la technique
d’ultrason peut être utilisée pour le bois. En plus, les influences différentes des fibres de bois
sur la vitesse des ondes longitudinales et transversales sont montrées par les résultats bruts des
mesures. L’efficacité de la technique d’ultrason est démontrée avec des mesures appliquées
des éléments de salle et de pont, construits avec des poutres collées et mélaminés présentant
des dommages intérieurs. Une combination de la technique d’ultrason et de la radiographie X
a pour résultat une réduction considérable de fausse interprétation des dommages. Il est
possible de détecter les endommagements depuis le côté de l’échantillon, n’ayant pas de
dommages visibles, par ultrason. L’ampleur du dommage peut être obtenue par mesures
mobiles de rayons X. Finalement, les résultats montrent que les méthodes ultrasoniques sont
plus sensibles en ce qui concerne la détection de la pourriture dans une des premières phases
ainsi que de fissures parallèles à la surface. En complément avec les rayons x, une image
directe de la position des nœuds est possible.

Keywords
Wood, ultrasound, X-ray, civil engineering, decay

NDTCE’09, Non-Destructive Testing in Civil Engineering
Nantes, France, June 30th – July 3rd, 2009

1. Introduction
In history and also nowadays wood is a frequently used as a building material. Though
wood has to withstand harsh environmental conditions, its life cycle can be very long. On the
other hand, particular problems arise from internal damages, like internal rot which is difficult
to recognise from the outside but destabilises constructions considerably.
In order to detect this kind of damage, a number of low and non-destructive techniques
have been introduced. Among the minor-destructive techniques, the drill- resistance test and
the core extraction method are typical examples [1-3]. However, well known disadvantages of
these methods are the poor yield of information on one hand and the infliction of additional
damage on the other hand.
Typical non-destructive techniques to detect cavities within the wood are radiographic
inspections, usually with X-rays, and the ultrasound transmission technique [1 3, 4]. Being
non-destructive, these methods permit repeated tests covering the entire volume of a
specimen, if required, e.g. to check the integrity at different time intervals. Most of the nondestructive methods are based on the principle of transmission, requiring that both sides of the
specimen are accessible. In contrast, ultrasonic echo technique only needs access to one side.
As compared to non-destructive testing of concrete elements, low frequency ultrasonic echo
techniques (80 to 200 kHz) have already been used (e.g. for thickness measurement or for the
localisation of compaction faults, reinforcement rebars and tendon ducts [6]).
One part of the experiments which are shown here were conducted with ultrasound at glulam
constructions like halls or bridges. Experiments with both ultrasonic echo technique and x-ray
have been performed with the same wooden test specimen at the Federal Institute for
Materials Research and Testing (BAM). The advantage of combining these two NDTtechniques will be demonstrated here.

2. Experimental Procedure
The ultrasonic echo technique is based on the reflection of the acoustic waves on
heterogeneities within the material, such as the rear surfaces of the specimen, or at any other
interfaces. With this technique, it is possible to get indirect information from the received
signals about the condition of the construction element or on internal damage. The relative
results of measurements can be calibrated by well-known dimensions of the construction or
by drilling resistance. The small density of wood (ρpine<<ρconcrete<<ρsteel) is caused by a
high porosity, which demand probes with high intensity and low-frequency (50-200 kHz). A
low frequency results in a small attenuation of the signal; however, it has a large wavelength
which is combined with a larger minimum size of the still detectable error.
The first successful experiments were carried out with longitudinal waves at the BAM [4].
The longitudinal wave transducers were coupled by Vaseline, ultrasonic gel and glycerine; the
centre frequency was optimised at 100kHz.
Later, transverse wave transducers were used, which do no require a coupling agent since
they are coupling by point contact, making the handling less complicated [3.7]. The centre
frequency ranges from 40kHz up to 60kHz.
2.1 Anisotropy of wood
For the understanding of propagation of ultrasonic waves in wood, it is essential to keep in
mind that wood is an anisotropic material, which means that differences exist between three
different directions – along fibre direction (axial), perpendicular to fibre (radial) and
tangential to fibre (Fig.1). In addition to the dependence of the acoustic velocity on the
various directions within the wood, attenuation is considerably high due to the high content of
air in wood, requiring powerful low frequency transmitters.
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Figure 1. anisotropy of wood with three different directions [3]
Basic experiments for verifying the anisotropy of velocity of longitudinal waves show that
the velocity increases from tangential to radial up to axial wood direction [7]. This wellknown effect does however not match at all the results of tests with transverse waves, e.g. on
pine.
One reason could be that wood is an axial isotropic medium with respect to transversal
waves only, as they oscillate in direction of fibre where there is no influence of the annual
rings [3, 7].
2.2 Ultrasound Echo technique at wood
The transmission technique reveals the transit time through the specimen of the transmitted
pulse in the range of 30-200 kHz. It is however difficult to locate the position of damage
within the specimen, as the transit time resulting from damage close to the surface can be
identical to that one resulting from deeper damage [3]. In wood it also can be difficult to
distinguish between a single large knot and a cluster of small ones.
The echo technique allows the direct localization of a reflector, like a rear surface or an
heterogeneity. After many tests made at BAM, it can be assumed that a clear echo from the
rear surface shows that a specimen is free of defects.
An echo with a short transit time among a series of echo with long transit time can be
caused by a defect. If the velocity of the material and dimensions of the specimen are known,
the defect can be located. To obtain an acceptable echo, broad band transducers with an
adapted damping element in the transducer as well as short signals are necessary. The fact that
the back wall echo is shadowed can also indicate heterogeneities or defects.
Ultrasonic echo results are mostly represented as A-scans or B-scans. An A-scan (Fig.2right)
shows the intensity versus time. A B-scan (Fig.2middle) is a composite of a number of Ascans. It represents a two-dimensional cross section through the specimen and shows depth
distribution of the reflection intensity along the axis. When the measured transit time is
multiplied with the known velocity of the sound wave in the material, the depth axis can be
calibrated. A B-scan thus directly shows the position of discontinuities. The intensity of an
back wall echo must have a signal-to-noise ratio of two – lower signals e.g. from damages
like decay are defined as damage.
In further experiments the measuring parameters for shear waves were optimised [7] at a
frequency of 55kHz (wavelength=2.5cm) and the pulse form as well as by choosing a
polarisation direction parallel to the fibres. Together with the received echo signals, signals
with a very short transit time were also received; these were caused by surface waves.

3. Results of measurements at hall consisting of glulam beams
In addition to the visual examination of a hall, ultrasonic echo technique was applied in
order to detect internal defects and examine otherwise inaccessible surfaces. Important beams
were tested by ultrasound from one surface only.
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Figure 2. left: glulam beam in a hall roof with a thickness of 20cm and a height of up to 2.4m
middle: result of an ultrasonic echo measurement along the surface of a beam (thickness:
20cm) with echo from the rear surface, showing knots and areas without an echo from the
rear surface (caused by cracks from the opposite surface) Right: time of flight and intensity of
a signal at one point of measurement (pos. 33) with echo from rear surface and multiple echo.
During visual examination of the beams, cracks were detected that were deeper than
permissible, requiring a rehabilitation. Additionally, the ultrasound measurements showed
that many knots were located under the coating and inside the beam (Fig.2middle).
At some places where the ultrasonic measurements detected knots, cores were taken that
confirmed the non-destructive measurements. Altogether so many knots were found in the
checked beams that it was necessary to reduce the grading of the wood type used to be
considered at the reconstruction.

4. Results of measurements at glulam bridge

Figure 3. View of the spruce glulam bridge (now dismantled)
During the visual inspection of a small, 12m long pedestrian bridge (Fig.3), small cracks
and fruiting bodies were found which indicated interior rot. Ultrasonic measurements were
made to find the extent of the internal damage.
Measurements along the beam from the top to the bottom showed that an echo from the
rear surface was received just at the visible bottom edge. Since such clear signals were also
found at other areas of the bridge, it was assumed that the area without an echo was defective.
This was proven later by specific destructive tests.
The area of the bearing required particular attention at bridge testing. The results of
ultrasound measurements at the bearing (Fig.4left) are shown in Fig.4right.
The initial high reflections of the rear surface were reduced during the measurement along the
measuring line in direction to the bearing and indicated a defect. This had an extent of about
0.5m from the bearing. A destructive test at the front side proved an interior rot.
The ultrasound measurements permitted the documentation of the extent of the defects,
being important for the decision whether the bridge could be repaired. In this case, the tested
bridge had to be dismantled.
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Figure 4. left: bearing of the bridge and measuring line Middle: results of ultrasonic
measurements at the bearing: initially an acceptable echo of backboard, closer to the bearing
no echo (no measurements in area of handrail) Right: time of flight and intensity of a signal
at one point of measurement (pos. 3) with echo from rear surface.

5. Combination of the ultrasonic echo and x-ray measurements at solid
wood
During the work at BAM [3] on a wooden beam from a moated castle in Eastern Germany
(Fig.5left, middle), the combined application of the ultrasonic echo technique with transverse
waves as well as X-ray inspections were employed with a flash tube. Apart from some
discolouration, no damage was visible externally. The damage at this wooden beam was
discovered as it was uncovered in the course of a repair of other elements.

Figure 5: left: view of whole castle, middle: area near the rain pipes with defects, upper right
ultrasonic measurement at specimen, lower right Result of measurement with transversal
waves at specimen REI02 (f = 55 kHz)
5.1 Ultrasonic measurement
In a first approach, the ultrasonic echo measurements using the point contact probe were
carried out because no coupling media are necessary, and the probes can also be used on
rough specimen surfaces. The result of a measurement along the upper surface of specimen
REI02 is shown in Fig.5right where a clear echo could be seen from the rear surface.
After about 50cm, a shadow was found added to this signal which indicated a damage.
5.2 X-Ray measurement
After the ultrasonic measurements, an X-ray inspection was conducted to analyse the area
showing the shadowed echo of the rear surface. A flash tube XR 200 (150 kV) and a matrix
detector (Agfa DirecRay amSe) were employed for the X-ray imaging.
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Figure 6. Radiograph of of test specimen REI02 with defect area (right) an nails
Fig.6 shows a radiograph (positive representation) of the sample test specimens REI02
with branches and nails and the damaged area (fig8 right)
Worth to mention the intensive damage of the bar is clearly visible, the contrasts of minor
damages are minimal and could only be illustrated on a highly dynamic screen.

6. Results from research project at Glulam beam
In a research project (grant number BBR-AZ:Z6 – 10.07.03-07.09 DGfH-AZ: F-2007/08
von Holzkonstruktionen im Bestand mit mobiler Röntgentechnik) aided from the Federal
Office for Building and Regional Planning of Germany glulam beams with internal defects
were tested in laboratory by ultrasound and X-ray. Here the results of inspecting a glulam
beam are shown with cracks and knots.
The image by image scanning started with X-ray at BAM (Fig.7left). The resulting
composed image showed all knots and all bonding between the boards. This demonstrated
that it was possible to find the knots within the glulam beam even if they were coated
underneath the surface.

Figure7: Left: glulam beam from MPA Stuttgart, high 44cm, length 200cm, during inspection
at BAM with a matrix detector (Agfa DirectRay am-Se, 139 µm, 2560 x 3072, 14 bit linear),
right: composed X-ray image of the glulam beam with knots and bonding between boards

Figure 8. result of of measurement with transversal waves (f= 45 kHz) along glulam beam
(left echo at crack, right echo at backboard )

7. Conclusion
This study demonstrates that low frequency ultrasonic echo techniques can be used to
inspect wood with transverse (55 kHz) waves, making it possible to probe the rear surfaces
and to search for cavities inside the structures. In addition, coupling agents are not necessary
for point contact transducers.
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As a result, the ultrasonic inspection is predestined to locate and preselect suspected spots
that require subsequent investigation, e.g. by the drill resistance method. Detailed tests may be
necessary only in areas with no or an unexpected early echo from the rear surface, as this can
be an indicator for a damage. Furthermore, it is possible to check the thickness of a beam
(without cracks) even if the rear surface is not accessible.
X-ray imaging shows that it is sufficient to employ an easily portable X-ray flash tube to
analyse wood when combining with the techniques of digital radiography. The advantage of
this technology is the availability of various image processing methods such as filtering and
suppression of noise to unravel further details within the complete image information which
are not visible at a single glance.
With mobile X-ray the exact position of knots and bonding of boards can be located even
when the beams are painted.
The comparison between ultrasound and X-ray to detect cracks shows that the first method
is sensitive to cracks running parallel to the surface because of the barrier character an the
latter one to those perpendicularly aligned because of the high material contrast in this
direction.
On the other hand the exact position of knots and especially small knots can only found by
X-ray. As a consequence, a thorough inspection of wood on integrity may require more than a
single test method, preferably the combination of complementary technologies. While
mechanical probing methods such as drill resistance provides detailed information only from
a single spot others cover larger areas without any destructive invasion. Ultrasonic echoes are
capable to detect extended cracks and cavities that might be hardly visible in X-ray images
due to poor contrast differences. As mentioned before, it makes a difference if cracks are
positioned parallel or perpendicularly to the surface. Flaws and damages may be not realised
form the outside, particularly not in their complete extend. They frequently become evident
sometimes in the course of restoration works, or if it is too late. Systematic non-destructive
testing certainly contributes to preserve wooden constructions, art works and thus cultural
heritage.
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