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INTRODUCTION 

Assessing the condition of load-bearing structures of any building, 
especially the old one, is an essential action to assure the safety of 
habitants. Timber, as a construction material, has been used for 
centuries and there are a lot of buildings with original timber elements 
worth of saving. Wood in these structures needs routine inspection for 
its condition and structural integrity. Deterioration of wood structures 
often occurs internally before any external signs of damage appear 
(Ross et al.  2004). Correct knowledge about the true state of structures 
enables rational decisions to be made concerning repair, rehabilitation 
or replacement works, while taking into account possible future costs 
on labour and materials, as well as on the building’s service life.  
 
In general, structural condition assessment requires the monitoring of 
some indicating parameters that are sensitive to the damage or 
deterioration mechanism in question (Ross et al. 2005). The most 
accurate methods to determine the mechanical properties of timber are 
through destructive testing under a mechanical load such as 
compression, tension, or bending. But for the sake of preserving the 
historical value of buildings, the aforementioned methods are not a 
viable option.  
 
Traditional evaluation methods for timber structures inspection include 
visual assessment, sounding, coring and probing. These methods only 
have limited use and do not reveal all possible damages especially the 
internal ones. Visual assessment of structural elements has been 
commonly used in practice, but the results are very subjective and 
often rely on inspector’s experience (Feio and Machado 2015; Cruz et 
al. 2015). Structural elements on site are often covered from one or 
several sides which constrains the extent of visual evaluation. 
Monitoring of the microclimate (temperature and relative humidity) in 
the building helps to understand the environmental condition that the 
wooden elements are exposed to, but does not reveal the internal 
conditions of the elements. There is a practical need for cost-effective 
and non-destructive inspection methods to obtain reliable data about 
the true condition of the structures and acquire scientific estimates of 
the residual load capacity of timber elements. 
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There are several non-destructive testing (NDT) methods that can be 
used for evaluating the quality and properties of timber (Niemz 2009) 
including 1) Mechanical (drilling resistance, hardness, intrusion 
behaviour); 2) Electrical (electrical resistance, correlation between 
electrical resistance and moisture, correlation between electrical 
resistance and fungal decay, dielectric properties); 3) Acoustic waves 
(sound velocity, sound reflection, sound attenuation); 4) Thermal (heat 
radiation); and 5) Electromagnetic waves (visible light, IR/NIR 
radiation, X-ray, neutron radiation, synchrotron radiation).  
 
These methods can provide researchers and engineers with valuable 
results of a range of assessment precisions.  However, one of the main 
constraints in practical applications is the lack of common guidelines 
and standards when different experts apply the same approaches when 
assessing the same type of timber structures. Furthermore, some NDT 
methods require accurate operation and calibration in each case (Feio 
and Machado 2015). Thus it is important to work towards a more 
harmonised understanding in this field by investigating various timber 
species from different growth regions and getting more information in 
different aspects of NDT.  
 
There were two main goals in this study: 1) Investigate the feasibilities 
of the state-of-the-art NDT methods for assessing the physico-
mechanical properties of solid sawn timber and glulam, and the ability 
to detect local damages (e.g. cracks, decay) and delamination within the 
elements; 2) Put those non-destructive methods into practice through 
real timber structure inspection cases. Specifically, this study evaluated 
the use of two NDT methods: resistance micro-drilling (Resistograph®) 
and stress wave (sonic and ultrasonic) propagation. To evaluate the 
accuracy and reliability of the results obtained by the NDT methods, 
destructive mechanical tests (bending, compression, and shear) were 
conducted on the same samples for comparison analysis. Data 
processing was conducted using statistical comparison and linear 
regression analyses. 
 
In this study, the solid wood materials used included the timber 
elements removed from the existing old structures (also referred to 
aged timber) and the timber recently (freshly) sawn from logs. Unger et 
al. (2001) states that aging is comprehended to be the irreversible 
change of physico-mechanical properties of a material during longer 
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storage or usage. These two types of materials will be referred as “aged 
timber” and “recent timber”, respectively. 
 
The main novelties of this study are the following:  
1. Fully investigated the applicability of the state-of-the-art NDT 

methods for glulam inspection;  
2. Determined the axial loading effect on resistance micro-drilling 

measurement in wood, a factor important to in-situ use of the 
micro-drilling method;  

3. The structural timber materials used in this work included some 
wood species that are native to Estonia and commonly used in 
historic buildings in the region. The experimental data obtained 
from these species reflected the characteristics of local structural 
timber and the statistical relationships were calibrated for local use 
of NDT methods in field inspections; 

4. Developed existing guidelines for using various NDT methods to 
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1. REVIEW OF THE LITERATURE 

1.1. Acoustic wave methods 

 Stress waves are mechanical vibrations propagating through a solid 
medium in the form of a wave (Kolsky 1963). The individual particles 
do not migrate to another place; they oscillate about a mean position 
(Hellier 2013).The waves are characterized by the direction of 
propagation and by the particle motion (Bucur 2006).  Four main 
modes of propagation are (Bucur 2006; Hellier 2013): 

Compression waves (also called longitudinal waves or P-
waves), the particle trajectory is in the same direction of wave 
propagation, 
Shear waves (also called transverse waves or S-waves), the 
particle motion is perpendicular to the direction of wave 
propagation, 
Surface waves (Rayleigh waves), the particle motion is elliptical, 
with the major axis of the ellipse perpendicular to the direction 
of propagation, 
Lamb waves (plate waves), propagate parallel to the test surface 
and have a particle motion that is elliptical. 

 
Wood is a very complex anisotropic and heterogeneous material. In its 
natural form, wood is assumed to be a cylindrically orthotropic 
material with three principle directions: longitudinal along the fibres 
(tree length), radial from bark to pith of a tree, and tangential around 
the annual ring of a tree (Senalik et al. 2015). Depending on the wood 
fibre direction there are distinctively different elastic and strength 
properties, as well as unalike swelling and shrinkage behaviour. 
However, wood can be approximated as an orthotropic, homogeneous 
material with certain provisions using Hook’s three dimensional law 
(Bucur and Berndt 2001; Bucur 2006). “Homogeneous” means that the 
properties of wood are independent of location and purely a function 
of the direction the wave is traveling. This is assumed to be true only 
when there is not any major defects present in the wood sample (Bucur 
2006). Furthermore, Hunter (2006) states that a solid can be 
approximated as being homogeneous for wave propagation if the 
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inhomogeneous elements presented at the wave front are smaller than 
the tenth of the wavelength in at least one direction. Woods (2006) 
demonstrated a short calculated example and stated that wood is 
approximately homogeneous for wave frequencies below 1 MHz. 
 
The influence of density on stress wave velocity has been studied by 
numerous researchers and they concluded with different results. Bucur 
and Chivers (1991) observed that in conditions of increased density the 
speed of sound decreased. In other investigations the results have 
shown that velocity increased for large density values (Haines et al. 
1996, Oliveira et al. 2005). In contrast, Mishiro (1996) and Ilic (2003) 
reported that wave velocity was not affected by density. Similar 
findings were confirmed by Baar et al. (2012) and they added that wood 
density has a positive effect on wave velocity, but this effect is further 
complicated by factors such as chemical composition, and micro- and 
macro-structure of wood. 
 
Because wood is an anisotropic material, the speed of sound waves 
varies with the fibre directions in cell structure (Kettunen 2006). 
Transverse waves are scattered by each cell wall, while the longitudinal 
orientation of wood cells and their slenderness ratio facilitate wave 
propagation. Moreover, the wave propagation paths in directions 
differing from the main orthotropic axes (longitudinal L, radial R and 
tangential T) are significantly shifted from a straight line between the 
transducers, and the actual trajectory is dependent on the local ring and 
grain angles (Sanabria et al. 2011). Wave velocity is affected by the 
width of annual rings in the radial direction, due to the macroscopic 
structure of wood, the relative proportions of early and latewood, and 
the cell orientation in the growth ring. A ratio of velocity in 
longitudinal, radial and tangential direction is 14.7 : 5 : 3.95 by means 
of wood grain orientation analysis (Kloiber and Kotlinova 2005, cited 
by Drdácký and Kloiber 2006).  

For an orthotropic elastic medium, coefficients of the stiffness matrix 
could be determined from the density of the medium and the velocity 
of a P-wave travelling along the longitudinal axis (Bucur 2006; Woods 
2006). The relationship between stress wave velocity and material 
stiffness has been established through the equations of motion, Hook’s 
law, and Christoffel stiffness tensors (Hearmon 1961; Graff 1975; 
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Bucur 2006, cited by Ross 2015). The propagation of stress wave 
through wood is mainly affected by its stiffness and density, but also 
Poisson’s ratio has minor effect. For long and slender wood members, 
under the assumption of isotropic and within elastic region, the effect 
of Poisson’s ratio can be neglected and one-dimensional wave theory 
applies. Thus the equation for determining the dynamic MoE with 
longitudinal waves travelling along a principle axis is (Hearmon 1961; 
Graff 1975; Bucur 2006, cited by Ross 2015): 
 
 2

Ldyn VMoE  (1) 
 
where MoEdyn is the dynamic modulus of elasticity (in the longitudinal 
directions), 2

LV  is the longitudinal wave velocity (along the grain),  is 
the density of the material. 
 
Although the aforementioned equation is mainly applicable to 
homogeneous and isotropic materials where stress waves propagate in 
one type of “consistent” material (Dackermann et al. 2016), research 
has proved that this one-dimensional wave equation can also be 
applied to wood members. In building construction, longitudinal 
stiffness of wood is important to both design and structural 
performance. By measuring stress wave velocity and deriving the 
dynamic MoE, strength properties can be estimated through empirical 
relationships. Samples can be tested destructively by static loading. 
From the structural point of view, MoE is relevant to the timber 
elements in bending. Ross (2015) and Kasal et al. (2010) have 
summarized the correlations between dynamic and static MoE to be 
0.58 to 0.98 from different studies. The strength of the correlation 
tends to be higher for small clear wood than that for larger timber 
elements. Anthony et al. (1992) also pointed out that the complexity of 
wave propagation is related to the ability to predict strength properties 
of timber. The presence of natural defects has a negative impact on the 
ability to predict the performance of timber members. Stiffness of a 
wood member is a global property that is mainly controlled by the 
overall wood quality, less affected by the local defects. However, local 
defects could have a major impact on strength values depending on 
their locations (Hanhijärvi et al. 2005).  
 
Modulus of elasticity determined through stress wave testing tends to 
be higher than that obtained through static bending testing (Smulski 
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1991; Oliveira 2002; Piazza and Riggio 2008; Dackermann et al. 2016). 
The difference was reported to be around 20-35% for longitudinal 
MoE (Smulski 1991; Dackermann et al. 2016). Halabe et al. (1995) 
(cited by Dackermann et al. 2016) stated that wood is a viscous elastic 
and highly impact absorbent material. The restored elastic force in 
wood materials is proportional to the displacement and the dissipative 
force is proportional to the velocity. Therefore, when a force is applied 
for a short time, wood shows a solid elastic behaviour; on the contrary, 
when a force is applied for a longer period of time, the behaviour of 
wood is more similar to that of a viscous liquid. Thus the static 
bending tests represent the longer duration of applying the force. 

surement for decay detection 

Wave propagation and attenuation are directly related to the material 
properties. Thus we can use it for defects detection, specifically for 
locating major strength-reducing defects such as fungal decay, cracks, 
delamination, and voids. Greater travel distance increases both the 
travel time and signal attenuation (Senalik et al. 2015). Stress wave 
timing (SWT) measurement for decay detection is based on the 
concept that stress wave propagation is sensitive to the presence of 
deterioration of wood members (Pellerin and Ross 2002). Stress waves 
travel faster through sound wood than they travel through decayed and 
delaminated wood. Stress wave transmission times per length basis for 
different species of non-degraded wood are summarized in Table 1. 
Sensitivity to internal defects makes the wave propagation a useful tool 
for condition assessment of timber structures. Furthermore, there are a 
myriad of parameters like attenuation, spectral content, rise time, signal 
length, root mean square of signal energy, time centroid, frequency 
centroid, peak amplitude, and peak energy that could be correlated to 
particular phenomenon (Senalik et al. 2015).  
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Table 1. Summary of research on stress wave transmission times for various wood 
species (Ross 2015). 

Reference Species

 

MC (%, 
oven dry) 

 

Stress wave transmission time 
(μs/m) 

Parallel to 
grain 

Perpendicular 
to grain 

Smuslki (1991) Sugar maple 12 194…256 - 
Yellow birch 11 180…230 - 
White ash 12 197…252 - 
Red oak 11 200…262 - 

Armstrong et al. 
(1991)  Birch  4...6 174…213 676…715 

Yellow-poplar 4…6 174…194 676…715 
Black cherry 4…6 184…207 620…689 
Red oak 4…6 177…226 571…646 

Elvery and 
Nwokoye (1970)  Several  11 167…203 - 

Jung (1979) Red oak 12 226…302 - 
Ihlseng (1878, 
1879)  Several  - 190…272 - 

Gerhards (1978) Sitka spruce 10 170 - 
Southern pine 9 197 - 

Gerhards (1980) Douglas-fir 10 203 - 
Gerhards (1982) Southern pine 10 194…197 - 
Rutherford (1987) Douglas-fir 12 - 623…1092 
Ross (1982) Douglas-fir - - 597…850 
Hoyle and Pellerin 
(1978)  Douglas-fir  9 - 1073 

Pellerin et al. 
(1985)  Southern pine  9 170…200 - 

Soltis et al. (1992) Live oak 12 - 613…1594 

Ross et al. (1994)  

Northern 
red and 
white oak  Green - 795 

Stress waves are typically generated by an external energy source and 
the most common energy sources are mechanical impacts and 
piezoelectric transducers. A mechanical hit generates stress waves with 
frequencies below 20 kHz, which is often called sound waves or 
acoustic waves. Ultrasonic transducers operate with the central 
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frequencies from 20 kHz up to megahertz range. The resolution of a 
stress wave scanning is dependent upon the frequency of the waves 
generated. As wave frequency increases, the wavelength decreases and 
signal attenuation increases in wood. Higher frequency waves are more 
sensitive to local defects. Lower frequency waves attenuate more 
slowly than the higher ones and therefore are able to travel longer 
distance in wood, but they are less sensitive to small defects within the 
member (Kasal et al. 2010, Senalik et al. 2015; Hellier 2013). 
Attenuation represents the gradual loss of stress wave energy and has 
the combined effect of a number of parameters like interference and 
diffraction effects, interference absorption and interference scatter 
(Hellier 2013). Bucur (2006) stated that the geometry of a radiation 
field, wave reflection, refraction occurring at the macroscopic 
boundary of the medium (the edge of the specimen) and the scattering 
phenomena are the main factors affecting ultrasonic attenuation 
measurements in timber. Attenuation is highest in tangential direction 
and lowest in longitudinal direction. For stress wave measurements in 
wood, the most favourable frequency range is between 20 kHz and 500 
kHz because of the high attenuation of ultrasonic waves in wood at 
higher frequencies (ASTM 1989; Tanasoiu et al. 2002). Beall (2002) 
reckons that since material attenuation increases exponentially with 
frequency, the usable upper frequency level for transducers on wood-
based materials is about 100 kHz to 200 kHz. 
 
There are several methods to measure wave velocity in wood. Basically 
we can divide the measurement methods into two: one sensor method 
and two sensors method. Single sensor method is also known as a 
pulse-echo technique. Typically, a pulse on one side of the specimen 
induces stress waves that travel through the cross section. The pulse is 
initiated from the same transducer that is used to sense the returning 
waves (Senalik et al. 2015). Most commonly, the pulse source is a 
conventional piezoelectric transducer that is energized with voltage 
pulses. Other means of surface stimulation can also be used, like 
mechanical impact, laser bursts, and electrical discharges (Beall 2002).  
 
Two-sensor method, also known as through transmission method, 
works similarly to single sensor method. But here the second sensor 
probe works as a receiver. There are many different types of placement 
positioning, such as direct, semi-direct or indirect. The most common 
configuration is to set the source sensor on one side and the receiving 
sensor directly on the opposite side across the specimen. Because the 
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waves need only travel across the specimen once, the power for the 
source signal can be lower than that in pulse echo. Alternatively, if only 
one side of the wood member is accessible, indirect method can be 
used. This means that both transducers are set on one side of the 
specimen with certain distance apart. The incident wave reflects off 
from the observable boundaries such as the opposite edge of the 
specimen or internal defects, and travels back towards the edge from 
which the wave was originated. The reflecting wave arrives at a 
location away from the source and is caught with the receiving sensor 
(Senalik et al. 2015). Here it should be noted that the angle between the 
member surface and the transducer should be considered. In practice, 
without tilting off from the specimen’s surface (usually 45 to 60 
degrees) we might get surface waves causing spurious signals.  
 
According to Machado et al. (2009), an indirect measurement can 
provide quite good results. Furthermore the results seem to indicate 
that as the distance (10 to 40 cm) between the transducers becomes 
greater the influence of deeper wood layers on wave propagation 
velocity increases. Most of the signal energy is transmitted to the back-
wall of the test piece while only a small part of the energy is 
transmitted along the edge surface.  
 
The main advantage of using stress wave is that the piece being 
measured will not be damaged in any way (except for using screwed on 
or spiked in type transducers) and it can be continuously used as no 
deformations occur. Tests can be made on the same member 
repeatedly without any substantial variation in results (Bucur 2006).  

Similar to the effect on mechanical properties, moisture content of 
wood has an effect on acoustic wave propagation in wood. Sandoz 
(1989) reported that ultrasound velocity decreased with increasing 
moisture content. The velocity decreased dramatically with increasing 
moisture content up to the fiber saturation point (FSP), and thereafter 
the variation was very small (Sakai et al. 1990). Wang (2008) reported 
similar findings with Douglas-fir. When the water is present in the cell 
walls as bound water at low moisture content (<18%), the ultrasonic 
pulse is scattered by the wood cells and by cell boundaries. At higher 
moisture content, but below the FSP, the scattering at cell boundaries 
could be the most important loss mechanism (Bucur 2006). Machado 
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(2000), cited by Drdácký and Kloiber (2006), reported that increased 
moisture content reduced the longitudinal and transverse propagation 
velocity for maritime pine (Pinus Pinaster Ait). It is also well known that 
moisture content above the FSP does not have any significant effect 
on ultrasound velocity when measured in the longitudinal direction 
(Sakai et al. 1990; Oliveira et al. 2005). 

s in acoustic measurements 

The length of the piece is reported to have much more influence on 
the velocity than the cross-sectional area (Arriaga et al. 2006). The 
longitudinal measurement is clearly affected by the width (b) to 
thickness (h) ratio of the specimen. The maximum velocities are 
observed when the ratio lies between one and two, assuming the 
specimen is a rod, and b and h are greater than the wavelength (Bucur 
1984a, cited by Bucur 2006). 
 
The coupling between non-fixable sensors and wood surface is critical 
in ultrasonic measurements. Ultrasonic waves travel much slower in 
air, thus good contact between the sensor and the material is necessary. 
This can be resolved by using coupling agent and adding pressure to 
ensure good coupling between the transducer and wood sample 
(Drdácký and Kloiber 2006).  Beall (2002) states that the factors that 
influence coupling are the acoustic impedance match of the transducer 
to the substrate, the quality of coupling between the transducers and 
the substrate, and the characteristics of the substrate. The surface 
properties of wood such as porosity and roughness can reduce the 
contact area and also cause penetration of the coupling agent into 
wood. Bucur (1984a; 2006) indicated that the changes induced by the 
penetration of the coupling material into the wood sample can produce 
unexpected experimental errors. This is because when the coupling 
medium is absorbed into wood, the characteristic acoustic impedance 
of wood is changed, and the transmitting-receiving response is 
modified. Nevertheless, coupling material must be used to improve the 
wave signal transmittance to and from the wood surface. 
 
Another issue is regarding the pressure applied while holding the 
transducers. When measuring small samples, a sensor holder with 
springs can be used to obtain a constant pressure. However, specimen 
with low density (e.g. balsa) must be measured with care, because the 
applied pressure can affect the velocity and attenuation, particularly for 
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high frequency waves (Bucur 2006). On the contrary, Machado (2000, 
cited by Drdácký and Kloiber 2006) reported that the velocity of 
ultrasound waves was not influenced by the pressure level. For on site 
measurements, it is more common and convenient to use just equal 
hand held pressure with conical or flat-faced transducers for ultrasonic 
devices.  
 
Longitudinal measurement conducted at the ends of a wood member is 
the most commonly used method reported in the literature, providing a 
good estimation of the global properties of a wood member. However, 
challenges occur when it is used to assess wood structures in situ 
because in most cases the ends of a beam or joist, for example, are 
hidden from view and not accessible. Consequently, such measurement 
cannot be carried out. An alternative approach is to place the sensors 
on the same side of a wood member with a certain span. Machado et al. 
(2009) found that the relative difference between direct and indirect 
measurements of defect-free specimen was ±10%, which shows a 
good relationship between the results of the different ultrasound 
measuring methods. Thus, the use of the indirect method on site, 
where only one side of the wood structure is accessible, is possible. 

1.2. Resistance micro-drilling method 

Resistance micro-drilling method enables detection of internal 
deterioration in a timber through measuring the relative resistance in 
the drilling path. The drill bit (Fig. 1) needles used for micro-drillings 
have a shaft of 1.5 mm in diameter and a 3.0-mm-wide cutting head. 
The output of a micro-drilling test is a resistance profile showing the 
density changes along the drilling path. Comparing with the high-
resolution radial x-ray density profiles, the electronically regulated and 
recorded resistance drilling delivers profiles linearly correlated to the 
local wood density (Rinn et al. 1996, cited by Rinn 2012). The high 
output characterizes high resistance or high wood density and the low 
output characterizes low resistance or low wood density. Because 
latewood and earlywood differ in density, they also can be 
differentiated in the resistance profile obtained from a micro-drilling 
test. Internal decay or checks in a timber is typically characterized as 
extremely low resistance or zero resistance in the resistance charts. For 
the intact wood, the measured resistance profile is dependent on 
density variations of earlywood and latewood, tree-ring structure, and 
the penetration direction (Kotlinova et al. 2008, Rinn 2012). 
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Figure 1. Rinntech resistograph 4453-P (Rinntech e.K., Heidelberg, Germany; left) 
and the drill bit needle (right). 
 
Physical and mechanical properties such as density, hardness, residual 
cross-section, bio-deterioration, and natural defects can be determined 
through the analysis of resistance graphs. Aforementioned strength 
indicators can be used to calculate residual strength of timber 
structures. The strength of wood depends proportionally to its density 
(Saarman and Veibri 2006). Width of annual rings and ring structures 
of some species can also be measured. According to the report by 
Kasal and Anthony (2004), the relationship between the measured 
drilling resistance and the density of wooden members varies, with R2 
in the range of 0.21-0.69. These differences are related to  timber 
species, the moisture content of the timber, drilling devices used and 
operating parameters (drilling speed and drilling direction relative to 
the growth rings) (Feio and Machado 2015). 
 
There are several resistance micro-drills commercially available, with 
the resolution up to 0.01 mm or even higher. The higher the 
resolution, the higher the sensitivity of the wood resistance readings. 
The main disadvantage of the resistance micro-drilling method is that 
the measurements only reflect the density variations in specific drilling 
paths. To get a complete picture of a member’s condition, multiple 
drilling tests have to be made. Care should be taken on determining 
drilling locations in terms of timber’s grain orientation. Number of 
drillings should be limited for the sake of maintaining structural 
elements’ appearance that could be an important factor from a historic 
perspective. Another technical issue involves the thin drilling needle. 
Because of the thin shaft of the drill bit and its flexibility, the drill bit 
can be bent when encountering abnormal wood or when drill device is 
moved during the course of drilling, resulting inaccurate readings. It 
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would be wise to check the exit point of a drilling needle when using a 
resistance drilling tool.  
 
There are also some concerns for performing structural inspection with 
a resistance micro-drill in structures where the timber elements are 
under high compression loads parallel or perpendicular to the grain. In 
theory, this might affect the readings of the resistance drilling 
measurements. Due to the high stress in wood, the drill bit may 
encounter added friction during the course of drilling and thus 
resulting in higher resistance readings. Currently, there is a lack of 
research on how the compression loading could affect the resistance 
profiles during the micro-drilling measurements.  

1.3. In situ non-destructive inspection methods 

The structural condition of old wooden buildings should be routinely 
assessed to ensure the safety of the occupants and extend the service 
life of the buildings. Historic timber structures must be carefully 
inspected and preserved to maintain their original structural forms as 
much as possible, while taking into account the intended functions of 
the buildings. In a structure evaluation and preservation process, the 
structural integrity is achieved by ensuring that the structures are in a 
good condition and have the necessary strength to withstand all types 
of loadings (Larsen and Marstein, 2000).  
 
In solid timber elements, checks, cracks, and knots are the most 
common natural defects. In addition, biological damages such as decay 
or insect attacks can also occur because timber is highly prone to its 
surrounding (climatic) conditions. The receptivity to these pathological 
agents depends highly on timber’s moisture content, temperature and 
solar exposure (Sousa et al. 2013). As mentioned earlier, deterioration 
of wooden structures often occurs internally before any external signs 
of damage appear. The load-bearing capacity of the affected member is 
greatly reduced before the deterioration is visible (Ross et al. 2004). 
Visual assessment is useful for identifying external damages and key 
areas that are suspected to have internal problems. Non-destructive 
testing methods are most effective in detecting internal decay and 
structural defects that are hidden from view and therefore are a 
necessary supplement to the visual inspection. In addition, NDT 
methods can help engineers to obtain the physical and mechanical 
properties of the timber elements and this information is critical in 
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subsequent load rating analysis. As stated by Kasal and Tannert (2010), 
on site assessment of wood structures can be improved in two ways: by 
gaining more accurate estimates of the residual strength of individual 
members, and by locating and quantifying the deterioration in timber 
elements.  
 
NDT methods are usually associated with the prediction of the 
following material properties (Feio and Machado 2015): 

Density of the timber elements (coring, resistance drilling); 
Mechanical properties (bending, tension, compression and 
shear strength, local and global MoE) of the timber elements 
(measuring one or more indicative parameters or obtaining 
direct readings of these properties); 
Residual cross-section of the timber elements (analysing 
abnormal density variations in the element generally associated 
with mass loss, e.g. decay). 

 
Glued-laminated timber (glulam) is an engineered structural product 
made up of layers of dimension lumber stacked and bonded together 
with durable and moisture-resistant adhesives. The use of glulam has 
become widespread all over the world, extending the modern wooden 
building capabilities. Traditional solid wood members are increasingly 
being replaced by more attractive glulam elements, enabling timber 
structures to carry more loads (for instance in large-span roofs). One 
of the unique challenges in glulam structures is the problem related to 
the failure of adhesives, causing delamination in glulam elements. The 
ASTM standard D1101 (2006, cited by Bucur 2011) defines 
“delamination” as a term to express separation of the wood surfaces at 
the glue joints. When the separation takes place within a wood 
member, even though very close to the glue joint, it is defined as a 
wood failure or checking. Delamination usually results from 
manufacturing failures, improper bonding, overloading during the 
service life of a structure, or by moisture changes causing stresses. 
Visual assessment is typically confined to the surface conditions and 
does not provide information about the bond lines between the 
laminates in glulam members. As innovative construction techniques 
are continuously being developed for timber buildings, the need for 
advanced assessment methods is increasing to assure the safety of 
occupants and extend the service life of the glulam structures. 
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The structural performance of glulam members in an existing structure 
is dependent upon the quality of individual laminations, finger joints, 
and the glue-lines. The properties that are considered in assessing 
glued-laminated timber structures and the typical inspection methods 
used are summarized as follows (Dietsch and Tannert 2015): 
 

General overview (documentation, visual inspection);
Moisture condition (determining MC and/or moisture gradient 
using moisture meter);
Cracks (crack gauge, radiography, ultrasound-echo); 
Glue type (visual inspection, boiling, spectral analysis); 
Strength of glue-lines (shear testing of core samples). 

 
Fink and Kohler (2015) reported a similar list of methods with a 
supplement stating the efficiency of each method with respect to the 
quantitative assessment of load-bearing capacity of non-damaged 
structural glulam members. Efficiency is defined by the type of 
information gained through specific inspection method (destructive or 
non-destructive) and expected costs. Each technique is limited to 
provide a certain type of information. In order to obtain a full 
assessment of the conditions of the structural elements, a combination 
of different methods should be considered.  
 
Even though a variety of suggestions for the assessment of timber and 
glulam structures have been made, a comprehensive research is needed 
to explore the use of several different inspection methods and develop 
guidelines for the best practice in the field of structural condition 
assessment. 
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2. AIMS OF THE STUDY 

This research includes two major parts. The first part is a laboratory 
investigation of several NDT methods for inspection of solid sawn and 
glulam timber. The key is to use Estonian origin wood for solid sawn 
timber, which appraises the local peculiarities of timber species used in 
structures and adjusts statistical relationships for local use of NDT 
inspections. The second part is to put these inspection methods into 
practice by assessing timber structures on site and develop practical 
inspection guidelines.  
 
The specific aims of this study were: 

1. To investigate NDT methods by comparing them measuring 
physico-mechanical properties of structural timber. 

2. To determine if axial loading has any effect on resistance micro-
drilling (Resistograph®) in wood. 

3. To investigate the applicability of NDT methods on glulam. 
4. To develop existing guidelines for using NDT methods for timber 

and glulam structures on site. 

The tasks to fulfil the aims were as follows: 

1. To determine the relationship between resistance micro-drilling 
amplitude and wood density of aged timber. 

2. To evaluate the effect of compression force applied parallel to 
grain on the resistance micro-drilling measurements. 

3. To determine the relationships between the stress wave velocities 
(ultrasonic waves) measured using different techniques and the 
physico-mechanical properties of aged timber.  

4. To determine the relationships between the stress wave velocities 
(sonic and ultrasonic waves) measured using different devices and 
the physico-mechanical properties of recent sawn timber of 
softwood and hardwood. 

5. To evaluate the effectiveness of sonic and ultrasonic stress wave 
timing and resistance micro-drilling methods for detecting 
deterioration and delamination in aged glulam.  

6. To determine the stress wave transmission times and velocities 
(perpendicular to the grain) at different moisture content levels in 
recent timber of softwood and hardwood. 
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7. To develop a comprehensive inspection procedure that takes the 
advantage of the state-of the-art NDT methods and validate the 
use of stress wave propagation and resistance micro-drilling 
techniques in field inspection practices on the basis of case studies.  
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3. ASSESSMENT OF PHYSICO-MECHANICAL 
PROPERTIES OF STRUCTURAL TIMBER AND 

GLULAM 

3.1. Materials used in investigations 

Generally, softwoods like spruce (Picea abies) and pine (Pinus sylvestris) 
are most widely used as structural timber in Estonia. Larch (Larix spp.) 
is not so commonly grown and used, but it is very durable among 
softwood species due to its high content of pitch in heartwood 
(Saarman and Veibri 2006). Hardwoods like alder (Alnus glutinosa) and 
aspen (Populus tremula) were used in building structures in previous 
times, but not so widely now. Still, some timber buildings constructed 
with these mentioned species can be found in Estonia. Alder is widely 
known to have good durability performance in wet conditions such as 
in foundation piles, harbour docks and wooden vessels (Klaassen 
2008). Aspen was more commonly used in walls and ventilated roof 
structures in the past, but nowadays it is mostly used in buildings under 
renovation and restoration or in shingle roofs (Allikas and Kulbach 
1962, Ussisoo and Veski 1943). As these species are mostly used in 
timber structures in Estonia over times, they were selected as the main 
materials in the following studies.  
 
The glulam material used in this study was made of laminations of 
Southern Yellow Pine (often abbreviated SYP) boards. SYP refers to a 
group of pine species classified as Southern pine and is a representative 
to the southern region of United States of America. There are no 
fundamental differences among those pines; equally dense wood have 
practically the same strength and other characteristics (Forest Products 
Laboratory 1936). 

3.2. Tests on aged timber with ultrasonic stress wave and 
resistance micro-drilling methods (I, II) 

A total of 37 logs and beams of Picea abies and Pinus sylvestris 
approximately 50 to 300 years old were taken from the buildings with 
various uses in Estonia. One hundred and twenty-four specimens with 
dimensions of 50×50×1005…1100 mm3 were cut from these collected 
materials. The chosen dimensions were based on the European 
standard EN 408 (2005), which specifies that the length of specimen 
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for the bending test should be at least 19 times the height of the cross-
section. The specimens were graded into strength classes according to 
the Nordic standard of INSTA 142 (1997). Three strength classes were 
defined according to this standard: <C18, C18 and C24. The 
experiments were carried out in a laboratory at 21–23 °C and 20–40% 
RH. 
 
For the ultrasonic study, 92 specimens out of 124 Picea abies were 
investigated. A TICO Ultrasound Instrument (TUI) (Prozeq SA, 
Schwerzenbach, Switzerland) fitted with 54 kHz compressional wave 
transducers was used. The instrument works by sending an ultrasound 
wave into the specimen through the transmitter probe and picking up 
the signals through a receiver probe, and measuring the time of flight 
(t) in microseconds. Ultrasonic velocity (v) is then calculated by the 
measured distance (d), using formula v = d/t. The measuring distances 
were chosen taking into account the length of the specimens and 
recommendations given in the manual of the ultrasound instrument for 
the maximum and minimum parameters (Tico User Manual 2008). 
Before taking an ultrasound measurement (Fig. 2), the measured 
specimen’s length was entered into the device; during each 
measurement, the corresponding velocity reading in m/s was recorded 
manually. To achieve better contact between the wood surface and the 
probes, a thin-layer of glycerine (propane-1, 2, 3-triol) was applied onto 
the probes. This ensured effective transmission of the ultrasound 
waves between the probes and the specimens. For each specimen, four 
different types of measurements were conducted (Fig. 3):  
1) Five times with a spacing (transmitter-receiver distance) of 200 mm 
on the tangential surface at younger annual rings side using the indirect 
method (Method A); 
2) Three times with a spacing of 600 mm on the tangential surface at 
younger annual rings side using the indirect method (Method B); 
3) Once between the two ends in the longitudinal direction (Method 
C); 
4) Five times in the radial direction by random selection using the 
direct method (Method D). 
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Figure 2. Conducting tests with a TICO Ultrasound Instrument 
 

 
Figure 3. Diagrams showing each of the measurement methods applied with an 
ultrasound device: A) five times with a spacing of 200 mm on the tangential surface 
at younger annual rings side using the indirect method (Method A); B) Three times 
with a spacing of 600 mm on the tangential surface at younger annual rings side using 
the indirect method (Method B); C) once between the two ends in the longitudinal 
direction (Method C); D) five times in the radial direction by random selection using 
the direct method (Method D). 
 
The static MoE and bending strength (BS) of the specimens from the 
aged timber were determined through destructive bending tests using 
the electro-mechanical testing system Instron 3369 (Instron Corp., 
Norwood, MA, USA). The static bending tests were conducted based 
on the European standard EN 408 (2005). According to this standard, 
each specimen was tested in four-point bending and the load was 
applied through the bearing block to the tangential face with younger 
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annual rings facing upwards. Deflection for calculating the MoE was 
measured by an optical gauge (Advanced Video Extensometer 2663-
821).  
 
Following the destructive bending tests, all specimens were then 
subjected to resistance micro-drilling measurements using a Sibtec 
Digital microProbe drill (Sibert Technology Limited, Surrey, England). 
The micro-drill has a resolution of 0.1 mm, with the maximum drilling 
depth up to 1 meter, 2-mm diameter of the needle head (1-mm 
diameter of needle itself) and the rotating speed of 7000 revolutions 
per minute (rpm).  The resistance drilling was made in the same (radial) 
direction as the loading direction in the bending test. Five drilling 
measurements were conducted on each specimen (at locations free of 
knots and defects) with a distance of 100 to 150 mm from each other.  
 
To measure the drilling resistance of wood in radial direction under 
different compression loads, drilling measurements were performed on 
376 50×50×75 mm3 small specimens cut from the undamaged parts of 
the bending specimens using the same resistance micro-drill device. 
The compression load was applied to the small specimen parallel to 
grain starting from 0 up to 100 kN with a 20 kN increment. At each of 
the loading step, one micro-drilling measurement was conducted. 
Corresponding stresses were calculated by the imposed load and 
measured cross-section area of the wood specimen. The compression 
load was applied to the small samples from aged timber through an 
universal testing machine P-20 with the maximum load of 200 kN. 
Loading rate was 25000±5000 N/min. 
 
To determine the moisture content (dry basis) of the test specimens, a 
small moisture sample of 50×50×30 mm3 was cut from each bending 
specimen. The moisture samples were weighed using an electronic 
scale with a resolution of ±0.01 g, and afterwards placed into an oven 
with a temperature of 103 ±2 °C. All samples were dried until their 
differences of weighing at two-hourly intervals were less than 0.1% 
according to the European standards EN 408 (2005) and EN 13183-1 
(2002). Moisture content was determined according to the 
International Organization for Standardization standard ISO 3130 
(1975). For determining the density, samples with dimensions of 
50×50×75 mm3 were cut from the aged timber. These were weighed 
on the same electronic scale and thickness, width and length were 
measured with a digital calliper (resolution of ±0.02 mm). The density 
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of wood samples was then calculated according to the International 
Organization for Standardization standard ISO 3131 (1975). 

3.3. Tests on glulam with sonic and ultrasonic stress waves 
and resistance micro-drilling methods (IV) 

A glulam arch structure at the United States Department of Agriculture 
(USDA) Forest Products Laboratory (FPL) was deconstructed after 
more than 75 years of service. As one of the first examples of glulam 
structures in the United States, this building represented FPL’s early 
efforts on developing arches from thin, individual wood laminations 
that could be bent into flowing shapes (Wilson 1939). In addition to its 
primary service function, this building was also intended to 
demonstrate the adaptability of wood to modern structures in both 
design and construction. In 1993, during the fibre drying process, an 
intense fire was started on the western part of the building. During this 
event, several of the arch members were exposed to elevated 
temperature and fire conditions. The repaired arch members 
performed well after the fire event. As these arches represent the first 
generation of both construction adhesives and glued-laminated 
development, they were preserved as research specimens for various 
projects at FPL to evaluate the durability and residual strength of these 
aged arch members.  
 
The solid glulam arches were glued up of laminations of 1.4 cm (9/16 
in) material to a width of 29.2 cm (11 ½ in) and a thickness of 30.5 cm 
(12 in) at the base, 61.0 cm (24 in) at the knee, and 20.3 cm (8 in) at the 
apex. Each layer was made of 10.2 cm (4 in) and 20.3 cm (8 in) pieces, 
with the edge joints staggered in alternate laminations. Casein adhesive 
was used (Wilson 1939). Through a preliminary stress wave and 
ultrasonic timing inspection, it was able to determine the general 
physical conditions of all the solid glulam arch sections removed from 
the building. Glulam arch section No. 5 (Fig. 4a) was found to contain 
a wide range of decay and delamination due to moisture intrusion and 
exposure to the elevated temperatures in fire. We selected this section 
as a specimen for an in-depth study. 
 
Extensive non-destructive testing was performed on the selected 
glulam arch section using several different types of techniques, 
including stress wave timing, ultrasonic transmission, and resistance 
micro-drilling. Figures 4b and 4c show the glulam specimen under 
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testing and locations where non-destructive measurements were 
conducted. The physical condition of the arch section varied 
lengthwise, thus the measurements were started at the cross-section 50 
mm from the decayed end (lower end), followed by 200 mm increment 
and then by 300 mm increment. At each of these locations, 
measurements were performed at three levels which were designated as 
A, B and C for upper, middle, and lower levels, respectively. Non-
destructive tests were conducted through the thickness of the glulam 
(perpendicular to the laminations) using Fakopp Microsecond Timer 
(FMT; Fakopp Bt., Agfalva, Hungary) and Sylvatest Duo device (CBS-
CBT, Choisy-le-Roi, France) equipped with two 22 kHz transducers.  
 

 
Figure 4. a) Glulam arch section; b) plan view showing measurement locations; c) 
cross-section view of the block showing measurement locations (A, B and C were 45, 
135 and 225 mm from the edge of the cross-section respectively). 
 
FMT is a portable microsecond stress-wave timer with two 
piezoelectric-type transducers equipped with 60 mm long spikes. The 
spike probe fixes the transducer into the wood and also functions as a 
wave guide. The stress wave is induced by a simple hammer impact 
and the output displayed on the meter is the time-of-flight (ToF) in 
microseconds. With Sylvatest Duo, the transmitter probe emits five 
consecutive pulses through the media. An average ultrasonic 
propagation time (UPT) and peak energy of the receiving signal were 
recorded after each measurement.  
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Resistance micro-drilling tests were conducted after the acoustic 
measurements. An IML PD-400 resistance drill unit (IML-Instrumenta 
Mechanik Labor System GmbH, Wiesloch, Germany) with a resolution 
of 0.1 mm, drilling depth 400 mm, diameter of the needle head 3 mm 
and adjustable rotation speed up to 5000 rpm. The device was used to 
obtain resistance profiles at the same locations where stress wave 
timing and ultrasonic measurements were conducted.  
 
After completion of the non-destructive measurements, the glulam 
section was cut into 14 blocks labelled as A, B, C, D, … and N (block 
A was severely decayed and delaminated, and it fell into pieces after 
cutting). Visual inspection was conducted at each opened cross-section 
to identify decay, cracks and any delamination that can be visually 
noticed. A high-resolution digital image of each cross-section was 
subsequently obtained to document the internal conditions of the 
glulam block. After visual inspection of the blocks, samples for shear 
and compression testing were cut according to the specifications of the 
ASTM D905-08 (2009) and D143-09 (2009) standards. Twenty five 
50×50×200 mm3 compression samples were obtained from the blocks 
C, D, E, F, and G, five from each block (Fig. 5a). Fifty 38×50×50 mm3 
shear samples were cut from the blocks B, C, D, E, F, G, and N (Fig. 
5b), five from each block for the blocks C, D, E, F, and G, ten from 
block N and fifteen from block B. Only thirty five samples were good 
enough for valid testing. Both compression and shear samples included 
3 bond lines. Special care was taken to ensure that the bond line being 
tested for shear was located in the center-line and the loading surfaces 
were smooth, parallel to each other, and perpendicular to the height. 
 



37 
 

 
Figure 5. Small samples cut from the glulam blocks for mechanical testing: a) 
compression test sample with ultrasonic measurements at points A, B, C and D; b) 
shear test sample with ultrasonic measurement at point E. 
 
Before the destructive testing, the compression and shear samples were 
acoustically evaluated using a Sylvatest Duo device. For compression 
samples, ultrasonic measurements were conducted in both radial (3 
points) and longitudinal directions. For shear samples, ultrasonic 
measurements were conducted in radial directions (2 points). The 
transmitter probe and the receiver probe were positioned at the 
opposite faces of a sample with a constant pressure (196 kPa) applied 
to the probes to improve coupling between the probes and wood. 
Finally samples were tested mechanically in compression and shear. 
The compression-parallel-to-grain test for glulam specimen was 
conducted on each compression sample using a universal test machine 
(Instron 5587, Norwood, MA, USA) in accordance with ASTM 
standard D143-09 (2009). MoE and compression strength (CS) parallel 
to grain were subsequently determined for each compression sample. 
Shear samples were tested using the same Instron machine by 
compression loading in accordance with ASTM standard D905-08 
(2009). The shear strength (ShS) of the bond line was determined 
based on the maximum compression load and the bond line area 
between the two laminations. The experiments were carried out in a 
laboratory at 21 °C and 50% RH. 
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3.4. Tests on recent timber parallel to the grain with sonic 
and ultrasonic stress wave methods (III) 

Test materials - Picea abies, Pinus sylvestris, Alnus glutinosa and Populus 
tremula - were cut from the same growth area in the southern Estonia. 
A total of 96 hardwood (among them 48 alder and 48 aspen)
specimens and 100 softwood (50 spruce and 50 pine) specimens with 
the dimensions of 50×50×970…1100 mm3 were cut from the freshly 
harvested timber. The dimensions of the specimens were chosen based 
on the European standard EN 408 (2010). The materials were dried to 
a final moisture content below 20% in a climate chamber. The 
experimental measurements were carried out in a laboratory under a 
temperature of 21…23 °C and 20…40% RH.  

Two different acoustic devices - TUI (Proceq SA, Schwerzenbach, 
Switzerland) and FMT (Fakopp Bt., Agfalva, Hungary) - were used for 
measuring acoustic velocity parallel to grain (Fig. 6).  

 
Figure 6. Testing scheme for the stress wave measurements along the grain on wood 
samples cut from recent timber. Note: T-A stands for the measurements with TUI 
and F-A stands for the measurements with FMT. 
 
TUI was fitted with 54 kHz compressional wave transducers and the 
signal was induced to wood by equal hand-pressure (same type of 
testing as in section 3.2). Each sample was tested three times with both 
devices between the two ends in the longitudinal direction. Finally, the 
static MoE and bending strength of the samples were determined 
through four-point static bending tests using the electromechanical 
testing systems Instron 3369 (Instron Corp., Norwood, MA, USA), 
according to the European standard EN 408 (2010). Deflection for 
calculating the MoE was measured by an optical gauge (Advanced 
Video Extensometer 2663-821). The moisture content (dry basis) and 
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density of the recent timber samples were determined from the 
50x50x50 mm3 small cubic samples cut out of the timber samples 
according to the European standard EN 13183-1 (2002) and the 
International Organization for Standardization standard  ISO 3131 
(1975). 

3.5. Tests on recent timber perpendicular to the grain with 
sonic stress wave method 

Three softwood species (Picea abies, Pinus sylvestris, Larix ssp.) and two 
hardwood species (Alnus glutinosa and Populus tremula) grown in the 
southern forests of Estonia were chosen for this part of the research. 
Two 3-meter long logs were sawn from the freshly harvested timber 
for each species. A 3-meter long center board was sawn from each log, 
and then cut into three 1-meter long specimens.  The cross-sectional 
dimensions of the board specimens are shown in Table 2. A total of 30 
specimens were prepared, 6 specimens for each species. 
 
The stress wave transmission time was measured using a FMT both 
across the width (radial direction) and through thickness (tangential 
direction) at six different locations along the length (Fig. 7). The stress 
wave path at each selected location was free of any defects. At each 
location, the stress wave measurement was repeated three times and 
the ToF data in microseconds were recorded. After initial set of 
measurements on the freshly-cut specimens, the specimens were 
placed into a climate chamber under the temperature of 21 °C and the 
relative humidity of 65% for conditioning. To monitor the drying 
process, one specimen of each species was weighed periodically. The 
second set of measurements were taken from all the specimens when 
the MC of the softwood specimens reached 22…25%. Since hardwood 
dries at a much slower rate than softwood, the hardwood specimens 
were at a higher MC level (approximately 30…42%). The third set of 
measurements were repeated when the MC of the softwood specimens 
reached 18…19% and the MC of the hardwood specimens were 
20…27%. After each set of stress wave measurements, a small sample 
was cut from the end of each specimen to determine the moisture 
content (dry basis) by oven-dry method (EN 13183-1:2002). For 
statistical analysis, stress wave velocity was calculated on the basis of 
measured stress wave transmission time and its path distance. 
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Table 2. Cross-sectional dimensions of the 1-m-long specimens cut from the freshly 
harvested logs. 

Species Number Cross-section (mm) 

Spruce 
(Picea abies) 

K1 223×85 
K2 228×88 
K3 226×88 
K4 205×89 
K5 206×89 
K6 205×90 

Pine 
(Pinus 

sylvestris) 

M1 234×88 
M2 234×88 
M3 234×89 
M4 215×88 
M5 220×88 
M6 227×87 

Larch 
(Larix ssp.) 

LS1 210×84 
LS2 205×82 
LS3 206×84 
LS4 207×83 
LS5 196×84 
LS6 210×84 

Alder 
(Alnus 

glutinosa) 

L1 208×86 
L2 207×87 
L3 204×87 
L4 207×89 
L5 207×86 
L6 206×91 

Aspen 
(Populus 
tremula) 

H1 228×87 
H2 228×87 
H3 228×90 
H4 206×90 
H5 207×90 
H6 205×90 
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Figure 7. Schematic of the stress wave measurements perpendicular to the grain in 
wood samples. 
 

3.6. Data Analyses 

Statistical analyses were performed with MS Excel (Microsoft Corp., 
USA), STATISTICA (Dell Inc., OK, USA) and R (The R Foundation). 
Boxplots, scatter and frequency diagrams were used to demonstrate the 
results. Correlation and regression analysis were applied to determine 
the relationships between variables and to develop prediction models. 
The critical p-value was 0.05. To characterize the strength of the 
relationships, following criterion was used: |r|<0.3, weak correlation; 

|r| 0.7, moderate correlation; |r|<0.7, strong correlation. 
 
It should be pointed out that the resulting values in statistical analysis 
for r and R2 cannot be interpreted as ultimate results, but serve as 
estimations. The accuracy of the estimated values are dependent on the 
number of specimens (sample size) used and the replicates of 
measurement. The relatively small sample size used in this study 
restrains a wide application of the prediction models, nevertheless the 
results can validate the effectiveness of the methods in field 
applications. 
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4. RESULTS AND DISCUSSION 

4.1. Correlations between resistance micro-drilling and 
density (II) 

The correlations between the micro-drilling resistance obtained by the 
Sibtec Digital microprobe drill and wood density were found 
statistically significant (p-value 0.05) in all groups as shown in Table 3. 
Figure 8 shows the scatter plot of wood density versus drilling 
resistance for all timber specimens. It should be noted that the mean 
value of the measured resistance micro-drilling output (resistance 
profile) was used in the statistical analysis. The regression results 
indicated moderate to strong linear relationships (r=0.57…0.85). The 
strongest correlation was obtained for the group of specimens with 
fungal and beetle damages. The wide density range of the specimens is 
presumed to be the main factor contributing to the high correlations in 
this group. When all the aged timber specimens were combined, the 
regression analysis yielded a moderate correlation (r =0.67). If the 
resistance micro-drilling method is applied to the existing structures, 
we would expect that the resistance profiles obtained will have a 
moderate correlation with the wood density, likely due to the variations 
of structural characteristics for the in-place wood members. 
 
Table 3. The results of regression analysis of resistance micro-drilling and density. 

Groups of specimen 
  
r 

 
R2 p-value  

The 
number 

of 
specimen 

All specimen 0.665 0.442 <0.001  124 
Specimen in strength class of C24 0.568 0.322 <0.001  46 
Specimen with knots of <250 mm2  0.805 0.649 <0.001  18 
Specimen with knots of <1/4 and knot  
clusters of <1/3 0.614 0.378 <0.001 

 
77 

Specimen without cracks and fungal damage 0.733 0.537 <0.001  61 
Specimen with fungal and beetle damage  0.850 0.722 <0.001  28 
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Figure 8. Scatter plot of density versus drilling resistance of the timber specimens 
(by Sibtec Digital microProbe). 

4.2. Effect of compression load on resistance micro-drilling 
measurements (II) 

The drilling measurements were performed on each specimen under a 
series of the attained compression loads parallel to grain, starting from 
0 up to 100 kN with a 20 kN increment. A total of 376 wood 
specimens were tested. Some of the specimens failed to withstand the 
loads to the end of the testing. 355 specimens survived the test under 
the load of 80 kN, and 191 survived the test under the load of 100 kN.   
 
Figure 9 represents the mean amplitude of resistance drilling readings 
under different axial compression loads. The results showed that the 
mean amplitude of the resistance drilling profile increased slightly 
(0…7%) with increasing compression loadings. The analysis of 
variance revealed, that the difference in mean amplitude of resistance 
drilling profiles depended on axial compression loads (p<0.05) and post-
hoc pairwise comparisons followed by Bonferroni correction showed 
that the mean amplitudes under the compression loads of 80 kN and 
100 kN were significantly different from the mean amplitudes under 
the loads of 0 and 20 kN. 
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Figure 9. Mean amplitude of resistance drilling profile (Sibtec Digital microProbe) 
under axial compression loading („Whiskers“ denote the standard deviation). 
 
Figure 10 shows two types of correlations: 1) the correlation between 
resistance micro-drilling measurement values and wood density, and 2) 
the correlation between resistance micro-drilling measurement values 
and the stresses under different compression loadings (20 to 100 kN) 
parallel to grain. The coefficient of correlation between micro-drilling 
resistance (average amplitude) and wood density varied from 0.53 to 
0.59 (p<0.05). The results showed relatively constant correlation 
coefficient among all loadings, which implied that the resistance 
drilling and the density derived from it is not influenced by the axial 
compression stress. Under all axial compression loads there were weak 
but statistically significant negative correlations between resistance 
micro-drilling readings and stresses under axial compression loadings, 
thereby the strength of the relationship increased if the axial 
compression load increased (20 kN: r=-0.255, 40 kN: r =-0.266, 60 kN: 
r =-0.266, 80 kN: r =-0.271, 100 kN: r =-0.316, all p<0.05). 
 
Theoretically, we might expect that compression loading will increase 
the micro-drilling friction and therefore increase the drilling resistance 
due to the encountered compression stress in wood.  But this negative 
tendency by groups indicates to an opposite nuance. It may be 
explained by the fact that within groups the axial compression stress 
varies only slightly against mean amplitude of resistance drilling 
profiles. Whereas over all groups the axial compression stress varies 
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greatly against the mean amplitude of resistance drilling profiles, which 
results in positive trend. 
 

  
Figure 10. Correlation between resistance micro-drilling readings (Sibtec Digital 
microProbe)  and wood density (solid line); correlation between resistance drilling 
readings and stresses under compression loadings parallel to grain in wood (dashed 
line). 
 
Figure 11 is a scatter plot of the mean amplitude of resistance drilling 
profiles versus the compressive stress parallel to the grain for all 
experimental groups. Among the groups, the general trend for 
amplitude-load relationship was positive, meaning that with increasing 
axial load, the mean amplitude of resistance value increased. However 
at each individual group level, the relationship between the mean 
resistance drilling reading and axial compressive stress was negative. 
The variability of mean resistance drilling values was higher within the 
groups than between the groups. This indicated that the resistance 
drilling results more depend on the physical properties of the materials 
than it depends on the axial compressive stress applied. 
 
If this non-destructive method is applied on site to get the resistance 
and density values of in-place timber members, we may to some degree 
exclude the effect of existing loads to the timber structure. But this 
depends on the loads to the structure. However, this topic needs 
further in-depth research, and additionally how bending or 
compression perpendicular to the grain affect the resistance micro-
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drilling profiles and how the influence of loadings can be taken into 
account for more exact results.  
 
 
 

 
Figure 11. Scatter plot of resistance drilling values (Sibtec Digital microProbe) versus 
stresses in axial compression loading; dashed line - linear trend line groups together, 
solid line – linear trend line by groups. 

4.3. Resistance micro-drilling for detecting delamination in 
glulam (IV) 

After the glulam arch was cut into blocks (A to N) along the 
measurement lines, moderate to severe delamination and decay were 
found at locations 1 and 2 (See chapter 3.3, Fig. 4). The delamination 
in this arch section was likely caused by the exposure to high 
temperature during the fire event occurred in 1993.  
 
Figures 12 and 13 show the images of the glulam cross-sections at 
locations 1 and 2 superimposed with the resistance profiles of three 
drilling paths A, B, and C. In general, high relative resistance in the 
profiles corresponded to the solid laminations and low relative 
resistance corresponded to the deteriorated or decayed laminations in 
the glulam arch. However, when closely examining the relative 
resistance profiles, many factors that influence the results of the 
resistance micro-drilling profile should be considered:  
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1. Earlywood and latewood proportions within the growth rings in 
each lamination; 
2. Direction of the drilling paths with respect to the grain orientation 
(tangential or radial) within each lamination. 
 
Comparing the measured relative resistance profiles with the visually 
identified delamination and internal checks in the glulam’s cross-
section, it was found that the most delamination was difficult to 
identify in the resistance profiles. Even though some of the low valleys 
in the resistance profiles clearly corresponded to the big delamination 
per visual assessment, the relatively high resistance at the low valley 
would make it difficult to judge whether it is delamination or early 
wood. Despite of being able to detect degraded areas of glulam, results 
indicated that resistance micro-drilling with the resolution of 0.1 mm 
was not effective for detecting internal delamination. 
 

 
Figure 12. Image of the glulam cross-section at location 1 superimposed with the 
resistance profile of three drilling paths (white vertical lines indicate delamination by 
visual inspection). 
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Figure 13. Image of the glulam cross-section at location 2 superimposed with the 
resistance profile of three drilling paths (white vertical lines indicate delamination by 
visual inspection). 

4.4. Ultrasonic stress wave measurements on aged timber (I) 

4.4.1. Overall characteristics of measurements and 
relationships between velocity and strength values 

Table 4 shows the characteristics of statistical indicators measured on 
ninety two 50 by 50 by 1005…1100 mm3 wood specimens sawn from 
aged timber. The variability of density, bending strength and modulus 
of elasticity were regular and spread out, the variation was not in one 
or the other end of extreme and was not closely clustered (Table 4). 
 
Table 4. Characteristics of the statistical indicators. 

Main indicators / 
Characteristics BS, MPa MoE, MPa MC, % , kg/m³ 

Mean 42.98 10156.3 8.85 443.12 

Median 43.36 10370.8 8.95 434.48 

Standard deviation 13.87 2321.5 1.76 54.01 

Minimum 9.06 6317.2 5.34 329.61 

Maximum 80.12 17115.6 11.41 596.53 

 



49 
 

It is necessary to ascertain the relationship between the results of direct 
and indirect measurement methods of investigation by ultrasound. 
From figure 14 it can be concluded that the greatest velocities were 
given by method C (between the end surfaces in the longitudinal 
direction) and the lowest by method D (radial direction in the direct 
method). The general variation and fluctuation of ultrasound velocities 
using methods C and D are lower compared with the results of indirect 
measurements (methods A and B).  
 

 
Figure 14. Box plot charts of ultrasound velocities, A) indirect measuring with a 
spacing of 200 mm on the tangential surface; B) indirect measuring with a spacing of 
600 mm on the tangential surface; C) direct measuring between the end surfaces in 
the longitudinal direction; D) direct measuring in the radial direction. 
 
The results of methods A and B fluctuate substantially more than C 
and D. The smallest fluctuation of the results was obtained with 
method D. 
Table 5 shows the correlation matrix between the individual measured 
variables. The relationship between bending strength and modulus of 
elasticity is relatively strong (r =0.72), indicating the latter to be an 
important factor in assessment of wood structures. There was also a 
strong relationship between density and modulus of elasticity (r =0.8), 
which was about 0.3 higher than that between density and bending 
strength (r =0.51). This verifies the statement of Hahnijärvi et al. (2005) 
that stiffness (MoE) is a more global property than bending strength 
for wood. 
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Moving on to the analysis of ultrasound velocities, the relationship 
between direct (C and D) and indirect measurements (A and B) are 
weak and therefore do not support the substitution of these methods 
with one another. The results confirm that among all velocity 
measurement methods the direct longitudinal method (C) is the best 
method to characterize mechanical values. Indirect methods A and B 
have lower correlations with BS and MoE. This might be explained by 
the testing procedure of measuring specimens with shorter distances 
and also getting surface waves causing spurious signals of measuring at 
90 degrees of the specimen’s edge. 
 
Table 5. The correlation matrix of characteristics of specimen (rr -values). 

Characteristic A, 
m/s 

B, 
m/s 

C, 
m/s 

D, 
m/s 

BS, 
MPa 

MoE, 
MPa 

MC, 
% 

, 
kg/m³ 

A, m/s 1 
B, m/s 0.63 1 
C, m/s 0.15 0.27 1 
D, m/s 0.32 0.05 -0.12 1 
BS, MPa 0.12 0.25 0.42 -0.25 1 

MoE, MPa 0.11 0.31 0.61 -0.38 0.72 1 
MC, % -0.23 -0.04 0.09 -0.78 0.31 0.30 1 
, kg/m³ -0.09 0.07 0.40 -0.31 0.51 0.80 0.16 1 

Notes: light grey indicate a m  r 0.7); dark grey indicate a strong 
r 0.7). Measurement methods: A) indirect measuring with a spacing of 200 

mm on the tangential surface; B) indirect measuring with a spacing of 600 mm on the 
tangential surface; C) longitudinal direct measuring between the end surfaces in the 
longitudinal direction; D) transversal direct measuring in the radial direction. 
 
In analysing the relationships between ultrasound measurements and 
other characteristics, the fitted relationship is linear and the results of 
longitudinal measurements characterize the bending strength with 
r=0.42 and the MoE with r=0.61 (Fig. 15 and 16). 
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Figure 15. Relationship between bending strength and velocity measured using 
method C (longitudinal direct measurement between the end surfaces). 
 

 
Figure 16. Relationship between modulus of elasticity and velocity measured using 
method C (longitudinal direct measurement between the end surfaces). 
 
According to the results of the indirect measurements (A and B), only 
method B resulted in a moderate linear relationship with the MoE 
(Fig. 17), the relationships with other characteristics were weak, except 
with each other, which was moderate (r=0.63).  
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Figure 17. Relationship between modulus of elasticity and velocity measured using 
method B (indirect measurement with a spacing of 600 mm on the tangential 
surface). 
 
Arriaga et al. (2006) investigated the relationships between strength and 
ultrasound velocities in wood and found that local defects contributed 
to the weak correlations because of their significant influence on 
strength properties. The results from this research further confirmed 
this finding. Local defects in structural members play an important role 
in determining member’s residual strength, however during in situ 
inspection of a structure, identifying and characterizing the defects can 
be a challenging task, especially to those defects hidden from view. 
 
Previous studies have showed negative relationship between moisture 
content and ultrasound velocity (Bucur 2006, Oliveira et al. 2005). In 
analysing the results of our tests the overall negative correlation was 
found to be true, especially for the results from the transverse method 
(D) (r=-0.78). As the measurement distance increased, the moisture 
content became less important. 

4.4.2. Single and multi-variate MoE prediction models 

To evaluate the stiffness of wood, prediction equations based on 
specific variables were examined. The variables (x) examined include 
ultrasound velocities together with wood density and moisture content, 
which could be determined without any substantial damage to the 
wood structure (Table 6). It was found that the best prediction of the 
modulus of elasticity is given by density and longitudinal measurement 
method (C), which account for 64.3% and 37.3% of the MoE 
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variation, respectively. Next, all six chosen variables (methods A, B, C, 
D, wood density and MC) were included to a multiple regression 
analysis. It turned out that the prediction equation accounts for 81.1% 
of the variety of the MoE (Table 7). Variables A and D (p-values were 
greater than 0.05) were eliminated one by one, because their influence 
in multiple regression analysis was not statistically significant. 
 
Table 6. Predicting modulus of elasticity (y) with different variables (x) individually 
Variable (x) Regression equation R² p-value 
A, m/s y = 9361.8+0.253x 0.012   0.301 
B, m/s y = 7845.3+0.848x 0.094   0.003 
C, m/s y =-3735.8+2.576x 0.373 0.001 
D, m/s y =14891.5+(-2.152)x 0.144 0.001 

, kg/m3 y =-5116.5+34.47x 0.643 0.001 
MC, % y = 6599.3+401.9x 0.093   0.003 

 
Table 7. Multi-variate analysis for predicting modulus of elasticity 

 

Regression 
equation with 6 

variables 
(R²=0.811) 

  

Regression 
equation with 4 

variables 
(R²=0.807) 

 

Variable 
regression 
coefficient p-value  

regression– 
coefficient p-value 

A, m/s 0.205 0.178  - - 
B, m/s 0.384 0.029  0.529 0.0002 
C, m/s 1.198 0.001  1.213 0.001 
D, m/s -0.315 0.500  - - 

, kg/m3 27.68 0.001  27.72 0.001 
MC, % 207.3 0.045  239.4 0.0003 

 
 

The analysis resulted in a statistically significant (p 0.001) regression 
equation with four variables that describes 80.7% of the variability of 
the modulus of elasticity (R²=0.807): 
 
 MCCBMoE 4.23972.27213.1529.012230  (2) 
 
where,  is the modulus of elasticity, MPa,  and  are the 
corresponding measuring techniques, m/s, is density, kg/m³,  is 
moisture content, %. 
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4.4.3. Single and multi-variate BS prediction models 

Similar data processing was conducted to determine the relationships 
between various variables and the bending strength. Table 8 shows the 
regression equations derived for individual variable as a predicting 
parameter. The best correlation by individual regression analysis was 
obtained for variables C and density, which described 17.8% and 
26.1% of the variation in bending strength, respectively. 
 
Similar multivariate regression analysis was performed with all six 
variables considered. As shown in Table 9, the correlation with the 
bending strength was significantly improved when multiple variables 
were considered. The prediction model accounted for 41.3% of the 
variation of the bending strength when all six variables were included. 
Again, analysis indicated that variables A and D were not statistically 
significant (p-values  0.05), therefore they can be eliminated in the 
multiple regression analysis. The regression equation with four 
variables accounted for 39.7% of the variation of the bending strength.  
 
Table 8. Predicting bending strength (y) with different variables (x) individually 

Variable (x) Regression equation R2 p-value 
A, m/s y = 37.89+0.002x 0.013   0.268 
B, m/s y = 31.75+0.004x 0.062   0.016 
C, m/s y = -14.35+0.011x 0.178 0.001 
D, m/s y =61.96+(-0.009)x 0.065   0.014 

, kg/m3 y = -15.11+0.131x 0.261 0.001 

MC, % y = 21.32+2.447x 0.096   0.003 

 
Table 9. Predicting bending strength with multiple variables 

 

Regression 
equation with 

6 variables 
(R²=0.413) 

  

Regression 
equation with 4 

variables 
(R²=0.397) 

 

Variable regression– 
coefficient p-value  regression– 

coefficient p-value 

A, m/s 0.001   0.461  - - 
B, m/s 0.002   0.285  0.003   0.044 
C, m/s 0.005   0.040  0.005   0.033 
D, m/s 0.006   0.259  - - 

, kg/m3 0.108 0.001  0.097 0.001 
MC, % 2.980   0.007  1.871   0.006 
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The prediction equation (R²=0.397 and p 0.001) is as follows: 
 
 MCCBBS 871.1097.0005.0003.029.52  (3) 
 
where,  is the bending strength, MPa,  and  are corresponding 
measuring techniques, m/s, is density, kg/m³, and  is moisture 
content, %. 

4.5. Sonic and ultrasonic stress wave timing results from aged 
glulam (IV) 

The measurement results of sonic and ultrasonic stress wave timing of 
the glulam section are presented in Figure 18 and 19 in the form of 
time/velocity distribution along the length. Two methods produced 
similar mappings of the condition in terms of acoustic measures. 
Ultrasonic measurement results indicated potential structural defects at 
location 1 for entire cross-section, at location 2 for upper (A) and 
middle (B) areas, and at location 10 for lower (C) area. Similarly, sonic 
stress wave measurement results identified structural problems for the 
entire cross-sections in locations 1 and 2, and in the lower area (C) of 
location 10. As mentioned in section 4.3 after the glulam arch was cut 
into blocks, moderate to severe delamination and decay were found at 
locations 1 and 2, which confirmed the stress wave timing results 
obtained using sonic and ultrasonic devices. Delamination was 
observed in few outer laminations at location 10, which caused 
abnormal stress wave readings. 
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Figure 18. Ultrasonic transmission time and ultrasonic velocity measured across 
laminations of the glulam arch section (Notes: UTT – ultrasonic transmission time, 
UV – ultrasonic velocity). 
 

 
Figure 19. Sonic stress wave transmission time and velocity measured across 
laminations of the glulam arch section (Notes: SWTT – sonic wave transmission time 
with average standard deviation 8.95 m/s, SWTV – sonic wave transmission velocity 
with average standard deviation 12.02 m/s). 
 
Figure 20 shows the compression strength (CS) of the specimens cut 
from different locations (along length) and different positions (through 
thickness) in the glulam arch. At each location (from C to G), the first 
5 bars show the distribution of CS in thickness direction, with the very 
first bar (dark grey) represents the CS value of the wood close to the 
outer layers. The sixth bar (striated) is the average CS at each location. 
The testing results indicated that the outer laminations (first bar) of the 
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arch consistently had low compression strength, especially at locations 
C, D, and E. With the knowledge of the past fire occurred in the 
building, it is clear that part of the glulam arch (outer laminations) had 
been deteriorated due to the exposure of high temperature during the 
fire. Assuming that the laminations with relatively high CS were intact 
(for example, 2nd, 3rd, 4th and 5th bars at location C1-C2), the 
strength reduction of the outer laminations is estimated to be from 
12.1% to 36.4%. Excluding the deteriorated blocks, the average CS of 
the glulam arch was in the range of 71.7 to 75 MPa, which was 
significantly higher than the values given in the Wood Handbook 
(Forest Products Laboratory 2010) for some pine species. This 
suggests that the intact glulam arch was still in a good condition after 
75-years of service.  
 
Figure 21 shows the MoE of the compression specimens cut from 
different locations (along the length) and different positions (through 
thickness) in the glulam arch. The testing results indicated that the fire 
event had very little impact on MoE of the outer laminations at most 
locations, except E1-E2, where MoE had 16.7% (1st bar) and 6.5% 
(2nd bar) reduction, respectively. Excluding the deteriorated portion 
(outer laminations), the average MoE of the glulam arch was in the 
range of 7.67 to 8.08 GPa.  
 
Similarly, Figure 22 shows the shear strength (ShS) of the shear 
specimens obtained from different locations (along the length) and 
different positions (through thickness) of the glulam arch. Some shear 
specimens cut at B, C, and D sections fell into pieces after cutting and 
some were tested with almost zero strength. Specimens marked with 
black colour were the first ones being able to test in shear. The testing 
results indicated that the ShS of the bond lines varied greatly, 
indicating that a significant delamination existed in the glulam arch, 
particularly in the sections from B to E.  
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Figure 20. Compression strength (parallel to grain) of small samples obtained from 
the glulam arch (Note: at each location (from C to G), the first 5 bars show the 
distribution of CS in thickness direction, with the very first bar (dark grey) represents 
the CS value of the wood close to the outer layers, striated colums represent mean 
values). 
 

 
Figure 21. Modulus of elasticity (in compression parallel to grain) of small samples 
obtained from the glulam arch (Note: at each location (from C to G), the first 5 bars 
show the distribution of MoE in thickness direction, with the very first bar (dark 
grey) represents the MoE value of the wood close to the outer layers, striated colums 
represent mean values). 
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Figure 22. Shear strength of small samples obtained from the glulam arch (Note: at 
each location (from B to G and N), the first bars show the distribution of ShS in 
thickness direction, with the very first bar (black) represents the ShS value of the 
wood close to the outer layers, striated colums indicate mean values). 
 
Table 10 summarizes the results of linear correlations between 
ultrasonic propagation time (UPT) and compression and shear strength 
of the glulam specimens. Ultrasonic propagation time measured in 
longitudinal direction of the glulam had no correlation with the 
compression strength. UPT measured in radial direction (perpendicular 
to grain) had a moderate correlation with both compression strength 
(R2=0.419) and shear strength (R2=0.433). The results obtained from 
small glulam specimens indicated that ultrasonic measurements on 
glulam beams were not effective in predicting the compression and 
shear strength of the glulam beams. 
 
Table 10. Results of the linear correlations between ultrasonic propagation time 
(UPT)a and the compression and shear strength of the glulam specimens (linear 
regressioon model: y = ax + b) 

Specimens Y X a b R2 p-value 
Compression CS UPTR -21.60 83452 0.419 <0,001 

CS UPTL -136.7 153473 0.277 0,0069 
Shear ShS UPTR -7.318 13327 0.433 <0,001 

a UPTR—ultasonic propagation time perpendicular to grain; UPTL—ultrasonic 
propagation time along the grain (longitudinal). 
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4.6. Acoustic velocity as predictor of strength properties of 
recent timber (III) 

Tables 11 and 12 show the statistics of mechanical and physical 
properties of softwood and hardwood specimen with the dimensions 
of 50 by 50 by 970…1100 mm3 cut out from recent timber. The 
statistical analysis of gathered data showed that the variability of 
density, bending strength and MoE were regular and spread out in all 
groups. Since hardwood is more time consuming to kiln-dry and the 
time for research was limited, the variation of MC of alder and aspen 
specimens was larger than for softwood specimens.  
 
Table 11. Characteristics of the statistical indicators of softwood specimen 
  Spruce (n=50)   Pine (n=50) 
Main 
indicators / 
Characteristics 

BS,  
MPa 

MoE, 
MPa 

MC, 
% 

, 
kg/m3 

BS,  
MPa 

MoE, 
MPa 

MC, 
% 

, 
kg/m3 

Mean 37.33 7821 14.17 426.9 52.36 10526 14.09 516.5 
Median 36.64 7920 14.15 423.8 47.56 10569 14.01 506 
Stan. deviation 14.85 1598 0.455 33 23.15 2489 0.533 76.28 
Minimum 7.02 4291 13.22 379.4 8.22 6538 12.21 395.3 
Maximum 66.27 11338 14.94 519.4   86.92 14667 15.39 711.1 
 
Table 12. Characteristics of the statistical indicators of hardwood specimen 
  Alder (n=48)   Aspen (n=48) 
Main 
indicators / 
Characteristics 

BS, 
MPa 

MoE, 
MPa 

MC, 
% 

, 
kg/m3 

BS,  
MPa 

MoE, 
MPa 

MC, 
% 

, 
kg/m3 

Mean 51.98 9516 13.60 517.8 61.43 11723 15.42 531.2 
Median 56.45 9298 13.52 514.4 64.14 11923 15.05 530.7 
Stan. 
deviation 13.72 1274 0.82 19.6  9.00 1023 1.42 20.8 

Minimum 20.64 6667 11.92 487.2 40.30 9092 12.66 475.0 
Maximum 72.10 11813 18.59 587.2   82.85 13985 20.72 581.4 
 
Figure 23 shows box plot charts of velocities (longitudinal material 
direction) among all the hardwood and softwood specimens measured 
with two different acoustic devices: TUI and FMT. TUI was working 
with the ultrasonic range frequency of 54 kHz, however the FMT 
emitted sonic signals generated from the mechanical hammer hit to the 
piezoelectric spike. The average velocity of softwood ranged from 
5000 to 5500 m/s. In hardwoods the average velocity was in the range 
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of 4500 to 5700 m/s. It is clearly visible from the results that with 
ultrasonic stress wave method the mean values of velocities are 
constantly higher than that of sonic stress wave method. And this 
difference is more representative to hardwood specimens. In contrast, 
the velocity variation of hardwood specimens was lower than softwood 
specimens. This could be explained by the knowledge that softwood is 
more knotty than hardwood and thus having more influence to the 
propagation velocity of stress waves in wood. In further analyses the 
outlier in spruce data by T-A measurements is not taken into account.  
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Figure 23. Box plot charts of velocities for alder, aspen, spruce and pine speciemen. 
T-A: measurements with TUI fitted with 54 kHz compressional wave transducers;  
F-A: measurements with FMT. 
 
Tables 13 to 16 show the correlation matrix between measured 
variables. Longitudinal measurements of alder characterized the 
bending strength with r=0.59…0.60 and the MoE with r=0.81…0.82 
and of aspen r=0.27…0.33 and r=0.48…0.59, respectively. Stronger 
correlations were found for spruce and pine specimens: longitudinal 
measurements of spruce characterized the bending strength with 
r=0.50…0.52 and the MoE with r=0.83…0.86 and of pine 
r=0.73…0.74 and r=0.80…0.81, respectively. While comparing the 
methods, sonic stress wave measurements (FMT) tend to provide 
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better results than with ultrasonic (TUI). This might be explained by 
the procedure of inducing the wave signal into the wood (see chapter 
1.1.6.) When compared to the results of spruce from chapter 4.4 
(ultrasound measurements on aged timber) it seemed that recent 
timber tend to have better correlations between ultrasonic longitudinal 
measurements and mechanical properties (static MoE and BS). Kranitz 
et al. (2014) measured ultrasound velocities in longitudinal and radial 
direction on Norway spruce (structural boards and small clear 
specimens) and found higher values of dynamic MoE for aged wood 
than for recent wood. However, the correlation between the dynamic 
MoE in the longitudinal direction and wood density was essentially the 
same for aged wood and recent wood specimens. Similar results for 
spruce having higher values of dynamic MoE for aged specimens were 
reported by Sonderegger et al. (2015). Still, Kranitz et al. (2014) states 
that the difference of dynamic MoE of recent and aged wood depends 
on the variations in density and structural characteristics of wood 
rather than in the ageing effects. This might refer that there is no need 
for distinguishing the procedures of grading estimations for recent and 
aged timber, although we might think that aged wood has lower 
strength properties than recent wood. 
 
Table 13. The correlation matrix of characteristics of spruce samples (Correlation 
coefficient r). 

Characteristic T-A, m/s F-A, m/s BS, MPa MoE, MPa 
T-A, m/s 1 
F-A, m/s 0.93 1 
BS, MPa 0.50 0.52 1 

MoE, MPa 0.83 0.86 0.76 1 
Notes: light grey indicate a moderate relationship (0 r 0.7); dark grey indicate a 

r 0.7). T-A: measurements with TUI fitted with 54 kHz 
compressional wave transducers; F-A: measurements with FMT. 
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Table 14. The correlation matrix of characteristics of pine samples (Correlation 
coefficient r). 

Characteristic  T-A, m/s F-A, m/s BS, MPa MoE, MPa 
T-A, m/s 1 
F-A, m/s 0.88 1 
BS, MPa 0.74 0.73 1 

MoE, MPa 0.81 0.80 0.93 1 
Notes: light grey indicate a moderate relationship ( r 0.7); dark grey indicate a 

r 0.7). T-A: measurements with TUI fitted with 54 kHz 
compressional wave transducers; F-A: measurements with FMT. 
 
Table 15. The correlation matrix of characteristics of alder samples (Correlation 
coefficient r). 

Characteristic T-A, m/s F-A, m/s BS, MPa MoE, MPa 
T-A, m/s 1 
F-A, m/s 0.83 1 
BS, MPa 0.60 0.59 1 

MoE, MPa 0.82 0.81 0.76 1 
Notes: light grey indicate a moderate relationship ( r 0.7); dark grey indicate a 
strong r 0.7). T-A: measurements with TICO Ultrasound 
Instrument (TUI) fitted with 54 kHz compressional wave transducers; F-A: 
measurements with Fakopp Microsecond Timer (FMT). 
 
Table 16. The correlation matrix of characteristics of aspen samples (Correlation 
coefficient r). 

Characteristic T-A, m/s F-A, m/s BS, MPa MoE, MPa 
T-A, m/s 1 
F-A, m/s 0.63 1 
BS, MPa 0.27 0.33 1 

MoE, MPa 0.48 0.59 0.80 1 
Notes: light grey indicate a moderate relationship ( r 0.7); dark grey indicate a 

r 0.7). T-A: measurements with TUI fitted with 54 kHz 
compressional wave transducers; F-A: measurements with FMT. 

4.6.1. Single-variate MoE prediction models 

In tables 17 and 18, the prediction equations for stiffness of wood 
were examined. The variables (x) were based on the acoustical 
velocities together with density according to the equation (1). It can be 
concluded that the best prognosis of the static MoE was among 
softwoods, describing the variety of latter with ca 70…79%. Lower 
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results were with hardwood specimen, among alder the static MoE was 
described with 63…65% and among aspen with 28…35%. 
 
Table 17. Predicting modulus of elasticity (y) with different variables (x) among 
softwood specimens. 

Species Variable (x) Regression equation R2 

Spruce MoEdyn (T-A), MPa y = 3270.3+1.0249x 0.70 
MoEdyn (F-A), MPa y = 3011.7+0.9456x 0.78 

Pine MoEdyn (T-A), MPa y = 1252.8+1.2576x 0.79 
MoEdyn (F-A), MPa y = 2038.1+1.0898x 0.79 

Notes: T-A: measurements with TUI fitted with 54 kHz compressional wave 
transducers; F-A: measurements with FMT. 
 
Table 18. Predicting modulus of elasticity (y) with different variables (x) among 
hardwood specimens. 

Species Variable (x) Regression equation R2 

Alder MoEdyn (T-A), MPa y = 1222.5+0.617x 0.63 
MoEdyn (F-A), MPa y = 41.24+0.849x 0.65 

Aspen MoEdyn (T-A), MPa y = 7767.3+0.247x 0.28 
MoEdyn (F-A), MPa y = 1161.9+0.774x 0.35 

Notes: T-A: measurements with TUI fitted with 54 kHz compressional wave 
transducers; F-A: measurements with FMT. 

4.7. Stress wave measurements perpendicular to grain on 
recent timber 

Figures 24-28 show the results of sonic stress wave measurements 
across the grain (radial and tangential direction) for the softwood and 
hardwood timber grown in Estonia. These results provide the 
benchmark values for assessing the in situ timber elements. In addition 
to the stress wave velocities calculated from the measured data, the 
results are also expressed in transmission time per unit length (μs/m) 
so that they can be directly compared with other studies where the 
same unit has been used. Because the drying process for different 
species is known to be diverse (especially for hardwood species), the 
MC levels of the specimens at the time of the stress wave 
measurements were not the same for different species. Throughout the 
measurement cycle, the average MC levels of the softwood specimens 
were 89%, 25% and 19% for spruce (Fig. 24); 82%, 25% and 19% for 
pine (Fig. 25) and 48%, 22% and 18% for larch (Fig. 26). The averaged 
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MC levels of the hardwood specimens were 73%, 42% and 27% for 
aspen (Fig. 27), and 99%, 30% and 20% for alder (Fig. 28). 
 
The results clearly showed that the lower the moisture content the 
higher the stress wave velocity. It was also confirmed that the stress 
wave velocity was higher in radial than in tangential direction. Even 
though the stress wave measurements were only conducted at three 
MC levels, the results indicated that at moisture content below the 
FSP, the stress wave velocity tended to change rapidly. For the 
assessment of timber structures in situ, moisture content of the timber 
elements is usually below 20%. Generally, MC over 20% is an 
indication for the potential presence of biological attacks. At 19% MC, 
the average measured stress wave transmission time for spruce was 610 
μs/m in radial direction and 765 μs/m in tangential. The 
corresponding values for the 25% MC level were 667 μs/m and 852 
μs/m, respectively.  

 
Figure 24. Stress wave velocity and transmission time measured in spruce (Picea abies) 
samples across the grain (Notes: Rad – radial direction, Tan – tangential direction, (1) 
- m/s, (2) - μs/m, „Whiskers“ denote the standard deviation). 
 
For the pine specimens, the stress wave transmission time was 620 
μs/m in radial direction and 692 μs/m in tangential direction at the 
19% MC level.  At 25% MC, the stress wave transmission time were 
676 μs/m and 768 μs/m, respectively. For larch specimens, the stress 
wave transmission time were 536 μs/m radial direction and 691 μs/m 
in tangential direction at 18% MC level. At 22% MC, the stress wave 
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transmission time were 562 μs/m and 738 μs/m, respectively. The 
results from table 1 (chapter 1.1.3) stress wave transmission time 
perpendicular to grain for Douglas-fir (Pseudotsuga menziesii) was in 
the range of 597 μs/m to 1092 μs/m at 9…12% MC. To draw a 
parallel with the data of pine at the 19% MC the results are 
comparable. Comparing the results among softwoods overall, they fall 
in the same range with Douglas-fir. 
 

 
Figure 25. Stress wave velocity and transmission time measured in pine (Pinus 
sylvestris) samples across the grain (Notes: Rad – radial direction, Tan – tangential 
direction, (1) - m/s, (2) - μs/m, „Whiskers“ denote the standard deviation). 
 



67 
 

 
Figure 26. Stress wave velocity and transmission time measured in larch (Larix ssp.) 
samples across the grain (Notes: Rad – radial direction, Tan – tangential direction, (1) 
- m/s, (2) - μs/m, „Whiskers“ denote the standard deviation). 
 
Since aspen specimens dried far more slowly, its moisture content 
levels were higher than for others. Among hardwoods at 27% of the 
moisture content, the average measured stress wave transmission time 
for aspen was 695 μs/m in radial direction and 911 μs/m in tangential 
direction. For alder at 20% of the moisture content level, the 
corresponding values were 642 μs/m and 810 μs/m and at 30% MC 
level the corresponding values were 694 μs/m and 854 μs/m. 
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Figure 27. Stress wave velocity and transmission time measured in aspen (Populus 
tremula) samples across the grain (Notes: Rad – radial direction, Tan – tangential 
direction, (1) - m/s, (2) - μs/m, „Whiskers“ denote the standard deviation). 
 

 
Figure 28. Stress wave velocity and transmission time measured in alder (Alnus 
glutinosa) samples across the grain (Notes: Rad – radial direction, Tan – tangential 
direction, (1) - m/s, (2) - μs/m, „Whiskers“ denote the standard deviation). 
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5. CASE STUDIES 

5.1. Proposed procedures for in-situ assessment of timber 
structures (VII) 

The laboratoy results from the aged glulam timber, aged solid timber 
and the recent timber all indicated that stress wave timing and 
resistance micro-drilling methods could be used as field tools for 
inspecting the existing timber structures. The first stage in a real 
inspection case is to document timber structures in the concerned 
areas, make dimension measurements and if needed to set up a 
monitoring of the air conditions (temperature and relative humidity). 
The second stage of inspection is  to conduct thorough visual 
inspection, examine moisture conditions through moisture content 
measurements, and collect wood core samples from representative 
timber elements for identification of species, density determination, 
and/or decay analysis. The third stage of inspection should involve 
using non-destructive testing tools such as sounding, ultrasonic, stress 
wave timing and resistance micro-drilling techniques. The second and 
third stages can also be combined and performed at the same time.  
 
Sonic and ultrasonic techniques can help inspectors to obtain a fast 
overwiev of the general state of the timber structure under evaluation – 
to determine its condition by measuring elements perpendicular to the 
grain. More complex investigation could be made to determine the 
modulus of elasticity of the in-place wood members by conducting 
stress wave measurement along the grain (calculate dynamic MoE 
based on the stress wave velocity and the density of the material, see 
section 1.1.2.). This requires to establish empirical relationships 
between the dynamic MoE and static MoE with a good statistical 
confidence level through mechanical testing of a large sample size of 
the timber specimens. If this relationship is determined with a good 
confidence, the empirical models can then be used to determine the 
static modulus of elasticity of the timber members under assessment. 
 
Resistance micro-drilling should be used in places where the results of 
sounding, stress wave timing, and ultrasonic measurements need 
further verification or confirmation. A resistance drilling chart obtained 
from a micro-drilling measurement provides the relative resistance 
profile in the drilling path at a specific cross section of the wood 
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member. Since the inspected area is local, multiple drillings may be 
needed in order to ascertain the condition and residual cross section of 
the timber members. With this information, we can set benchmark 
values for further investigations and calculations. Of course, the 
decision on the use of any NDT methods depends upon the objectives 
and purposes of the inspection.  
  
The assessment of any timber structures by these NDT methods will 
always be somewhat imprecise, because of imperfection of the results 
of on site measurement itself, the  variations in species, size and 
geometry of the members, as well as the physical conditions 
experienced. Interpretation of the results from these NDT methods 
should be based on both statistical analysis and  good engineering 
judgement.  

5.2. Century-old church in Ruhnu Island, Estonia (V) 

The New Maarja Magdaleena church is a century-old masonry-wooden 
building situated in Ruhnu Island, Estonia. The island is located 40 km 
off the mainland of Estonia with an area of 11.9 km2 (Fig. 29). The 
church’s walls are constructed of hewn quarry stones, and the steeple 
and roof structures are built from softwood timber. The church is 
usually closed in the winter season, but it is frequently visited by 
tourists in the summer. 
 

 
Figure 29. The New Maarja Magdaleena church on the left. 
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Previous investigations in 1997 and 2009 revealed that almost all 
wooden parts in the New Maarja Magdaleena church were intensively 
damaged by the house longhorn beetles (Hylotrupes bajulus (L.)) and the 
common furniture beetle (Anobium punctatum (Deg.)) (Parmakson and 
Danil 1997; Noldt 2009). The impact of beetle damage is comparable 
to the damage caused by wood decay, both greatly reducing the loading 
capacity of the timber elements in the buildings. During the 
investigation of Ruhnu Church, Noldt (2009) found that the wooden 
benches, pillars, stairs, and walls all showed signs of beetle attack which 
caused serious damages. The most intensive damages to the timber 
members were found in the structures of the steeple and in the roof 
structures (Fig. 30). 
 

 
Figure 30. Intensive attack by wood-boring beetles found in the New Maarja 
Magdaleena church. 
 
The main purpose of this case study was to assess the condition and 
residual strength of the wood members that serve as the main framing 
timber structure of the steeple, and to restore the structure to its full 
stability by using sustainable repair methods. In this context 
“sustainable” means keeping as much existing timber elements as 
possible (Larsen and Marstein 2000). 
 
The inspection project in the Ruhnu church was mainly focused on 
evaluating the steeple’s timber structures. A micro-resistance drilling 
method was used to determine the condition and residual cross-
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sections of the wooden elements in the timber structures. The device 
used was Resistograph® 4453-P (Rinntech e.K., Heidelberg, Germany) 
with a resolution of 0.1 mm, the maximum drilling depth of 45 cm, a 
drill bit of 3-mm-diameter needle head (needle itself 1.5 mm), and a 
constant drilling speed of 40 cm/min. Geometric measurements were 
performed using a digital distance meter and a tapeline measure. 
Lengths and residual cross-sections of the beams and loads of the 
supporting structures were modelled (Fig. 31), where the joints were 
modelled as pinned joints.  
 

 
Figure 31. Axonometric view of steeple timber structures of the New Maarja 
Magdaleena church. 
 
In the modelling of the structural beams, the worst possible option was 
considered, that is, the smallest cross-section was found and used as 
the reference value. In the modelling of the steeple, the exterior panels 
that typically provide extra strength to the steeple’s structure were not 
taken into consideration. To determine the strength properties of the 
timber elements, the strength class C18 was assigned based on the 
growth area and earlier laboratory studies. The strength and 
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deformations of the joints were not calculated. Dead loads, live loads 
(the church bell was considered as static load), wind and snow loads 
were calculated by EN 1991-1-1:2002, EN 1991-1-3:2006, and 
EN 1991-1-4:2007, applying the Estonian National Annexes. The wind 
load was taken as the dominant live load. The greatest wind speed in 
the last 50 years, 48 m/s was taken as the reference wind speed. A 
combination of four load arrangements was used for the wind load, 
with the wind blowing from each four cardinal points. The strength 
and stability analyse of the timber members in ultimate limit state was 
performed with the Autodesk Robot Structural Analysis version 22 
computer program and by EN 1995-1-1:2007, applying the Estonian 
National Annex. 
 
Visual assessment of all timber structures in the church indicated that 
the steeple exhibited most damage, particularly in the southern side. 
The results of micro-resistance drilling tests confirmed this 
observation. The cross-sectional loss was mainly in the outer portion 
of the timber elements, mostly in sapwood. The members that suffered 
from most severe damage were located in the first to sixth story of the 
steeple. The average residual cross-sections of the timber members 
measured was 84.6 percent of the initial cross-section. Calculations 
based on the strength and stability analysis of the timber structures in 
ultimate limit state showed that the horizontal beam of the lower frame 
of the church’s helmet (under wind load from east) and the column on 
the southern wall (under the wind load from west) failed to comply 
with the strength requirements based on Eurocode 5 (EN 1995-1-
1:2007). The safety factor was small for several other timber members 
and thus they may not withstand the loads upon continuous damage in 
the bearing wooden elements. To renovate this church, one must use 
heartwood rich timber to alleviate attacks by wood-destroying insects. 

5.3. Century-old industrial building in Wisconsin, USA (VI) 

This inspection project was conducted on heavy timber structures of a 
century-old industrial building at a paper manufacturing facility in 
Wisconsin, USA. The building has housed paper machine operations 
for nearly a hundred of years and was still in operation at the time of 
inspection (Fig. 32 and 33). The high humidity condition in the air 
resulting from the paper making process, fire event, and water 
intrusions occurred in the past have all contributed to the unknown 
degree of deterioration in the bearing timber structure. The purpose of 
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this investigation was to conduct a physical condition survey of the 
large timber members in situ using a non-destructive testing procedure 
and provide the facility engineers a fair assessment of the true physical 
conditions of the structure upon which a rational and cost-effective 
repair plan can be established. 
 

 
Figure 32. Heavy timber structures of a century-old industrial building – interior 
view of the first floor showing a paper machine operation. 
 

 
Figure 33. Heavy timber structures of a century-old industrial building – interior 
view of the second floor showing roof trusses and the floor. 
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The on-site investigation of the paper plant involved monitoring of the 
microclimate resulting from the paper production operations, wood 
species identification, wood moisture content measurements, and 
internal decay detection using stress wave timing and resistance micro-
drilling methods.  
 
The field investigation was conducted in two phases. In phase one, an 
initial survey of the timber bearing structures of the paper mill was 
done at a time when the production line was shut down for 
maintenance. The specific tasks performed in this phase included the 
following: 1) documentation of the heavy timber structures with 
dimension measurements in the concerned areas; 2) collection of three 
wood core samples from the structural members (column, beam, and 
truss) for preliminary species identification; 3) inspection of a portion 
of beams above the paper machine through a boom lift; and 4) 
instalment of a temperature and relative humidity data logger to 
monitor the indoor air condition (temperature and relative humidity) 
inside the building during operating. The data logger was mounted in 
the ceiling of the first floor and located by the paper machine line 
which produces a significant amount of water vapor during operation. 
 
In the second phase, a thorough inspection of the timber structure was 
conducted during normal mill operations. A combination of visual, 
hammer sounding, stress wave timing, and resistance micro-drilling 
techniques were used to inspect the timber members in the concerned 
areas. 
 
Following investigation procedures were followed during the 3-day on-
site investigation: 
 
1. Collect wood core samples from representative timber members; 
2. Measure moisture content of the timber members at various 
locations using an electrical resistance moisture meter with 76-mm-
long insulated probe pins; 
3. Perform stress wave timing tests on beams, columns where two 
faces are accessible (Fakopp Microsecond Timer, Fakopp Bt., Agfalva, 
Hungary); 
4. Perform resistance micro-drilling tests on beams, columns at 
selected locations (IML-RESI F400, IML, Inc., Kennesaw, Georgia, 
USA); 
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5. Obtain the microclimate data for the indoor air condition of the 
building, which was monitored for a period of one month during 
normal operations. 
 
The purpose of conducting micro resistance drilling test was two-fold: 
1) to confirm and determine the extent of decay in members and 
locations that had been identified by visual and stress wave timing 
tests; and 2) to determine the internal conditions of the timber 
members that cannot be tested using stress wave timing method. 
 
The monitoring record shows that the air temperature fluctuated 
between 22.2 ºC and 34.4 ºC most of the time, and the relative 
humidity ranged from 83% to 96%, indicating an extremely wet 
condition resulting from the paper making operations. This constant 
high humidity level is considered to be detrimental to the physico-
mechanical conditions of the timber structure in this location. All 
measured timber members at close quarters to the paper machine line 
were in wet conditions (MC ranging 23…55%). On the opposite side 
of the paper machine line are numerous timber elements exhibiting 
extensive deterioration as a result of water leaks from the kitchen sink 
in the second floor. The testing results revealed that numerous 
locations were in poor condition indicated by widespread internal and 
external deterioration, reduced cross-sections from fire damages, and 
multiple failed members. This has been proved by the subsequent 
stress wave timing and resistance micro-drilling tests. 
 
The physical condition of the solid timber structures in the paper mill 
building are summarized and presented in color-coded maps as shown 
in Figure 34. The condition maps are 3D model-drawings created using 
an ArchiCAD software (Graphisoft) and reflect the inspection results 
made by the team using a combination of visual, sounding, stress wave 
timing, micro-resistance drilling, and moisture content checking 
techniques. Only members with deterioration or mechanical failures 
were colour painted using a colour scheme defined for different levels 
of deterioration. Although not every timber member or every location 
were physically tested due to limited accessibility, these condition maps 
represent the best assessment of the true conditions of the timber 
structures in this building through the implementation of a non-
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CONCLUSIONS  

Focus in the dissertation was to investigate the applicability of several 
state-of-the-art NDT methods for inspecting both solid sawn and 
glulam timber members in existing structures. The effectiveness of the 
NDT methods were evaluated by comparing non-destructive measures 
with the true physico-mechanical properties of the timber originated 
from Estonia and glulam specimens. A comprehensive inspection 
procedure described in chapter 5 was developed through inspection 
case studies conducted on two century-old structures, a masonry-
wooden building in Ruhnu Island, Estonia, and an industrial building 
in Wisconsin, USA. The results of this dissertation are followed 
hereafter. 
 
Linear regression analysis revealed moderate to strong relationships 
between resistance micro-drilling method and wood density. Among all 
data of the aged timber, the regression analysis yielded a correlation of 
r=0.67.  If the resistance micro-drilling method is applied to the 
existing structures, we would expect that the resistance profiles 
obtained will have a moderate correlation with the wood density, likely 
due to the variations of structural characteristics for the in-place wood 
members. 
 
The axial compression load has minor effect on resistance micro-
drilling. The results revealed that the mean amplitude of the resistance 
drilling profile increased slightly (0-7%) with increasing axial 
compression loadings, meaning that among all groups the trend was 
positive. The correlation coefficient remained relatively constant 
(r=0.53…0.59) between micro-drilling resistance (average amplitude) 
and wood density by groups of different loadings. Whereas the analysis 
between resistance micro-drilling readings and stresses under axial 
compression loadings by groups revealed negatively weak correlations 
and the variability of mean resistance drilling values was higher within 
the groups than between the groups. This indicated that the resistance 
drilling results more depend on the physical properties of the materials 
than it depends on the axial compressive stress applied. 
 
The analysis on ultrasound velocity method with the different 
measurement techniques showed that, over short measuring distances 
(50 and 200 mm), NDT testing only provided localized information for 
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aged timber. The longer the measuring distance, the better the 
prediction of mechanical properties. With the consideration of multiple 
variables such as density, moisture content, indirect measurement with 
a distance of 600 mm, and longitudinal measurement, multi-variate 
prediction models were developed for predicting the modulus of 
elasticity and the prediction accounted for about 80% of the variation. 
The multi-variate equation for predicting the bending strength 
accounted for about 40% of the variation using the same variables. 
Thus, the use of multi-variate modelling approach can result in rather 
accurate prediction of the static bending properties of aged timber 
members. 
 
The dynamic MoE values of the recent timber determined through 
sonic (FMT) and ultrasonic (TUI) stress wave timing methods were 
calibrated against the static values obtained through static bending 
tests. The dynamic MoE was found to have a moderate to strong 
correlation with the static MoE for softwood timber evaluated 
(R2=0.70…0.79), a weak to moderate correlation for the hardwood 
timber evaluated (R2=0.28…0.65). These results indicated a good 
potential of using both methods in field. Additionally, recent spruce 
timber tended to have higher correlations between ultrasonic 
longitudinal measurements and the mechanical properties than the 
aged timber. It must be noted that the FMT should be preferred in 
field inspections, because of the coupling issues with TUI. 
 
A series of stress wave transmission time measurements were 
conducted on recent sawn timber specimens of different softwood and 
hardwood species. Measurements were carried out in both radial and 
tangential directions and in different moisture content levels. This 
comprehensive experiment provided the benchmark values for non-
degraded timber which can be used by inspectors to assess the 
condition of the timber members subjected to degradation. 
 
In glulam assessment, both sonic and ultrasonic stress wave timing 
methods were found effective in detecting internal deterioration of the 
glulam components in structure. Wave propagation time or wave 
velocity measured across the laminations in a glulam member are good 
indicators of internal decay and delamination. Resistance micro-drilling 
was also found effective in detecting decay, but not successful in 
detecting delamination in glulam. The linear correlations between 
ultrasonic wave propagation time and the compression and shear 
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strength of the glulam samples were found to be weak to moderate, 
and thus not very effective for predicting the compression and shear 
strength of the glulam beams. 
 
For timber structure inspection, the selected assessment methods has 
to be less time consuming, easy to use, and reliable for field data 
collection. Some methods that are good in laboratory conditions may 
have obstacles or difficulties to be used in field. In addition, customers’ 
needs and financial possibilities may also set limits of choosing 
assessment techniques. Visual inspection and hammer sounding 
provides a fast overview of the timber elements with severe 
biodegradation. With stress wave timing and resistance micro-drilling 
methods, inspectors can have a quantitative assessment of the severity 
of its inner damages. For the modelling and strength calculations of 
timber beams, the residual cross-sections of the members and derived 
mechanical property, such as static MoE, can be used.  
 
The results from the inspection should be documented correctly and 
interpreted as clearly as possible to the customer. An effective way for 
reporting the results is to present all the key information on drawings 
using colour mapping. Condition assessment must contain a multi-
approach that would include non-destructive methods as needed to 
fulfil the tasks of the project. The overall objective is to find the most 
effective and economical solutions for renovation and reconstruction 
while taking into account the historical value, heritage protection (if 
required) and building economics as much as possible.  
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SUMMARY IN ESTONIAN 

PUIDU JA LIIMPUIDU FÜÜSIKALIS-MEHAANILISTE 

OMADUSTE UURIMINE MITTEPURUSTAVATE 

MEETODITEGA 

SSissejuhatus  
 
Kandekonstruktsioonide seisundi hindamine hoonetes on esmase 
tähtsusega kasutajate ohutust silmas pidades. Traditsiooniline 
hindamine tähendab enamasti visuaalset vaatlust, koputamist ja 
proovide võtmist. Nimetatud meetodite kasutusvõimalused on piiratud 
ja nad ei anna täpset ülevaadet puidu võimalikest sisemistest 
kahjustustest. Puitu on ehitusmaterjalina kasutatud sajandeid ja paljud 
puitkonstruktsioonid on tänapäevani säilinud. Vanade hoonete puidust 
kandekonstruktsioonid on sageli säilitamist väärt, aga nende seisukorda 
tuleb aeg-ajalt kontrollida, sest bioloogilised kahjustused võivad olla 
väljastpoolt mitte märgatavad. Seega eksisteerib praktiline vajadus 
odavate ja mittepurustavate hindamismeetodite järele: ultraheli- ja 
helilaine levimisaja mõõtmine ja vastupanu mikropuurimine, et saada 
usaldusväärsemaid andmeid puitelementide jääkkandevõime kohta. 
Täpne hinnang konstruktsioonide olukorra kohta võimaldab teha 
ratsionaalseid otsuseid, kas asendada, rekonstrueerida või parandada 
kahjustatud puitelement. Arvesse tuleb võtta ka võimalikud töö- ja 
materjalikulud tulevikus ning hinnata hoone võimalikku kestvust. 
Enamgi veel, vaja oleks edasi arendada objektil kasutatavat 
mittepurustavate võtete metoodikat.
 
Töö uudsus seisneb järgnevas: 
1) uuritakse kaasaegseid mittepurustavaid meetodeid liimpuidu 

seisukorra hindamiseks; 
2) kas puidu pikikiudu koormamine mõjutab vastupanu 

mikropuurimise meetodil saadud tulemusi (oluline faktor 
kasutamiseks objektil); 

3) uuritud konstruktsioonipuit pärineb Eestist. Analüüs iseloomustab 
kohaliku puidu omadusi ja mittepurustavate meetodite 
kasutusvõimalusi objektil; 

4) töö tulemused võimaldavad kasutada mittepurustavaid meetodeid 
puit- ja liimpuitkonstruktsioonide seisukorra hindamiseks. 
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TTöö eesmärgid 
 
Doktoritöös on kaks põhisuunda: 1) uurida massiiv- ja liimpuidust 
katsekehade füüsikalis-mehaanilisi omadusi, kasutades mittepurustavaid 
meetodeid; 2) kasutada neid meetodeid praktikas, uurides 
puitkonstruktsioone objektil ja arendada olemasolevaid juhised. 
 
Uurimistöö eesmärkideks on: 
1) võrrelda mittepurustavate meetoditega saadud tulemusi omavahel 

ja traditsiooniliste puidu tugevuse hindamiseks kasutatud 
meetoditel (surve-, painde- ja nihkekatse) saadud tulemustega; 

2) määrata, kas puidu pikikiudu koormamine mõjutab vastupanu 
mikropuurimise tulemusi; 

3) uurida mittepurustavate meetodite kasutusvõimalusi liimpuidu 
puhul; 

4) arendada olemasolevaid juhised mittepurustavate meetodite 
kasutamiseks puit- ja liimpuitkonstruktsioonide hindamiseks 
objektil. 

 
Töö eesmärkide täitmiseks püstitati järgmised ülesanded: 
1) määrata seos mikropuurimisel tekkiva vastupanu ja kasutatud puidu 
 tiheduse vahel; 
2) uurida, kas survetugevus pikikiudu mõjutab mikropuurimisel 

tekkiva vastupanu mõõtmistulemusi; 
3) määrata seosed kasutatud puidu füüsikalis-mehaaniliste omaduste ja 

ultraheli levimiskiiruse vahel kasutades mõõteseadme otsikute 
erinevat paigutust (pikikiudu ja ristikiudu ning tangentsiaalpinnal 
erinevate vahekaugustega); 

4) määrata seosed heli ja ultraheli levimiskiiruse ja värskelt saetud 
okas- ja lehtpuidu füüsikalis-mehaaniliste omaduste vahel; 

5) hinnata heli ja ultraheli levimiskiiruste ja vastupanu mikropuurimise 
meetodite efektiivsust biokahjustuste ja liimpuidu delaminatsiooni 
tuvastamiseks; 

6) määrata heli levimise aega ja kiirust ristikiudu erineva niiskusega 
värskelt saetud okas- ja lehtpuidus; 

7) täiendada konstruktsioonide tehnilise seisukorra 
hindamsmetoodikat kasutades kaasaegsete mittepurustavate 
meetodite eeliseid ja kontrollida ultraheli- ja helilaine levimiskiiruse 
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ja vastupanu mikropuurimise meetodite paika pidavust võttes 
aluseks juhtumiuuringud. 

 
TTulemused  
 
Doktoritöös kirjeldatud juhtumiuuringutes käsitleti esmalt tavapäraseid 
mittepurustavaid meetodeid puitkonstruktsioonide tehnilise seisukorra 
hindamiseks, nagu visuaalne vaatlus ja haamriga koputamine. 
Kahjustuste ulatuse täpsemaks väljaselgitamiseks kasutati erinevaid 
kaasaegseid mittepurustavaid meetodeid: ultraheli- ja helilaine 
levimisaja mõõtmine ning vastupanu mikropuurimine. Laborkatsete ja 
juhtumiuuringutega saadi järgnevad tulemused. 
 
Lineaar-regressioon analüüs näitas, et seos vastupanu mikropuurimise 
ja puidu tiheduse vahel oli keskmine kuni tugev. Võttes arvesse kõiki 
kasutatud puiduga tehtud katseid, oli keskmine korrelatsioonikordaja 
r=0,67. Seega, kasutades vastupanu mikropuurimise meetodit objektil, 
võime eeldada, et puurimistulemuste ja puidu tiheduse vahel on 
vähemalt keskmine seos. Siiski tuleb nentida, et vaid keskmise seose 
esinemine viitab pigem asjaolule, et vastupanu mirkopuurimisel saadud 
tulemus on rohkem seotud puidu füüsikaliste iseärasustega.  
 
Uurides vastupanu mikropuurimise ja pikikiudu surve vahelist seost 
ilmnes, et surve pikikiudu ei mõjutanud oluliselt saadud tulemusi. 
Võttes arvesse kõiki katsetatud elemente, saadi survejõu suurenedes 
siiski kergelt tõusva trendiga graafik. Korrelatsioonikoefitsent jäi 
enamvähem samaks, kõikudes grupiti vahemikus r=0,53…0,59. Siiski, 
kui hinnata seoseid vastupanu mikropuurimise lugemite ja pikikiudu 
mõjuva survepinge vahel gruppides, esines nõrk negatiivne 
korrelatsioon, ja vastupanu mikropuurimise keskväärtuste hajuvus oli 
suurem gruppide sees, kui gruppide vahel. See viitab, et vastupanu 
mikropuurimise tulemused sõltuvad rohkem puidu füüsikalistest 
omadustest, kui pikikiudu koormusest. 
 
Mõõtes ultraheli levimiskiirust otsikute erineva asetuse korral selgus, et 
mida pikem oli vahemaa kahe mõõtmiskoha vahel, seda tugevam oli 
seos puidu mehaaniliste omaduste ja mõõtmistulemuste vahel. 
Andmete analüüsil saadi elastsusmooduli ja paindetugevuse 
prognoosvõrrandid, mis ennustasid puidu käitumist vastavalt 80% ja 
40% ulatuses. Mõlemal juhul olid argumentideks tihedus, 
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niiskussisaldus, heli levimiskiirused nii pikikiudu kui ka 
tangentsiaalpinnal 600 mm vahekaugusega.  
 
Värskes puidus mõõdetud heli ja ultraheli levimiskiiruste põhjal 
arvutatud dünaamilise elastsusmooduli väärtusi võrreldi paindekatses 
saadud tugevusnäitajatega. Dünaamiline elastsusmoodul korreleerus 
keskmiselt kuni tugevalt okaspuidu staatilise elastsusmooduliga 
(R2=0,70…0,79). Seevastu lehtpuidu puhul esines nõrk kuni keskmine 
korrelatsioon (R2=0,28…0,65). Tulemuste põhjal võib öelda, et nende 
meetodite edasisel arendamisel on potentsiaali, et hinnata 
puitkonstruktsioonide tugevusomadusi objektil. Lisaks ilmnes, et 
värske kuusepuidu puhul oli seos ultraheliga pikikiudu mõõdetud 
tulemuste ja mehaaniliste omaduste vahel tugevam, kui kasutatud 
puidul. Võimalusel võiks eelistada helilaine mõõtmisseadme kasutamist 
objektil, sest ultraheli mõõtmisseadme kasutamise puhul on anduri ja 
puidu vahelise tiheda kontakti saamine raskendatud. 
 
Liimpuidu seisukorra hindamisel kasutatud nii heli- kui ka ultrahelilaine 
levimisaja meetodid osutusid efektiivseks. Selliselt on võimalik risti 
liimpuidu lamelle tuvastada sisemisi kahjustusi ja liimpuidus esinevat 
delaminatsiooni. Vastupanu mikropuurimisega on samuti võimalik 
efektiivselt tuvastada seesmisi kahjustusi, kuid mitte liimpuidu 
delaminatsiooni. 
 
Mõõtes helileivimise aega nii tangentsiaal- kui ka radiaalsihis värskelt 

saab edaspidi kasutada objektil puitelementide seisukorra ja võimalike 
kahjustuste ulatuse hindamiseks. Mõõtmisi tehti kolmes erineva 
niiskussisaldusega grupis. 
 
Objektil puitkonstruktsioonide seisukorda uurides peavad valitud 
hindamismeetodid olema lihtsad ja usaldusväärsed. Hindamismeetodid, 
mida on võimalik kasutada laboritingimustes, ei sobi alati objektil 
rakendamiseks. Arvestada tuleb ka tellija soovide ja rahaliste 
võimalustega, mis seab piirid meetodite valikule. Visuaalne vaatlemine 
ja haamriga koputamine võimaldab leida üles piirkonnad, mida tuleks 
põhjalikumalt uurida, sest kahjustuse ulatust on vaadates ja koputades 
raske hinnata. Heli- ja ultrahelilaine levimisaja mõõtmise ning 
vastupanu mikropuurimisega on võimalik kvantitatiivselt hinnata puidu 
sisemiste kahjustuste ulatust.  
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Helilaine ja ultrahelilaine levikuaega aluseks võttes on võimalik 
ennustada okaspuidu elastusmooduli väärtust kuni 80% 
usaldusväärsusega. Dünaamilise elastsusmooduli väärtust aluseks 
võttes, saab arvutada puidu mehaanilisi tugevusnäitajaid, nagu staatiline 
elastsusmoodul ja paindetugevus. Vastupanu mikropuurimine osutus 
tulemuslikuks vana puidu tiheduse määramisel. Tulemuste 
usaldusväärsus oli mõõdukas (r=0,67). See meetod sobis ka liimpuidu 
biokahjustuste ulatuse hindamiseks, kuid ei sobinud aga liimpuidus 
oleva delaminatsiooni tuvastamiseks. Kuigi surve pikikiudu ei mõjuta 
oluliselt vastupanu mikropuurimise tulemusi, tuleks edaspidi seda 
teemat rohkem uurida, kas ja kui palju mõjutavad näiteks paindest ja 
survest ristikiudu põhjustatud sisejõud vastupanu mikropuurimise 
tulemusi. 
 
Ehitise tehnilise seisukorra hindamise tulemused peavad olema tellijale 
korrektselt dokumenteeritud ja arusaadavalt esitatud. Efektiivne 
moodus on värvikaardistusega jooniste kasutamine, kus iga 
mõõtmistulemus joonisel vastab teatud värvile. Üldine eesmärk on 
leida kõige efektiivsem ja säästvam renoveerimise ja rekonstrueerimise 
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Abstract. This research uses a non-destructive method – ultrasound – to examine timber, combining the results of meas-
urement with the properties of strength and stiffness. The purpose of this work is to explore the possibilities of grading 
wood structure in situ using ultrasound measurements, specifically, the moisture content and density of the timber. The 
timber used in these experiments was taken from existing buildings of different ages. The potential of replacing direct 
measurements with indirect measurements by ultrasound was also investigated. The physical-mechanical properties of 
wood were determined in laboratory conditions according to standard practices, and the method of non-destructive meas-
urements was based on a commercial test device based on 54 kHz compressional wave 50 mm diameter ultrasound trans-
ducers. Direct measurements were performed in the longitudinal and radial material directions. Indirect measurements 
were performed with transducers positioned on the same lateral surface of the sample. A weak correlation was found with-
in the different measurements. Longitudinal measurements characterise bending strength with R2 = 0.18 and modulus of 
elasticity with R2 = 0.37. In multiple regression analysis, stronger correlations were found; prediction equations of bending 
strength and modulus of elasticity were found with R2 = 0.40 and R2 = 0.81, respectively. 
Keywords: acoustic measurement, bending strength, modulus of elasticity, density, moisture content, speed of sound, di-
rect and indirect methods. 

 

1. Introduction 

When renovating buildings it is necessary to assess the 

physical condition and strength of timber structures. The 
most accurate way of determining the mechanical proper-

ties is by destructive methods, the most relevant results 

being usually obtained from compression, tension and 

bending tests. However, there are situations where the 

wood structures need to be evaluated in situ, where the 

timber cannot be removed or sampled destructively and 
where visual assessment is constrained, since the timber 

structural member may have one or several sides covered 

and/or its position or geometry does not enable an inspec-

tion. At this point non-destructive methods are a possible 

alternative. There are several non-destructive methods 

that can be used in the assessment and determination of 
properties of timber, such as mechanical loading, electri-

cal resistance measurement and acoustic, thermal and 

electromagnetic wave propagation (Niemz 2009). 

Sound and ultrasound have been used rather widely. 

In general terms sound consists of an elastic wave that 

propagates through a material, its behaviour being differ-
ent in various materials or in different conditions within 

the same type of material. Consequently a correlation 

between the speed of sound and certain properties of a 

material such as stiffness can be made (Lempriere 2002; 

Kettunen 2006). 

In the evaluation of timber properties ultrasound is a 

widely used method in sawmills, where the longitudinal 

measuring method has been used to sort lumber into vari-
ous strength classes. Obstacles occur if there is need to 

assess wood structures in situ, because in most cases both 

ends of a beam or joist, for example, are covered and the 

measurement cannot be made. This is because measure-

ment can only be carried out when placing the transduc-

ers parallelly on one side or across the detail facing each 
other. But the latter way of measuring is not always pos-

sible, because of the inaccessibility of both sides. This 

kind of measurement method also only provides the local 

properties of wood. The main advantage of using ultra-

sound is that the piece being measured will not be dam-

aged in any way and it can continue to be used as no de-
formations occur. Tests can be made on the same member 

repeatedly without any substantial variation in results 

(Bucur 2006). 

Ultrasound wave propagation is directly related to 

the elastic properties of the material through which it 

propagates. If wood is damaged, its stiffness is likely to 
decrease. Sound wave speed is a function of the square 

root of material stiffness. Lower speed or longer propaga-

tion times are generally indicative of poorer conditions in 

a sample. It is assumed that ultrasound pulse velocity can 

be used as an index of wood quality of as it can detect 
defects like cracks, knots, decay, and deviation in grain 
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orientation. In spite of the non-homogeneous nature and 

anisotropy of wood, it is possible to correlate the effi-
ciency of the propagation of a sound wave with physical 

and mechanical properties (Drdácký, Kloiber 2006). 

The density and modulus of elasticity also affect the 

acoustic properties of wood. Bucur and Chivers (1991) 

observed that in conditions of increased density the speed 

of sound decreased. Thus, the propagation of sound var-
ies in timber from different species of tree. In other inves-

tigations the results have shown that velocity increases 

for large density values (Haines et al. 1996). By contrast, 

Mishiro (1996) found that velocity was not affected by 

density. As wood is an anisotropic material, the speed of 

sound also varies in different directions due to cell struc-
ture (Kettunen 2006). Transverse waves are scattered by 

each cell wall, while the longitudinal orientation of wood 

cells and their slenderness ratio facilitate ultrasound 

propagation. The greater number of impacts of waves on 

wood cells in the transverse direction slows them down 

(Kotlinova et al. 2008). Moreover, ultrasound propaga-
tion paths in directions differing from the main orthotro-

py axes (longitudinal L, radial R and tangential T) are 

significantly shifted from a straight line between the 

transducers, the actual trajectory being dependent on the 

local ring and grain angles (Sanabria et al. 2011). Ultra-
sound velocity is influenced by width of annual rings 

only in the radial direction, due to the macroscopic struc-

ture of wood, the relative proportions of early and late-

wood and the cell orientation in the growth ring 

(Drdácký, Kloiber 2006). Ultrasound velocity decreases 

with increasing moisture content (Drdácký, Kloiber 
2006). The velocity also decreases dramatically with 

moisture content up to the fibre saturation point, and 

thereafter the variation is very small (Bucur 2006). It is 

also notable that moisture content above the fibre satura-

tion point does not have any significant effect on ultra-

sound velocity when measured in the longitudinal direc-
tion (Sakai et al. 1990; Oliveira et al. 2005). 

Overall the direct longitudinal measurement is fairly 

reliable in the assessment of the wood strength. However, 

according to Machado et al. (2009) it is necessary to note 

that an indirect measurement can provide quite good 
results. Furthermore the results seem to indicate that as 

the distance (10 to 40 cm) between the transducers be-

comes greater the influence of deeper wood layers in the 

velocity of wave propagation increases. Most of the sig-

nal energy is transmitted to the back-wall of the test piece 

while only a small part of the energy is transmitted along 
the edge surface. For wood measurement the most fa-

vourable frequency range is between 20 kHz and 500 kHz 

because of the high attenuation of ultrasonic waves in 

wood at higher frequencies (ASTM 494-89 1989; Ta-

nasoiu et al. 2002). The length of the piece has more 

influence on the velocity than the cross-sectional area 
(Arriaga et al. 2006). The longitudinal measurement is 

strongly and continuously affected by the width (b) over 

thickness (h) ratio of the specimen. Largest velocities are 

obtained when the ratio lies between one and two, and the 

specimen is a rod, and b and h are greater than the wave-

length (Bucur 2006). 

The present study aimed to test the relationships be-

tween ultrasound velocity, modulus of elasticity and 
bending strength while also taking into account variations 

in moisture content and density. Ultrasound velocity, 

wood density and moisture content were used as inde-

pendent variables and bending strength and modulus of 

elasticity were the dependent variables. The aim was to 

see if the latter characteristics could be predicted via the 
first. 

 

2. Methods 

The experiments were carried out in a laboratory at 21–

23 °C and 20–40% relative humidity. 25 logs and beams 

of Picea abies taken from buildings with various uses and 
of different ages were used in the research. 92 pieces with 

dimensions of 50×50×1005–1100 mm3 were sawn from 

the collected material. The chosen dimensions were based 

on the standard EN 408:2005 (2005), which specifies that 

the length of the piece for the bending test should be at 

least 19 times the height of the cross-section.  
First of all, four different types of measurement with 

a TICO Ultrasound Instrument fitted with 50 mm 54 kHz 

compressional wave transducers were conducted (Fig. 1): 

1) Five times with a spacing (transmitter-receiver 

distance) of 200 mm on the tangential surface at 
early wood positions using the indirect method 

(variant A); 

2) Three times with a spacing of 600 mm on the 

tangential surface at early wood positions using 

the indirect method (variant B); 

3) Once between the end surfaces in the longitudi-
nal direction (variant C); 

4) Five times in the radial direction by random se-

lection in the direct method (variant D). 

 

 

Fig. 1. Diagrams showing each of the measurement methods 
applied with an ultrasound device: A) five times with a spacing 
of 200 mm on the tangential surface at early wood positions 
using the indirect method; B) Three times with a spacing of 
600 mm on the tangential surface at early wood positions using 
the indirect method; C) once between the end surfaces in the 
longitudinal direction; D) five times in the radial direction by 
random selection in the direct method 

 
The device works by sending an ultrasound wave in-

to the sample by the transmitter probe which is picked up 

by a receiver probe with the time of flight t recorded in 

microseconds and it also calculates the velocity v when 

the distance d is entered, with v = d/t. The distances were 

chosen according to the suggestions of the manual of the 
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testing device for the maximum and minimal parameters 

(Tico User Manual 2008). 
Before every test (Fig. 2) the measured length of the 

sample piece was entered into the device and the corre-

sponding velocity reading in m/s was recorded. For better 

contact between the wood surface and the probes glycer-

ine (propane-1,2,3-triol) was applied thinly onto the 

probes. This ensured effective transfer of the ultrasound 
wave between the surface of the sample and the probes. 

The transducers were equally pressed on the surfaces of 

the members. 

 

 

Fig. 2. Conducting tests with a TICO Ultrasound Instrument 
device and 54 kHz transducers 

 

The bending strength of the test pieces was deter-

mined using an Instron 3369 device, based on standard 

EN 408:2005 (2005). According to this standard the sam-
ple was laid across two supports set 1000 mm apart and 

thereafter it was loaded with a static force at the centre 

until it broke. Here it should be noted that the force was 

applied in the radial direction with younger annual rings 

facing upwards. With this test the modulus of elasticity as 

well as the bending strength was measured. 
In order to define the moisture content of the sam-

ples, test pieces with dimensions of 50×50×30 mm3 were 

sawn from them. These pieces were weighed on an elec-

tronic scale with a readability of ±0.01 g and afterwards 

placed into a drying oven at a temperature of 103 ±2 °C. 

The pieces were dried until their differences of weighing 
at two-hourly intervals were less than 0.1% (EN 408: 

2005 2005). Moisture content was defined according to 

ISO 3130:1975 (1975). 

For determining the density, pieces with dimensions 

of 50×50×75 mm3 were sawn from the specimens. These 
were weighed on the same electronic scale and thickness, 

width and length were measured with a digital calliper 

(readability of ±0.01 m). The measurements were multi-

plied (EN 408:2005 2005), and the density of wood was 

calculated according to ISO 3131: 1975 (1975). 

All data processing was conducted by MS Excel, 
STATISTICA 10 and R software. 

 

3. Results and discussion 

The variability of density, bending strength and modulus 

of elasticity were regular and spread out, the variation 

was not mainly in one or the other end of extreme and 

was not closely clustered. Consequently, the experimental 
data was adequate to carry out the regression analysis 

(Table 1). 

 
Table 1. Characteristics of the statistical indicators 

Main indicators/ 
Characteristics 

Max. 
bending 
strength, 

MPa 

Modulus 
of  

elasticity, 
MPa 

Moisture 
content, 

% 

Density, 
kg/m³ 

Mean 42.98 10156.3   8.85 443.12 

Median 43.36 10370.8   8.95 434.48 

Standard  
deviation 

13.87   2321.5   1.76   54.01 

Minimum   9.06   6317.2   5.34 329.61 

Maximum 80.12 17115.6 11.41 596.53 

 

It is necessary to ascertain the relationships between 

the results of direct and indirect measurement methods of 

investigation by ultrasound. It can be concluded that the 

greatest velocities were given by method C (between the 

end surfaces in the longitudinal direction) and the lowest 

by method D (radial direction in the direct method) 
(Fig. 3). The general variation and fluctuation of ultra-

sound velocities using methods C and D are lower com-

pared with the results of indirect measurements (methods 

A and B). 

 

 

Fig. 3. Box plot charts of ultrasound velocities: A) indirect 
measuring with a spacing of 200 mm on the tangential surface; 
B) indirect measuring with a spacing of 600 mm on the tangen-
tial surface; C) longitudinal direct measuring between the end 
surfaces in the longitudinal direction; D) transversal direct 
measuring in the radial direction 

 

Machado et al. (2009) found that the relative differ-
ence between direct and indirect measurements of defect-

free specimens was ±10%, which shows a good relation-

ship between the results of the different ultrasound meas-

uring methods. Thus, the use of the indirect method on 

site, where only one side of the wood structure is accessi-

ble, is possible. 
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The results of methods A and B fluctuate substan-

tially more than C and D. The smallest fluctuation of the 
results was obtained with method D. 

Table 2 shows the correlation matrix between the 

individual measured variables. The relationship between 

maximum bending strength and modulus of elasticity is 

fairly strong (r = 0.72), which shows the latter to be an 

important factor in assessment of wood structures. There 
is also a strong relationship between density and modulus 

of elasticity (r = 0.8), which is about 0.3 higher than be-

tween density and maximum bending strength. The fact 

that stiffness (modulus of elasticity) is a more global 

property than bending strength, which has been con-

firmed by Hahnijärvi et al. (2005), is also shown by this 
research. Thus density can also be a good indicator of 

wood strength. 

Moving on to the analysis of ultrasound velocities, 

the relationships between direct (C and D) and indirect 

measurements (A and B) are weak and therefore do not 

support the substitution of these methods with one anoth-
er. In summary the results confirm that the shorter the 

measurement distance, the more localized is the evalua-

tion of the sample. 

In analysing the relationships between ultrasound 

measurements and other characteristics, the fitted rela-
tionship is linear and the results of longitudinal measure-

ments characterise the bending strength with r = 0.42 and 

the modulus of elasticity with r = 0.61 (Figs. 4 and 5). 

According to the results of the indirect measurements (A 

and B) only method B gives a moderate linear relation-

ship with the modulus of elasticity (Fig. 6), the relation-
ships with other characteristics being weak, except with 

each other, which is moderate (r = 0.63). In investigating 

the relationships between strength and ultrasound veloci-

ties Arriaga et al. (2006) found that a weak correlation 

between them occurred due to local defects having more 
influence on strength than the general quality of speci-

mens. In that way the results from this research may be 

explained. The defects in members have important role in 

strength, but in situ it is difficult to identify them. This 

study examined specimens without classifying them-

selves. 
A negative correlation occurs between moisture 

content and ultrasound velocity (Bucur 2006; Oliveira 

et al. 2005). In analysing the results of our tests the over-

all negative correlation was found to be true, especially 

for the results of the transverse method (D), for which 

there is a strong negative correlation (r = –0.78). As the 
measurement distances become larger the moisture con-

tent becomes decreasingly important. 

To evaluate the stiffness of wood prediction equa-

tions based on specific variables were examined. The 

variables (x) comprised ultrasound velocities together 

with density and moisture content, which could be deter-
mined without any substantial damage to the wood struc-

ture (Table 3). It can be concluded that the best prognosis 

of the modulus of elasticity is given by density and longi-

tudinal measurement (C), which describe the variety of 

the modulus of elasticity with 64.3% and 37.3%, respec-
tively.  

Next, all six chosen variables were included to a 

multiple regression analysis. It turned out that the predic-

tion equation accounts for 81.1% of the variety of the 

modulus of elasticity (Table 4). Variables A and D  

(p-values were greater than 0.05) were eliminated one by 
one, because their influence in multiple regression analy-

sis was not statistically significant. 

 

 
Table 2. The correlation matrix of characteristics of specimens (Correlation coefficient r) 

Characteristic A, m/s B, m/s C, m/s D, m/s Max. bending 
strength, MPa 

Modulus of 
elasticity, MPa 

Moisture 
content, % 

Density, 
kg/m³ 

A, m/s 1        
B, m/s 0.63 1       
C, m/s 0.15 0.27 1      
D, m/s 0.32 0.05 –0.12 1     
Max. bending strength, 

MPa 0.12 0.25 0.42 –0.25 1    

Modulus of elasticity, 
MPa 0.11 0.31 0.61 –0.38 0.72 1   

Moisture content, % –0.23 –0.04 0.09 –0.78 0.31 0.30 1  
Density, kg/m³ –0.09 0.07 0.40 –0.31 0.51 0.80 0.16 1 

Notes: figures marked light grey indicate a moderate relationship (0.3 ≤ │r│ ≤ 0.7); figures marked dark grey indicate a strong rela-
tionship (│r│ ≥ 0.7). 

 
Table 3. Predicting modulus of elasticity (y) with different variables (x) individually 

Variable (x) Regression equation R² p-value 
A, m/s y =  9361.8 + 0.253*x 0.012   0.301 
B, m/s y =  7845.3 + 0.848*x 0.094   0.003 
C, m/s y = –3735.8 + 2.576*x 0.373 <0.001 
D, m/s y = 14891.5 + (-2.152)*x 0.144 <0.001 
Density, kg/m3 y = –5116.5 + 34.47*x 0.643 <0.001 
Moisture content, % y = 6599.3 + 401.9*x 0.093   0.003 
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Fig. 4. Relation between max. bending strength and C (longitu-
dinal direct measurement between the end surfaces in the longi-
tudinal direction)  

 

 

Fig. 5. Relation between modulus of elasticity and C (longitudi-
nal direct measurement between the end surfaces in the longitu-
dinal direction)  

 
 

 

Fig. 6. Relation between modulus of elasticity and B (indirect 
measurement with a spacing of 600 mm on the tangential sur-
face)  

 

The analysis resulted in a statistically significant 

(p < 0.001) regression equation with four variables that 

describes 80.7% of the variability of the modulus of elas-

ticity (R² = 0.807): 

12230 0.259 1.213 27.72 238.4 ,E B C W= − + ⋅ + ⋅ + ⋅ρ+ ⋅  (1) 

where: E is the modulus of elasticity, MPa; B and C are 

the corresponding measuring techniques, m/s; ρ is densi-

ty, kg/m³; W is moisture content, %. 

Similar data processing was conducted for bending 

strength, for which regression equations for each variable 
were first derived. None of the equations predict the 

bending strength with |r| > 0.3 (Table 5). Once again, the 

best correlation by individual regression analysis is ob-

tained with the variables C and density, which describe 

the variety of bending strength with 17.8% and 26.1%, 

respectively. Within this investigation, again, only varia-
ble A is not statistically significant concerning the rele-

vance of mean values. 

 

Table 4. Predicting modulus of elasticity (y) with multiple variables (x) 

 Regression equation with 6 variables  
(R² = 0.811)   Regression equation with 4 variables  

(R² = 0.807)  

Variable regression – coefficient p-value  regression – coefficient p-value 
A, m/s 0.205   0.178  – – 
B, m/s 0.384   0.029  0.529 0.0002 
C, m/s 1.198 <0.001  1.213 <0.001 
D, m/s –0.315   0.500  – – 
Density, kg/m3 27.68 <0.001  27.72 <0.001 
Moisture content, % 207.3   0.045  239.4 0.0003 

 

Table 5. Predicting bending strength (y) with different variables (x) individually 

Variable (x) Regression equation R2 p-value 
A, m/s y = 37.89 + 0.002*x 0.013   0.268 
B, m/s y = 31.75 + 0.004*x 0.062   0.016 
C, m/s y = –14.35 + 0.011*x 0.178 <0.001 
D, m/s y = 61.96 + (–0.009)*x 0.065   0.014 
Density, kg/m3 y = –15.11 + 0.131*x 0.261 <0.001 
Moisture content, % y = 21.32 + 2.447*x 0.096   0.003 
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Table 6. Predicting bending strength (y) with multiple variables (x) 

 Regression equation with 6 variables  
(R² = 0.413)   Regression equation with 4 variables  

(R² = 0.397)  

Variable regression – coefficient p-value  regression – coefficient p-value 
A, m/s 0.001   0.461  – – 
B, m/s 0.002   0.285  0.003   0.044 
C, m/s 0.005   0.040  0.005   0.033 
D, m/s 0.006   0.259  – – 
Density, kg/m3 0.108 <0.001  0.097 <0.001 
Moisture content, % 2.980   0.007  1.871   0.006 

 

Similar multiple regression analysis with all six var-

iables was conducted. It shows (Table 6) that this model 
accounts for 41.3% of the variety of bending strength. 

Later, variables A and D (where p-values were greater 

than 0.05) were eliminated one by one, because their 

influence in the multiple regression analysis was not sta-

tistically significant. 

The result is a regression equation with four varia-
bles that describe 39.7% of the variety of bending 

strength. The prediction equation (R² = 0.397 and 

p < 0.001) is as follows: 

52.29 0.003 0.005 0.097 1.871 ,B C Wσ = − + ⋅ + ⋅ + ⋅ρ + ⋅  (2) 

where: σ is the bending strength, MPa; B and C are corre-

sponding measuring techniques, m/s; ρ is density, kg/m³ 

and W is moisture content, %. 

 

4. Conclusions 

The main aim was to investigate the possibilities of ap-

plying ultrasound measurement in assessment of the 

physical-mechanical properties of wood. For achieving 

this purpose a commercial device with 54 kHz transduc-

ers was used to measure the ultrasound velocity in the 

timber samples sawn from logs and beams obtained from 
existing buildings. The total number of samples was 92. 

The analyses among the different measurement 

techniques showed that the shorter the measuring distance 

is, the more local is the evaluation for the sample. It 

turned out that the best arguments for predicting physical-
mechanical properties were provided by the longitudinal 

(C) and indirect measurements with a distance of 600 mm 

(B), in good agreement with previous experimental ob-

servations. 

The prediction equations with the main parameters 

of strength, like modulus of elasticity and bending 
strength, were found using variables of density, moisture 

content and four different ultrasound measuring methods. 

As a result of data analysis, a prediction equation for the 

modulus of elasticity accounting for about 80% of its 

variability was obtained, using the variables of density, 

moisture content, indirect measurement B and direct 
measurement C. Methods A and D were excluded. The 

other equation of predicting the bending strength had the 

percentage likelihood of about 40% and the same varia-

bles were excluded as before. 

Thus it can be concluded that within those parame-

ters it is possible to predict the modulus of elasticity and 
bending strength of a timber element with an accuracy of 

80% and 40%, respectively. The other methods of meas-

uring ultrasound velocity over smaller measuring distanc-
es gives only so-called local results of specimens, there-

fore they do not give assessment on a larger scale and 

they are not statistically significant. Thus the larger the 

measuring distance, the better the dependent variable can 

be predicted. 

The assessment of strength of the samples by these 
methods will always be somewhat imprecise, because of 

imperfection of the results of measuring on site and not 

using standardised samples. Also it is necessary to note 

that in practice it is not possible to measure ultrasound 

velocities in the longitudinal direction. 
Therefore more research in this field is needed, es-

pecially in the search for stronger relationships between 

acoustic properties obtained from indirect methods and 

mechanical strength values. Although the field of acous-

tics is a rather young one, this research clearly shows the 

potential of evaluating in situ wood structures with this 
kind of non-destructive method. 
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ABSTRACT 

The need for structural health assessment of old buildings can emerge in order to assure or extend their 
service life. In renovating buildings it is essential to assess the condition of timber structures. Often there are 
situations where the wood structures need to be evaluated on site and visual assessment is confined. At this 
point the non-destructive methods can be used for evaluation. This research uses ultrasonic, resistance 
drilling and pilodyn methods for the assessment of timber samples taken from currently existing buildings of 
different ages. As bending being the most important loading mode and modulus of elasticity is a good 
indicator of strength in timber structures the results of non-destructive methods were compared with them. 
Individual arguments like ultrasound velocity, moisture content, drilling resistance and relative hardness 
used in the regression analysis did not give a correlation above average in prediction of the bending strength 
and modulus of elasticity of wood found in the standardized bending test. The correlation between the density 
of timber and the readings of the resistograph was the strongest, especially damaged by fungi and beetles. 
Thereby, when the age of wood increased, the strength of it decreased. The correlation between the readings 
of the resistograph and timber internal stresses was weak, meaning that the resistance of wood does not 
change significantly while loaded with longitudinal forces. 

Key words: bending strength, modulus of elasticity, density, moisture content, acoustic measurement, 
resistance drilling, pilodyn 

INTRODUCTION 

In renovating buildings it is essential to assess the 
condition of timber structures. Historic timber 
structures must be preserved, in order to maintain 
their original structural purpose as much as 
possible, therewhile taking into account the safety 
aspect for the habitants of the building. Therefore, 
an accurate condition assessment is needed to 
evaluate the serviceability of timber structures. The 
most accurate way of determining the mechanical 
properties of timber is destructive methods, the 
most relevant results of which are given by 
compression, tension and bending tests. But for the 
sake of preserving the historical value of buildings, 
the aforementioned methods are not an option. 
Going further: although the importance of visual 
assessment of structure elements is highly decisive, 
the results can be very subjective and dependent on 
the observers’ experiences and skills. And often 
there are situations on site where visual assessment 
is constrained, since the timber structural member 
has one or many sides covered and/or its geometry 
does not enable the inspection. Therefore, a need 
for other methods to gain reliable results based on 
scientific research is grounded. At this point non-
destructive methods can be used for assessing the 
condition of wood structures. 
There are several non-destructive methods that can 
be used in the assessment and determination of the 
quality and properties of timber (Niemz, 2009): 

mechanical (drilling resistance, hardness, 

intrusion behaviour);
electrical (correlation between electrical 
resistance and moisture, correlation 
between electrical resistance and fungal 
decay);
acoustic (sound velocity, sound reflection, 
sound attenuation);
thermal (heat radiation);
electromagnetic waves (visible light, 
IR/NIR radiation, X-ray, neutron radiation, 
Synchrotron radiation).

The aim of this work was to investigate the non-
destructive methods, the possibilities of using 
ultrasound, pilodyn and resistograph measurements 
to investigate the relationships of the physical-
mechanical properties of timber. The comparable 
characteristics are the density and moisture content, 
because they have essential roles in the strength of 
wood. 

NONDESTRUCTIVE METHODS AND 
TESTING 

Ultrasound velocity method 

In the assessment of the properties of wood, sound 
and ultrasound have been used rather widely. In 
general terms sound means an elastic wave that 
spreads in materials and its behaviour in various 
materials is different. For that reason we can give 
the acoustic properties for materials (Kettunen, 
2006). If the distance of the wave transit is known, 
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we can measure the time and therefore calculate the 
speed. This is how the technical properties of a 
material can be measured. Consequently, the 
correlation between the speed of sound and a 
certain property of the material such as stiffness can 
be made (Lempriere, 2002).
The longitudinal measuring method of sound speed 
is the most widely used. In the assessment of the 
properties of a material the unit of speed of sound is 
a common parameter. In the evaluation of the 
properties of timber the usage of the ultrasound 
method is far-spread in sawmills, where the 
longitudinal measuring method has been used to 
sort lumber into classes of strength.
As there is a need to assess wood structures on site 
an obstacle occurs, because in most cases both ends 
of a member are covered and the measurement 
cannot be conducted. The measurement can only be 
done when placing the transducers parallel on one 
side or across facing each other. But the latter way 
of measuring is not always possible, because of the 
inaccessibility of both sides. This kind of measuring 
method also gives us only the local parameters of 
wood assessing the local properties.
The main advantage of using ultrasound is that the 
bar will be undamaged and it can be used further – 
no deformations or destructions occur. Tests can be 
made on the same member repeatedly without any 
substantial variation in the results (Bucur, 2006).
There have been several investigations conducted in 
that field. Ultrasound wave propagation is directly 
related to the elastic properties of the material 
through where it propagates. If the material is 
damaged, its stiffness decreases. The wave speed is 
a function of the square root of material stiffness. 
Lower speed or longer propagation times are 
generally indicative of worse conditions of wood. It 
is assumed that the ultrasound pulse velocity can be 
an index of the quality of wood as it can detect 
defects like cracks, knots, decay and deviation on 
grain orientation. In spite of the inhomogeneous 
nature and anisotropy of wood, it is possible to 
correlate the efficiency of wave propagation with 
physical and mechanical wood properties (Drdacky 
and Kloiber, 2006).
The density and modulus of elasticity (MOE) of a 
material strongly affect the acoustic properties of 
wood. Bucur and Chivers (1991) stated that velocity 
decreases with increased density. Thus the 
propagation of sound varies in different species of 
timber. But in other investigations the results have 
shown that velocity increases for larger density 
values (Haines et al., 1996). On the contrary, 
Mishiro (1996) found in his research that velocity 
was not affected by density.
As wood is an anisotropic material, the speed of 
sound varies in different directions due to the cell 
structure (Kettunen, 2006). Transverse waves are 
scattered at every cell wall. More impacts of waves 
on wood cells in the transversal direction make 

them slower (Kotlinova et al., 2008). Ultrasound 
velocity is influenced by the width of annual rings 
only in radial direction, due to the macroscopic 
structure of wood, proportion of early and latewood 
and cell orientation in the growth ring (Drdacky and 
Kloiber, 2006).
Kotlinova et al. (2008) got the following results in 
measuring ultrasound velocity in wood members: in 
the longitudinal direction the velocity ranged from 
3500 to 6500 m/s and 1000–2500 m/s across the 
grain. The ultrasound velocity decreases with 
increasing the moisture content (Drdacky and 
Kloiber, 2006). The velocity decreases dramatically 
with the moisture content up to the fibre saturation 
point, and thereafter the variation is very small 
(Bucur, 2006). It is also notable here that the 
moisture content over the fibre saturation point 
measured in the longitudinal direction does not have 
any significant effect on the ultrasound velocity 
(Machado et al., 2009).
Overall, the direct longitudinal measurement is 
fairly reliable method in the assessment of the 
strength of wood. However, according to the report 
of Machado et al. (2009) it is essential to note that 
an indirect measurement can give rather good 
results in determining the properties of stiffness and 
strength of wood. Furthermore, the results seem to 
indicate that as the distance (10 to 40 cm) between 
the transducers becomes larger the influence of 
deeper wood layers in the velocity of wave 
propagation increases. Therefore, in a situation 
where the wood structure is mostly covered and 
only one or two sides are accessible, it is possible to 
evaluate the strength of the member by the indirect 
measuring method. For wood the most favourable 
frequency range is between 20 kHz and 500 kHz 
because of the high attenuation of ultrasonic waves 
in wood at higher frequencies (ASTM 494-89, 
1989; Tanasoiu et al., 2002). 

Resistance drilling method 

Resistance drilling (Resistograph) enables the 
inspection of timber through the depth of the 
member. Measurements are dependent on material 
resistance to drilling with the diameter of 1.5 to 3.0 
mm. The resistograph has an electric motor and is 
battery-operated, which is very valuable for using in 
historic timber constructions. The drills are flexible 
and their length depends on type of the resistograph 
and manufacturer (Kotlinova et al., 2008). 
The output of resistance drilling is graphical, the 
tops on output characterise higher resistance or 
density and bottoms vice versa. Thus, the internal 
defects and damage of the timber member can be 
detected. 
Different properties like hardness, density, strength 
classes, residual cross-section and also 
biodeterioration and natural defects can be 
determined with the analysis of the resistograph 
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graphs. Also the width of the annual rings and 
structure can be measured. The aforementioned 
strength indicators can be used to calculate residual 
strength properties of the timber structure based on 
Eurocode 5 (Pilt, 2009). 
According to the report of Kasal and Anthony 
(2004) the relationship of resistance drilling to the 
density of the wooden member is variable, ranging 
between r2 = 0.21-0.69.  
The main disadvantage is the locality of inspection. 
In order to get a total overview of the member 
condition a numerous amount of drilling tests have 
to be made. But that is often limited for the sake of 
keeping the material authenticity. Another issue 
involves the drilling needle, because of the small 
diameter of the drill, it can bend easily during the 
process of drilling into the element. Thus we can 
receive inaccurate readings.  

Pilodyn method 

As the resistograph enables the examination 
through the cross-sectional area, pilodyn gives only 
superficial results of the element. The mode of 
operation consists in the penetration of a tongue in 
the wood element by means of dynamic impact. The 
result of this method is penetration depth. The 
diameter of the tongue is of 2.5 mm and maximum 
penetration is of 40 mm (Kotlinova et al., 2008). 
The density is well related to the hardness of wood 
(Bonamini, 1995; Kasal and Antony 2004). 
Superficial values of density can be predicted with 
this kind of portable method. The results got by 
Görlacher (1987) demonstrated good correlation 
between the penetration depth and density. Also the 
extent estimation of damaged areas of the wooden 
member is shown by the penetration depth of the 
needle to the inner layers, deeper penetration refers 
to a more damaged timber.  
Hereby, it should be also mentioned that the 
moisture content and the penetration directions have 
effect on the results. The penetration depth is higher 
in radial direction than in tangential direction. In 
tangential direction the needle has to penetrate 
through different earlywood and latewood layers, 
but in radial direction the penetration happens only 
in one part of the annual ring. 
When operating with this device it is very important 
to hold it perpendicular to the element and another 
issue is the vibration evoked by the needle strike, 
which can result in misleading estimates. 

METHODOLOGY 

The objective of the experiment was to measure the 
ultrasound velocity in wood members with certain 
distances between ultrasound transducers and on 
two main sections—the end and tangential surfaces. 
The distances were chosen according to the 
suggestions of the manual of the testing device for 
the maximum and minimal parameters. For the 

indirect measurements the distance was 0.1 to 0.6 m 
and for the direct measurements up to 1.5 m (Tico 
User Manual, 2008).
37 logs and beams dated from buildings with 
various uses were used for the present research. 124 
members with dimensions of 50x50x1005–
1100 mm were sawn out from the gathered. The 
chosen dimensions were based on the standard EN 
408:2005, which means that the length of the 
member for the bending test should be at least 19 
times the height of the cross-section. The specimens 
were graded into strength classes according to the 
Nordic standard of INSTA 142. Three strength 
classes were defined according to this standard: 
C18, C18 and C24. 
First of all a series of measurements with a TICO 
Ultrasound Instrument with 50 mm 54 kHz 
transducers were made with the number of 92 
members. 
Four different variants of measurements were 
conducted:

1) Five times with a spacing of 200 mm on 
the tangential surface at random early 
wood positions by using the indirect 
method (hereafter this characteristic is 
marked by “A”); 

2) Three times with a spacing of 600 mm on 
the tangential surface at random early 
wood positions by using the indirect 
method (hereafter this characteristic is 
marked by “B”); 

3) One time between the end surfaces in the 
longitudinal direction (hereafter this 
characteristic is marked by “C”); 

4) Five times in the radial direction by 
random selection in the direct method 
(hereafter this characteristic is marked by 
“D”). 

Figure 1. Schematic drawings of measurement 
methods applied with an ultrasound device: A - 
indirect measuring; B - indirect measuring; C - 

longitudinal direct measuring; D - transversal direct 
measuring. 

The principle of this device is that it sends an 
ultrasound wave into the member by the transmitter 
probe and is picked up by the receiver probe with 
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the time of flight recorded in microseconds and also 
calculates the velocity when the length is entered.  
The bending strengths of the test pieces were 
determined by an Instron 3369 device and based on 
the standard EN 408:2005. Here it should be noted 
that the force was set in the radial direction with 
younger annual rings facing upwards. With this 
experiment the modulus of elasticity in addition to 
the bending strength was stored. 
After the destructive tests a resistance drilling was 
made using the resistograph Sibtech DmP that 
measures the resistance minimally at every 0.1 mm. 
If the resistance of wood is relatively low the 
interval of the recording data is even ten times 
longer. The drilling was made in the same direction 
as in loading force in the bending tests. There were 
done 5 drilling holes with the distance of 10...15 cm 
from each other and the spots were designated 
randomly free from knots and gaps.The superficial 
hardness was measured with Pilodyn 6J after micro 
drilling.  
The moisture content (MC) and the density of the 
specimens were found according to standardized 
tests. In addition the resistance of wood with the 
resistograph was measured under different 
compression loads. All data processing including 
diagrams, correlation and regression analysis was 
conducted by MS Excel and R software. 

RESULTS AND DISCUSSION  

The characteristics determined by the experiments 
are shown in Table 1. The variation of the values of 
the indicators of density, bending strength and 
modulus of elasticity were relatively symmetrical, 
thus revealing that the variation by the main 
physical-mechanical indicators of the specimen 
were regular. 
To describe the linear relationship between the 
individual characters of wood by the correlation 
coefficient Table 2 is presented here. The one-to-

one correlation was between the maximum loading 
and bending strength, as this is a distinctive feature 
during the test causing the maximum bending 
strength with maximum force. That is why only the 
bending strength is taken into account hereafter. 

Table 1  
Characteristics of the statistical indicators

Main indicators 
/ Characteristics

Max. 
bending 
strength, 

MPa

MOE, MPa MC, 
%

Density, 
kg/m³

Mean 42.98 10156.3 8.85 443.12

Median 43.36 10370.8 8.95 434.48

Standard error 13.87 2321.5 1.76 54.01

Minimum 9.06 6317.2 5.34 329.61

Maximum 80.12 17115.6 11.41 596.53

The relationship between the maximum bending 
strength and modulus of elasticity is remarkably 
strong (r=0.72), which proves the latter to be an 
important argument in assessment of wood 
structures. There is also a strong relationship 
between the density and modulus of elasticity 
(r=0.8), which is about 0.3 higher than between the 
density and maximum bending strength. The results 
verify the well-known fact that stiffness is a more 
global property than bending strength and thus more 
dependent on density. Thus density can also be a 
good estimator of wood strength. In analysing the 
relationships between the ultrasound measurements 
and other characteristics the general relationship is 
reliably linear and the results of the longitudinal 
measurements characterise the most important 
strength and stiffness properties of wood 
moderately well (in case of bending strength r=0.42 
and modulus of elasticity r=0.61).  

Table 2 
Correlation matrix of characteristics of specimens 

Notes: figures marked grey indicate a moderate relationship (0.3 r 0.7); figures marked dark grey indicate a strong 
relationship ( r  0.7). 

Characteristics A,
m/s

B, 
m/s

C, 
m/s

D, 
m/s

Max. 
force, N

Max. bending 
strength, MPa MOE, MPa MC, 

%
Density, 
kg/m³

A, m/s 1        
B, m/s 0.63 1       
C, m/s 0.15 0.27 1      
D, m/s 0.32 0.05 -0.12 1    
Max. force, N 0.09 0.24 0.42 -0.29 1    
Max. bending 
strength, MPa 0.12 0.25 0.42 -0.25 1.00 1    

Modulus of 
elasticity, MPa 0.11 0.31 0.61 -0.38 0.72 0.72 1   

Moisture 
content, % -0.23 -0.04 0.09 -0.78 0.35 0.31 0.30 1

Density, kg/m³ -0.09 0.07 0.40 -0.31 0.50 0.51 0.80 0.16 1
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According to the results of the indirect 
measurements (A and B) a moderate linear 
relationship to the modulus of elasticity occurs, the 
relationships with other characteristics are weak, 
except with each other, which was moderate 
(r=0.63). In investigating the relationships between 
the strength and ultrasound velocities Arriaga et al. 
(2006) found that a weak correlation between them 
was due to local defects having more influence on 
the strength than the general quality of the 
specimens. In that way the acquired results within 
this research are grounded. 
A negative correlation occurs between the moisture 
content and ultrasound velocity (Bucur, 2006; 
Oliveira et al., 2005). In analysing the mentioned 
results within this paper the overall negative 
correlation is true, especially on the results of the 
transversal method (D), where there is a strong 
negative correlation (r=-0.78). As the measuring 
distances become bigger the moisture content also 
has a decreasing effect. 
The correlations between the results of the density 
and the resistograph were found to be moderate and 
strong and statistically significant  (p-value
all groups shown in Table 3. The strongest value 
was obtained among the group of specimens with 
fungal and beetle damage. Higher correlations can 
be explained by the low number on specimen within 
these groups. Fig. 2 illustrates a moderate, but 
statistically insignificant correlation (r = 0,340; p = 
0,071) between the bending strength and the time of 
harvesting. However, it can be concluded, that the 
strength of wood decreases with increased age of 
wood. The significant variety of bending strength 
within the same age can be explained by the variety 
of damage, knots  and location (sap- and 
heartwood) of specimens sawn out from the 
material. According to Fig. 3 the internal stress 
increases with decreasing resistance of wood under 
compression force. However, due to the low value 
of the coefficient of determination the internal stress 
has a weak influence on the resistance of wood. The 
relationships between the results of Pilodyn and  
physical-mechanical properties were moderately 
strong (see Fig. 4 to 5). 

Figure 2. Relationship between bending strength 
and harvesting time. 

Figure 3. Relationship between resistance drilling 
and internal stresses. 

Figure 4. Relationship between penetration depth 
by Pilodyn and bending strength. 

Table 3  
Results of regression analysis of resistograph and density 

Groups of specimens 
Coefficient of 

correlation  
r 

Coefficient of 
determination 

r2

p-value Number of 
specimens

All specimens 0,665 0,442 <0,001 124 
Specimens in strength class of C24 0,568 0,322 <0,001 46 
Specimens with knots of <250mm2  0,805 0,649 <0,001 18 
Specimens with knots of <1/4 and knot clusters of <1/3 0,614 0,378 <0,001 77 
Specimens without cracks and fungal damage 0,733 0,537 <0,001 61 
Specimens with fungal and beetle damage  0,850 0,722 <0,001 28 

 0.05) in 
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Figure 5. Relationship between penetration depth 
by Pilodyn and density. 

The results concerning the relationship between the 
density and penetration depth obtained in this study 
confirm the findings of Görlacher (1987). 

CONCLUSIONS 

The main aim was to investigate the possibilities of 
applying some non-destructive measurements in 
assessment of the physical-mechanical properties of 
wood. For achieving this purpose series of 
measurements were done using the TICO 
Ultrasound Instrument with 54 kHz transducers, 
resistograph Sibtech DmP and Pilodyn devices to 
assess some characteristics in the wooden specimen. 
The analysis of ultrasound with different 
measurement techniques showed that the shorter the 
measured distance, the more local the evaluation for 
the wooden member. It turned out that the best 
arguments in prediction of the physical-mechanical 

properties were longitudinal (C) and indirect 
measurements with a distance of 600 mm (B) 
within the literature as well as in this study. 
The possibilities of using resistance drilling and 
needle penetration in prediction of the density of 
wooden members are remarkable. In spite of the 
low number of specimen the resistograph showed 
strong relationship within the group of fungi and 
beetle damage. In comparison of the 
aforementioned methods both described density 
with the same accuracy within the total number of 
specimen.  
There can be found mixed results about the 
influence of the age on the mechanical properties of 
wood from literature. This study showed moderate, 
but statistically insignificant correlation between the 
time of harvesting and bending strength.  
The correlation of the drill resistance to the 
compressive force of the wooden members is 
negatively weak. Thus, it can be concluded that the 
resistance of wood does not change significantly 
while loaded with longitudinal forces.  
The assessment of the strength of individual 
members by the aforementioned methods can 
always be somewhat imprecise, because of the 
imperfection of the results of measuring on site. 
Also, it is essential to note that it is not always 
possible to measure ultrasound velocities in the 
longitudinal direction. Therefore, it is essential to 
continue with the investigation in this field and to 
search for stronger relationships between indirect 
and direct measuring methods. 
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Abstract 

The purpose of this study was to explore the possibilities of using existing nondestructive evaluation 
(NDE) methods to assess delamination and decay of glulam structures. A glulam arch removed from a 
research building after more than 75-year service was used as a test specimen. The glulam arch 
section was tested using stress wave timing, ultrasonic wave propagation, and resistance micro-
drilling methods at a series of locations. The arch was subsequently cut open for visual inspection and 
small compression and shear samples were obtained for strength testing. It was found that wave 
propagation times or wave velocities measured across the laminations were good indicators of internal 
decay. Stress wave timing and ultrasonic propagation methods were able to detect moderate to large 
delamination, but not micro-delamination. Resistance micro-drilling was found not effective in 
detecting delamination. Further research is planned to evaluate the possibility of using pulse-echo 
method to detect internal delamination of glulam members. 

Key words: glued laminated timber (glulam), stress wave, ultrasonic wave, resistance micro-drilling, 
strength, modulus of elasticity. 
  
 

Introduction 

The use of glued laminated timber (glulam) has become widespread all over the world extending the 
modern wooden building capabilities. Solid wood members are increasingly being replaced by 
modern engineered timber laminates glued and stacked together, enabling timber structures to carry 
more loads (for instance in large-span roofs).  As innovative construction techniques for timber 
buildings are continuously being developed, the need for modern assessment methods are increasing 
to assure or extend the service life of the glulam structures, especially due to the problems related to 
the adhesive bonding causing delamination in glulam elements. Delamination usually results from 
manufacturing failures, improper bonding, overloading during the service life of a structure, or by 
moisture changes causing stresses. Since the visual assessment is typically confined to the surface 
conditions and provides only limited information on internal wood condition and the bond lines 
between laminates in glulam timber, more advanced methods need to be explored and developed for 
field inspection of glulam timber components in modern buildings. 
 
In the fall of 2010, a glulam arch structure at the USDA Forest Products Laboratory (FPL) was 
deconstructed after more than 75 years of use. Since these arches represent the first generation of both 
construction adhesives and glued-laminated development, the glulam arches were preserved as 
research specimens for various groups at FPL to evaluate the durability and residual strength of these 
aged arch members. The objective of the study reported herein was to assess the physical conditions 
of the arch members and evaluate the effectiveness of several nondestructive testing methods, 
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including stress wave timing, ultrasonic wave propagation, and resistance micro-drilling, for detecting 
delamination and decay in wooden glulam beams.  
 

Materials and Methodology 

Old Glulam Arch Structure  
 
A research building incorporating glued laminated wooden arches was erected on the USDA Forest 
Products Laboratory’s campus in 1934 (Figure 1). As one of the first examples of glulam structures in 
the United States, this building represented FPL’s early efforts on developing arches from thin, 
individual wood laminations that could be bent into flowing shapes. In addition to its primary service 
function, this building was also intended to demonstrate the adaptability of wood to modernism in 
both design and construction. The construction embodied special features developed or adopted 
through research at the FPL. One special feature was to create unobstructed floor space and ample 
overhead clearance for sawmill and other industrial projects. For this reason, arched supports were 
chosen in preference to column-and-girder or standard truss construction (Wilson 1939).    
 
Three types of arch supports were used in the building—one solid glulam, one of double I-beam 
section, and one of trussed arch held together at the joints with split-ring and hinge-and-plate 
connectors. Five solid arches and two each of the composite types were built and symmetrically 
disposed in the building, solid arches at the middle bays, double I-beam arches next, and trussed 
arches at the ends. The halves of the large glued arches were bent at the knee but were straight below 
and above the knee, and were held together at the apex with bolted plates. Flanged plate bearings for 
all arches were provided at the foundations.  
 
Throughout the years the building was used for various research applications and the interior was 
configured to meet those needs. In 1993, while drying fiber an intense fire was started on the west end 
of the building. During this event, several of the arch members were exposed to elevated temperature 
and fire conditions. Those affected members were repaired/strengthened by retrofitting one or two 
sister members following the fire event. The repaired arch members have performed well since the 
fire event.  

 

Figure 1—a) Inside view of the USDA Forest Products Laboratory service building, b) Cross-section 
views of C-type and D-type glulam used as the bearing structural components in the building. 
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Experimental Procedure 
 
The solid glulam arches were glued up of laminations of 1.4-cm (9/16-in.) material to a width of 29.2-
cm (11 ½ -in.) and a thickness of 30.5-cm (12-in.) at the base, 61.0-cm (24-in.) at the knee, and 20.3-
cm (8-in.) at the apex. Each layer was made of 10.2 cm (4-in.) and 20.3-cm (8-in.) pieces, with the 
edge joints staggered in alternate laminations. Through a preliminary stress wave and ultrasonic 
timing inspection, we were able to determine the general physical conditions of all the solid glulam 
arch sections removed from the building. Glulam arch section No. 5 was found to contain a wide 
range of decay and delamination due to moisture intrusion and exposure to the elevated temperatures 
in fire. We selected this section as a specimen for an in-depth study.  
 
Extensive non-destructive testing was performed on the selected glulam arch section using several 
different types of NDE techniques, including stress wave timing, ultrasonic transmission, pulse-echo, 
and resistance micro-drilling. Figure 2 shows the glulam specimen under testing and locations that 
NDE measurements were conducted.  The physical condition of the section changed through the 
length, thus we began the measurements at the cross-section 50 mm from the decayed end (lower 
end), followed by 200 mm and then by 300 mm increments (Figure 2b). At each of these locations, 
measurements were taken at three levels which were designated as A, B and C for upper, middle, and 
lower levels respectively. The experiments were carried out in a laboratory at 21 C and 50% relative 
humidity. 
 
Upon completion of nondestructive measurements, the glulam section was cut open at each tested 
cross-section, resulting 13 glulam blocks B, C, D, …, and N (block A was severely decayed, 
delaminated, and fall into pieces after cutting). Visual inspection was conducted at each opened cross-
section to identify decay, cracks and any delamination that can be visually seen. A high-resolution 
digital image of each cross-section was subsequently obtained to document the internal conditions of 
the glulam section. Following visual inspection of the cross-sections, shear and compression samples 
were cut from the blocks to obtain the residual mechanical properties of the glulam arch section 
through destructive testing. 

 
Figure 2—a) Glulam arch under testing; b) Plan view showing measurement locations; c) Cross-section view 
showing measurement locations (A, B, and C were 45, 135 and 225 mm from the edge of the cross-section 
respectively). 
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Testing of glulam arch section 
 
Stress wave timing  

Stress wave timing (SWT) measurement for decay detection is based on the concept that stress wave 
propagation is sensitive to the presence of deterioration of wood members (Pellerin and Ross 2002). 
Stress waves travel faster through sound wood than they travel through decayed and delaminated 
wood. Conducting stress wave timing measurement on a glulam member requires access to two 
opposite sides of the member for attaching sensor probes. The glulam arch section was tested through 
the thickness (perpendicular to the laminations) using a Fakopp stress wave timer. The sensor probes 
were inserted into opposing faces of the glulam at the same cross-section and same level. Stress waves 
were generated through a hammer impact.  
 
Ultrasonic transmission 
 
Sylvatest Duo device equipped with two 22 kHz transducers was used to measure the ultrasonic 
velocity across the thickness of the glulam (perpendicular to the laminations). The transmitter probe 
and the receiver probe were positioned at the opposite faces of the glulam with a relatively constant 
handheld pressure applied to the probes to improve the coupling between the probes and wood. For 
each measurement, the transmitter probe emitted five consecutive pulses through the glulam. An 
average ultrasound propagation time (UPT) and peak energy of the receiving signal were recorded 
after each measurement. The ultrasonic velocity (V) of the specimen across laminations was 
calculated based on the average UPT value and the thickness of the glulam at the cross-section 
(distance between two probes): 
  

 

 
Resistance micro-drilling 
 
Resistance micro-drilling tests were conducted after the acoustic measurements. Resistance micro-
drilling enables detection of internal deterioration in a timber through measuring the relative 
resistance in the drilling path. The output of a micro-drilling test is a resistance profile showing 
density changes along the drilling path. The high output characterizes high resistance or high density 
and the low output characterizes low resistance or low density. Internal decay or cavities in a timber is 
typically characterized as extremely low resistance or zero resistance in the resistance charts 
(Kotlinova et al. 2008). An IML PD-400 Resistograph unit was used to obtain resistance profiles at 
the same locations where stress wave timing and ultrasonic measurements were conducted.  
 
Testing of small lamination samples 
 
To evaluate the compression strength of the glulam arch and the shear strength of the bond lines after 
75 years of service, we cut small samples from the glulam blocks according to the specifications of 
the ASTM D905-08 and D143-09 standards. Twenty five 50 by 50 by 200 mm compression samples 
were obtained from blocks C, D, E, F, and G, five from each block (Figure 3a). Fifty 38 by 50 by 50 
mm shear samples were cur from blocks B, C, D, E, F, G, and N (Figure 3b), five from each block for 
blocks C, D, E, F, and G, ten from block N and fifteen from block B. But thirty five samples were 
good enough for successful testing. Both compression and shear samples included 3 bond lines.  
Special care was taken to ensure that the bond line being tested for shear was located in the center line 
and the loading surfaces were smooth, parallel to each other, and perpendicular to the height (Figure 
3b).  
 
Ultrasonic measurements 
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The compression and shear samples were first acoustically evaluated using a Sylvatest Duo device 
before destructive testing. For compression samples, ultrasonic measurements were conducted in both 
radial (3 points) and longitudinal directions. For shear samples, ultrasonic measurements were 
conducted in radial directions (2 points). The transmitter probe and the receiver probe were positioned 
at the opposite faces of a sample with a constant pressure (196 kPa) applied to the probes to improve 
coupling between the probes and wood. 
 
Mechanical testing 
 
Compression-parallel-to-grain test was conducted on each compression sample using an Instron 
machine in accordance with ASTM D143-09 standard. Modulus of elasticity (MOE) and compression 
strength (CS) parallel to grain were subsequently determined for each compression sample. 
 
Shear samples were tested using the same Instron machine by compression loading in accordance 
with ASTM D905-08 standard. The shear strength of the bond line was determined based on the 
maximum compression load and the bond line area between the two laminations.   
 
All the experimental data was processed and analyzed using MS Excel and STATISTICA 12. 
 

 
Figure 3—Small samples cut from the glulam blocks for mechanical testing. a) Compression 
test sample with ultrasonic measurements at point A, B, C and D; b) Shear test sample with 
ultrasonic measurement at point E. 

 
 

Results and Discussion 
 
NDT assessment of the glulam arch section 
 
The results of ultrasonic and stress wave timing measurements from the glulam section are illustrated 
in Figure 4 and Figure 5 in the form of time/velocity distribution along the length. Two methods 
produced similar mappings of the condition in terms of acoustic measures. Ultrasonic measurement 
results indicated potential structural defects at location 1 for entire cross-section, at location 2 for 
upper (A) and middle (B) areas, and at location 10 for lower (C) area. Similarly, stress wave 
measurement results identified structural problems for the entire cross-sections of location 1 and 2, 
and the lower area (C) of location 10.  
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After the glulam arch was cut open along the measurement lines, moderate to severe delamination and 
decay were found at locations 1 and 2, which confirmed the evaluation results of acoustic 
measurements.  Delamination was observed in few outer laminations at location 10, which caused 
abnormal ultrasonic and stress wave readings as illustrated in Figure 4 and 5. The delamination in this 
arch section was likely caused by the exposure to high temperature during the fire event occurred in 
1993.   
 
Figures 6 and 7 show the images of the glulam cross-sections at locations 1 and 2 superimposed with 
the resistance profiles of three drilling paths A, B, and C. It is clear that high relative resistance in the 
profiles corresponded to the solid laminations and low relative resistance corresponded to the 
deteriorated or decayed laminations in the glulam arch. Despite of being able to detect degraded areas 
of glulam, our results indicated the otherwise for using resistance micro-drilling to detect internal 
delamination. By comparing the visually identified delamination and internal checks with the relative 
resistance measured, we found that most delamination was not observable in the resistance profiles. 
Even though some of the low valleys in the resistance profiles clearly corresponded to the big 
delamination per visual assessment, the relatively high resistance at the low valley would make it 
difficult to judge whether it is delamination or early wood.   
 
 

 
Figure 4—Ultrasonic transmission time and ultrasonic velocity measured across laminations of 
the glulam arch section (Notes: UTT – ultrasonic transmission time, UV – ultrasonic velocity). 

 
 

 
Figure 5—Stress wave transmission time and stress wave velocity measured across 
laminations of the glulam arch section (Notes: SWTT – stress wave transmission time, SWTV 
– stress wave transmission velocity). 
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Figure 6— Image of the glulam cross-section at 
location 1 superimposed with the resistance profile of 
three drilling paths (Red lines indicate delamination 
by visual inspection).  

Figure 7— Image of the glulam cross-section at 
location 2 superimposed with the resistance profile of 
three drilling paths (Red lines indicate delamination 
by visual inspection). 

 
 
Residual strength of the glulam arch 
 
Figure 8 shows the compression strength (CS) of the compression samples at different locations 
(along length) and positions (through thickness) in the glulam arch. At each location (from C to G), 
the first 5 bars show the distribution of CS in thickness direction, with the very first bar represents the 
CS value of the wood close to the outer layers. The sixth bar (shaded) is the average CS at each 
location. The testing results indicated that the outer laminations (first bar) of the arch consistently had 
low compression strength, especially at C, D, and E areas. Given the history of fire event in the 
building and the visual signs of fire exposure (dark color), it is clear that the part of the glulam arch 
(outer laminations) has been deteriorated due to exposure to the elevated temperature. Assume that the 
laminations with relatively higher CS were intact (for example, 2nd, 3rd, fourth and fifth bars at 
location C1-C2), then the strength reduction of the outer laminations is estimated to be from 12.1% to 
36.4%. Excluding the deteriorated portion, the average CS of the glulam arch was in the range of 71.7 
to 75 MPa, which was significantly higher than the values given in the Wood Handbook for some 
pine species. This suggests that the intact glulam arch was still in a good quality condition after 75-
years of service.  
 
Figure 9 shows the modulus of elasticity (MOE) of the compression samples at different locations 
(along the length) and positions (through thickness) in the glulam arch. The testing results indicated 
that the fire event had very little impact on MOE of the outer laminations for most locations, except 
E1-E2, where MOE reduction was 16.7% (1st bar) and 6.5% (2nd bar). Excluding the deteriorated 
portion (outer laminations), the average MOE of the glulam arch was in the range of 7.67 to 8.08 GPa.  
 
Similarly, Figure 10 shows the shear strength of the shear samples at different locations (along the 
length) and positions (through thickness) in the glulam arch. The testing results indicated that the 
shear strength of the bond lines varied greatly, indicating a significant delamination issues existed in 
the glulam arch, particularly in sections from B to E. Some shear samples cut at B, C, and D sections 
were separated after cutting and some were tested as almost zero strength.  
 
Table 1 summarizes the results of linear correlations between ultrasonic propagation time (UPT) and 
compression and shear strength of the glulam samples. Ultrasonic propagation time measured in 
longitudinal direction of the glulam had no correlation with compression strength. UPT measured in 
radial direction (perpendicular to grain) had a moderate correlation with both compression strength 
(R2=0.419) and shear strength (R2 = 0.433). The results from small glulam samples indicated that 
ultrasonic measurements on glulam beams are not effective in predicting the compression and shear 
strength of the glulam beams.  
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Figure 8—Maximum compression strength (parallel to grain) of small samples obtained from 
the glulam arch (Note: Shaded colums represent mean values). 

 

 
Figure 9—Modulus of elasticity (in compression) of small samples obtained from the glulam 
arch (Note: shaded colums represent mean values). 

 

 
Figure 10—Maximum shear strength of small samples obtained from the glulam arch (Note: 
shaded colums indicate mean values). 

0

10

20

30

40

50

60

70

80

90

C1-C2 D1-D2 E1-E2 F1-F2 G1-G2

M
ax

im
um

 c
om

pr
es

si
on

 s
tr

en
tg

h 
(M

P
a)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

C1-C2 D1-D2 E1-E2 F1-F2 G1-G2

M
od

ul
us

 o
f e

la
st

ic
ity

 (M
P

a)

B1-B2 C1-C2 D1-D2 E1-E2 F1-F2 G1-G2 N1-N2

M
ax

im
um

 s
he

ar
 s

tr
en

gt
h 

(k
P

a)

Location

Location  



135 
 

Table 1—Results of the linear correlations between ultrasonic propagation time (UPT) and the 
compression and shear strength of the glulam samples (linear regressioon model: y = ax + b) a 

Specimen Y X a b R2 p-value 

Compression samples CS UPTR -21.60 83452 0.419 <0,001 

CS UPTL -136.7 153473 0.277 0,0069 

Shear samples SS UTTR -7.318 13327 0.433 <0,001 
a UPTR—ultasonic propagation time perpendicular to grain; UPTL—ultrasonic propagation time along the 
grain (longitudinal); CS—compression strength; SS—shear strength. 

 

Conclusions 
 
Stress wave timing, ultrasonic wave propagation, and resistance micro-drilling methods were used to 
evaluate the physical conditions of a glulam arch removed from the USDA Forest Products 
Laboratory research building, after more than 75 years of use. The purpose of this laboratory study 
was to explore the possibilities of assessing glulam structural condition in situ with some existing 
NDE methods. Based on the results from this investigation, we concluded the following: 
 

1. Both stress wave timing and ultrasonic propagation methods are effective in detecting internal 
deterioration of glulam components in building.  Wave propagation times or wave velocities 
measured across the laminations in a glulam member are good indicators of internal decay.  

2. Stress wave timing and ultrasonic propagation methods were able to detect moderate to large 
delamination in glulam, but not micro-delamination.  

3. Resistance micro-drilling is effective in detecting decay, but not successful in detecting 
delamination in glulam.    

4. Exposure to elevated temperature during the past fire event had a significant impact on the 
compression and shear strength of the glulam arch evaluated, but not on the modulus of 
elasticity. The intact portion of the glulam arch remained having high strength.  

5. Further research is needed to look into the possibility of using pulse-echo method to detect 
internal delamination of glulam members. 
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a b s t r a c t

There are many factors which affect durability of wood in the existing timber structures. One of the
most important factors affecting durability is biological, especially the wood-rotting fungi and wood-
boring insects. This paper gives an overview about fieldworks on Ruhnu Island and investigations on
damages caused by house longhorn beetle and common furniture beetle in the church built in 1912 AD,
respectively. Since the church is architectural heritage, only non-destructive methods were used to
determine residual cross-sections of existing timber structures. The activity and distribution of beetles
were connected with indoor microclimate measurements that were conducted in different locations
inside the church. No relations between house longhorn beetle and common furniture beetle spreading
in forest and timber elements were found. A thorough renovation and pest control treatment were set
based on the results of this investigation. The living conditions and nutrition habits of common
furniture beetle and house longhorn beetle were confirmed, and correlation between the mentioned
beetles living in forest and in buildings is small. In spite of intensively damaged church’s steeple, the
strength and stability calculations showed only the need for minor reinforcement of load-bearing
timber structures.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The need for structural health evaluation of old wooden build-
ings can emerge in order to assure or extend its service life. Historic
timber structures must be preserved in order to maintain their
original structural purpose as much as possible, while taking into
account the safety aspect for the habitants of the building. Thus,
structural integrity must be assured: structure should be durable,
have the necessary strength and be able to withstand all types of
loadings (Larsen andMarstein, 2000). The NewMaarja Magdaleena
church e a century old masonry-wooden building e is situated on
Ruhnu Island. This islandwith the area of 11.9 km2 is situated 40 km
off from the mainland (Fig. 1). The church’s walls are made of hewn
quarry stones, the steeple and roof structures from softwood

timber. The church is usually not used in winter, but it is highly
frequented by tourists in summer time.

Previous investigations in 1997 and 2009 have revealed that
almost all wooden parts in the new Maarja Magdaleena church are
intensively damaged by the house longhorn beetles (Hylotrupes
bajulus (L.)) and the common furniture beetle (Anobium punctatum
(Deg.)) (Parmakson and Danil, 1997; Noldt, 2009). The house
longhorn beetle is one of the most common destroyers of conif-
erous timbers like pine, spruce and fir, particularly in roofing tim-
bers. Its larvae infests generally the sapwood part of softwoods and
feeding may be audible on warm days as scraping noise. The life
cycle of this large beetle can last up to ten years. The common
furniture beetle’s larvae infests mainly sapwood timber of soft-
woods and European hardwoods. This reddish to brown colored
beetle’s life cycle is one to three years (Bravery et al., 2003; Noy and
Douglas, 2005). In investigations of Ruhnu Church the wooden
benches, pillars, stairs, and walls show characters of former and
also active attack. The most intensive characters of attack are found
in the structures of the steeple and in the roof structures (Fig. 2)
(Noldt, 2009). According to the Integrated Pest Management (IPM)
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this overall infestation requires immediate control measures. The
main idea of the IPM is to prevent damage of art, ethnological or
natural history collections made of timber, textiles from animal
fibers or other organic materials from beetle pests or mould
(Querner et al., 2013).

The main purpose of this study was to assess the condition and
residual strength of the timber members that serve as the main
framing structure of the steeple, and to conserve its stability by
using sustainable methods. In this context sustainable means
keeping as much as possible timber elements (Larsen andMarstein,
2000). In addition, it was important to investigate connections
between beetles living in forest and in the buildings of Ruhnu
Island.

2. Materials and methods

2.1. Microclimate condition measurements

Two temperature and relative humidity data loggers were
mounted inside the church to monitor the indoor air condition
inside the building with the measuring interval of one hour for
the period of 13 months starting from October 2011 until to
the end of October 2012. First data logger was mounted near
the altar on the first floor and the second one in the middle of
the attic. In addition, records from Estonian Environment
Agency of outdoor climate data measured in Ruhnu Island were
used.

Fig. 1. a) Map of Estonia, b) The New Maarja Magdaleena church on the left.

K. Pilt et al. / International Biodeterioration & Biodegradation 86 (2014) 158e164 159
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2.2. The basis of modeling steeple structures

In the modeling of steeple structures, a micro-resistance drilling
method was used to determine the residual cross-sections of the
elements of timber structures. This method enables to detect
deterioration and cavities in a timber element through measuring

the relative resistance in the drilling path. The output of a micro-
drilling test is a resistance profile showing density changes along
the penetration path (Kotlinova et al., 2008). Geometric measure-
ments were performed using a digital distance meter and tapeline.
Lengths and residual cross-sections of the beams and loads of the
supporting structures were modeled (Fig. 3), whereas the joints
weremodeled as pinned joints. In themodeling of beams, theworst
possible option was chosen, that is, the smallest cross-section

Fig. 4. The trunk-window trap.

Fig. 5. Daily measurements of air temperature inside and outside the church for a
period of 14 months starting from September 2011 until October 2012.

Fig. 2. Intensive attack by wood-boring beetles found in the New Maarja Magdaleena
church.

Fig. 3. Axonometric view of steeple timber structures of the New Maarja Magdaleena
church.

Fig. 6. Daily measurements of relative humidity inside and outside the church for a
period of 14 months starting from September 2011 until October 2012.

K. Pilt et al. / International Biodeterioration & Biodegradation 86 (2014) 158e164160
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found was used as the reference cross-section for the beams. In the
modeling of the steeple, exterior paneling giving extra strength to
the steeple was not taken into account. For the determination of
strength properties of timber elements strength class C18 was
assigned based on the growth area and earlier laboratory studies.
The strength and deformations of the joints were not separately
calculated.

2.3. Calculations of loads, strength and stability of structures

Dead loads, live loads (the church bell was considered as static
load), wind and snow loads were calculated by EN 1991-1-
1:2002, EN 1991-1-3:2006, EN 1991-1-4:2007, applying the
Estonian National Annexes. The wind load was taken as the
dominant load. The greatest wind speed in the last 50 years,

Fig. 7. View from north to the steeple structure of the New Maarja Magdaleena church (location of the BMR-014B).

K. Pilt et al. / International Biodeterioration & Biodegradation 86 (2014) 158e164 161



143 
 

Author's personal copy

48 m/s was taken as the reference wind speed. A combination of
four load arrangements was used for the wind load, with the
wind blowing from each four cardinal points, and the bending
load, cross-sectional load, compression load and tensile load of
the beams were found for each load arrangement. The strength
and stability test of the beams in ultimate limit state was per-
formed with the Autodesk Robot Structural Analysis version 22
computer program and by EN 1995-1-1:2007, applying the
Estonian National Annex.

2.4. The survey of beetles in forest

The survey of abundance of saproxylic beetles was conducted on
Ruhnu Island from May to August in 2011 and 2012. 33 trunk-
window traps were used during those two years to survey the
flight-active beetle fauna. The following variables where the trap
was placed were measured: the location (geographical co-
ordinates), description of surroundings, distance to the closest
building, and amount of dead wood on the tree. The trap consisted
of film panel with the dimensions of 55 by 45 cm, and a rectangle-
shaped collecting vessel of plastics with the dimensions of 55 by
15.20 cm and with the deepness of 13 cm (Fig. 4). Timber-framed
trap was fixed by a metal rod to the tree trunk about 1.3 m above

Table 1
The survey results of abundance of saproxylic beetles in forests of Ruhnu Island.

Family Species of wood-boring
beetles found in forests

Occurrence of
beetles among
33 traps

Number of
specimens
caught in
traps

Aderidae Anidorus nigrinus (Germ.) 3 3
Anobiidae Anobium nitidum F. 9 82
Anobiidae Anobium punctatum (Deg.) 3 6
Anobiidae Anobium rufipes F. 1 1
Anobiidae Anobium thomsoni (Kr.) 1 2
Anobiidae Dorcatoma chrysomelina

(Sturm)
3 7

Anobiidae Dryophilus pusillus (Gyll.) 5 15
Anobiidae Ernobius longicornis (Sturm) 1 1
Anobiidae Ernobius mollis (L.) 16 153
Anobiidae Ernobius nigrinus (Sturm) 8 21
Anobiidae Hadrobregmus pertinax (L.) 29 140
Anobiidae Microbregma emarginata (Duft.) 3 3
Anobiidae Ptilinus pectinicornis (L.) 30 621
Anobiidae Ptinus dubius (Sturm) 8 21
Anobiidae Ptinus rufipes (Ol.) 12 138
Anobiidae Ptinus subpillosus (Sturm) 5 8
Anobiidae Stagetus borealis (Israelson) 3 25
Anobiidae Xestobium rufovillosum (Deg.) 9 64
Anthribidae Anthribus nebulosus (Forster) 1 2
Anthribidae Choragus sheppardi (Kirby) 2 3
Anthribidae Platystomos albinus (L.) 5 11
Buprestidae Anthaxia quadripunctata (L.) 3 8
Buprestidae Buprestis haemorrhoidalis

(Hbst.)
1 1

Buprestidae Phaenops cyanea (F.) 6 18
Cerambycidae Acmaeops marginata (F.) 7 73
Cerambycidae Alosterna tabacicolor (Deg.) 20 98
Cerambycidae Anaglyptus mysticus (L.) 8 13
Cerambycidae Anoplodera rubra (L.) 12 30
Cerambycidae Anoplodera sanguinolenta (L.) 17 121
Cerambycidae Arhopalus rusticus (L.) 9 24
Cerambycidae Hylotrupes bajulus (L.) 1 1
Cerambycidae Judolia sexmaculata (L.) 6 8
Cerambycidae Leiopus sp. 3 4
Cerambycidae Leptura quadrifasciata ( L.) 9 20
Cerambycidae Molorchus minor (L.) 8 25
Cerambycidae Necydalis major (L.) 5 12
Cerambycidae Obrium brunneum (F.) 1 1
Cerambycidae Pachyta lamed (L.) 1 1
Cerambycidae Phymatodes testaceus (L.) 13 79
Cerambycidae Rhagium inquisitor (L.) 4 7
Cerambycidae Rhagium mordax (Deg.) 15 39
Cerambycidae Rhamnusium bicolor (Schrk.) 1 1
Cerambycidae Saperda scalaris (L.) 6 7
Cerambycidae Spondylis buprestoides (L.) 12 77
Cerambycidae Strangalia attenuata (L.) 1 1
Cerambycidae Tetropium castaneum (L.) 1 11
Cerambycidae Tetropium fuscum (F.) 2 20
Cerambycidae Tetrops praeusta (L.) 1 3
Curculionidae Cryphalus abietis (Ratz.) 4 5
Curculionidae Crypturgus cinereus (Hbst.) 2 2
Curculionidae Crypturgus hispidulus (Thoms.) 11 148
Curculionidae Crypturgus subcribrosus (Egg.) 5 14
Curculionidae Dryocoetes alni (Georg) 1 1
Curculionidae Dryocoetes autographus (Ratz.) 5 11
Curculionidae Hylastes brunneus (Er.) 10 123
Curculionidae Hylastes cunicularius (Er.) 2 82
Curculionidae Hylastes opacus (Er.) 2 3
Curculionidae Hylesinus crenatus (F.) 5 22
Curculionidae Hylesinus fraxini (Pz.) 5 22
Curculionidae Hylobius abietis (L.) 11 23
Curculionidae Hylobius pinastri (Gyll.) 1 1
Curculionidae Hylurgops palliatus (Gyll.) 3 3
Curculionidae Lymantor coryli (Perris) 1 1
Curculionidae Magdalis duplicata (Germ.) 4 12
Curculionidae Magdalis nitida (Gyll.) 1 1
Curculionidae Phloeophagus turbatus

(Schönherr)
2 2

Curculionidae Pissodes piniphilus (Hbst.) 2 4
Curculionidae Pityogenes bidentatus (Hbst.) 7 39
Curculionidae Pityogenes chalcographus (L.) 2 2

Table 1 (continued )

Family Species of wood-boring
beetles found in forests

Occurrence of
beetles among
33 traps

Number of
specimens
caught in
traps

Curculionidae Pityogenes quadridens (Hartig) 5 15
Curculionidae Pityogenes trepanatus (Nördl.) 5 57
Curculionidae Pityophthorus lichtensteinii

(Ratz.)
5 9

Curculionidae Pityophthorus micrographus (L.) 7 11
Curculionidae Polygraphus poligraphus (L.) 5 7
Curculionidae Polygraphus punctifrons

(Thoms.)
2 2

Curculionidae Rhyncolus ater (L.) 4 4
Curculionidae Rhyncolus elongatus (Gyll.) 8 51
Curculionidae Rhyncolus punctatulus

(Boheman)
2 3

Curculionidae Rhyncolus sculpturatus
(Waltl)

8 35

Curculionidae Scolytus rugulosus (Ratz.) 1 1
Curculionidae Tomicus piniperda (L.) 2 2
Curculionidae Trachodes hispidus (L.) 5 5
Curculionidae Xyleborus dispar (F.) 3 5
Curculionidae Xylechinus pilosus (Ratz.) 2 2
Lucanidae Sinodendron cylindricum (L.) 16 94
Lymexylidae Hylecoetus dermestoides (L.) 1 1
Melandryidae Anisoxya fuscula (Ill.) 3 3
Melandryidae Orchesia minor (Walker) 8 18
Melyridae Dasytes cyaneus (F.) 2 2
Melyridae Dasytes fusculus (Ill.) 1 1
Melyridae Dasytes niger (L.) 9 85
Melyridae Dasytes plumbeus (Müll.) 33 1220
Mordellidae Mordellochroa abdominalis (F.) 1 1
Oedemeridae Chrysanthia geniculata

(Heyden)
5 11

Pyrochroidae Schizotus pectinicornis (L.) 8 28
Scarabaeidae Gnorimus variabilis (L.) 4 9
Scraptiidae Anaspis frontalis (L.) 16 70
Scraptiidae Anaspis marginicollis (Lindb.) 20 80
Scraptiidae Anaspis rufilabris (Gyll.) 10 16
Scraptiidae Anaspis sp. 33 206
Scraptiidae Anaspis thoracica (L.) 13 60
Zopheridae Synchita humeralis (F.) 4 12
Trogossitidae Grynocharis oblonga (L.) 1 1

Note: highlighted lines are wood-boring insect species found in buildings.

K. Pilt et al. / International Biodeterioration & Biodegradation 86 (2014) 158e164162
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ground. To protect it from the rain and debris the trap was covered
with a polyethylene film roofing with the dimensions of 60 by
60 cm.

In order to prevent beetles from decomposing a propylene
glycol aqueous solution (2:1) was used. Beetles were collected from
the traps with an interval of one month and conserved in ethanol.
Later on they were determined and enumerated in laboratory
conditions. Individuals were sorted and counted bymorphospecies,
also recording the family to which they belong by the register of
Fennoskandia, Danish and Baltic States (Silfverberg, 2004). During
the survey damages by house longhorn beetle and common
furniture beetle were visually inspected in forest.

3. Results and discussion

The results of visual inspection revealed that the steeple was
mainly damaged by house longhorn beetles. Within the whole
church the damagesweremore seriousmainly in the southern side.
Indoor microclimate and outdoor climate measurements were
compared (Figs. 5 and 6). Generally, the fluctuation between the
indoor and outdoor temperature in winter is small, meaning that
the church was not heated during the measured time. As the
weather in summer time is warm, the temperature is higher and
relative humidity lower which is caused by a normal physical
performance in building envelope in the attic. Earlier studies show
that stridulation sound frequency of house longhorn beetle in 30 �C
is 1.82 times higher than in 20 �C (Breiobach, 1986). Due to this
finding the boring activity in the southern side is higher than in the
northern side of the church. Lethal upper temperature for larvae of
common furniture beetle is 48 �C and for larvae of house longhorn
beetle is 55 �C (Hansen and Vagn Jensen, 1996). According to the
Figs. 5 and 6 the temperatures were higher in the attic (in summer
time mostly over 20 �C) and no upper lethal temperatures were
measured. Therefore, in future researches, measurements of
microclimate conditions should be conducted in different locations
of cardinal points.

The survey outcome of abundance of saproxylic beetles is shown
in Table 1. The appearance of house longhorn beetle and common
furniture beetle in forests of Ruhnu Island is very low. There was
only one house longhorn beetle found in the trap that was near the
building, and six common furniture beetles. Altogether 4678wood-
boring insects within 103 different species were found. Among all
found wood-boring insects house longhorn beetle was represented
by 0.02% and common furniture beetle by 0.13%. This refers to an
understanding that beetles infesting timber structures in buildings
do not spread in forests. Visually no activities by house longhorn
beetle and common furniture beetle were found. Similar results
have been stated in other European countries (Bouget et al., 2009;
Buse et al., 2010).

The results of using micro-resistance drilling method revealed
the extent of beetle damage in timber structures. The main loss in
cross-section is in the outer part of timber elements, mainly
sapwood. The members most severely damaged were found on the
first to the sixth story of the steeple and were mainly on the
southern side. The mean arithmetic value of the residual cross-
sections of measured members was 84.64% of the initial cross-
section of timber elements. The outcome based on the strength
and stability analysis of the timber structures in ultimate limit state
showed that two beams, BMR-014B (horizontal beam of the lower
frame of the church’s helmet) (Fig. 7) for wind from the east and
FU-048D (column on the southern wall) (Fig. 8) for wind from the
west, failed to comply with the strength requirements based on
Eurocode 5, the quotient of the reference load and strength was
1.02 in both members. The safety coefficient of several beams was
small and more non-complying factors may appear upon contin-
uous beetle attack on the bearing wooden elements.

Since the damages are mainly on the southern side of the
steeple the larvae of these beetles clearly favor higher temperature.
According to the nature of damages to the timber elements and
living conditions in the church the results clearly favor the inhab-
itancy of these wood-boring beetles. And according to the survey of
abundance of saproxylic beetles the house longhorn beetle and
common furniture beetle spread directly from building to building

Fig. 8. View from east to the steeple structure of the New Maarja Magdaleena church (location of the FU-048D).
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rather than through forests. Therefore, instead of diminishing
population in forests, it should be done in the buildings on the is-
land in order to subject the problem under control. The ecosystem
of islands are generally closed, thus, the spreading of these beetles
to the Ruhnu Island can only be accidental. Generally, the domi-
nation of different species of beetles on different islands is caused
by occasions and suitable living conditions.

4. Conclusions

This study concludes the following statements:

� There are no boring activity traces by house longhorn beetle and
common furniture beetle in forests of Ruhnu Island, thus, they
are not able to hibernate in forest. These beetles rather spread
from building to building, thus, instead of diminishing popula-
tion in forest it should be done in the buildings on the island.

� With non-destructive assessment and modeling of steeple
structures along with strength calculations it is possible to save
more existing timber elements and reinforce structures with
sustainable methods.
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ABSTRACT 

The need for structural health assessment of old buildings can emerge in order to assure or 
extend its service life. In renovating buildings it is essential to assess the condition of timber 
structures. Often there are situations where the wood structures need to be evaluated on site 
and visual assessment is confined. At this point the non-destructive methods can be used for 
the inspection. This paper gives an overview of ultrasonic, stress wave timing, resistance 
drilling and pilodyn methods. These techniques can be successfully put into practise to form a 
multi-approach with various steps in the condition assessment of timber structures. The multi-
approach should consist of three different steps of inspection: initial survey, basic inspection 
and thorough inspection. 

Key words: modulus of elasticity, moisture content, acoustic measurement, ultrasonic, stress 
wave timing, resistance drilling, pilodyn 
 
INTRODUCTION 

In renovating buildings it is essential to assess the condition of timber structures. Historic 
timber structures must be preserved, in order to maintain its original structural purpose as 
much as possible, therewhile taking into account the safety aspect for the habitants of the 
building. Therefore an accurate condition assessment is needed to evaluate the serviceability 
of timber structures. The most accurate way of determining the mechanical properties of 
timber is destructive methods, the most relevant results of which are given by compression, 
tension and bending tests. But for the sake of preserving historical value of buildings, the 
forementioned methods are not an option. 
Going further: although the importance of visual assessment of structure elements is highly 
decisive, the results can be very subjective and dependent of the observers’ experiences and 
skills. And often there are situations on site where visual assessment is constrained, since the 
timber structural member has one or many sides covered and/or its geometry does not enable 
the inspection. Therefore, need for other methods to gain reliable results based on scientific 
research are grounded. At this point non-destructive methods can be used for assessing the 
condition of wood structures. 
There are several non-destructive methods that can be used in the assessment and 
determination of the quality and properties of timber (Niemz, 2009):  

 mechanical (drilling resistance, hardness, intrusion behaviour); 
 electrical (correlation between electrical resistance and moisture, correlation between 

electrical resistance and fungal decay); 
 acoustic (sound velocity, sound reflection, sound attenuation); 
 thermal (heat radiation); 
 electromagnetic waves (visible light, IR/NIR radiation, X-ray, neutron radiation, 

Synchrotron radiation). 
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The aim of this work was to introduce non-destructive methods, the possibilities of using 
ultrasound, stress wave timing, pilodyn and resistograph measurements in the evaluation of 
timber structures. 
 
NONDESTRUCTIVE METHODS AND TESTING 

Ultrasound velocity method 

In the assessment of properties of wood, sound and ultrasound have been used rather widely. 
In general terms sound means an elastic wave that spreads in material and its behaviour in 
various materials is different. For that reason we can give acoustic properties for materials 
(Kettunen, 2006). If the distance of wave transit is known, we can measure time and therefore 
calculate the speed. This is how the technical properties of a material can be measured. 
Consequently the correlation between the speed of sound and a certain property of material 
such as stiffness can be made (Lempriere, 2002). 
The longitudinal measuring method of sound speed is the most widely used. In the assessment 
of the properties of a material the unit of speed of sound is a common parameter. In the 
evaluation of properties of timber the usage of the ultrasound method is far-spread in 
sawmills, where the longitudinal measuring method has been used to sort lumber into classes 
of strength. 
The main advantage of using ultrasound is that the bar will be undamaged and it can be used 
further – no deformations or destructions occur. Tests can be made on the same member 
repeatedly without any substantial variation in results (Bucur, 2006). 
There have been several investigations conducted in that field. Ultrasound wave propagation 
is directly related to the elastic properties of the material through where it propagates. If the 
material is damaged, its stiffness decreases. Wave speed is a function of the square root of 
material stiffness. Lower speed or longer propagation times are generally indicative of worse 
conditions of wood. It is assumed that ultrasound pulse velocity can be an index of the quality 
of wood as it can detect defects like cracks, knots, decay and deviation on grain orientation. In 
spite of wood’s inhomogeneous nature and anisotropy, it is possible to correlate the efficiency 
of a wave’s propagation with physical and mechanical wood properties (Drdacky and Kloiber, 
2006). 
The density and modulus of elasticity (MOE) of a material strongly affect the acoustic 
properties of wood. Bucur and Chivers (1991) stated that velocity decreases with increased 
density. Thus the propagation of sound varies in different species of timber. But in other 
investigations the results have shown that with velocity increases for large density values 
(Haines et al., 1996). To the contrary, Mishiro (1996) found in his research that velocity was 
not affected by density. 
As wood is an anisotropic material, the speed of sound varies in different directions due to 
cell structure (Kettunen, 2006). Transverse waves are scattered at every cell wall. More 
impacts of waves on wood cells in the transversal direction make them slower (Kotlinova et 
al., 2008). Ultrasound velocity is influenced by width of annual rings only in radial direction, 
due to the macroscopic structure of wood, proportion of early and latewood and cell 
orientation in growth ring (Drdacky and Kloiber, 2006). 
Ultrasound velocity decreases with increasing moisture content (Drdacky and Kloiber, 2006). 
The velocity decreases dramatically with moisture content up to the fibre saturation point, and 
thereafter the variation is very small (Bucur, 2006). It is also notable here that moisture 
content over the fibre saturation point measured in the longitudinal direction does not have 
any significant effect on ultrasound velocity (Machado et al., 2009). 
Overall the direct longitudinal measurement is fairly reliable in the assessment of the strength 
of wood. However, according to the report of Machado et al. (2009) it is essential to note that 
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an indirect measurement can give rather good results in determining the properties of stiffness 
and strength of wood. Furthermore the results seem to indicate that as the distance (10 to 40 
cm) between the transducers becomes larger the influence of deeper wood layers in the 
velocity of wave propagation increases. Therefore in a situation where the wood structure is 
mostly covered and only one or two sides are accessible, it is possible to evaluate the strength 
of the member by the indirect measuring method. For wood the most favourable frequency 
range is between 20 kHz and 500 kHz because of the high attenuation of ultrasonic waves in 
wood at higher frequencies (ASTM 494-89, 1989; Tanasoiu et al., 2002). The main 
disadvantage is involved with the coupling issue between the probe and a wooden member – 
the connection is dependent upon smoothness of the surface and the applicable coupling 
material. 
 
Stress wave timing method 

Stress wave timing (SWT) measurement is a concept for detecting inner cavities referring to 
decay presence. The principle is to measure stress wave propagation time between the two 
sensors that are set onto the wooden member. A sonic stress wave is induced into the member 
by striking it or the start-sensor with a hammer that emits a start signal to a timer. A second 
sensor catches the propagating stress wave and sends a stop signal to the timer. The elapsed 
time for the wave propagation between the transducers is then displayed on the device. The 
velocity at which a stress wave travels in a wooden member is dependent upon the properties 
of the member only (Pellerin and Ross 2002). SWT is very useful on thick timbers or glued-
laminated timbers ( 89 mm) where hammer sounding is not effective. Access to the both 
sides of the member is required (Ross et al., 2004). Stress wave transmission times 
perpendicular to the grain are drastically reduced when the member is degraded. A 30-percent 
increase in propagation times implies a 50-percent loss in strength. A 50-precent increase 
indicates severely decayed wood (Ross et al., 2004). SWT measurement across the grain is the 
best way in detecting decay. It is essential to note that voids and checks will not forward 
stress waves, thus must be attentive during the inspections. Before going to the field, it is 
useful to estimate stress wave transmission time for the size of the wooden members to be 
assessed.  

Both, mechanical or ultrasonic time-of-flight type measurement systems can be used in a 
calculation of dynamic modulus of elasticity: 

 

where C is the longitudinal propagation speed (m/s) and  is the density of the measured 
member (kg/m3). Overall the direct longitudinal measurement is fairly reliable in the 
assessment of the wood strength. The length of the piece has more influence on the velocity 
than the cross-sectional area (Arriaga et al. 2006). Dynamic MoE normally correlates well 
with the static one. Thus rather good info is possible to get regarding the mechanical 
properties of wooden members under inspection. 

 
Resistance drilling method 

Resistance drilling (Resistograph) enables the inspection of timber through the depth of the 
member. Measurements are dependent on material resistance to drilling with diameter of 1.5 
to 3.0 mm. Resistograph has an electric motor and is battery-operated, which is very valuable 
for using in historic timber constructions. Drills are flexible and their length depends on type 
of resistograph and manufacturer (Kotlinova et al., 2008). 
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The output of resistance drilling is graphical, tops on output characterise higher resistance or 
density and bottoms vice versa. Thus the internal defects and damage of timber member can 
be detected. 
Different properties like hardness, density, strength classes, residual cross-section and also 
biodeterioration and natural defects can be determined with the analysis of resistograph’s 
graphs. Also the width of annual rings and structure can be measured. Aforementioned 
strength indicators can be used to calculate residual strength properties of timber structure 
based on Eurocode 5 (Pilt, 2009). 
According to the report of Kasal and Anthony (2004) the relationship of resistance drilling to 
the density of the wooden member is variable, ranging between r2 = 0.21-0.69.  
The main disadvantage is the locality of inspection. In order to get a total overview of 
member’s condition a numerous amount of drilling tests have to be made. But that is often 
limited for the sake of keeping the material’s authenticity. Another issue involves the drilling 
needle, because of small diameter of drill, it can bend easily during the process of drilling into 
the element. Thus we can receive inaccurate readings. So it would be wise to check the exit 
point of a drilling needle while using the apparatus. 
 
Pilodyn method 

As resistograph enables the examination through cross-sectional area, pilodyn gives only 
superficial results of the element. The mode of operation consists in the penetration of a 
tongue in the wood element by means of dynamic impact. The result of this method is 
penetration depth. The diameter of the tongue is of 2.5 mm and maximum penetration is of 40 
mm (Kotlinova et al., 2008). 
Density is well related to the hardness of wood (Bonamini, 1995; Kasal and Antony 2004). 
Superficial values of density can be predicted with this kind of portable method. The results 
got by Görlacher (1987) demonstrated good correlation between penetration depth and 
density. Also the extent estimation of damaged areas of wooden member is shown by the 
penetration depth of the needle to the inner layers, deeper penetration refers to a more 
damaged timber.  
Hereby it should be also mentioned that the moisture content and the penetration directions 
have effect on results. The penetration depth is higher in radial direction than in tangential 
direction. In tangential direction the needle has to penetrate through different earlywood and 
latewood layers, but in radial direction the penetration happens only in one part of the annual 
ring. 
When operating with this device it is very important to hold it perpendicular to the element 
and another issue is the vibration evoked by the needle strike, which can result in misleading 
estimates. 
 
DISCUSSIONS AND CONCLUSIONS 

These forementioned methods could be implemented for the complete inspection of timber 
structures (Fig. 1).  

Figure. 1 Overview of steps for in situ condition assessment of timber structures 

Initial inspection can be used for documenting timber structures in the concerned areas, make 
dimension measurements, set up a monitoring of the air conditions (temperature and relative 
humidity). The second stage of inspection can be used to conduct thorough visual inspection 
with moisture content measurements and collecting of wood core samples. The final 
inspection includes the sounding, ultrasonic, SWT, Pilodyn penetration and micro resistance 
drilling techniques. The basic and the thorough inspection can also be set together. Resistance 
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drilling should rather be used in places where the verification for the results of sounding, 
SWT and ultrasonic techniques is needed. Of course, the usage of different methods is 
dependent upon the objectives and purposes of the inspection.  

The results from the inspection should be interpred as straightforward as possible for the 
customer. The key is to show more on the drawings using colour mapping and write less 
paragraphs to the inspection report. The assessment of timber structures by these methods will 
always be somewhat imprecise, because of imperfection of the results of measuring on site 
and not using standardised samples. All results based on the usage of non-destructive methods 
must be analysed and  compared to each other with care. Condition assessment must contain a 
multi-approach that would comprise besides the well-known methods all the forementioned 
ones, starting with the visual inspection and ending with the micro resistance drilling 
technique. The overall objective is to find the correct renovation or reconstruction solution 
taking into account historicalness and building economics. 
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Kaasani Pühakuju kirik (Liivalaia 38, Tallinn). Kiriku 
seinte ja kupli piirkonna (v.a kellatorni) 
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