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Abstract Methods and devices for in-situ establishment of mechanical properties of
wood have been recently developed in cooperation of Czech and US researchers. The
development of new methods was motivated by requirements from engineers who
need most accurate data of mechanical properties of specific elements when planning
renovations of historic buildings. The established data replace mean standard values of
strengths in their static calculations, which results in the demanded possible retaining
of a larger amount of original material as the behaviour of the specific elements is safely assessed. The newly developed methods, which are described in this chapter, are
tensile strength of small samples, compression strength of cores, compression strength
in a drilled hole, and mechanical resistance to pin pushing. Although the devices for
the testing of mechanical properties by the mentioned methods provide more accurate
results than the methods used so far, they are not mass produced, which should change
soon.
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1 Tensile strength of small samples
1.1 Sampling and testing methodology
The assessment of bending strength is important for in-situ assessment of timber elements as it is the prevailing manner of loading in e.g. ceiling constructions. Bending strength of integrated timber cannot be established without damage done to the
construction. However, it is close to tensile strength and according to some authors it
can be considered almost the same (Kasal and Anthony, 2004). Therefore, a new
method to establish strength of integrated timber using small samples taken from its
surface was devised.
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Samples for the establishment of tensile strength are extracted in a simple way using
an adjustable circular saw. Sampling is carried out by two cuts inclined in an angle
of 45° in relation to the element surface (Fig. 1) parallel to the grain. The cut depth
is adjusted so that a triangular bar with rectangular sides of about 5–8 mm is gained.
The saw runs in guides, which are fixed to the surface of a tested element by screws.
The damage done to the surface is remedied by an insertion of triangular bar with
the same dimensions; it can also be totally mended by restoration. During the production of a sample, the area of the bar section is reduced to about 8–12 mm2 in the
central part, which corresponds to production of tensile samples in compliance with
(ASTM Annual Book). The samples should not contain any natural defects (knots,
cracks or other damage). Rectangular wooden blocks are glued to both ends of the
samples (Fig. 2) in order to fix the small samples in coaxial articulated grips of the
loading device during the tensile strength testing (Kasal et al. 2003).

Fig. 1 Circular saw with guides, modified
Fig. 2 Tensile test of a triangular bar

The tensile sample is inserted in simple grips designed for this purpose and loaded in
a common testing device (Fig. 2). The test is not standard but its concept is very
close to the standard test in compliance with (ASTM Annual Book) as it uses the
same simple layout eliminating parasite movement and a cross-section with a small
number of annual rings. The test measures the tensile strength and the modulus of
deformability to calculate the modulus of elasticity. The maximum tensile loading
for each sample is the ultimate load and the tensile strength is determined by the
formula:
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fc =
where

Fmax
[MPa]
0,5  bh

ft – tensile strength [MPa],
Fmax – ultimate load [N],
b – triangular bar hypotenuse [mm],
h – triangular bar height [mm].

The results gained by this test need not be correlated and can be declared comparable with the standard test. For the purpose of the construction safety assessment and
dimensioning, mechanical properties established by the described test must be converted to technical properties of timber which take account of the locally measured
strength of clean timber reduced by defects that commonly appear in large elements
(knots, cracks, and others). The disadvantage of this method is the damage done to
the surface of the assessed element, which is undesirable in the case of historic construction timber assessment (Drdácký et al. 2005).
1.2 Limitations
The method for the establishment of tensile strength and modulus of elasticity uses
small triangular samples that are taken from a relatively shallow surface part of a
timber element, where the historic timber is often damaged by biotic factors. The
method is very sensitive to fibre deflections in the sample and requires a careful
choice of a sampling place and careful sampling. The cross-sections of the sample
is small, which increases the effect of a higher earlywood proportion. This effect
is negligible in larger cross-sections. As a result, the values of strength and modulus of elasticity will be highly variable. Therefore, it is necessary to think well
about the places where samples are to be taken and also take account of potential
damage.
1.3 Application examples
The tests of tensile samples have been successfully used e.g. when investigating
the quality of ceiling joists in the St. Mary’s Tower of the Karlstejn castle or
strength values of the storage hall in the trade fair facilities in Brno (South Moravia – ČR).
The method can be also used to determine the level of damage to the surface
layer of the timber. As an example we can name the study into the effect of fire
protection treatment that has been repeatedly applied to timber constructions of
historic buildings. The application of agents with fire retardants on the basis of
sulphate and ammonium phosphate has caused damage to timber surface referred
to as “fibrillated surface” which gives the look of timber elements a “fuzzy” character.
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The in-situ surveys of damaged timber construction elements proved that the
fibrillated timber layer manifests a considerable loss of cohesion and
deterioration of mechanical properties. There was the question to what depth
chemical corrosion reaches and how much mechanical properties are affected.
Mechanical properties in particular levels of damaged timber were established
by special tests of small tensile samples. The samples were taken from the
truss construction of a former brewery malthouse in Děčín (North Bohemia –
ČR) (Fig. 3). The surface of the timber investigated manifested an advanced level of
fibrillation (Fig. 4).

Fig. 3 Truss construction in the former
brewery in Děčín

Fig. 4 A detail of an analyzed beam surface

The tensile strength parallel to the grain was tested using small triangular samples
(5×5×7.5 mm) 200 mm long. The specially made small samples allowed for a
more accurate establishment of a property investigated at various depths under the
surface of the damaged timber. The samples were made from the superficial layer
of the timber (0 – 5 mm – damaged layer) and the inner part of the timber (25 mm
deep – undamaged layer, reference samples). The considerable deterioration of
mechanical properties of timber in the damaged surface layer was manifested by a
50 % decrease in strength compared to the values ascertained in undamaged timber (Tab. 1). The surface was damaged to a depth of 5 mm, which was confirmed
using small tensile samples (Kloiber et al. 2010).
Table 1 Mean values of strength and modulus of elasticity from the tests of small tensile samples in
the surface (damaged) and inner (undamaged) layers of timber
Tensile tests parallel to the grain
Beam side
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Strength S c (MPa)

Modulus of elasticity M OE (MPa)

surface

inner

surface

inner

Top

18.85

47.49

14801.66

12541.10

Bottom

17.52

55.16

16116.45

13957.38

Lateral

20.15

40.86

12444.37

13261.16

1.5 Summary
The testing of small tensile samples is a direct and partially destructive method
which can be used for the measurement of modulus of elasticity and tensile
strength parallel to the grain. The method is not compromised by uncertain correlations between the measured and the estimated parameters. The tensile properties
of small clean wood samples are measured directly but their information capacity
is reduced by the high variability of results dependent on the effect of earlywood/latewood proportion. The method only gives information about timber in
the close vicinity of the element surface, similarly to method Hardness test presented in Riggio and Piazza, 2011.
1.5 Recommendations
It is recommended to choose a sufficiently large part of timber surface without defects – typically, a band of 20 mm x 300 mm is needed for the method application.
Sampling demands that the guides are fixed either directly on the surface or on an
auxiliary construction so that the sampled band area merges with the plane of the
guides. The band axis needs to be in the same direction as the axis of the guides
and the direction of fibres. It is recommended to determine the fiber direction using light scratching the surface between the annual rings. If, for the reasons of the
element geometry, the sampling orientation cannot be maintained, it is necessary
to correct the strength values measured based on table dependences (e.g Bodig,
1993). The samples in the test need to be loaded coaxially so that their bending
and thus effect on measured quantities are prevented. Moisture content should be
measured or controlled during sampling and laboratory testing as the values of
mechanical properties decrease with increasing moisture content. Moisture content
of 12% is recommended for the tests. Accurate measuring of sample dimensions is
a prerequisite for the test interpretation and establishment of mech. properties.

2 Compression strength of cores
2.1 Sampling and testing methodology
Testing of radial cores is a semi-destructive method. Samples are of a cylindrical
shape (Fig. 5) and they are used to establish strength and modulus of elasticity in
compression parallel to the grain using a special loading device (Kasal et al.
2003). The holes that remain after sampling are smaller than most knots that appear in timber elements and they do not reduce the element strength considerably
meeting thus the requirements of conservation institutes regarding low invasiveness (Kasal and Antony, 2004). The sampling holes can be plugged to prevent
moisture penetration, insect attacks, probability of decay or if aesthetic qualities
are to be preserved (Kasal, 2003). Radial cores are 4.8 mm in diameter and the
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holes in the element are 10 mm in diameter. The length of the cores should be at
least 20 mm to ensure reliability of results and elimination of result variability in
consequence of early- and latewood alterations.

Fig. 5 Taking a cylindrical sample

Fig. 6 Equipment for sampling of radial cores

Radial cores are taken using an electric drill with a special bit (Fig. 6), which was
developed in ITAM, ASCR. Occasionally, soap or wax is applied to facilitate
drilling. The drilling speed must be constant and the drilling is usually performed
in steps to prevent damage to samples. The bit tip must be sharp and clean. Blunt
and dirty bits cause damage to samples. The samples are transported to the laboratory in containers that prevent their damage and moisture content changes. The
containers are marked with a number, place and date of sampling and other important information (Drdácký et al. 2005).

Fig. 7 A detail of the loading device
Fig. 8 An example of the stress-strain diagram for
the compression test of a radial core

The samples should be extracted from healthy and undamaged material in the radial direction because the tree-ring orientation is an important basis for correct
testing. The shear forces that can be very high during drilling make the sampling
conditions unfavourable. Therefore, the drill construction eliminates them. Due to
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the threat of drill sideways motion, the drill is fitted in a special device ensuring
fixation and constant progress of the bit into the material. Radial cores can be used
for examining other properties of wood such as density, moisture content, modulus of elasticity and compression strength parallel to the grain. It can also be used
for the determination of the tree species, dendrochronological dating, microscopic
analysis of decay, and visual evaluation of the element condition and the penetration of protective agents (Schwab et al. 1982).
The actual testing of radial cores uses testing grips with grooves that facilitate
loading in the direction perpendicular to the core axis, i.e. parallel to the grain
(Fig. 7). Two linear-variable displacement transducers (LVDT) are used for monitoring the distance between the grips and thus the radial core deformation. A correct insertion of the radial core in the testing apparatus is critical for the correct
determination of the compression strength and the modulus of elasticity. Wood
has the highest strength in the grain direction, and uncentered radial cores in the
grips lead to higher variability of results (Lear, 2005). The compression force and
the core deformation are recorded in a stress-strain diagram, see Fig. 8. The compression strength is calculated as follows:

fc =
where

Fmax
l dc

[MPa]

fc – compression strength [MPa],
Fmax – load [N], load Fmax is taken from the diagram, see Fig. 8,
l – radial core length [mm],
dc – radial core diameter [mm].

Kloiber and Kotlínová (2006) found the correlation between the strength of radial
cores and the strength of standard specimens in the longitudinal direction. Schwab
et al. (1982) established the coefficients of determination in the interval R2 = 0.77–
0.96 for the same dependence, in dependence on the wood species. Kasal (2003)
found a strong dependence between moduli of elasticity in compression parallel to
the grain for radial cores and (ASTM 143-94) samples (American Technical
Standard), coefficient of determination R2 = 0.89. The variability of measuring is
comparable for both methods (Kasal, 2003). One of the problems when establishing
the regression between the properties of radial cores and standard specimens is the
destructive character of both methods due to which both of the methods cannot be
used for absolutely the same samples.
2.2 Limitations
Due to the dimensions of the radial cores, this method is of local character. Therefore,
it may not provide relevant information about the condition of the integrated timber
because of wood variability. This inefficiency can be eliminated and the reliability
increased by a higher number of samples taken from one element. However, this
step would increase the damage done to the element, the time consumed, and the
expenses of field measuring and the strength of the element would de7

crease (Kasal, 2003). The testing sample is extracted using a special bit which is
fixed in an electric or manual drill (Fig. 6). The bit outer diameter is 9.5 mm.
Speed is controlled during drilling so that the samples are not damaged. For the
same reason, the bit tip needs to be kept sharp and clean. Blunt or dirty bits can
cause that the samples look damaged or decayed, or they can be pushed outside
the bit, which creates distortion of results. The samples should be extracted from
healthy and undamaged material in the radial direction because the tree-ring orientation is vital for the correct test. The shear forces that can be very high during
drilling make the sampling conditions unfavourable. Therefore, the bit inner diameter decreases towards the tip. To eliminate a possible sideways motion the bit is
fitted in a special device which ensures fixation and constant speed towards the
material.
Radial cores can be used to establish physical, mechanical and strength properties of timber. When investigating moduli of eleasticity, it is necessary to release
the load partially from the radial core during testing (Fig. 9) and then measure the
elastic response of the core to the change of external loading only; otherwise, considerable inaccuracy occurs (Micka et al. 2006) as the total sample deformation is
affected by the plastic deformation in the places of contact with the grips. Radial
cores can also be used to determine density. This is especially important for valuable timber elements, in which every piece of material matters. The variability of
the data gained is comparable with standard tests. However, radial cores need to
be taken from undamaged places.

Fig. 9 Stress-strain diagram force –
compression with partial release
(Micka et al. 2006)

Fig. 10 Correlation of pressure deformation
characteristics of the radial cores with the number
of annual rings.

2.3 Application
Radial cores have been successfully used for non-destructive surveys of timber
constructions e.g. with the aim to find out mechanical properties of a timber construction of storage halls in the trade fair facilities in Brno (South Moravia – ČR)
or the quality of the ceiling timber in the St. Mary’s Tower of the Karlstejn castle
(Central Bohemia – ČR). In the case of the St. Mary’s Tower, we had a sample of
an authentic beam from a damaged part of the building (emperor palace stables).
We used this piece for calibration tests in compression parallel to the grain in
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compliance with (ASTM 143-94). We tested short columns cut from the beam
with exactly oriented fibres. Further, radial cores were sampled so that each standard sample by ASTM was matched with two cores taken from each end of the
specimen. In total, 38 radial cores were available. Typical deformation properties
(modulus of elasticity in compression parallel to the grain) were investigated using
both the radial core samples and the standard samples. The values correlated very
well. The mean values for the modulus of elasticity and compression strength ranged around 7600 N/mm2 and 42 N/mm2, respectively. The characteristic values
with 5% quantile followed, reduced based on the appearance of defects in the element. For the reduction, visual assessment was used (Drdácký et al. 2003).
Further, non-standard tests were conducted using 12 radial cores from the joist
of the treasure room ceiling. The found values of deformation characteristics correlate with the tests of cores from the reference beam from the emperor palace stables. The comparison shows that the mechanical properties of the treasure room
ceiling timber elements were of the same quality as the reference beam whose
strength and modulus were established by ASTM standard tests (Fig. 10). The values of mechanical properties showed a very high quality of the historic timber.
These values can be used to determine design characteristics for the purpose of
construction safety assessment in a common way (Drdácký et al. 2003).
2.4 Summary
Radial cores are to be used for a direct establishment of physical (specific density), morphological (tree-ring width) and mechanical properties (compression
strength parallel to the grain and modulus of elasticity) with a relatively high accuracy in defectless timber. The cores can also be used for microscopy, dendrochronology, visual assessment, and measuring of protective agent penetration.
2.5 Recommendations
The cores need to be taken with a special hollow bit in the radial direction, i.e. the
direction of a normal to annual rings so that the test of mechanical properties can
be performed parallel to the grain. An area with a diameter of about 70 mm is
needed for the sampling as the drill fittings need to be fixed. The fittings ensure
the bit movement in the radial direction without deviations and allow for a gradual
drilling into the demanded depth with constant speed. After the demanded core
depth is achieved (usually 40 mm), the bit is taken out and a thin-walled tube is
inserted. The tube is used to take the core out of the timber. The core is then
pushed out of the tube. Broken or damaged cores are excluded from the test.
Moreover, the core needs to be placed into the testing grips with high accuracy.
Moisture content of 12% is recommended for the tests. Accurate measuring of
sample dimensions is a prerequisite for the test interpretation and establishment of
mechanical properties.
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3 Compression strength in a pre-drilled hole
3.1 Testing methodology
The range of the existing methods and devices lacked a solution enabling the
measurement of mechanical properties of wood using gently destructive investigation of its behaviour when being loaded by a miniature loading jack inserted in a
pre-drilled hole. Determine exact mechanical properties and strength grades important for structural design (Machado, 2013). During the application the dependence of deformation on the voltage is measured while symmetrically arranged
grips ("stones") are being pushed apart in a pre-drilled radial hole with a diameter
of 12 mm (Drdácký and Kloiber, 2013). The semi-destructive procedure of making a hole into the tested material allows the investigator to assess other aspects of
the material condition (e.g. based on the core, sawdust, videoscopy, etc.).

Fig. 12 A detail of a drawbar with a push-apart wedge
and rounded grips
Fig. 11 A view of the device

The device (Fig. 11) is designed to measure mechanical properties of wood using
gently destructive investigation of its behaviour when loaded by the miniature
loading jack inserted in the prebu-drilled hole. The device can be used both in the
laboratory and in the field to assess the condition and the quality of timber. The
advantage of the device is the possible gradual recording of the force and shift of
grips (loading jack) at different depths corresponding to the required dimensions
of commonly investigated constructions. The device is laid on the tested unit (usually a constructional element of a rectangular profile) by means of a cylindrical
shell, which allows for measuring in four positions of the pre-drilled hole. The
shell arresting is provided by two grooved screws, for positions (core depths) 5–
25, 35–55, 65–85, and 95–115 mm. When the measuring part of the device is inserted in the drilled hole and the device is laid on the tested element, the rounded
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grips are pushed apart by the drawbar with a push-apart wedge (Fig. 12) into the
walls of the hole. The maximum depth of possible loading on both sides is 1.5
mm. The rounded grips are 5 mm wide and 20 mm long. The grips also include
flexible arms whose movement during pushing is provided by a push-apart bronze
wedge fitted to the lower end of the drawbar by means of a pin and screw. The
apex angle of the wedge is 15°. This angle is not self-locking and to release the
grips it is sufficient to release the push-apart force (Drdácký and Kloiber, 2013).
The force of the drawbar when pulling out is continually scanned and recorded.
It is calibrated to the real force of the loading jack and simultaneously related to
the measured distance of movement of the grips (Fig. 13). The signals are wirelessly transmitted to a portable computer, where they are processed.

Fig. 13 Example of the device output: record of the force of grip pushing apart
related to the measured distance of movement of the grips

Kloiber et al. 2013 introduced the construction and usage of this new device for
in-situ assessment of integrated timber. The application of the new device was
verified. It was found out that the device is sufficiently sensitive to the natural
differences between individual elements of healthy timber. Strong correlations
were mainly found for the measured CSC (L) strength in compression parallel to the
grain and SC (L) strength of standard samples assessed in compliance with ČSN 49
0111 (correlation coefficient 0.92). The relations were described by practically
usable linear regression models. The measured compression strength parallel to
the grain correlates with the other investigated timber parameters, e.g. density
(correlation coefficient 0.87). Another parameter for the assessment of mechanical
properties using the new device was MOD (L) modulus of deformability, which
correlates well with MOE (L) modulus of elasticity parallel to the grain (correlation
coefficient 0.87). The construction of the device is lightweight and due to its
independence from the electrical grid, it is easy to use in the field. In contrast to
other methods, the new device enables a highly accurate establishment of
mechanical properties in the entire depth profile of the assessed element.
3.2 Limitations
The prerequisites of an appropriate use of the method are drilling a hole through
the wood fibres purely in the radial direction, where there is a regular alternation
of earlywood and latewood within annual rings, and the orientation of the measur11

ing probe parallel to the grain; in structural elements it is generally parallel to the
axis of the element. Measuring is affected by a higher proportion of earlywood or
latewood within a tree ring in the tangential direction, which leads to distorted results. The hole needed for the test is created by a bit which is fixed in an accumulator drill. To prevent sideways motion of the bit, the drill is fitted to a special
stand which fixes it to the element. The outer diameter of the bit is 12 mm. Speed
is controlled during drilling so that the hole is not damaged. For the same reason,
the bit must be maintained sharp and clean. Blunt or dirty bits can cause fibres being torn out of the hole walls, which distorts the results. The hole should be made
to undamaged places of the element without visible defects and damage.
An essential feature of the in-situ testing is the fact that the measuring of a
loaded element is conducted with unknown internal forces present. It was proved
by measuring the deformation around the drilled hole using image digital correlations that the state of tension recedes after drilling into a distance of about 2 mm
from the hole edge and the measuring is thus not affected by the inner tension of
the constructional element unless the element was damaged by the elasticity limit
being exceeded. The above mentioned assertion has been verified by tests of a
bended timber console (Maddox at al. 2014).
3.3 Application
The method for the establishment of strength in a pre-drilled hole has been successfully used for the investigation of mechanical properties of the timber truss of
the St. Mary’s Church in Vranov nad Dyjí from the 17th century (South Moravia ČR) or when investigating the quality of a larch ceiling from the 14th century in
Spišské podhradí (UNESCO site - SK).
In the case of the Vranov nad Dyjí truss, four samples of tie beam ends were
available. They were taken away because timber scarf joints were to be used instead of the damaged ends. The aim was to verify the application of the device using the wood of Silver Fir (Abies alba Mill.) in the common variability of properties of timber integrated in a historic building. The measuring by the new device
was conducted in 135 positions. Decayed beam ends were also measured but due
to the low values gained, the results were not taken into account.
Mechanical properties were determined from the record of measured data in the
form of a stress-strain diagram showing the force of drawbar pulling out, which
was calibrated to the real force of grip pushing apart and simultaneously related to
the measured distance of grip movement. Measured strength CSC was determined
from the ratio of the ultimate load and the area of the grips. Modulus of elasticity
cannot be calculated from the stress-strain diagram directly; however, the modulus
of deformability was determined based on the force slope and deformation. The
new device was verified by experiments based on the comparison of values measured during grips being pushed apart in a drilled hole and the results of standard
sample testing by destructive tests in compliance with ČSN 49 0111 using a universal testing device. Two standard samples with dimensions 20x20x30 mm,
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complying to ČSN 49 0111 were cut from places adjacent to the positions measured by the new device. Compression strength parallel to the grain established
based on the standard samples was correlated with the results of the new device.
Strong correlations were mainly found for CSC (L) measured strength in compression parallel to the grain and SC (L) strength of standard samples (correlation
coefficient 0.75). The relations were described by practically usable linear regression models. Similar dependences are found when the pin penetration device is
used (Kloiber et al.). The initial tests conducted using timber from the historic
truss construction showed that the new method is sufficiently sensitive to natural
changes in properties (distribution along the element width). It should be noted
that the natural material variability was increased by the presence of defects (knots
and cracks).
3.4 Summary
The advantages of this method include the high accuracy of the establishment of
mechanical properties (measured strength and modulus of deformability in compression parallel to the grain) of timber tested and assessed in the field. In contrast
to other methods, the new device is able to establish mechanical properties in the
entire depth profile of the assessed element. The measuring is accurate if the drilling is oriented perpendicular to the grain in which direction early- and latewood
alternate regularly within annual rings and if the grips are pushed apart parallel to
the grain or parallel to the element axis in the case of constructional elements. The
effect of larger proportions of earlywood or latewood in the tangential direction
leads to a distortion of results. The results of measuring depend on the quality of
the drilled hole production, i.e. it is necessary to check the bit constantly and replace blunt bits immediately.
3.5 Recommendations
To guarantee the planeness of the drilled hole and to eliminate sideways motion of
the bit, the drill needs to be fixed to the assessed element by means of a special
stand during drilling. The stand can be fixed to the element directly or via an auxiliary construction. The fixing demands an area of 150 x 150 mm. To ensure a
good quality of drilling, it is recommended to control the drilling speed, especially
the bit progress into the hole. The hole should be drilled in undamaged places of
the element without natural defects and visible damage. A higher number of holes
improperly placed can affect the mechanical resistance of the element assessed.
Like other in-situ methods used for the diagnostics of integrated timber, this
method for the measurement of strength and modulus of deformability manifests a
considerable dependence on the moisture content in the investigated material.
Therefore, the measuring of moisture content in the tested place is an essential part
of the test.
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4 Mechanical resistance to pin pushing
4.1 Testing methodology
A device for in-situ establishment of mechanical resistance to gradual pin pushing was
developed in cooperation of the Institute of Theoretical and Applied Mechanics of the
Academy of Science of the Czech Republic and the Department of Wood Science,
Mendel University in Brno. The device measures the demanded values to the depth
corresponding to typical dimensions of timber constructional elements and is applicable for an indirect establishment of density and mechanical properties of wood. Similar penetration test is based on repeated pin hammering into the wood by means of a
hammer with a constant energy (Ronca and Gubana, 1998).

Fig. 15 A detail of pin penetration through the
device base during pin pushing
Fig. 14 A view of the device for in-situ

The device body can be fixed to the tested element in various ways, most often with a
fabric strap (Fig. 14) or a roller chain. The device body can also be fixed to the tested
element by mounting screws. After the device has been fixed to the object, a pin is
gradually pushed into the timber perpendicularly to the device base (Fig. 15) by a
toothed rack and pinion gear driven by two opposite manual cranks for both hands.
The force of pin pushing is continuously recorded in relation to the distance measured
(Kloiber et al. 2011). The measuring application processes the data, shows them in the
real time and saves them. The progress of force measured in the real time is shown
either in dependence on time x-t or in x-y mode together with pin displacement. During the measurement, basic characteristics are calculated by a PC. These are work
[N.mm] as the area under the force curve related to the displacement, penetration length [mm], time of pin displacement [s] and the maximum and minimum force [N]. The
mean force [N] necessary for pin pushing is calculated by dividing the area under the
curve by the penetration depth. This parameter is of key importance for the assessment
of the timber mechanical resistance.
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The continuous record of the force related to pin displacement is able to indicate a
change in properties within the entire depth of pin penetration caused by either a
natural distribution of properties or biodegradation. The curve of forces in the case
of undamaged spruce (Fig. 16) corresponds to earlywood and latewood alternations within annual rings (latewood with a higher mechanical resistance and early
wood with a lower mechanical resistance). The curve also describes the different
tree-ring widths (increments) in the element cross-section. The general progress
reflects the equal distribution of mechanical resistance in the cross-section, i.e. a
balanced quality of sound spruce timber.
When measuring the resistance of pine wood, there is again a visible difference
between latewood and earlywood as well as tree-ring widths (Fig. 17). The record
with increasing forces reveals that there is heartwood typical of pine wood with a
higher density and mechanical resistance. The absolute values of forces correspond to the mechanical resistance to pin pushing in sound pine wood. Fig. 18
shows a record of measuring a spruce element containing biodegradation. The relative decrease in the zone with decay compared to sound wood and the absolute
force values indicate a decrease in mechanical resistance.

Fig. 16 Record of the force related to pin displacement - spruce wood

Fig. 17 Record of the force related to pin displacement - pine wood

To sum up, the device is applicable for a wide range of properties of sound as well
as damaged wood. The test results manifest very good correlations of the mean
force needed for pin pushing with wood density and strength determined using
standard samples in compression perpendicular and parallel to the grain (Kloiber
et al. 2009; Tipner et al. 2011). The measured parameter can be changed by a simple replacement of the indentation pin with a hook for withdrawal of screws or
other fixings, as for example presented in Yamaguchi, 2011.
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Fig. 18 Record of the force progress and displacement of pin pushing into spruce wood with decay
and feeding of wood-damaging insects (Tannert et al. 2014)

4.2 Limitations
The device was designed and tested for the assessment of wood integrated in buildings, both sound or with various levels of degradation. The device records a relatively wide range of timber mechanical resistance to pin pushing caused by natural
properties of different tree species as well as different levels of degradation. The resistance is affected by the species, wood quality and density but also moisture content (Tannert et al. 2014). These parameters need to be taken into account when interpreting the results. Potential wood defects, such as cracks, knots, foreign
objects, etc. considerably distort the results. It is advisable to avoid measuring in
places with wood defects, or interpret results of such measuring very cautiously. It
is necessary to push the pin into wood in the direction perpendicular to fibres - only in the radial direction - where earlywood and latewood alternate regularly.
4.3 Application
Visual inspection of the flat roof truss construction of the Čechy pod Kosířem
Castle Orangery (North Moravia – ČR) conducted in 2011 proved that the truss
and ceiling timber is locally damaged by wood rot and insects. Damaged places
were found at the ends of tie (ceiling) beams, where rainwater had leaked and had
provided favourable conditions for brown rot. The resulting rot changed physical
properties of the timber (colour, decrease in density, increase in absorption, etc.).
Wood mass was considerably disintegrated at some places. The wood-decaying
insects identified as the cause of the general damage of constructional elements
were Cerambycidae or Anobiidae. The attacked tie beam had to be replaced or fitted with scarf joints. The renovation needed to be approached with utmost caution
and maintain the largest possible proportion of historic material. The construction
of the Orangery truss was divided into 25 cross sections, each containing a tie
(ceiling) beam and a rafter. The construction renovation of the truss was designed
based on visual inspection and mainly results of mechanical resistance measuring
by the diagnostic device with a pin 2.5 mm in diameter (Fig. 19). A third of the total volume of the elements was deemed for replacement. The accurate establishment of damage helped save a large part of the material, which despite the surface
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damage (Fig. 20) met the necessary mechanical properties to the same or higher
extent than new timber.

Fig. 19 Investigation of a tie beam
condition using pin pushing

Fig. 20 A detail of damage to a tie beam,
which was left in the original position

Fig. 21 shows the record of measuring of a tie beam with surface rot and damage
by wood-damaging insect feeding. The measuring was conducted using the device
with pin pushing method. The device was fixed to the element by a fabric strap
and the force needed for pin pushing was developed continuously by two cranks
(Fig. 21). The distance and force were recorded during pushing. The relative decrease in the zone with rot and feeding compared to sound wood and the absolute
force values indicate a decrease in mechanical resistance caused by degradation to
a depth of 15 mm only.

Fig. 21 The record of measuring tie beam 8 northern end,
where only 15 mm layer of surface was damaged

4.4 Summary
The method of measuring the wood mechanical resistance to pin pushing can be
used to estimate parameters of wood density and strength, up to a depth of 110
17

mm. By contrast to the commonly used Pilodyn, this method provides data about a
larger cross-section part of the tested element and allows the researcher to identify
internal defects hidden deep below the timber surface. The slow progress of pushing enables the researcher to quantify damage in any depth. The size of the resistance recorded is affected by the wood species, wood quality and density, as
well as moisture content. These parameters need to be considered for a correct interpretation of results. Potential wood defects, such as knots, cracks, foreign objects, etc. distort the results considerably.
4.5 Recommendations
The test demands a free area of 150x150 mm so that the device can be fixed. It is
recommended to avoid measuring in places with defects as the interpretation of results is then difficult. Pin pushing is only accurate if the device is fixed perpendicular to the grain and if the pin penetrates the timber in the radial direction. The acceptable deviation is about up to 10° from purely radial direction. When the pin is
pushed in the tangential direction, the results may be distorted as the pin then often penetrates the weaker earlywood only and does not enter denser latewood increments in heterogeneous wood types. The measuring of moisture content in the
tested place is again an important part of the test.

5 Conclusion
Testing of small tensile samples is a direct, partially destructive method that can
be used for strength and modulus of elasticity measuring in tension parallel to the
grain. The method is not hindered by uncertain correlations between measured and
estimated parameters. However, the method is sensitive to deflections of wood
grain from the sample longitudinal axis. The sample cross-section is small, which
strengthens the effect of early- and latewood alternation in annual rings. This effect cannot be avoided, which means that the results (strength and modulus of
elasticity) are highly variable and the selection of suitable places for sampling is
vital. In-situ sampling and laboratory testing are time consuming and costly. The
method only informs about superficial properties of an element without defects;
moreover, it represents damage to the surface of the assessed element.
The method of radial cores represents a smaller invasion in the material based
on taking cylindrical samples that are used to test strength and modulus of elasticity in compression parallel to the grain using a special device. The holes that remain after the core is removed are smaller than most knots and are located not to
deteriorate the element strength. The unfavourable effect of earlywood and latewood alternations within annual rings is sufficiently diminished if the core length
is at least 20 mm. The cores can be used also for microscopy, dendrochronology,
visual assessment, and measuring of protective agent penetration. The core diameter is 5 mm only, i.e. the method is of local character. Due to the high variability
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of wood, the core may not provide a good idea about the mechanical properties of
the element investigated. This deficiency can be countervailed by a larger number
of cores taken from an element. In-situ sampling and laboratory testing are time
consuming and costly, just as in the case of small tensile samples.
To reduce the costs and the time needed, we devised a method for in-situ direct
establishment of strength and modulus of deformability in compression parallel to
the grain in a pre-drilled hole with 12 mm in diameter. With this method no sample needs to be taken for laboratory tests. The method measures mechanical properties very accurately in any depth of the timber element. The unfavourable effect
of earlywood and latewood alternations within annual rings is counteracted by
grips of 20 mm in length. Again, wood variability needs to be taken into account
as it affects the mechanical properties determined locally.
The method of pin pushing is the least invasive out of the presented methods.
The hole created has 3 mm in diameter only. By contrast to dynamic indentor
(Pilodyn), the length of the pin and thus the depth of the penetration into the investigated element allows for the identification of internal defects. Thanks to the slow
progress of pushing, the values of mechanical resistance are gained gradually.
Mechanical resistance correlates well with mechanical properties. The disadvantage of this method is the necessity to fix the device to the element investigated. Just like the other invasive methods for timber diagnostics, this method depends heavily on internal factors, moisture content, and tree species.
Table 2 A synoptic table describing the success rate of prediction of mechanical properties, the time
consumed and the extent of invasive damage caused by the presented methods in comparison with
commonly used methods
Methods described in the chapter
Tensile
strength of
m icrosam ples

Com pression
strength of
cores

Com pression
strength in a
drilled hole

Mechanical
resistance to
pin pushing

Mechanical properties in
the elem ent surface

60-90 %

60-90 %

60-90 %

40-70 %

Mechanical properties to
a depth of m in. 100 m m

30-60 %

60-90 %

60-90 %

50-80 %

Test tim e consum ption

high

high

low

low

Extent of invasion

high

low

low

negligible
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Methods com m only used
Mechanical
resistance to
pin penetration
(Pilodyn)

Mechanical
resistance to
screw
w ithdraw al

Hardness test
(Piazza)

Microdrilling
energy

Mechanical properties in
the elem ent surface

50-80 %

50-80 %

50-80 %

30-60 %

Mechanical properties to
a depth of m in. 100 m m

30-60 %

30-60 %

30-60 %

40-70 %

Test tim e consum ption

negligible

low

low

low

Extent of invasion

negligible

low

negligible

negligible
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